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Abstract—Twenty borate counteranions have been prepared from tartaric acid and a-amino acid derivatives. Ion pairing of these
anions to a copper cation can be used to induce enantioselectivity into the copper catalyzed cyclopropanation of styrene. Structural
modification of the anion provides insight into the importance of each component of the counteranion in asymmetric induction.
� 2005 Published by Elsevier Ltd.
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1. Introduction

The use of a-amino acids as sources of chirality is
important in asymmetric transition metal catalysis.1,2

A useful feature of this approach is the large pool of nat-
ural and non-naturally occurring amino acids that are
available. This allows families of amino acid-based
ligands to be prepared using the same basic synthetic
procedure, and straightforward tuning of substituents
to achieve optimal enantiomeric induction.2 While chiral
residues such as a-amino acids are typically associated
with transition metal catalysts through tethering to a
ligand, we have recently reported that asymmetric
induction can be achieved through the ion pairing of a
cationic copper center to a chiral counteranion 1 in
the catalytic aziridination of styrene, albeit with low
enantioselectivities (11% ee).3 Chiral counteranions have
been employed with growing frequency in chemistry,4

however this represented the first example that ion pair-
ing itself could be used for enantioinduction with a cat-
ionic metal catalyst.5 This suggests that cation/anion
interactions can also be employed as an alternative to
coordination to associate active metal catalysts to chiral
a-amino acid environments.

We report herein the preparation of the first example of
a library of a-amino acid-bound borate anions of the
form of 2 for use in transition metal catalysis.6 Studies
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on their use in the copper catalyzed cyclopropanation
of olefins demonstrate that these anions can induce
enantioselectivity via ion pairing. The asymmetric
induction observed in this system, while low, represents
the highest levels reported using a counteranion in catal-
ysis. In addition, variation of the amino acid residues
demonstrates how the counteranion structure can be
used to affect enantioinduction, as well as the impor-
tance of each structural component of the anion on
the enantioselectivities observed.
2. Results

2.1. Synthesis of the a-amino acid based counteranions

The counteranions employed in this study are composed
of two C2-symmetric tartaric acid derived diols con-
nected to a tetrahedral boron center 2. Complexation
of the diols to boron creates a borate counteranion with
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Table 1. Synthesis and structure of Diols 3a–t
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Compound 3 Tartrate isomer R1a R2

a (R,R) (R)-Ph CO2CH3

b (R,R) (R)-Ph CO2CH2 Ph

c (S,S) (S)-Ph CO2C6H11

d (R,R) (R)-Ph CH2OCH3

e (S,S) (S)-Ph C(O)NH2(CH2)3CH3

f (S,S)

N
H

(S)-
CO2CH3

g (S,S) (S)-CH2CH2CO2CH3 CO2CH3

h (S,S) (S)-C(CH3)3 CO2CH3

i (R,R) (S)-C(CH3)3 CO2CH3

j (R,R) H CO2CH3

k (S,S) (R)-Ph CO2CH3

l (R,R) (S)-CH(CH3)2 CO2CH3

m (S,S) (S)-CH(CH3)2 CO2CH3

n (S,S) (S)-CH2 Ph CO2CH3

o (S,S) (S)-Ph (S)-Alanine methyl ester

p (S,S) (S)-Ph (S)-Valine methyl ester

q (S,S) (S)-Ph (S)-Phenyl alanine methyl ester

r (R,R) (R)-Ph (R)-Phenylglycine methyl ester

s (R,R) (R)-Ph (S)-Phenylglycine methyl ester

t (R,R) (S)-C(CH3)3 (S)-tert-Butyl leucine methyl ester

a Substituent and stereochemistry at the a-amino acid carbon.
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four flexible a-amino ester arms, that can encapsulate a
metal cation in a chiral amino acid environment. Diols
3a–t can be readily prepared via either the nucleophilic
addition of the a-amino acid derivative (2 equiv) to tart-
aryl chloride,7 (Table 1, Method 1), or the N,N 0-di-
cyclohexylcarbodiimide (DCC) coupling of an a-amino
acid derivative (2 equiv) with tartaric acid (Method
2).8 Representative examples of compounds 3a–t, and
their subsequent borate derivatives (vide infra), have
been fully characterized by NMR, IR, mass spectrome-
try, and elemental analysis. All data are consistent with
the structures shown.

The addition of 2 equiv 3a–t to 1 equiv H2BBr–SMe2
results in the liberation of H2 and HBr to form the
corresponding borate acid. The acids can be readily
converted into their silver salts 4a–t through their addi-
tion to Ag2CO3 in acetonitrile (ca. 90% yield). Silver
salts 4a–t serve as useful precursors for the incorpora-
tion of a-amino acid bound counteranions into transi-
tion metal halides via ion exchange. Thus, the mixing
of the appropriate silver borate salt with CuCl in aceto-
nitrile results in the immediate precipitation of AgCl,
and the formation of copper salts 5a–t as white solids
in ca. 90% yield (Scheme 1).

Spectroscopic data on complexes 5a–t are consistent with
their existence as ionized salts in solution. For example,
the 1H NMR of 5a only shows a single set of tartrate and
a-amino acid resonances in both polar (CD3CN) and
nonpolar (C6D6) solvents. Furthermore, the IR of 5a re-
veals only a single ester (mCO = 1740 cm�1) and amide
(mCO = 1646 cm�1) signal in solution (CH2Cl2) and in
the solid phase (KBr). The fact that the four a-amino
acid residues in the counteranion are equivalent in solu-
tion, even on the IR timescale, as well as their lack of per-
turbation in both polar and nonpolar media, argues
against any type of static coordination of the borate an-
ion to the copper center. The latter would be expected to
create at least some degree of asymmetry in the anion.
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Scheme 1. Synthesis of the copper salts 5a–t from 3a–t.
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2.2. Asymmetric catalysis

Cu(I) salts are well known to catalyze the cyclopropana-
tion of styrene derivatives with ethyl diazoacetate.9 As
demonstrated in Table 2, the cationic copper complex
5a can also mediate this reaction.10 More importantly,
analysis of the reaction products reveals the formation
of cyclopropanes in 17% (trans) and 26% (cis) enantio-
meric excesses. To study the generality of this ion-
pairing influence on enantioselectivity, several other
aromatic olefins were examined as substrates. The elec-
tron poor 4-fluorostyrene and the 1,2-disubstituted ole-
Table 2. Enantioselective cyclopropanation of olefins with catalyst 5a

N2CHCO2Et

CO2Et

R4

R5 R6
R5

R4

R6

+
C6H6, 0oC

1 mol% 5a

Entry Olefin Trans % eea Cis % eea Yieldb

1 17% 26% 21% (1.3)9

2

F
26% 18% 10% (1.2)

3c 23%d 67%

4 18% 2% 47%c (1.1)

a Enantiomeric excess and trans/cis ratio determined by chiral GC. All

cyclopropanes prepared are known compounds.9

b Trans:cis ratio in brackets.
c Reaction performed at room temperature.
d Enantiomeric excess determined by chiral HPLC.
fin trans-b-methylstyrene react smoothly to give trans-
cyclopropanes with enantioselectivities of 26% and
18%, respectively. While 1,1-diphenylethylene does not
produce any cyclopropanes at 0 �C, it did react at room
temperature to give 2,2-diphenyl-cyclopropanecarbox-
ylic acid ethyl ester with 23% ee (entry 3).

2.3. Structural influences on chiral induction

With this family of counteranions in hand, we turned
our attention to whether the structural modification of
a counteranion can be used to modulate enantioselectiv-
ity in catalysis. As shown in Table 3, modifying the ter-
minal methyl ester in 5a to a benzyl 5b or cyclohexyl
ester 5c had only a minor effect on the catalysis (entries
1–3). However, if the methyl ester functionality is re-
placed with a less basic methyl ether 5d, the selectivity
of the reaction is significantly reduced (trans: 0% ee,
cis: 9% ee). While this implies that weak copper interac-
tions with the ester may be important for asymmetric
induction, the use of the more basic N-butyl amide
terminated anion 5e also led to lower levels of chiral
induction (entry 5).

The influence of the homochiral tartrate and amino ester
residues of the anions on the enantioselectivity has also
been probed. As shown in Table 4, the amino acid resi-
dues have the most significant influence on chiral induc-
tion. From a structural perspective, increasing the steric
bulk of the amino acid substituent leads to a general in-
crease in enantioselectivity, when proceeding from gly-
cine (entry 6, trans ee = 0%, cis ee = 2%) valine (entry
8, trans ee = 21%, cis ee = 7%) to tert-leucine (entry 5,
trans ee = 34%, cis ee = 19%). In addition, it is the
a-amino acid unit residue that determines the overall
stereochemical outcome of the reaction, with the
(R)-amino acid derivatives favoring the trans-(1R,2R)
and cis-(1R,2S) products, with the opposite enantiomers
observed for the (S)-amino acid derivatives. Conversely,
while the chirality of the tartaric acid unit can modulate



Table 3. Influence of a-amino acid substitutent R2 on enantioselectivity
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_ 5a 5b
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+

C6H6, 0oC

1 mol% catalyst

Entry Catalyst Trans % eea Cis % eea Yieldb

1 5a 17% (1R,2R) 26% (1R,2S) 21% (1.3)

2 5b 20% (1R,2R) 20% (1R,2S) 15% (1.3)

3 5c 23% (1S,2S) 19% (1S,2R) 36% (1.2)

4 5d 0% 9% (1R,2S) 27% (1.2)

5 5e 4% (1S,2S) 9% (1S,2R) 26% (1.0)

a Enantiomeric excess of trans and cis products, respectively, as determined using the literature procedures.9c Absolute stereochemistry of major

enantiomer in brackets.
b Trans:cis ratio in brackets.

Table 4. Influence of the a-amino acid (R1) and tartaric acid on enantioselectivity

Cu(CH3CN)n
+
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CO2Me

CO2Me

R1
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CO2Me

CO2Me

R1
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_

Ph
N2CHCO2Et+

Ph

CO2Et1 mol% 
catalyst

C6H6, 0oC

Entry Cat. Tartrate isomer R1 Trans % eea Cis % eea Yieldb

1 5a (R,R) (R)-Ph 17% (1R,2R) 26% (1R,2S) 21% (1.3)

2 5f (S,S)

N
H

(S)- 4% (1S,2S) 8% (1S,2R) 3% (1.0)

3c 5g (S,S) (S)-(CH2)2CO2CH3 7% (1S,2S) 19% (1S,2R) 35% (1.6)

4 5h (S,S) (S)-C(CH3)3 19% (1S,2S) 11% (1S,2R) 41% (0.9)

5 5i (R,R) (S)-C(CH3)3 34% (1S,2S) 19% (1S,2R) 3% (1.0)

6c 5j (R,R) H 0% 2% (1R,2S) 12% (1.8)

7 5k (S,S) (R)-Ph 17% (1R,2R) 11% (1R,2S) 14% (1.2)

8 5l (R,R) (S)-CH(CH3)2 21% (1S,2S) 7% (1S,2R) 17% (1.4)

9 5m (S,S) (S)-CH(CH3)2 10% (1S,2S) 8% (1S,2R) 31% (1.4)

10 5n (S,S) (S)-CH2Ph 17% (1S,2S) 8% (1S,2R) 28% (1.4)

a Enantiomeric excess of trans and cis products, respectively, as determined using the literature procedures.9c Absolute stereochemistry of major

enantiomer in brackets.
b Trans:cis ratio in brackets.
c Reaction performed in CH2Cl2.
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enantioselectivity (entries 1–9), it does not directly influ-
ence the stereochemical preference of the reaction. Con-
sistent with this, the use of the achiral glycine a-amino
methyl ester with a chiral tartrate backbone 5j results
in a racemic product (entry 6). Overall, the enantioselec-
tivities obtained with the tert-butyl substituted catalyst



Table 5. Dipeptide-containing counteranions in catalysis12
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Entry Catalyst R3 Trans % eea Cis % eea Yieldb

1 5o (S)-CH3 5% (1S,2S) 7% (1S,2R) 46% (1.2)

2 5p (S)-CH(CH3)2 11% (1S,2S) 18% (1S,2R) 29% (1.4)

3c 5q (S)-CH2 Ph 13% (1S,2S) 15% (1S,2R) 90% (1.2)

4 5r (R)-Ph 14% (1R,2R) 24% (1R,2S) 32% (1.3)

5 5s (S)-Ph 7% (1S,2S) 1% (1R,2S) 47% (0.9)

6 5t (S)-C(CH3)3 20% (1S,2S) 7% (1R,2S) 6% (1.6)

7 5a — 17% (1R,2R) 18% (1R,2S) 35% (1.3)

a Enantiomeric excess of trans and cis products, respectively, as determined using literature procedures.9c Absolute stereochemistry of major

enantiomer in brackets.
b Trans:cis ratio in brackets.
c Reaction performed at room temperature.
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5i (trans ee = 34%, cis ee = 19%)11 represent the highest
yet observed for a chiral counteranion induced asym-
metric metal catalyzed reaction.

2.4. Dipeptide based counteranions

A useful feature of these counteranions is that the a-
amino acid unit can be extended to create peptide-teth-
ered anions. In principle, these would possess a deeper
chiral pocket for the metal cation to reside, which may
lead to more selective catalysis. As a preliminary test
of this phenomenon, a series of dipeptide-based count-
eranions were examined (Table 5). Building of an initial
phenylglycine unit, modification of the second amino
acid residue from alanine (entry 1), to phenyl alanine
(entry 3), to valine (entry 2), to phenylglycine (entry 4)
led to an increase in the enantioselectivity of the
cis-cyclopropane product (7%, 15%, 18%, and 24% ee,
respectively). In addition, a change in the chirality of
the second amino acid can also modulate enantioselec-
tivity 5s. The highest level of asymmetric induction using
the dipeptide based anions was observed using catalyst
5r (cis = 24% ee, trans = 14% ee). Notably, this selectiv-
ity is slightly higher than its mono amino acid counter-
part under the same reaction conditions, CH2Cl2, 0 �C
(entry 7).12
3. Discussion

The principle of using chiral counteranions to create
energetically non-equivalent ion-pairs in transition
metal complexes is well established. This has been perhaps
most significantly exploited in the solid phase, with the
selective crystallization of diastereomeric salts.4 In addi-
tion, chiral phase transfer catalysts have been shown to
induce high levels of enantioselectivity into their reac-
tion products,5 and chiral counteranions have been
shown to allow the resolution of cationic transition
metal enantiomers for solution 1H NMR analysis,13 as
well as influence the stereochemistry of metal centers
that are rapidly inter-converting between enantiomers.14

As this study demonstrates, these principles appear to be
equally applicable to asymmetric metal catalysis.
Enantiomeric product formation with anion 2 likely
results from a similar phenomenon to that with chiral
ligands, where in this case selectivity results from the
generation of non-equivalent diastereotopic ion pairs
(rather than static coordination complexes) as interme-
diates and/or transition states during the reaction. While
the difference in energy between these ion pairs is not
anticipated to be as significant as those within a coordi-
nation complex, the results in this study show it is
important.

As shown in Tables 3–5, every structural feature of these
counteranions plays a role in the enantioselectivities
observed, demonstrating that even subtle influences on
ion pairing can translate themselves into an effect in
catalytic selectivity. The diverse set of counteranions
employed allows for the development of a preliminary
model to explain the observed asymmetric induction.
While modification of the tartrate chirality affects the
level of enantioselectivity observed, it does not change the
stereochemical outcome of the reaction (Table 4). Fur-
thermore, in the absence of chiral a-amino acid residues,
the tartrate units do not induce enantioselectivity (Table
4, entry 6). This is in contrast to the chirality of the



O

O
B

O

O

HN

HN

CO2Me

CO2Me

R1

R1

O

O

NH

NH

CO2Me

CO2Me

R1

R1

O

O

Cu+

_

Figure 1. Plausible ion-pairing contact between the copper cation and

the counteranion during catalysis.

1794 D. B. Llewellyn, B. A. Arndtsen / Tetrahedron: Asymmetry 16 (2005) 1789–1799
a-amino acid units themselves, which are mostly respon-
sible for the overall enantioinduction. This suggests that
at least one of the amino acid residues on the anion re-
mains near the copper cation during catalysis. Based on
this, a reasonable hypothesis is that the copper catalyst
resides in a pocket created by the a-amino acid residues
of two separate diols (Fig. 1). This would provide the
site of closest ion-pairing contact between the cationic
copper and the negative charge on the boron, and places
the copper in a pseudo-C2-symmetric chiral pocket cre-
ated by two separate amino acid residues. In this general
environment, the tartrate units are removed from the
copper center, and their influence on enantioselectivity
likely occurs through changing the relative orientation
of the a-amino acid residues.

It should be noted that this interpretation of the chiral
counteranion influence on stereoselectivity employs a
static ion-pairing complex; which is unlikely for an ion
pair in solution. Nevertheless, transition metal ion pairs
have been shown to have preferred orientations in solu-
tion.15 In our case, this configuration leads to the partial
encapsulation of the copper center within the chiral
a-amino acid residues of the anion. The results with
the dipeptide residues are consistent with this idea,
which would place the metal cation into an even deeper
chiral cavity for higher enantioselectivity.
4. Conclusions

In summary, we have developed a convenient route to
prepare a diverse set of chiral counteranions that incor-
porate four pendant a-amino ester arms. The ion pairing
with these anions provides a straightforward, outer-
sphere method to associate metal catalysts with amino
acid or peptide residues. While the metal catalyst is only
associated to the chiral anion by weak ion-pairing influ-
ences, even in this model study it can lead to enantiose-
lectivities of up to 34% in the catalytic cyclopropanation
of styrene. Considering the structural versatility of these
a-amino acid containing counteranions, and their poten-
tial use in concert with chiral ligands, this approach may
allow the scanning of catalytic systems for higher levels
of enantioselectivity. Studies directed towards this, as
well as the use of these anions to associate other cationic
fragments to peptide-like environments, are currently
underway.
5. Experimental section

5.1. General

All manipulations of air or moisture sensitive com-
pounds were performed under an inert atmosphere in
a Vacuum Atmosphere 553-2 dry box or by using stan-
dard Schlenk techniques. All reagents, unless otherwise
noted, were purchased from commercial suppliers and
used without further purification. (R)-2-Phenylglycine
methyl ether hydrochloride,16 2,3-O-isopropylidene
tartaric acid dichloride,7 (S)-tert-leucine methyl ester
hydrochloride17 and a-amino acid derivatives18 were
synthesized in analogy to literature procedures. Benzene
and diethyl ether were distilled from sodium/benzo-
phenone under nitrogen. Acetonitrile and methylene
chloride were distilled from CaH2 under nitrogen.
Deuterated solvents were dried as their protonated ana-
logues, and transferred under vacuum from the drying
agent and stored over 4 Å molecular sieves. d6-DMSO
was degassed dry using 4 Å molecular sieves. All manip-
ulations involving silver salts were performed with a
minimum amount of light present. NMR spectra were
recorded on JEOL-270, Varian 400, or Varian 300 spec-
trometers. Infrared spectra were recorded on a Bruker
IFS-48 or Nicolet Avatar 360 FT-IR spectrometer. GC
analysis was performed using a Hewlett Packard 6890
Series GC with a Chirasil-DEX CB column with a
hexadecane internal standard. HPLC analysis was
performed on a Waters 600 HPLC using a Waters 486
UV detector and a CHIRACEL OD column. Com-
pounds 3a–5a, 3i–5i, 3j–5j, and 5q were selected as rep-
resentative compounds and fully characterized by NMR
spectroscopy, IR spectroscopy, elemental analysis. The
remaining compounds were characterized using 1H,
13C, and 11B NMR spectroscopy.

5.2. Preparation of (R)-2-phenylglycine benzyl ester
p-toluene sulfonic acid18

A mixture of (R)-2-phenylglycine (3.0 g, 0.0198 mol),
p-toluene sulfonic acid monohydrate (4.14 g,
0.0218 mmol) and benzyl alcohol (8.0 ml, 0.0773 mol)
was refluxed in 30 ml toluene overnight. The solution
was then cooled to room temperature and the resulting
crystals filtered to yield a white solid (7.3 g, 89%). 1H
NMR: (300 MHz, d6-DMSO): d 8.90 (br s, 3H), 7.19–
7.48 (m, 12H), 7.09 (d, 2H), 5.38 (s, 1H), 5.23 (d, 1H),
5.17 (d, 1H). 13C NMR: (75 MHz, d6-DMSO): d 169.0,
146.2, 138.4, 135.7, 133.1, 130.3, 129.7, 129.1, 129.0,
128.9, 128.8, 128.5, 126.2, 67.9, 56.1.

5.3. Preparation of (S)-2-phenylglycine cyclohexyl ester
p-toluene sulfonic acid18

A mixture of (S)-2-phenylglycine (5.0 g, 0.033 mol),
p-toluene sulfonic acid monohydrate (7.5 g, 0.040 mol)
and cyclohexanol (17.5 ml, 0.165 mol) in 100 ml toluene
was refluxed overnight using a Dean Stark trap. The
resulting solution was cooled to room temperature at
which point a white solid crystallized. The product
was then filtered and washed with toluene (9.33 g,
70%). 1H NMR: (300 MHz, d6-DMSO): d 8.83 (br s,
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3H), 7.46 (m, 7H), 7.10 (d, 2H), 5.26 (s, 1H), 4.79 (m,
1H), 2.27 (s, 6H), 1.18–1.73 (m, 10H). 13C NMR:
(75 MHz, d6-DMSO): d 168.5, 146.2, 138.4, 133.4,
130.2, 129.7, 128.8, 128.7, 126.2, 74.9, 56.1, 31.3, 30.9,
25.3, 23.3, 23.0, 21.5.

5.4. Preparation of (S)-2-phenylglycine n-butyl amide
hydrochloride18

To a solution of N-tert-butoxycarbonyl-(S)-phenyl-
glycine (3.0 g, 0.012 mol), n-butylamine (2.4 ml,
0.024 mol) and 1-hydroxybenzotriazole hydrate (1.6 g,
0.012 mol) in 30 ml CH2Cl2 at 0 �C was added di-
cyclohexylcarbodiimide (2.5 g, 0.012 mol). The resulting
mixture was stirred overnight as it was warmed to room
temperature at which point it was filtered. The organic
layer was then washed with satd NaHCO3(aq)

(2 · 50 ml), 10% HCl(aq) (2 · 50 ml) and satd NaCl(aq)
(1 · 50 ml). The organic layer was then dried over
MgSO4, filtered, and evaporated to dryness. The solid
was dissolved in ethyl acetate and precipitated with hex-
anes to yield N-tert-butoxycarbonyl-(S)-phenylglycine
n-butyl amide as a white solid (2.68 g, 0.0088 mol). To
a solution of N-tert-butoxycarbonyl-(S)-phenylglycine
n-butyl amide (2.5 g, 8.16 mmol) in 5 ml, 1,4-dioxane
was added in 10 ml of HCl (4.0 M in 1,4-dioxane). The
resulting solution was stirred for 30 min. The solvent
was removed under reduced pressure to give a clear
oil. Diethyl ether was then added, and the white precipi-
tate that formed was filtered and washed with ether to
yield the (S)-2-phenylglycine n-butyl amide (1.92 g,
97%). 1H NMR: (270 MHz, d6-DMSO): d 8.82 (br s,
3H), 7.58 (m, 2H), 7.42 (m, 3H), 4.99 (s, 1H), 3.05 (m,
2H), 1.33 (m, 2H), 1.18 (m, 2H), 0.79 (t, 3H). 13C
NMR: (68 MHz, d6-DMSO): d 167.6, 135.0, 129.4,
129.2, 128.2, 66.9, 55.8, 31.3, 19.9, 14.1.

5.5. General procedure for 3a–t

5.5.1. Method 1. (R,R)- or (S,S)-2,3-O-isoproplylidene
tartaric acid dichloride (1.0 g, 3.86 mmol) was added to a
mixture of the amino acid derivative hydrochloride salt
(8.0 mmol) and pyridine (1.0 ml) in 50 ml CH2Cl2. The
mixture was stirred for 30 min and then quenched with
10 ml of H2O. The organic layer was then washed with
10%HCl (3 · 50 ml), satd NaHCO3 (2 · 50 ml), and satd
NaCl (50 ml). After drying with MgSO4, the solvent was
removed under reduced pressure to give the crude aceto-
nide, which was purified by column chromatography. To
a solution of acetonide (2.00 mmol) in 15 ml of CH2Cl2
was added BF3ÆEt2O (300 ll, 2.40 mmol) and then eth-
ane dithiol (200 ll, 2.40 mmol). The solution was stirred
overnight at room temperature and then quenched with
50 ml H2O and 75 ml CH2Cl2. The two phases were
mixed for 10 min and then separated. The organic layer
was then washed with 10% HCl (2 · 50 ml), satd NaH-
CO3 (2 · 50 ml) and satd NaCl (1 · 50 ml). After drying
over MgSO4, the solution was filtered and evaporated
under reduced pressure to give the crude diol.

5.5.2. Method 2. A mixture of (2R,3R)- or (2S,3S)-tar-
taric acid (500 mg, 3.33 mmol), amino acid derivative
(7.32 mmol), 1-hydroxybenzotriazole hydrate (1.08 g,
7.99 mmol), and pyridine (0.8 ml) in 10 ml DMF was
cooled to 0 �C. DCC (1.65 g, 7.99 mmol) was added
and the mixture was stirred overnight as the solution
warmed to room temperature. The resulting mixture
was then filtered and the precipitate washed with 50 ml
ethyl acetate. The organic layers were combined and
washed with saturated NaHCO3 (2 · 50 ml), 10% HCl
(2 · 50 ml) and brine (50 ml). The organic layer was then
dried over MgSO4, filtered, and evaporated to dryness
to give the crude diol.

Compound 3a: (Method 2) The product precipitated
when the organic solution was washed with water. This
was filtered and recrystallized from CH3CN. Dried with
4 Å sieves in CHCl3 for two days. Yield = 44%. 1H
NMR: (270 MHz, d6-DMSO): d 8.12 (d, 2H), 7.30–
7.40 (m, 10H), 6.02 (d, 2H), 5.49 (d, 2H), 4.28 (d, 2H),
3.65 (s, 6H). 13C NMR: (68 MHz, d6-DMSO) d 172.5,
170.8, 135.5, 129.2, 128.9, 127.4, 71.5, 56.7, 53.0. IR:
(KBr): mCO = 1726 cm�1 (ester), 1664 cm�1 (amide). Ele-
mental analysis: Calculated for C22H24N2O8: C, 59.45;
H, 5.44; N, 6.30. Experimental: C, 59.50; H, 5.50; N
6.24. Compound 3b: (Method 2) The product was puri-
fied by precipitation from methanol using diethyl ether.
Yield = 47%, white solid. 1H NMR: (270 MHz, CDCl3):
d 7.88 (d, 2H), 7.12–7.28 (m, 20H), 5.41 (d, 2H), 5.17 (d,
2H), 5.11 (d, 2H), 4.82 (br s, 2H), 4.34 (s, 2H). 13C
NMR: (68 MHz, CDCl3): d 173.2, 169.7, 135.2, 135.0,
129.0, 128.8, 128.6, 128.6, 128.5, 128.0, 127.1, 70.5,
67.6, 56.4. Compound 3c: (Method 2) The product
was purified by precipitation from acetonitrile with
diethyl ether. Yield = 61%. 1H NMR: (270 MHz,
CDCl3): d 7.88 (d, 2H), 7.15–7.30 (m, 20H), 5.36 (d,
2H), 4.79 (m, 2H), 4.36 (s, 2H), 1.23–1.90 (m, 22H).
13C NMR: (68 MHz, CDCl3): d 173.2, 169.3, 135.8,
128.9, 128.5, 126.9, 74.5, 70.0, 56.5, 31.4, 30.8, 25.2,
23.4, 23.3. Compound 3d: (Method 2) The product
was purified by precipitation from methylene chloride
with hexanes. Yield = 55%. 1H NMR: (270 MHz,
CDCl3): d 7.65 (d, 2H), 7.10–7.20 (m, 10H), 5.06 (m,
2H), 4.35 (s, 2H), 3.59–3.61 (m, 4H), 3.32 (s, 6H). 13C
NMR: (68 MHz, CDCl3): d 173.6, 138.4, 128.6, 127.6,
126.4, 74.9, 70.5, 59.2, 52.5. Compound 3e: (Method
2) The product was purified by precipitation from aceto-
nitrile and methanol with diethyl ether. Yield = 55%. 1H
NMR: (270 MHz, d6-DMSO): d 8.43 (t, 2H), 8.08 (d,
2H), 7.20–7.50 (m, 10H), 6.11 (d, 2H), 5.45 (d, 2H),
4.26 (d, 2H), 3.04 (m, 4H), 1.34 (m, 4H), 1.21 (m, 4H),
0.82 (t, 6H). 13C NMR: (68 MHz, d6-DMSO): d 171.7,
169.8, 139.6, 128.7, 127.9, 127.0, 73.2, 56.0, 38.9, 31.4,
19.9, 14.1. Compound 3f: (Method 2) The product was
purified by precipitation from methylene chloride using
hexane. Yield = 68.9%. 1H NMR: (270 MHz, d6-
DMSO): d 10.9 (s, 2H), 7.78 (d, 2H), 7.47 (d, 2H),
7.34 (d, 2H), 7.22 (s, 2H), 7.07 (dd, 2H), 6.98 (dd,
2H), 6.01 (d, 2H), 4.64 (m, 2H), 4.33 (d, 2H), 3.55 (s,
6H), 3.26 (dd, 2H), 3.14 (dd, 2H). 13C NMR:
(68 MHz, d6-DMSO): d 172.4, 172.3, 136.6, 127.6,
124.6, 121.6, 119.0, 118.6, 112.0, 109.0, 73.0, 52.9,
52.5, 27.8. Compound 3g: (Method 1) The product
was purified by column chromatography (ethyl acetate).
Yield = 41% (from acetonide). 1H NMR: (270 MHz,
CDCl3): d 7.58 (d, 2H), 4.69 (d, 2H), 4.59 (m, 2H),



1796 D. B. Llewellyn, B. A. Arndtsen / Tetrahedron: Asymmetry 16 (2005) 1789–1799
4.36 (d, 2H), 3.75 (s, 6H), 3.70 (s, 6H), 2.37 (m, 4H), 2.22
(m, 2H), 2.00 (m, 2H). 13C NMR: (68 MHz, CDCl3): d
173.7, 173.2, 171.4, 71.0, 52.8, 52.0, 51.4, 29.9, 27.1.
Compound 3h: (Method 1) The product was purified
by column chromatography (hexane/ethyl acetate, 1:4).
Yield = 58% (from acetonide). 1H NMR: (270 MHz,
d6-DMSO): d 7.44 (d, 2H), 6.10 (d, 2H), 4.25 (d, 2H),
4.23 (d, 2H), 3.66 (s, 6H), 0.93 (s, 18H). 13C NMR:
(68 MHz, d6-DMSO): 171.9, 171.7, 73.2, 60.0, 52.3,
34.9, 26.8. Compound 3i: (Method 1) The product was
purified by column chromatography (hexanes/ethyl ace-
tate, 1:1). Yield = 74% (from acetonide). 1H NMR:
(270 MHz, d6-DMSO): d 7.52 (d, 2H), 5.87 (d, 2H),
4.30 (d, 2H), 4.25 (d, 2H), 3.65, (s, 6H), 0.91 (s, 18H).
13C NMR: (68 MHz, d6-DMSO): d 172.0, 171.5, 72.8,
59.9, 52.2, 34.9, 26.7. Compound 3j: (Method 2) The
product was purified by recrystallization from methanol
and diethyl ether. Yield = 62%. 1H NMR: (300 MHz,
d6-DMSO): d 8.07 (dd, 2H), 5.71 (d, 2H), 4.27 (d, 2H),
3.95 (dd, 2H), 3.79 (dd, 2H), 3.62 (s, 6H). 13C NMR:
(75 MHz, d6-DMSO): d 173.0, 170.7, 72.9, 52.3, 41.1.
IR: (KBr): mCO = 1770 cm�1 (ester), 1740 cm�1 (ester),
1652 cm�1 (amide). Elemental Analysis: Calculated for
C10H16N2O8: C, 41.10; H, 5.52; N, 9.59. Experimental:
C, 40.83; H, 5.60; N, 9.51. Compound 3k: (Method 2)
The product was purified by precipitation from metha-
nol and diethyl ether with hexanes. Yield = 58%. 1H
NMR: (270 MHz, CDCl3): d 7.86 (d, 2H), 7.35 (m,
10H), 5.50 (d, 2H), 4.77 (d, 2H), 4.40 (d, 2H), 3.71 (s,
6H). 13C NMR: (68 MHz, CDCl3): d 172.0, 171.2,
137.0, 129.2, 128.8, 127.8, 73.3, 56.3, 53.1. IR: (KBr):
mCO = 1754 cm�1 (ester), 1742 cm�1 (ester), 1662 cm�1

(amide), 1653 cm�1 (amide). Elemental Analysis: Calcu-
lated for C22H24N2O8: C, 59.45; H, 5.44; N, 6.30. Exper-
imental: C, 59.52; H, 5.81; N, 6.24. Chiral HPLC
analysis: ee >95%. Compound 3l: (Method 1) The prod-
uct was purified by column chromatography (hexane/
ethyl acetate, 1:1). 1H NMR: (270 MHz, CDCl3): d
7.40 (d, 2H), 4.72 (d, 2H), 4.47 (dd, 2H), 4.41 (d, 2H),
3.72 (s, 6H), 2.21 (m, 2H), 0.93 (d, 6H), 0.91 (d, 6H).
13C NMR: (68 MHz, CDCl3): d 172.6, 171.8, 71.1,
57.3, 52.4, 30.8, 19.1, 17.8. Chiral HPLC analysis: ee
>95%. Compound 3m: (Method 1) The product was
purified by column chromatography using ethyl acetate.
Yield = 69% (from acetonide). 1H NMR: (270 MHz,
CDCl3): d 7.44 (d, 2H), 5.12 (d, 2H), 4.43 (dd, 2H),
4.31 (d, 2H), 3.72 (s, 6H), 2.15 (m, 2H), 0.90 (s, 6H),
0.87 (s, 6H). 13C NMR: (68 MHz, CDCl3): d 174.0,
171.5, 70.7, 57.0, 52.3, 31.1, 19.0, 17.8. Compound 3n:
(Method 1) The product was purified by precipitation
from methanol and diethyl ether using hexanes.
Yield = 76%. 1H NMR: (270 MHz, CDCl3): d 7.40 (d,
2H), 4.46 (dd, 2H), 4.42 (s, 2H), 3.72 (s, 6H), 2.21 (m,
2H), 0.93 (d, 6H), 0.91 (d, 6H). 13C NMR: (68 MHz,
CDCl3): d 172.6, 171.8, 71.2, 57.4, 52.4, 30.8, 19.1,
17.8. Compound 3o: (Method 1) The product was pre-
cipitated from solution when water was added. Filtered
and recrystallization from acetonitrile/methanol.
Yield = 56% (from acetonide). 1H NMR: (270 MHz,
d6-DMSO): d 8.95 (d, 2H), 7.95 (d, 2H), 7.45 (d, 4H),
7.25–7.31 (m, 6H), 6.15 (d, 2H), 5.58 (d, 2H), 4.31 (m,
2H), 4.28 (d, 2H), 3.53 (s, 6H), 1.29 (d, 6H). 13C
NMR: (68 MHz, d6-DMSO): d 173.2, 171.8, 169.8,
138.9, 128.8, 128.1, 127.3, 73.4, 55.5, 52.5, 48.3, 17.6.
Compound 3p: (Method 1) The product was precipi-
tated from solution when water was added. Filtered
and recrystallized from acetonitrile. Yield = 80% (from
acetonide). 1H NMR: (270MHz, d6-DMSO): d 8.79 (d,
2H), 7.98 (d, 2H), 7.49 (d, 4H), 7.35 (m, 6H), 6.48 (br
s, 2H), 5.74 (d, 2H), 4.30 (s, 2H), 4.20 (m, 2H), 3.55
(s, 6H), 2.08 (m, 2H), 0.92 (d, 6H), 0.89 (d, 2H). 13C
NMR: (68 MHz, d6-DMSO): d 171.9, 171.8, 170.3,
138.9, 128.6, 127.9, 127.1, 73.3, 58.2, 55.3, 52.2, 30.4,
19.5, 18.8. Compound 3q: (Method 1) The product
was purified by precipitation from a mixture of acetoni-
trile and methanol using diethyl ether. Yield = 83%
(from acetonide). 1H NMR: (270 MHz, d6-DMSO): d
8.99 (d, 2H), 7.94 (d, 2H), 7.15–7.42 (m, 20H), 6.12 (d,
2H), 5.56 (d, 2H), 4.47 (m, 2H), 4.26 (d, 2H), 3.51 (s,
6H), 3.05 (dd, 2H), 2.94 (dd, 2H). 13C NMR:
(68 MHz, d6-DMSO): d 171.9, 171.7, 170.0, 138.8,
137.5, 128.8, 128.7, 128.0, 127.4, 127.2, 127.1, 73.2,
55.5, 54.4, 52.3, 36.0. Compound 3r: (Method 1) The
product was purified by recrystallization from CH3CN.
Yield = 67% (from acetonide) 1H NMR: (400 MHz, d6-
DMSO): d 9.41 (d, 2H), 7.97 (d, 2H), 7.27–7.51 (m,
10H), 6.14 (br s, 2H), 5.72 (d, 2H), 5.44 (d, 2H), 4.24
(s, 2H), 3.54 (s, 6H). 13C NMR: (100 MHz): d 171.7,
171.0, 169.9, 138.9, 136.4, 129.3, 129.0, 128.7, 128.4,
128.0, 127.2, 73.3, 56.8, 55.2, 52.8. Compound 3s:
(Method 1) The product was purified by precipitation
from CH3CN with diethyl ether. Yield = 55% (from ace-
tonide) 1H NMR: (270 MHz, d6-DMSO): d 9.44 (d, 2H),
8.10 (d, 2H), 6.18 (br s, 2H), 5.77 (d, 2H), 5.43 (d, 2H),
4.29 (s, 2H), 3.64 (s, 6H). 13C NMR: (MHz, d6-DMSO):
d 171.7, 171.3, 170.2, 139.1, 136.2, 129.2, 128.9, 128.7,
128.1, 128.0, 127.1, 73.3, 56.7, 55.4, 53.0. Compound
3t: (Method 1) Purified by precipitation from ethyl
acetate with hexanes. Yield = 63% (from acetonide)
1H NMR: (270 MHz, CDCl3): d 7.52 (d, 2H), 6.88 (d,
2H), 4.59 (s, 2H), 4.49 (d, 2H), 4.30 (d, 2H), 3.72 (s,
6H), 1.02 (s, 18H), 0.93 (s, 18H). 13C NMR: (68 MHz,
CDCl3): d 172.9, 171.9, 170.3, 73.2, 61.9, 60.1, 52.1,
34.7, 34.0, 27.0, 26.7.

5.6. General procedure for the preparation of copper salts
5a–t

H2BBrÆSMe2 (1.0 M in dichloromethane, 300 ll,
0.300 mmol) was added to a suspension of diol 3a–t
(0.6 mmol) in CH2Cl2 (20 ml). A gas slowly evolved.
The suspension was stirred overnight to provide a clear
solution. The solvent was removed under vacuum and
the resulting solid dissolved in CH3CN (5 ml). This solu-
tion was then added in portions to a vigorously stirred
suspension of Ag2CO3 (170 mg, 0.62 mmol) in CH3CN
(5 ml). The mixture was stirred for 10 min, filtered
through Celite and pumped dry to provide 4a–t as white
solids. To a solution of CuCl (0.20 mmol) in 3 ml
CH3CN was added 4a–t (0.20 mmol) in 3 ml CH3CN.
A white precipitate formed immediately. The mixture
was stirred for 10 min and then filtered through Celite.
The solvent was then reduced to approximately 0.5 ml
and diethyl ether then added slowly as the product oiled
from solution. The oily residue was pumped dry to give
the copper borate salt 5a–t as a white solid.
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5aÆ2CH3CN. Yield = 97%. 1H NMR: (270 MHz,
CD3CN): d 8.59 (d, 4H), 7.29–7.52 (m, 20H), 5.42 (d,
4H), 4.04 (s, 4H), 3.60 (s, 12H). 13C NMR: (68 MHz,
CD3CN): d 174.5, 171.0, 136.9, 128.8, 128.3, 127.5,
78.9, 56.7, 52.2. 11B NMR: (87 MHz, CD3CN): d
11.87. IR: (KBr): mCO = 1740 cm�1 (ester), 1646 cm�1

(amide). LRMS: M+ = 959. Elemental Analysis: Calcu-
lated for C48H50BCuN6O16: C, 55.36; H, 4.84; N, 8.07.
Found: C, 55.40; H, 5.14; N, 7.78. 5bÆCH3CN.
Yield = 94%. 1H NMR: (270 MHz, CD3CN): d 8.67
(d, 4H), 7.10–7.60 (m, 40H), 5.46 (d, 4H), 5.08 (d,
4H), 5.02 (d, 4H), 4.03 (s, 4H). 13C NMR: (68 MHz,
CD3CN): 174.6, 170.4, 136.7, 136.0, 128.8, 128.4,
128.3, 128.1, 127.7, 127.6, 78.9, 66.6, 56.9. 11B NMR:
(87 MHz, CD3CN): d 12.09. 5cÆCH3CN. Yield = 94%.
1H NMR: (270 MHz, d6-DMSO): d 8.70 (d, 4H), 7.28–
7.50 (m, 20H), 5.44 (d, 4H), 4.60 (m, 4H), 4.02 (s, 4H),
1.19–1.70 (m, 44H). 13C NMR: (68 MHz, d6-DMSO):
d 174.4 (br), 169.8, 137.6, 128.9, 128.4, 127.5, 78.9
(br), 73.4, 56.8, 31.0, 30.9, 25.1, 23.2, 23.1. 11B NMR:
(87 MHz, d6-DMSO): d 12.7. 5dÆCH3CN. Yield = 95%.
1H NMR: (270 MHz, d6-DMSO): d 8.39 (d, 4H), 7.20–
7.50 (m, 20H), 5.02 (m, 4H), 4.03 (s, 4H), 3.50–3.60
(m, 8H), 3.16 (s, 12H). 13C NMR: (68 MHz, d6-DMSO):
d 174.5 (br), 141.2, 128.6, 127.3, 127.3, 78.9 (br), 76.0,
58.6, 52.6. 11B NMR: (87 MHz, d6-DMSO): d 12.00
5eÆ2CH3CN. Yield = 85%. 1H NMR: (270 MHz,
CD3CN): d 8.75 (d, 4H), 7.20–7.5 (m, 24H), 5.35 (d,
4H), 4.13 (s, 4H), 2.97 (m, 4H), 2.93 (m, 4H), 1.12–
1.40 (m, 16H), 0.77 (t, 12H). 13C NMR: (68 MHz,
CD3CN): d 174.7, 170.5, 138.5, 128.5, 127.7, 127.0,
79.0, 57.9, 39.0, 31.2, 19.7, 13.1. 11B NMR: (87 MHz,
CD3CN): d 11.85 5fÆ2CH3CN. Yield = 97%. 1H NMR:
(270 MHz, d6-DMSO): d 10.84 (s, 4H), 8.14 (d, 4H),
7.50 (d, 4H), 7.29–7.32 (m, 8H), 6.93–7.07 (m, 8H),
4.51 (m, 4H), 4.09 (s, 4H), 3.47 (s, 12H), 3.16 (m, 8H).
13C NMR: (68 MHz, d6-DMSO): d 174.7, 172.6, 136.6,
127.6, 124.8, 121.3, 118.8, 118.4, 111.9, 109.5, 78.2,
53.6, 52.3, 28.0. 11B NMR: (87 MHz, d6-DMSO): d
11.80. 5gÆCH3CN. Yield = 87%. 1H NMR: (270 MHz,
CD3CN): d 7.91 (br s, 4H), 4.43 (m, 4H), 4.13 (s, 4H),
3.66 (m, 12H), 3.58 (s, 12H), 2.41 (m, 8H), 2.10 (m,
4H), 1.94 (m, 4H). 13C NMR: (68 MHz, CD3CN): d
175.0, 173.1, 172.4, 78.4, 51.9, 51.2, 51.2, 29.3, 26.8.
11B NMR: (87 MHz, CD3CN): d 11.9. 5hÆCH3CN.
Yield = 97%. 1H NMR: (270 MHz, d6-DMSO): d 8.91
(d, 4H), 4.20 (d, 4H), 4.02 (s, 4H), 3.56 (s, 12H), 0.91
(s, 36H). 13C NMR: (68 MHz, d6-DMSO): d 174.3,
171.2, 80.2, 60.7, 51.8, 35.1, 26.7. 11B NMR: (87 MHz,
d6-DMSO): d 12.10. 5iÆCH3CN. Yield = 93%. 1H
NMR: (270 MHz, d6-DMSO): d 8.09 (br s, 4H), 4.03
(br s, 4H), 3.98 (br s, 4H), 3.60 (s, 12H), 0.92 (s, 36H).
13C NMR: (68 MHz, d6-DMSO): d 174.7 (broad),
171.5, 78.2 (broad), 61.4, 51.8, 34.1, 27.0. 11B NMR:
(87 MHz, d6-DMSO): d 11.86. 5jÆCH3CN. Yield = 99%.
1H NMR: (270 MHz, CD3CN): d 7.99 (br s, 4H), 4.17 (s,
4H), 3.98 (s, 4H), 3.96 (s, 4H), 3.67 (s, 12H). 13C NMR:
(68 MHz, CD3CN): d 175.5, 170.9, 77.6, 51.8, 40.7. 11B
NMR: (87 MHz, CD3CN): d 11.39. IR: (KBr):
mCO = 1748 cm�1 (ester), mCO = 1656 cm�1 (amide).
LRMS: M+ = 655. Elemental Analysis: Calculated for
C22H47BCuN5O16: C, 37.97; H, 4.49; N 10.06. Found:
C, 37.97; H 4.45; N, 10.15. 5kÆCH3CN. Yield = 88%.
1H NMR: (270 MHz, CD3CN): d 8.54 (d, 4H), 7.28
(m, 20H), 5.18 (d, 4H), 4.20 (s, 4H), 3.59 (s, 12H). 13C
NMR: (68 MHz, CD3CN): d 174.9, 171.0, 136.6,
128.7, 128.2, 127.5, 78.5, 56.9, 52.1. 11B NMR:
(87 MHz, CD3CN): d 12.05. IR: (KBr):
mCO = 1743 cm�1 (ester), 1673 (amide). LRMS:
M+ = 959. Elemental Analysis: Calculated for
C46H47BCuN5O16: C, 55.24; H, 4.74; N, 7.00. Found:
C, 55.01; H, 4.74; N, 7.17. 5lÆCH3CN. Yield = 90%. 1H
NMR: (270 MHz, d6-DMSO): d 8.06 (d, 4H), 7.10–
7.40 (m, 20H), 4.51 (m, 4H), 3.89 (s, 4H), 3.55 (s,
12H), 3.06 (dd, 4H), 2.91 (dd, 4H). 13C NMR:
(68 MHz, d6-DMSO): d 174.5 (br), 172.1, 137.5, 129.9,
128.6, 127.0, 78.2 (br), 53.8, 52.4, 38.1. 11B NMR:
(87 MHz, d6-DMSO): d 11.83. 5mÆCH3CN.
Yield = 98%. 1H NMR: (270 MHz, d6-DMSO): d 7.94
(d, 4H), 4.22 (dd, 4H), 4.03 (s, 4H), 3.59 (s, 12H), 2.09
(m, 4H), 0.89 (d, 12H), 0.85 (d, 12H). 13C NMR:
(68 MHz, d6-DMSO): d 174.8, 172.0, 79.4, 57.5, 52.2,
31.1, 19.2, 17.8. 11B NMR: (87 MHz, d6-DMSO): d
12.01. 5nÆCH3CN. Yield = 90%. 1H NMR: (270 MHz,
d6-DMSO): d 8.06 (d, 4H), 7.18–7.40 (m, 20H), 4.51
(m, 4H), 3.89 (s, 4H), 3.55 (s, 12H), 3.06 (dd, 4H),
2.91 (dd, 4H). 13C NMR: (68 MHz, d6-DMSO): d
174.5 (br), 172.1, 137.5, 129.9, 128.6, 127.0, 78.2 (br),
53.8, 52.4, 38.1. 11B NMR: (87 MHz, d6-DMSO): d
11.8 5oÆ2CH3CN. Yield = 79%. 1H NMR: (270 MHz,
CD3CN): d 8.66 (d, 4H), 7.42 (d, 4H), 7.28–7.50 (m,
20H), 5.43 (d, 4H), 4.20 (m, 8H), 3.52 (s, 12H), 1.20
(d, 12H). 13C NMR: (68 MHz, CD3CN): 174.8, 172.6,
170.1, 137.9, 128.4, 127.8, 127.3, 78.6, 57.1, 51.7, 48.2,
16.6. 11B NMR: (87 MHz, CD3CN): 11.87 5pÆ4CH3CN.
Yield = 87%. 1H NMR: (270 MHz, d6-DMSO): d 8.65
(d, 4H), 8.36 (d, 4H), 7.50 (m, 8H), 7.22 (m, 12H),
5.61 (d, 4H), 4.10 (m, 4H), 4.09 (s, 4H), 3.48 (s, 12H),
1.91 (m, 4H), 0.81 (d, 12H), 0.78 (d, 12H). 13C NMR:
(68 MHz, d6-DMSO): d 174.6, 172.0, 170.2, 138.8,
128.4, 127.6, 127.5, 78.6, 58.0, 56.3, 52.0, 30.3, 19.3,
18.8. 11B NMR: (87 MHz, d6-DMSO): d 11.70.
5qÆ2CH3CN. Yield = 80%. 1H NMR: (270 MHz, d6-
DMSO): d 8.58 (m, 8H), 7.0–7.45 (m, 40H), 5.51 (d,
4H), 4.41 (m, 4H), 4.09 (br s, 4H), 3.41 (s, 12H), 2.89
(s, 4H), 2.86 (s, 4H). 13C NMR: (68 MHz, CD3CN): d
174.5 (br), 171.4, 170.2, 137.7, 136.9, 129.4, 128.5,
128.4, 127.8, 127.5, 126.7, 78.4, 57.2, 54.0, 51.7, 36.9.
11B NMR: (87 MHz, d6-DMSO): d 11.75. IR: (KBr):
mCO = 1743 cm�1 (ester), 1659 cm�1 (amides). Elemental
Analysis: Calculated for C84H86BcuN10O20: C, 61.90; H,
5.32; N, 8.59. Found: C, 61.56; H, 5.34; N, 8.41.
5rÆ2CH3CN. Yield = 92%. 1H NMR: (270 MHz,
CD3CN): d 8.69 (d, 4H), 7.80 (d, 4H), 7.20–7.50 (m,
40H), 5.48 (d, 4H), 5.29 (d, 4H), 4.15 (s, 4H), 3.49 (s,
12H). 13C NMR: (68 MHz, CD3CN): d 174.8, 170.7,
170.0, 137.7, 136.4, 128.9, 128.7, 128.4, 128.2, 127.5,
127.4, 78.5, 57.1, 56.5, 52.1. 11B NMR: (87 MHz,
CD3CN): d 11.62. 5sÆ2CH3CN. Yield = 87%. 1H
NMR: (270 MHz, CD3CN): d 8.57 (d, 4H), 7.78 (d,
4H), 7.14–7.50 (m, 40H), 5.47 (d, 4H), 5.40 (d, 4H),
4.06 (s, 4H), 3.58 (s, 12H). 13C NMR: (68 MHz,
CD3CN): d 174.8, 170.8, 170.0, 137.8, 136.4, 128.7,
128.5, 128.3, 127.8, 127.4, 127.3, 78.5, 57.3, 56.4, 52.3.
11B NMR: (87 MHz, CD3CN): d 11.7. 5tÆ2CH3CN.
Yield = 91%. 1H NMR: (270 MHz, CD3CN): 7.97 (d,
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4H), 6.96 (d, 4H), 4.33 (d, 4H), 4.16 (d, 4H), 4.15 (s,
4H), 3.62 (s, 12H), 0.99 (s, 36H), 0.94 (s, 36H). 13C
NMR: (68 MHz, CD3CN): d 174.9, 171.5, 170.8, 77.8,
61.0, 60.8, 51.1, 34.3, 33.4, 26.6, 26.1. 11B NMR:
(87 MHz, CD3CN): d 11.2.

5.7. General cyclopropanation procedure

A solution of styrene (250 mg, 2.4 mmol), hexadecane
(100 ll), and copper catalyst (0.0095 mmol) in 1.5 ml
CH2Cl2 was cooled to 0 �C under N2. Ethyl diazoacetate
(100 ll, 0.95 mmol) in 1.0 ml of CH2Cl2 was then added
via syringe pump over 8 h. The resulting solution was
stirred overnight at 0 �C and then filtered through a
short plug of silica using hexane/ethyl acetate (1:1).
The crude mixture was then subjected to GC analysis
to give the trans/cis ratio and yield relative to an internal
standard, hexadecane.
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