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CHAPTER ONE 

Tools for Studying Aqueous Enantioselective Lanthanide-Catalyzed 

Mukaiyama Aldol Reactions. 

Portions of this chapter have been adapted or reprinted with permission from: (1) Averill, 

D. J.; Allen, M. J. Catal. Sci. Technol. 2014, in press DOI: 10.1039/C4CY01117A (2) S. 

Kobayashi, T. Hamada, S. Nagayama and K. Manabe, Org. Lett., 2001, 3, 165. Copyright 

2001 American Chemical Society. (3) R. S. Dickens, S. Aime, A. S. Batsanov, A. Beeby, 

M. Botta, J. I. Bruce, J. A. K. Howard, C. S. Love, D. Parker, R. D. Peacock and H. 

Puschmann, J. Am. Chem. Soc. 2002; 124, 12697. Copyright 2002 American Chemical 

Society. (4) P. Dissanayake and M. J. Allen, J. Am. Chem. Soc., 2009, 131, 6342. 

Copyright 2009 American Chemical Society. (5) Averill, D. J.; Dissanayake, P.; Allen, 

M. J. The Role of Water in Lanthanide-Catalyzed Carbon–Carbon Bond Formation. 

Molecules 2012, 17, 2073–2081. http://www.mdpi.com/1420-3049/17/2/2073. (6) Y. Mei, 

P. Dissanayake and M. J. Allen, J. Am. Chem. Soc. 2010, 132, 12871. Copyright 2010 

American Chemical Society. (7) D. J. Averill and M. J. Allen, Inorg. Chem. 2014, 53, 

6257. Copyright 2014 American Chemical Society. (8) M. Hatanaka and K. Morokuma, 

J. Am. Chem. Soc. 2013, 135, 13972. 

1.1 Introduction 

The trivalent lanthanide ions (Ln
3+

) are of great importance due to their 

photophysical properties, Lewis acidity, stability in aqueous media, and reusability.
1
 

Because of these features, Ln
3+

-based precatalysts are popular alternatives to moisture 

sensitive Lewis acids such as AlCl3, TiCl4, SnCl4, and SiCl4.
2
 In select cases, Ln

3+
 ions 



2 
 

 

can be combined with chiral ligands to form enantioselective precatalysts for bond-

forming reactions.
3
 The improvement of chiral Ln-based precatalysts is limited by the 

need to understand reaction pathways and key precatalyst features such as metal-complex 

stability and coordination geometry. Toward this goal, spectroscopic measurements and 

computational studies have been used to unveil reaction pathways and precatalyst 

stabilies for carbon–carbon bond-forming reactions. This chapter is focused on 

developments since the turn of the century and is composed of five parts that will 

contextualize the work described in this thesis: (1) development of enantioselective water-

tolerant lanthanide-based precatalysts for Mukaiyama aldol reactions; (2) crystal structure 

determination of precatalysts; (3) luminescence measurements to study Eu
3+

-based 

precatalysts; (4) 
1
H-NMR experiments to study Ln

3+
-based precatalysts; and (5) 

computational studies of Mukaiyama aldol reactions. Comprehensive reviews that 

describe older work, non-lanthanide precatalysts, and reactions other than Mukaiyama 

aldol can be found elsewhere.
4 

1.2 Part 1: Development of enantioselective water-tolerant lanthanide-based  

       precatalysts for Mukaiyama aldol reactions.  

The Ln
3+

-catalyzed Mukaiyama aldol reaction is of great interest to synthetic chemists 

because it is a water-tolerant carbon–carbon bond-forming reaction that can produce β-hydroxy 

carbonyls (Scheme 1.1), which are important functional groups found in and used to synthesize 

many biologically active compounds.
5 

Further, the reaction can be carried out in aqueous media, 

and high enantiomeric ratios can be achieved with the use of chiral precatalysts.
3a-d,6

 Recovery 

and reuse of Ln
3+

-based precatalysts has been demonstrated with no significant loss of reactivity, 

making Ln
3+

-based precatalysts a topic of study for sustainable chemistry applications.
7
 

Scheme 1.1. Example of a Ln
3+

-catalyzed Mukaiyama aldol reaction. 



3 
 

 

 

To date, several ligands have been synthesized to prepare enantioselective, water-

tolerant, Ln
3+

-based precatalysts for Mukaiyama aldol reactions.
3a-c,8

 The two most 

effective ligands reported are hexadentate with two nitrogen and four oxygen donar 

atoms.
3a,c

 Although ligands 1.4 and 1.5 are hexadentate and have the same donor atoms, 

they have different donor types and are structurally different (Figure 1.1). 

 

Figure 1.1. Chiral ligands used for lanthanide-catalyzed water-tolerant enantioselective 

Mukaiyama aldol reactions. 

Precatalysts formed from lanthanide triflate salts using ligands 1.4 and 1.5 are able 

to stereospecifically form a range of β-hydroxy carbonyl compounds. Mukaiyama aldol 

reactions promoted by either 1.4 or 1.5 with Ln(OTf)3 have a wide range of reactivities 

and selectivities. Ligand 1.4 with either Ce(OTf)3 or Pr(OTf)3 catalyzes a variety of 

Mukaiyama aldol reactions to produce different products (Table 1.1) with 

diastereoselectivities (syn:anti) ranging from 90:10 to 95:5 and enantioselectivities (R/S) 

ranging from 87.5:12.5 to 91.5:8.5 (Table 1.1). Ligand 1.5 with either Eu(OTf)3 or 



4 
 

 

Nd(OTf)3 was able to catalyze Mukaiyama aldol reactions with diastereoselectivities 

(syn:anti) ranging from 75:25 to 97.3:2.7 and enantioselectivities (R/S) ranging from 

82:18 to 98:2. 

Table 1.1. Aqueous enantioselective Mukaiyama aldol reaction results from reactions 

carried out in EtOH/H2O (9:1 v/v). 

 

R
1
 R

2
 Ln

3+ 
ligand dr

h
 er (syn) T (°C) ref 

Ph Ph Ce
3+a

 1.4
c
 93:7 91:9 0 4f 

Ph 4-CH3OC6H4 Pr
3+b

 1.4
d
 92:8 87.5:12.5 0 3b 

Ph 2-CH3OC6H4 Pr
3+b

 1.4
d
 95:5 91.5:8.5 0 3b 

Ph 4-ClC6H4 Pr
3+b

 1.4
d
 90:10 91.5:8.5 0 3b 

Ph 1-napthyl Pr
3+b

 1.4
d
 91:9 90.5:9.5 0 3b 

Ph Ph Eu
3+a

 1.5
e
 97:3 96.5:3.5 –25 3c 

Ph 4-ClC6H4 Eu
3+a

 1.5
e
 95:5 95.5:4.5 –25 3c 

Ph 4-CH3C6H4 Eu
3+a

 1.5
e
 96:4 95:5 –25 3c 

Ph (CH2)5CH3 Eu
3+a

 1.5
e
 96:4 98:2 –25 3c 

Ph Ph Nd
3+a

 1.5
c
 75:25 82:18 –25 3d 

Ph Ph Nd
3+a

 1.5
f
 95:5 95.6:4.4 –25 3d 

Ph Ph Nd
3+a

 1.5
g
 97:3 96:4 –25 3d 

4-ClC6H4 Ph Nd
3+a

 1.5
g
 94:6 96:4 –25 3d 

4-CH3C6H4 Ph Nd
3+a

 1.5
g
 97:3 96:4 –25 3d 

Ph 4-ClC6H4 Nd
3+a

 1.5
g
 92:8 95:5 –25 3d 

Ph 4-CH3C6H4 Nd
3+a

 1.5
g
 97:3 96:4 –25 3d 

a
20 mol %, 

b
10 mol %, 

c
24 mol %, 

d
12 mol %, 

e
48 mol %, 

f
36 mol %, 

g
42 mol %, 

h
(syn:anti) 

An important feature of the Ln
3+

 series is the steady decrease in ionic radii from La
3+

 

(103.2 pm) to Lu
3+

 (86.1 pm). This feature of the Ln
3+

 series was explored to identify the best 

suited Ln
3+

 ion to combine with ligands 1.4 or 1.5.
3a,d

 In a benchmark Mukaiyama aldol reaction 

(Scheme 1.2), ligand 1.4 with Ce
3+

 and ligand 1.5 with Nd
3+

 produced the highest 

enantioselectivites. With both ligands, small changes in Ln
3+

 size drastically affect reaction 

outcomes in terms of selectivity (Figure 1.2 and Table 1.2). By comparison of selectivity with 
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Ln
3+

 ionic radius, ligand 1.4 appears to have a smaller binding pocket than ligand 1.5, likely 

contributing to differences in selectivity based on substrate bulk. 

Scheme 1.2. Ln
3+

-catalyzed Mukaiyama aldol reaction used to monitor selectivity with 

precatalysts that use ligands 1.4 or 1.5. 

 

 

Figure 1.2. Graph of selectivity data for the reaction shown in Scheme 1.2 using different 

Ln
3+

 ions and ligand 1.4. Increased selectivity is observed as the ionic radii of Ln
3+

 

increase from Yb
3+

 to Ce
3+

. Adapted with permission from S. Kobayashi, T. Hamada, S. 

Nagayama and K. Manabe, Org. Lett., 2001, 3, 165. Copyright 2001 American Chemical 

Society. 
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Table 1.2. Selectivity data for the reaction shown in Scheme 1.2 using different Ln
3+

 ions 

with ligand 1.5. Selectivity is highest for ligand 1.5 and Nd
3+

. A ligand-to-Ln
3+

 ratio of 

1.2:1 was used instead of 2.4:1 so that a difference in selectivity could be observed for the 

different Ln
3+

 with ligand 1.5.
3d 

Ln
3+

 Ln
3+

 radius (pm) syn:anti er (syn) 

La
3+

 103.2 1.7:1 52:48 

Ce
3+

 102 1.8:1 60:40 

Pr
3+

 99 2.2:1 74:26 

Nd
3+

 98.3 3.0:1 82:18 

Sm
3+

 95.8 2.1:1 58:42 

Eu
3+

 94.7 2.4:1 75:25 

Gd
3+

 93.8 2.7:1 74:26 

Tb
3+

 92.3 2.5:1 72:28 

Dy
3+

 91.2 2.0:1 64:36 

Ho
3+

 90.1 1.9:1 59:41 

Er
3+

 89.0 1.8:1 58:42 

Tm
3+

 88.0 1.5:1 53:47 

Yb
3+

 86.8 1.3:1 50:50 

Lu
3+

 86.1 1.4:1 51:49 
 

Although high enantio- and diastereoselectivities can be observed for the water-

tolerant Mukaiyama aldol reaction using Ln
3+

 ions with ligands 1.4 or 1.5, reaction times 

are long and high ligand loadings are required.
3a-d

 These limitations have prompted 

structural investigations of Ln
3+

-based precatalysts to learn more about the precatalysts 

and the mechanism of the reaction. Due to the labile nature of Ln
3+

 complexes in aqueous 

media, details about Ln
3+

–ligand interactions, substrate–precatalyst interactions, and 

transition state modeling likely will assist in future development of Ln
3+

-based 

precatalysts. 

1.3 Part 2: Crystal structure determination of precatalysts.  

 X-ray crystal structures are useful for determining relative orientation of ligands that 

surround Ln
3+

 ions and information related to ligand–metal interactions.
3a,9

 A crystal 

structure of ligand 1.4 with Pr(NO3)3 (Figure 1.3) was solved, and it was found that Pr
3+

 

and 1.4 bind in a 1:1 ligand-to-metal stoichiometry and that Pr
3+

 is nearly in the plane of 
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the ring. Further, the structure revealed that the methyl groups are in the axial positions 

likely forcing the stereochemical outcomes of reactions performed with this precatalyst. 

Ligand-to-metal binding stoichiometries and geometries of a chiral Tb
3+

 complex were 

studied by solving crystal structures in the presence of excess citrate, lactate, glycinate, 

and serinate anions (Figure 1.4).
9b

 The complex was used as a precatalyst for 

enantioselective nitroaldol reactions.
3e

 Crystal structures are helpful for the development 

of precatalysts because they enable rational modifications to the geometry of precatalysts 

by changing ligands that surround the metal center. 

 

Figure 1.3. X-ray crystal structure of [Pr(NO3)2 ∙ 1.4]
+
. Hydrogen atoms have been 

omitted for clarity. Adapted with permission from S. Kobayashi, T. Hamada, S. 

Nagayama and K. Manabe, Org. Lett., 2001, 3, 165. Copyright 2001 American Chemical 

Society. 
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Figure 1.4. (left) X-ray crystal structure of Yb
3+

-based precatalyst showing a distant 

triflate anion and chelated acetate moiety with its hydrogen bonding interactions to 

nearby water molecules. The macrocycle is 1, 4, 7, 10-tetraazacyclododecane, and it has 

methyl and phenyl substitutions on its three pendant sidearms that are coordinated to 

Yb
3+

. Reprinted with permission from R. S. Dickens, S. Aime, A. S. Batsanov, A. Beeby, 

M. Botta, J. I. Bruce, J. A. K. Howard, C. S. Love, D. Parker, R. D. Peacock and H. 

Puschmann, J. Am. Chem. Soc. 2002; 124, 12697. Copyright 2002 American Chemical 

Society. (right) Ligand used for Yb
3+

 complex shown on the left. 

 

1.4 Part 3: Luminescence measurements to study Eu
3+

-based precatalysts.  

 A widely used technique to study the number of metal-bound water molecules (q) of 

contrast agents for magnetic resonance imaging was adapted to study Eu
3+

-based 

precatalysts in aqueous media.
10

 The technique is based on a series of empirically derived 

equations, similar to Eq 1.1, that were derived by measuring the differences of 

luminescence-decay rates of crystalline Eu
3+

-containing complexes with known q 

values.
11

 Inner-sphere oscillators other than water are accounted for with correction 

constants where nOH is the number of inner-sphere alcoholic O–H oscillators, nNH is the 

number of inner-sphere amine N–H oscillators, and nO=CNH is the number of inner-sphere 
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amide N–H oscillators. The uncertainty of this equation is ±0.1 water molecules.
11a

 A 

detailed review of the derivation and theory of these equations can be found elsewhere.
12 

Eq 1.1 q = 1.11     
   –      

  –                                         

To gain mechanistic insight into the aqueous Ln
3+

-catalyzed Mukaiyama aldol reaction, 

Eq 1.1 was used to calculate the number of Eu
3+

-bound water molecules at different stages of the 

catalytic cycle of the Mukaiyama aldol reaction (Scheme 1.3). The study was carried out in 

mixtures of THF and water. THF was chosen as a cosolvent because it does not have O–H or N–

H oscillators that would complicate the measurements. By presynthesizing the reaction product, 

the coordination environment of Eu
3+

 was studied in four different scenarios: (1) Eu(OTf)3 with 

no starting materials; (2) Eu(OTf)3 with silyl enol ether; (3) Eu(OTf)3 with benzaldehyde; and (4) 

Eu(OTf)3 with product. Values of q were calculated q for Eu
3+

 in all four scenarios. The water-

coordination number calculations revealed that benzaldehyde was able to displace coordinated 

water and that ability changes as a function of solvent composition. Additionally, neither the silyl 

enol ether nor the product was able to displace Eu
3+

-coordinated water molecules, and 

consequently, product inhibition is not likely to occur for the reaction in question. These results 

are important because they provide mechanistic details about the aqueous lanthanide-catalyzed 

Mukaiyama aldol reaction and a route to study other reactions that use Eu
3+

-based precatalysts. 
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Scheme 1.3. Proposed aqueous lanthanide triflate-catalyzed Mukaiyama aldol catalytic 

cycle. Adapted with permission from P. Dissanayake and M. J. Allen, J. Am. Chem. Soc., 

2009, 131, 6342. Copyright 2009 American Chemical Society. 

 

By measuring q and monitoring rates of Mukaiyama aldol reactions that use either 

Eu(OTf)3 or Eu(NO3)3 precatalysts in solvent systems containing between 1 and 40% H2O in 

THF (Scheme 1.4), We (Prabani Dissanayake, a graduate student in the Allen lab and I) found 

that reactivity increases with increased q (as a general trend, q increases with water concentration 

for Eu(NO3)3 and Eu(OTf)3) for Eu
3+

-based precatalysts (Figure 1.5).
13

 More details about this 

discovery will be described in Chapter 2. This discovery is important because future Eu
3+

-based 

precatalysts can be designed in a way that increases their reactivity by taking advantage of ligand 

features such as denticity and electron donating ability.  

To gain insight into factors that affect the selectivity and reactivity of Ln
3+

-based 

precatalysts, six variations of ligand 1.5 were combined with Eu
3+ 

(Figure 1.6).
3c

 Luminescence-

decay measurements were used to study changes of q (Δq) of ligand–Eu
3+

 systems in the absence 

and presence of benzaldehyde. Additionally, reactivities of each precatalyst were compared by 

differences in isolated yields and enantiomeric ratios were determined by chiral high 

performance liquid chromatography analyses (Table 1.3). 
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Scheme 1.4. Mukaiyama aldol reaction used to study the influence of reaction rate by q.
13 

 

 

 

Figure 1.5. Top, Water-coordination number of Eu(OTf)3 (○), and Eu(NO3)3 (□) as a 

function of % H2O in THF (v/v). Error is represented by standard error of the mean of 

between 3 and 9 measurements. Bottom, Steady-state reaction rates of 7 mol % Eu(OTf)3- 

(○) or Eu(NO3)3-catalyzed (□) Mukaiyama aldol reactions in 0–40% H2O in THF (v/v). 

Regression lines represent the dependence of rate on solvent composition and anion 

identity. Reprinted with permission by Averill, D. J.; Dissanayake, P.; Allen, M. J. The 

Role of Water in Lanthanide-Catalyzed Carbon–Carbon Bond Formation. Molecules 

2012, 17, 2073–2081. http://www.mdpi.com/1420-3049/17/2/2073. 
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Figure 1.6. Hexadentate ligands used to study changes in selectivity and reactivity based 

on ligand identity. 

Table 1.3. Selectivity, reactivity, and coordination changes among different Eu
3+

-based 

precatalysts using the ligands from Figure 1.6.
3c 

 

ligand Δq yield (%) er (syn) 

1.5 

1.8 

1.9 

1.10 

1.11 

1.12 

1.13 

–0.68 

–0.40 

–0.45 

–0.49 

–0.19 

–0.14 

–0.09 

92 

82 

83 

83 

20 

18 

8 

96.5:3.5 

92.5:7.5 

93:7 

93.5:6.5 

90:10 

75.5:24.5 

0 

 

Yields for Mukaiyama aldol reactions catalyzed by ligands 1.5 and 1.8–1.10 with 

Eu
3+

 were good (>80%) while ligands 1.11–1.13 with Eu
3+

 had low yields (≤20%).
3c

 

These results indicate that complexes with a greater propensity to exchange coordinated 

water for benzaldehyde, ∆q, (Figure 1.7) are more reactive than complexes that are less 

influenced by benzaldehyde. Additionally, ligands with branched ester groups (R = i-Pr or 

t-Bu) gave low yields. These results are likely related to the reduced chance of 
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benzaldehyde displacing Eu
3+

-coordinated water. Surprisingly, Eu
3+

 and ligand 1.13 (R = 

H) resulted in a low yield (8%) and a Δq of only –0.09. The reduction in reactivity and Δq 

are likely due to differences in Lewis acidity of Eu
3+

 caused by the carboxylic acid 

sidearms of 1.13 vs the ester sidearms of ligands 1.5 and 1.8–1.13. Enantioselectivity was 

not observed for 1.13 with Eu
3+

 and that is not surprising because there is no bulky “R” 

group to selectively block incoming nucleophiles (Figure 1.8). Based on q and selectivity 

data, for selectivity to occur in Mukaiyama aldol reactions catalyzed by ligands 1.5 and 

1.8–1.13 with Eu
3+

, the ester sidearm must block the incoming nucleophilic attack at only 

one side of the coordinated aldehyde. 

 

 

Figure 1.7. Proposed equilibrium leading to the activation and selective nucleophilic 

attack of benzaldehyde. Adapted with permission from Y. Mei, P. Dissanayake and M. J. 

Allen, J. Am. Chem. Soc. 2010, 132, 12871. Copyright 2010 American Chemical Society. 
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Figure 1.8. Proposed transition state for the asymmetric Mukaiyama aldol reaction using 

hexadentate ligands 1.5 and 1.8–1.13 and Eu
3+

 as a precatalyst. Adapted with permission 

from Y. Mei, P. Dissanayake and M. J. Allen, J. Am. Chem. Soc. 2010, 132, 12871. 

Copyright 2010 American Chemical Society. 

We studied the interactions between six hexadentate ligands (Figure 1.9) and Eu
3+

 to 

learn about changes in relative Eu
3+

 binding strengths as a function of chiral center location, 

bulk, and sidearm donor type (ester, carboxylic acid, alcohol, and amide) using luminescence-

decay measurements.
8b

 Water-coordination numbers were measured at different ligand-to-metal 

ratios (Table 1.4), and it was found that Eu
3+

 is coordinatively saturated (Figure 1.10) in the 

presence of excess hexadentate ligands (q = 0). By comparing q data with yields, we concluded 

that binding Eu
3+

 with hexadentate ligands likely slows Mukaiyama aldol reactions. These 

observations are in agreement with earlier studies,
3a,13

 and they are helpful for the future design 

of water-tolerant enantioselective Ln
3+

-based precatalysts because ligands must minimize 

unbound Ln
3+

 while avoiding deactivation of Ln
3+

. Chapter 3 contains a detailed description of 

these findings. 
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Figure 1.9. Hexadentate ligands studied in the presence of Eu

3+
.
8b 

Table 1.4. Water-coordination numbers for Eu
3+

 with ligands 1.5 and 1.13–1.17.
8b 

ligand q
a,d,g

 q
a,e,g

 q
b,d,g

 q
b,e,g

 q
c,d,g

 q
c,e,g

 

1.5
f 

3.5 3.5 2.1 2.1 1.4 1.4 

1.13
f 

2.2 2.2 0.8 0.8 0.0 0.0 

1.14 2.2 1.1 2.0 1.0 1.1 0.0 

1.15 1.9 0.8 1.8 0.8 nd nd 

1.16 2.1 1.0 2.1 1.0 0.5 0.0 

1.17 3.8 3.4 3.0 2.6 1.7 1.3 
a
Ligand-to-metal ratio of 1:1. 

b
Ligand-to-metal ratio of 2:1. 

c
Ligand-to-metal ratio of 6:1. 

d
Calculated for complexes with Eu

3+
 coordination by one ligand. 

e
Calculated for 

complexes with Eu
3+

 coordination by two ligands. 
f
Ligands 1.5 and 1.13 do not have 

chelator-based inner-sphere O–H or N–H oscillators; therefore, q
d
 = q

e
. nd = not 

determined. 
g
The error associated with water-coordination number determination is ±0.1 

water molecules. 

 

Figure 1.10. Proposed equilibria involving multiple Eu
3+

 species. Reprinted with 

permission from D. J. Averill and M. J. Allen, Inorg. Chem. 2014, 53, 6257. Copyright 

2014 American Chemical Society. 

Steady-state luminescence measurements can be used as a supplemental technique 

to q measurements for the rapid (seconds) analysis of changes in Eu
3+

 coordination 

environments.
1d,1e,4a,4b

 Eu
3+

 emission spectra can be highly sensitive to changes in 
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coordination environment (Figure 1.11). Therefore, luminescence measurements can be 

used to study changes in Eu
3+

 coordination environments. Comparison of the 
5
D0→

7
F1 

(~591 nm) and 
5
D0→

7
F2 (~616 nm) transitions of Eu

3+
 is a useful tool for the ratiometric 

monitoring ligand-to-Eu
3+

 titrations.
14

 Ligand-to-metal titrations were monitored by 

plotting the ratio of Eu
3+

 emission intensity at 616 nm divided by the emission intensity at 

591 nm [(
5
D0→

7
F2)/(

5
D0→

7
F1)] as a function of ligand-to-metal ratio for ligands 1.5 and 

1.13–1.17 (Figure 1.12). Steady-state luminescence measurements do not provide q 

values, but they enable monitoring changes in coordination environment by avoiding the 

need to obtain luminescence-decay rates in deuterated solvent systems. Chapter 3 has an 

in-depth description of the findings and methods used to study Eu
3+

 coordination. We 

found the use of steady-state luminescence measurements to be a great tool for studying 

changes in Eu
3+

 coordination during ligand-to-Eu
3+

 titrations. 

 

Figure 1.11. Emission spectra of Eu(OTf)3 in 9:1 EtOH/H2O with (dotted line) and 

without (solid line) a hexadentate ligand. Adapted with permission from D. J. Averill and 

M. J. Allen, Inorg. Chem. 2014, 53, 6257. Copyright 2014 American Chemical Society. 
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Figure 1.12. Emission intensity ratios of Eu
3+

 (616 nm/591 nm) versus equivalents of 

ligand for Eu
3+

 with 1.5 (△), 1.13 (▲), 1.14 (◆), 1.15 (◇), 1.16 (○), and 1.17 (□). 

Increases in magnitude of the emission intensity quotient (616 nm/591 nm) arise from 

increases in crystal field splitting of Eu
3+

. Adapted with permission from D. J. Averill and 

M. J. Allen, Inorg. Chem. 2014, 53, 6257. Copyright 2014 American Chemical Society. 

1.5 Part 4: 
1
H-NMR experiments to study Ln

3+
-based precatalysts.  

 In addition to Eu
3+

 luminescence measurements for the study of structural features of 

Ln
3+

-based precatalysts, 
1
H-NMR studies have been used.

3a,e,8b
 Changes in ligand 

environment can be found by monitoring 
1
H-NMR spectra of ligands in the absence of 

Ln
3+

 and presence of varying amounts of Ln
3+

. Kobayashi and co-workers used 
1
H-NMR 

studies to investigate ligand 1.4 in the presence of La(OTf)3. By changing ligand-to-metal 

stoichiometries and comparing 
1
H-NMR spectra, they found that ligand 1.4 binds to La

3+ 

tightly (only scarce amounts of free 1.4 were observed in the 
1
H-NMR spectra).

3a
 From 

1
H-NMR experiments, it was found (details can be found in Chapter 3) that at least three 

distinct species can exist in solution when Eu
3+

 is combined with ligands 1.5, 1.13–1.17 

(Figure 1.13) and the ratio of these species is influenced by ligand-to-Eu
3+

 ratios.
8b 

The 
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findings are important because Le Chatelier’s principle can be followed to drive the 

equilibrium system towards selective precatalysts (one hexadentate ligand per Ln
3+

 ion). 

1
H-NMR experiments have the ability to provide valuable information about ligand 

environments that compliment Eu
3+

 luminescence measurements. 
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Figure 1.13. (A) 
1
H-NMR spectrum of 1.14 in 9:1 EtOD/D2O. (B) 

1
H-NMR spectrum of 

1.14 in 9:1 EtOD/D2O at –40 °C with 0.25 equiv of Eu(OTf)3. Arrows point to signals 

observed in the presence of excess ligand (the temperature of –40 °C was required to 

resolve the signals between 4 and 2 ppm). These new signals are attributed to a Eu
3+

–Ln 

(n > 1) species. (C) 
1
H-NMR spectrum of 1.14 in 9:1 EtOD/D2O with 2 equiv of 

Eu(OTf)3. Arrows point to signals observed in the presence of excess Eu
3+

. The new 

upfield signals are attributed to Eu
3+

n–L (n ≥ 1) species. Adapted with permission from D. 

J. Averill and M. J. Allen, Inorg. Chem. 2014, 53, 6257. Copyright 2014 American 

Chemical Society. 
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1.6 Part 5: Computational studies of Mukaiyama aldol reactions.  

 Computational studies of Ln
3+

-catalyzed Mukaiyama aldol reactions can provide 

details about the reaction mechanism that are not readily accessible by X-ray crystal 

structures, luminescence measurements, or NMR experiments. Recently, Morokuma and 

co-workers reported two computational studies that are based on the reaction in Scheme 

1.4.
15

 The studies were focused on transition states of the reaction to learn about 

diastereoselectivity and the changes in free energy of Eu
3+

 complexes depending on 

coordination environment. To study transition states of Mukaiyama aldol reactions, the 

Morokuma group used a computational technique called artificial force-induced reaction 

to explore approximate reaction pathways that start from dissociation limits or local 

minima.
15a 

By studying the C–C–C–O dihedral angles (ϕ), they found that the reaction 

shown in Scheme 1.4 may have as many as 17 different transition states that are within 2 

kcal/mol of each other (Table 1.5). It is worth noting that four of the five most likely 

transition states are for reactions that result in syn products. The authors suggest that this 

low energy difference for transition states leads to the low diastereoselectivity of 

Mukaiyama aldol reactions. 
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Table 1.5. Relative free energies, key structural parameters, and existence probability of 

lower transition states, with Δ∆G less than 2 kcal/mol.
15a 

transition states ∆∆G (kcal/mol) ϕ (deg) product existence probability (%) 

1 0.00 180.6 syn 20.85 

2 0.28 180.6 syn 12.94 

3 0.40 53.1 anti 10.59 

4 0.45 49.0 syn 9.73 

5 0.85 161.3 syn 4.96 

6 0.86 180.2 syn 4.89 

7 0.97 55.0 syn 4.02 

8 1.16 298.2 syn 2.92 

9 1.27 51.2 anti 2.46 

10 1.28 174.5 anti 2.41 

11 1.28 291.1 anti 2.41 

12 1.28 176.0 anti 2.38 

13 1.30 178.1 syn 2.32 

14 1.44 166.4 syn 1.84 

15 1.56 59.2 syn 1.50 

16 1.58 161.6 syn 1.44 

17 1.73 182.9 anti 1.12 

 

In addition to investigating factors that affect selectivity of Mukaiyama aldol 

reactions, the Morokuma group studied factors that affect reactivity.
15b

 By dissecting the 

reaction into fragments (Figure 1.14), they were able to calculate the free energy of 

transition states that are likely to take place during the course of the reaction (Figure 

1.15). These results are helpful because they support a reaction mechanism that is based 

on minimal energy pathways. The Morokuma group reported that the reaction begins with 

a Eu
3+

-coordinated benzaldehyde followed by C–C bond formation between the silyl enol 

ether (1.6) and the coordinated aldehyde (1.2). They calculated that a series of proton 

transfers occurs after the C–C bond formation and finally the silyl group dissociates after 

nucleophilic attack from a water molecule as shown in Figure 1.15. The computational 

studies reviewed here contribute to the further understanding of factors that influence 

rates and selectivity of Mukaiyama aldol reactions. Studies of this nature can be used in 
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the future to aid in the development of selective catalysts for Ln
3+

-catalyzed bond forming 

reactions. 

 

Figure 1.14. Fragments F1, F2, F3, and F4 used by Morokuma and co-workers to study 

the Mukaiyama aldol reaction by the artificial force-induced reaction method. Reprinted 

with permission from M. Hatanaka and K. Morokuma, J. Am. Chem. Soc. 2013, 135, 

13972. 

 

Figure 1.15. Reaction pathway as calculated by the artificial force-induced reaction 

method. Reprinted with permission from M. Hatanaka and K. Morokuma, J. Am. Chem. 

Soc. 2013, 135, 13972. 

 

 

 



23 
 

 

1.7 Thesis context 

 Chapter 1 served to put our studies into context with respect to prior and current work 

in the field of precatalyst development for stereospecific water-tolerant lanthanide-

catalyzed bond-forming reactions. As pointed out in this chapter, chapters 2 and 3 of this 

dissertation are detailed accounts of the studies that were performed with respect to 

studying lanthanide-catalyzed reactions. Finally, Chapter 4 will begin with a brief 

summary of our findings and end with the future outlook of this project. The recent 

developments that were outlined in this chapter have made the study of Ln
3+

 precatalysts 

more accessible, and tools like luminescence and NMR spectroscopy have made these 

developments possible. 
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CHAPTER TWO 

The Role of Water in Lanthanide-Catalyzed Carbon–Carbon Bond 

Formation. 

Portions of chapter two have been adapted or reprinted with permission from Averill, D. J.; 

Dissanayake, P.; Allen, M. J. The Role of Water in Lanthanide-Catalyzed Carbon–Carbon Bond 

Formation. Molecules, 2012, 17, 2073–2081. 

2.1 Introduction 

Some of the most important transformations in organic chemistry result in the formation 

of carbon–carbon and carbon–heteroatom bonds, and both of these bonds can be formed using 

lanthanide triflate [Ln(OTf)3]-containing precatalysts.
1j,3b,3c,16

 Lanthanide triflates are reusable, 

easy-to-handle, and can function as strong Lewis acids in both aqueous and non-aqueous solvent 

mixtures.
1j

 Water-tolerant Lewis acid catalysts are advantageous relative to water-sensitive 

catalysts because water-tolerant Lewis acids eliminate the need to rigorously dry solvents before 

use. Consequently, the Lewis-acidic and water-tolerant features of lanthanide(III) salts have 

aroused much interest in aqueous lanthanide-catalyzed bond-forming reactions.
1j,3b,3c,16a–16c

 The 

Mukaiyama aldol reaction between a silyl enol ether and an aldehyde was studied because the 

reaction can be both water-tolerant and stereoselective, making it an important carbon–carbon 

bond-forming reaction (Figure 2.1).
3b,3c,6d,17 
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Figure 2.1. The water-tolerant Mukaiyama aldol reaction between silyl enol ether 1.6, and 

benzaldehyde 1.2, studied in this work. 

We hypothesized that the water-coordination numbers of lanthanide-based precatalysts 

influenced the reaction rate and final yield of this reaction. In aqueous solution, lanthanide(III) 

ions have relatively fast inner-sphere water-exchange rates (~10
8
 s

–1
),

18
 and each site of 

exchanging water represents a potential site for benzaldehyde coordination. We hypothesized 

that a larger water-coordination number would result in greater probability for aldehyde 

coordination and, consequently, a faster reaction rate because bound aldehyde, 1.2, is activated 

for nucleophilic attack by enol ether, 1.6 (Figure 2.1). The Allen lab has previously reported the 

use of luminescence-decay measurements to monitor the average water-coordination number of 

Eu(OTf)3 in mixtures of water with organic co-solvents in the presence and absence of 

substrates.
10,11c

 This chapter contains a description of efforts to contribute to the mechanistic 

understanding of the aqueous lanthanide-catalyzed Mukaiyama aldol reaction by correlating the 

water-coordination numbers of europium-based precatalysts with steady state reaction rates. 

Further, a description of the influence of europium counteranions on reaction yields and steady 

state reaction rates is included. 

2.2 Results and Discussion 

Water-coordination numbers were determined using measured luminescence-decay rates 

with Equation 2.1, where     
   and     

   represent the measured decay rates in H2O and 



26 
 

 

D2O, respectively; q represents the average water-coordination number; and α accounts for the 

influence of non-coordinated molecules on luminescence decay.
11c

 We found the average water-

coordination numbers of the studied europium salts in H2O/THF mixtures ranging from 1 to 40% 

H2O in THF (v/v) to be between 3.2 and 8.6 water molecules (Figure 2.2, Table 2.1). These 

values are in agreement with previous lanthanide-coordination studies which show a maximum 

coordination number between 8 and 9.
1f,10,11c 

Eq 2.1            
       

     ] 

We hypothesized that Eu(NO3)3 should have lower catalytic activity than Eu(OTf)3, an 

effective Lewis acid precatalyst, because of its lower water-coordination numbers. By studying 

Eu(OTf)3 and Eu(NO3)3, we were able to assess the effects of counteranions on the catalytic 

activity of europium. These precatalysts were chosen because the water-coordination numbers of 

europium ions in aqueous solutions are influenced by the composition of the solvent and the 

identity of the counteranions (Figure 2.2). Due to the limited water solubility of 1.6, we were 

unable to study 1.6 at water percentages of greater than 40% H2O in THF (v/v). To test our 

hypothesis that water-coordination numbers influence the steady state reaction rate and final 

yield of this reaction, the yields of Eu(OTf)3- and Eu(NO3)3-catalyzed Mukaiyama aldol 

reactions were measured after 48 h in solvent mixtures ranging from 1 to 40% H2O in THF (v/v) 

(Figure 2.3). Yields were measured after 48 h because Eu(NO3)3-catalyzed reactions in 1, 5, and 

10% H2O in THF (v/v) required longer than 24 h to reach completion. As shown in Figure 2.3, 

Eu(OTf)3- and Eu(NO3)3-catalyzed Mukaiyama aldol reactions afforded the highest yields at 5 

and 15% H2O in THF (v/v), respectively. Interestingly, 5 and 15% H2O in THF (v/v) roughly 

correspond to the solvent composition at which increasing the H2O concentration has the least 

effect on the water-coordination number for both Eu(OTf)3 and Eu(NO3)3 (Figure 2.2). 
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Figure 2.2. Water-coordination numbers as a function of solvent ratio for Eu(OTf)3 (○) and 

Eu(NO3)3 (□) in mixtures of H2O and THF. Water-coordination numbers of Eu(OTf)3 (○) in 5, 

10, 20, 30, and 40% H2O in THF (v/v) are from reference.
11c

 Error bars represent the standard 

error of the mean of between three and nine independent measurements. A list of q values and 

standard error of the mean can be found in Appendix A. 

Table 2.1. Mean water-coordination numbers (q) of (a) Eu(OTf)3 and (b) Eu(NO3)3 in mixtures 

of H2O/THF. Error represents standard error of the mean of between 3 and 9 measurements. 

 

 
nd = not determined, * from reference [10] 
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Figure 2.3. Yields of the reaction shown in Figure 2.1 catalyzed by Eu(OTf)3 or Eu(NO3)3 after 

48 h as a function of solvent composition. Conditions: solvent mixtures of 1 to 40% H2O in THF 

(v/v) containing 7 mol % Eu(OTf)3 (○) or Eu(NO3)3 (□). 

We also investigated the relationship between the water-coordination numbers of 

europium precatalysts and the steady state reaction rates of the Mukaiyama aldol reaction shown 

in Figure 2.1. For these studies, Eu(OTf)3 or Eu(NO3)3 was used in solvent mixtures ranging 

from 1 to 40% H2O in THF (v/v) and Eu(OTf)3 in THF. These europium-containing precatalysts 

and solvent mixtures were used because of the wide range of water-coordination numbers (3.2 to 

8.6) accessible under these conditions (Figure 2.2). We expected that this range of water-

coordination numbers would allow us to observe changes in reactivity to test our hypothesis 

regarding the relationship between steady state reaction rate and water-coordination number. The 

concentration of product 1.7 at 2, 18, 34, 50, and 66 min was determined using HPLC to find the 

steady state reaction rates of Eu(NO3)3- and Eu(OTf)3-catalyzed Mukaiyama aldol reactions 

(Figure 2.4). 
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Figure 2.4. HPLC traces of 7 mol % Eu(OTf)3-catalyzed Mukaiyama aldol reaction in 10% 

H2O/THF (v/v) after 2, 18, 34, 50, and 66 min. The increase in peak 3 with time corresponds to 

an increase in product concentration. Peaks 1 and 2 are due to 1.6 and 1.2 respectively. The y-

axis shows absorbance at 210 nm in arbitrary units. 

 

From these HPLC traces and a calibration curve for 1.7 produced using the same 

conditions, the area under the peaks was used to determine concentration. An example of the 

resulting data is plotted in Figure 2.5, which exemplifies the linear increase of product 

concentration as a function of time for the conditions studied between 18 and 66 min. By 

monitoring the linear increase in product, 1.7, concentration as a function of time we were able 

to calculate the steady state reaction rates as the slope of the best fit line in Figure 2.5.
19

 Table 

2.2 contains a complete list of steady state reaction rates. 

From the data in Figure 2.5 and data from similar experiments using Eu(OTf)3 or 

Eu(NO3)3 in a range of solvents [0–40% H2O in THF (v/v)], a relationship was observed between 

the steady state reaction rates of europium-catalyzed Mukaiyama aldol reactions and solvent 

composition (Figure 2.6). Reactions catalyzed by Eu(OTf)3 had faster steady state reaction rates 

than reactions catalyzed by Eu(NO3)3 in every solvent composition studied. This observation can 

be rationalized based upon relative binding affinities of the anions for Eu
3+

, which affect the 
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water-coordination numbers of the precatalysts: triflate has a lower binding affinity for 

lanthanide(III) ions than nitrate.
20 

 

 

Figure 2.5. Plot of the formation of product, 1.7, as a function of time. Conditions: 7 mol % 

Eu(OTf)3 in 10% H2O/THF (v/v) after 1080, 2040, 3000, and 3960 s. The steady state reaction 

rate derived from this plot is the slope of the best fit line and is 1.39 μM s
–1

. Error bars represent 

the standard error of the mean of three independently prepared samples. 

Table 2.2. Mean steady state reaction rates of 7 mol % Eu(OTf)3 (a) or 7 mol % Eu(NO3)3 (b) 

catalyzed Mukaiyama aldol reactions. Error represents standard error of the mean of 3 

independent samples. 

 

 
nd = not determined 

This difference in europium binding affinities between triflate and nitrate results in higher 

water-coordination numbers for Eu(OTf)3 compared to Eu(NO3)3 and, ultimately, corresponds to 

higher europium accessibility because each water molecule coordinated to Eu
3+

 represents a 
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potential site for benzaldehyde coordination and activation for reaction. In general, increasing 

water percentages resulted in faster steady state reaction rates, but the steady state reaction rates 

of Eu(OTf)3-catalyzed reactions reached a maximum and remained constant at solvent mixtures 

containing greater than 10% H2O in THF (v/v) (Figure 2.6). 

 

Figure 2.6. Steady state reaction rates of 7 mol % Eu(OTf)3- (○) or Eu(NO3)3- catalyzed (□) 

Mukaiyama aldol reactions in 0–40% H2O/THF mixtures (v/v). Regression lines represent the 

rate dependence on anion identity and solvent composition. Note: 10% H2O in THF (v/v) 

corresponds to the solvent composition at which Eu(OTf)3 is saturated with water (Figure 2.2). 

Error bars represent the standard error of the mean of three independently prepared samples. 

This solvent composition [10% H2O in THF (v/v)] corresponds to the lowest H2O 

concentration at which the water-coordination number is at a maximum value (Figure 2.2). The 

increase of steady state reaction rates of Eu(NO3)3-catalyzed reactions over the entire range of 

solvents in this study can be attributed to the water-coordination number of Eu(NO3)3 that 

increases without reaching a maximum with increasing H2O in THF from 1 to 40%. An 

alternative explanation for our observations with Eu(NO3)3 is the determination of rate by a 

dynamic involvement of NO3
– in the inner-sphere of the lanthanide ion. However, the slower 

steady state reaction rates of Eu(NO3)3-catalyzed Mukaiyama aldol reactions relative to 



32 
 

 

Eu(OTf)3-catalyzed reactions support our hypothesis that larger water-coordination numbers and 

less strongly binding counteranions enable faster reaction rates. 

2.3 Experimental Section 

General 

Unless otherwise noted, purchased chemicals were used as supplied. THF was purified using a 

solvent purification system (Vacuum Atmospheres Company), and water was purified using a 

PURELAB Ultra Mk2 (ELGA) water purification system. 2-(Hydroxyphenylmethyl)-

cyclohexanone (1.7), was synthesized according to a published procedure.
1j

 Flash 

chromatography was performed using silica gel 60, 230–400 mesh (EMD Chemicals). TLC was 

performed on silica gel 60 coated ASTM TLC plates F254 (250 μm thickness). TLC visualization 

was accomplished using a hand-held UV lamp followed by staining with potassium 

permanganate (2 g KMnO4, 20 g K2CO3, 5 mL 5% w/v aqueous NaOH, 300 mL H2O). HPLC 

analyses were performed on a Shimadzu HPLC system equipped with a C18 column (Zorbax 

Eclipse XDB-C18, 3.5 μm, 4.6 × 150 mm). Detection of eluent was carried out with a 

photodiode array detector at 210 nm. HPLC analyses used a binary gradient method (pump A: 

water, pump B: acetonitrile; 40–90% B over 15 min; flow rate: 1 mL/min). Europium 

concentrations were verified using xylenol orange according to a published procedure.
21 
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Mukaiyama Aldol Protocol 

Mukaiyama aldol reactions were carried out at ambient temperature in 0, 1, 5, 10, 15, 20, 25, 30, 

or 40% H2O in THF (v/v) (3.0 mL) containing either Eu(OTf)3 or Eu(NO3)3 (1.2 mM); to each 

solution, 1.6 (20.0 μL, 0.100 mmol) and 1.2 (5.0 μL, 0.050 mmol) were added using gas tight 

syringes. Immediately after preparation, each reaction mixture was vigorously shaken for 10 s 

and passed through a 0.20 μm syringe filter into an HPLC autosampler vial. Analyses were 

performed to determine product concentration using HPLC. Compounds 1.6, 1.2, and 1.7 eluted 

in the order 1.2, 1.7, and 1.6. For the quantitative determination of products, a calibration curve 

of 1.7 from 0.0 to 4.0 mg/mL in 1:1 H2O/THF (v/v) was made from peak integrations using the 

same HPLC conditions. 

Luminescence-Decay Measurements 

Water-coordination numbers were determined by acquiring luminescence-decay measurements 

using a HORIBA Jobin Yvon Fluoromax-4 spectrofluorometer in decay-by-delay scan mode 

using the phosphorescence lifetime setting. Experimental details and data analyses were 

performed according to previously described methods.
11c 
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2.4 Conclusions 

This chapter describes the dynamic luminescence-decay measurements of Eu(NO3)3 and 

Eu(OTf)3 in binary solvent mixtures. In addition to monitoring the water-coordination numbers 

of these europium-containing precatalysts, we found the yields and measured steady state 

reaction rates of the Mukaiyama aldol reaction catalyzed by these salts in solvent mixtures from 

1 to 40% H2O in THF (v/v), and the steady state rate of the Eu(OTf)3-catalyzed Mukaiyama 

aldol in THF. From these measurements, we found a correlation between steady state reaction 

rate and water-coordination number as well as between yield and solvent composition. The use 

of luminescence-decay measurements to probe the coordination environment of europium-based 

precatalysts in solution enabled the study of the influence of precatalyst coordination-

environment on steady state reaction rate. These results are useful in the design of new 

precatalysts to be used for aqueous, enantioselective, lanthanide-catalyzed bond forming 

reactions because they suggest that faster rates of catalysis will require lower ligand coordination 

numbers. Further, the methodology described here can be applied to other lanthanide-catalyzed 

bond-forming reactions in aqueous media to gain a better understanding of the influence of water 

on the structure–activity relationship between precatalysts and rates of catalysis. 
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CHAPTER THREE 

Synthesis, Spectroscopic Characterization, and Reactivity of Water-

Tolerant Eu
3+

-Based Precatalysts. 

Portions of Chapter three have been adapted or reprinted with permission from Averill, D. J.; 

Allen, M. J. Synthesis, Spectroscopic Characterization, and Reactivity of Water-Tolerant Eu
3+

-

Based Precatalysts. Inorg. Chem., 2014, 53, 6257–6263. 

3.1 Introduction 

Many pharmaceuticals and natural products contain β-hydroxy carbonyl moieties, making 

the synthesis of this functional group an active area of research.
5,22a,22b

 The Mukaiyama aldol 

reaction is a Lewis-acid-catalyzed, carbon–carbon bond-forming reaction that produces β-

hydroxy carbonyls (Scheme 3.1), and this reaction requires chiral precatalysts to induce 

stereoselectivity. Due to precatalyst instability towards hydrolysis, anhydrous solvents are used 

commonly,
2d,23a,23b

 but recent efforts have focused on aqueous versions of the enantioselective 

Mukaiyama aldol reaction because of the financial and environmental benefits of using aqueous 

media.
1j

 Several examples of enantioselective precatalysts that function in the presence of water 

exist: Cu(OTf)2, Pb(OTf)2, and Ln(OTf)3 with crown ethers, where OTf
–
 is 

trifluoromethanesulfonate;
3a,3b,6a–6c

 Trost-type semicrowns with Ga(OTf)3;
17,24

 and Zn(OTf)2 and 

FeCl2 with pybox-type ligands.
6d,25 

Scheme 3.1 Aqueous Mukaiyama aldol reaction. 
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Previously, the Allen lab reported the synthesis and application of water-tolerant Eu
3+

-

based precatalysts for aqueous, enantioselective Mukaiyama aldol reactions using ligands 1.5 

and 1.13 shown in Figure 3.1.
3c,3d

 The use of ligand 1.5 with Eu(OTf)3 at a ligand-to-metal ratio 

of 2.4:1 resulted in high enantiomeric ratios (95:5–99:1) for Mukaiyama aldol reaction products 

but required long (168 h) reaction times. The excess of ligand was required to achieve high 

stereoselectivity, but reaction times were slower in the presence of excess ligand, suggesting that 

excess ligand slows the reaction. Because of these observations, we hypothesized that equilibria 

exist between uncomplexed Eu
3+

 (racemic precatalyst), ligand-bound Eu
3+

 (stereoselective 

precatalyst), and Eu
3+

 encapsulated by more than one ligand (deactivated precatalyst) and that an 

understanding of the ligand features that influence this equilibrium would enable rational ligand 

variations to improve reactivity and selectivity. 

 

Figure 3.1. C2-symmetric ligands used to prepare Eu
3+

-based precatalysts. 

To test our hypothesis, we studied a variety of ligand features that we suspected could 

affect reactivity and selectivity.  To investigate the influence of ligand donor type, chiral center 

location, and chiral center bulk on reactivity we synthesized ligands 1.14–1.17 and combined 

them with Eu
3+

. Eu
3+

 was chosen over other trivalent lanthanides because it can act as an optical 
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probe to provide feedback regarding its coordination environment via luminescence-decay and 

steady-state luminescence measurements. Additional information about the Eu
3+

 coordination 

environment was obtained from NMR spectroscopy, and the enantioselectivities and 

diastereoselectivities of reaction products formed in the presence of ligands 1.14–1.17 with Eu
3+

 

were determined using chiral columns with HPLC for the aqueous, enantioselective, Mukaiyama 

aldol reaction. This chapter contains a description of the relationships between ligand structure 

and precatalyst activity with regard to efficiency and coordination. 

3.2 Results and Discussion 

Ligands 1.5, 1.13–1.17 With ligands 1.5, 1.13–1.17 and Eu
3+

, we were able to study the 

influence of ligand structure on reactivity, selectivity, and complex formation. The functional 

groups that bind to the metal were changed as part of this strategy to incorporate esters (1.5), 

carboxylic acids (likely carboxylates under reaction conditions) (1.13), alcohols (1.14, 1.15, and 

1.16), and amides (1.17). These functional groups were chosen because esters, carboxylic acids, 

alcohols, and amides have different Lewis basicities that affect the ability of ligands to bind 

Eu
3+

. In addition to functional groups, the location and size of the chiral center on the ligand 

sidearms were investigated with ligands 1.14, 1.15, and 1.16 to study the influence of structural 

features on reactivity and selectivity. 

The syntheses of ligands 1.14–1.17 are shown in Scheme 3.2. Briefly, 1.14 and 1.15 were 

synthesized by the ring opening of epoxides with macrocycle 3.4 in MeOH. Ligand 1.16 was 

prepared by reducing 1.5 with lithium aluminum hydride. The reduction of 1.5 to produce 1.16 

was chosen instead of preparing a chiral-alcohol sidearm to react with 3.4 because the 

stereoisomers of starting material 1.5 can be readily purified by HPLC. Ligand 1.17 was 

synthesized by functionalizing 3.4 using (S)-amino-1-oxypropan-2-yl-4- methylbenzenesulfonate 
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(3.7). Ligands 1.14–1.17 were all synthesized in good yields (74–91%) in one step from 

commercially available or reported starting materials. 

Scheme 3.2. Syntheses of ligands 1.14–1.17. 

 

3.3 Luminescence measurements for the study of Eu
3+

 coordination environment. 

Luminescence measurements were performed to study the interaction of Eu
3+

 with 

ligands 1.5, 1.13–1.17. Eu
3+

 is a useful optical probe for studying coordination environments 

because of its coordination-environment sensitive luminescence-lifetime
1f,10,11a,12,13

 and the 

hypersensitivity of the 
5
D0→

7
F2 transition (emission at ~616 nm) to perturbations of 

symmetry.
14b,27

 Consequently, luminescence-lifetime measurements were used to determine 

water-coordination numbers (q), and steady-state luminescence measurements were used to 

monitor changes in the crystal field of Eu
3+

 during ligand-to-metal titrations.  
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To calculate q for Eu
3+

 in each mixture, we used Eq. 3.1, where 1.2 and 0.1927 are 

empirically derived constants;
11a,11c

     
  and     

  are the measured luminescence-decay 

rates of Eu
3+

 in EtOH/H2O and EtOD/D2O, respectively (decay rates are in APPENDIX B); and 

nOH and nNH are the number of non-water-based inner-sphere alcohol (O–H) or amide (N–H) 

oscillators, respectively. Water-coordination numbers of Eu
3+

 were measured in mixtures of 

EtOH/H2O 9:1 (v/v) with ligand-to-Eu
3+

 ratios of 1:1, 2:1, and 6:1 (Table 3.1). This solvent 

composition was chosen because it is commonly used for lanthanide-catalyzed Mukaiyama aldol 

reactions.
3c,3d,6c

 Also, ligand-to-Eu
3+

 ratios of 1:1, 2:1, and 6:1 were chosen to determine if more 

than one equivalent of ligand can bind Eu
3+

. Due to the possibility of more than one equivalent 

of ligand being coordinated to Eu
3+

, q values for both 1 and 2 equivalents of ligand bound to 

Eu
3+

 were calculated (We did not calculate q values for greater than 2 equivalents of ligand 

bound to Eu
3+

 because this type of binding is unlikely to occur based on sterics and entropy) 

assuming that all N–H or O–H oscillators on each ligand would be in the innersphere of the 

metal ion. This assumption allowed us to obtain maximum and minimum q values with ratios of 

1:1 ligand-to-Eu
3+

 (maximum) and 2:1 ligand-to-Eu
3+

 (minimum). For example, maximum and 

minimum q values for Eu
3+

 with ligand 1.17 were calculated for one equivalent of ligand (2 

amides or 4 N–H oscillators) for a maximum q value and for 2 equivalents of ligand (4 amides or 

8 N–H oscillators) for a minimum q value. 

Eq 3.1: q = 1.2[(    
   –     

  ) – 0.1927 – 0.45nOH – 0.075nNH] 

Eu
3+

 usually has a coordination number between 8 and 9; therefore, because q 

determinations represent the average of all species in solution, water-coordination numbers 

greater than 3 in the presence of hexadentate ligands suggest the presence of uncomplexed Eu
3+

 

(Figure 3.2) or incomplete coordination by the ligands. By measuring the water-coordination 
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numbers of Eu
3+

 at different ligand-to-metal ratios, we were able to monitor the complexation of 

Eu
3+

 with ligands 1.5, 1.13–1.17. Mixtures of Eu
3+

 with ligands 1.5 and 1.17 at ligand-to-metal 

ratios of 1:1 have Eu
3+

 water-coordination numbers greater than 3, indicating incomplete 

complexation of Eu
3+

. This observation suggests that ligands 1.5 and 1.17 form labile complexes 

with Eu
3+

 under these conditions. Ligands 1.13–1.16 with Eu
3+

 at ligand-to-metal ratios of 1:1 

have q values between 0.9 and 2.3. These values of q suggest that ligands 1.13–1.16 (ligands 

with sidearms that have functional groups with the ability to become deprotonated) chelate Eu
3+

 

more strongly than 1.5 and 1.17 (ligands with sidearms that have functional groups that lack the 

ability to become deprotonated). 

 Average values of q are lower at ligand-to-metal ratios of 2:1 compared to 1:1 mixtures 

prepared from the same ligands. This observation is a demonstration of Le Chatelier’s principle 

where the equilibrium system shown in Figure 3.2 can be driven to the right (increased chelation 

of Eu
3+

) in the presence of excess ligand. Water-coordination numbers were lower than 3 at 

ligand-to-Eu
3+

 ratios of 6:1 in the presence of ligands 1.5, 1.13, 1.14, 1.16, and 1.17 indicating 

that Eu
3+

 can be bound by more than one ligand at a time. Mixtures of 1.15 and Eu
3+

 at a ligand-

to-Eu
3+

 ratio of 6:1 became turbid in EtOD/D2O; therefore, q was not calculated for Eu
3+

 with 

1.15 at this ratio. Interestingly, Eu
3+

 in the presence of six equivalents of ligand 1.13 had a q 

value of 0.1, the most reasonable explanation for such a low q is complete encapsulation of Eu
3+

 

by two or more equivalents of ligand 1.13. These observations of q at different ligand-to-Eu
3+

 

ratios support our hypothesis that an equilibrium system with multiple species occurs with 

ligands 1.5, 1.13–1.17 and Eu
3+

. 
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Table 3.1. Water-coordination numbers for Eu
3+

 with ligands 1.5 and 1.13–1.17. 

ligand q
a,d,g

 q
a,e,g

 q
b,d,g

 q
b,e,g

 q
c,d,g

 q
c,e,g

 

1.5
f
 3.5 3.5 2.1 2.1 1.4 1.4 

1.13
f
 2.2 2.2 0.8 0.8 0.0 0.0 

1.14 2.2 1.1 2.0 1.0 1.1 0.0 

1.15 1.9 0.8 1.8 0.8 nd nd 

1.16 2.1 1.0 2.1 1.0 0.5 0.0 

1.17 3.8 3.4 3.0 2.6 1.7 1.3 

a
Ligand-to-metal ratio of 1:1. 

b
Ligand-to-metal ratio of 2:1. 

c
Ligand-to-metal ratio of 6:1. 

d
Calculated for complexes with Eu

3+
 coordination by one ligand. 

e
Calculated for complexes with 

Eu
3+

 coordination by two ligands. 
f
Ligands 1.5 and 1.13 do not have chelator-based inner-sphere 

O−H or N−H oscillators; therefore, q
d
 = q

e
. nd = not determined. 

g
The error associated with 

water-coordination number determination is ±0.1 water molecules.
11a 

 

 
Figure 3.2. Representation of unchelated Eu

3+
 and a Eu

3+
-containing complex of 1.14 with q 

values of 9 and 3, respectively (counteranions have been omitted for clarity). One complex is 

shown on the right of the equilibrium to demonstrate the point of the figure, but multiple species 

are likely in the actual solution. 

To gain a better understanding of the Eu
3+

 equilibrium system, we titrated solutions of 

ligand into solutions containing Eu
3+

 and monitored the changes in coordination by steady-state 

luminescence measurements. Monitoring changes in steady-state luminescence intensity as a 

function of ligand-to-Eu
3+

 ratio allows the determination of end points for ligand-to-Eu
3+

 binding 

stoichiometries for ligands 1.5, 1.13–1.17 with Eu
3+

. To monitor changes in luminescence 

intensities, the 
5
D0→

7
F1 and 

5
D0→

7
F2 transitions of Eu

3+ 
were compared. Figure 3.3 illustrates 

the sensitivity of the 
5
D0→

7
F2 transition to changes in coordination environment (with and 
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without 0.6 equiv of multidentate ligand 1.14). The emission spectrum of Eu
3+

 in the presence of 

ligand 1.14 was normalized to the magnetic-dipole (
5
D0→

7
F1) band at 591 nm (relatively 

insensitive to changes in coordination environment) for visual comparison of the 
5
D0→

7
F2 

emission intensities. 

 

Figure 3.3. Normalized emission spectra (λex = 395 nm) of Eu(OTf)3 in EtOH/H2O 1:9 with 

(dotted line) and without (solid line) 0.6 equiv of ligand 1.14. The bands at 591 and 616 nm arise 

from the 
5
D0→

7
F1 and hypersensitive 

5
D0→

7
F2 transitions, respectively. Similar spectra were 

observed for the other ligands in this chapter. 

The sensitivity of the 
5
D0→

7
F2 transition combined with the less sensitive 

5
D0→

7
F1 

transition makes Eu
3+

 a useful ratiometric sensor for concentration-independent sensing of 

changes in coordination [(
5
D0→

7
F2)/(

5
D0→

7
F1) emission intensity ratios are independent of 

concentration]. The intensity ratio increase is expected upon ligand coordination to Eu
3+

 because 

the 
5
D0→

7
F2 emission intensity is highly sensitive to perturbations of the Eu

3+
 crystal field by 

coordinated ligands.
14b,27b,28,29

 Compared to Eu(OTf)3 in the absence of hexadentate ligands, the 

intensity of the 
5
D0→

7
F2 transition relative to the 

5
D0→

7
F1 transition increased in the presence of 

every hexadentate ligand in this study. Changes in Eu
3+

 coordination environments were 

monitored by plotting the emission intensity ratios vs ligand-to-Eu
3+

 ratios (Figure 3.4). Ligand-

to-Eu
3+

 titrations with 1.5, 1.13–1.17 caused an increase in the intensity ratio of the 
5
D0→

7
F2 to 

5
D0→

7
F1 transitions of Eu

3+
 between 1 and 3 equiv of ligand (indicating change in Eu

3+
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coordination). Ester functionalized ligand 1.5 does not have titration endpoints in the range 

studied, indicating weak interactions between ligand and Eu
3+

. Lastly, the titration of ligand 1.17 

and Eu
3+

 has an apparent endpoint near 6 equiv of ligand, which indicated weak interactions 

between ligand and Eu
3+

. Based on the titration data in Figure 3.4, ligand donor type affects 

coordination more than chiral center location and size. The relative strengths of interactions with 

Eu
3+

 for these ligands is carboxylate > alcohol > amide > ester. This stability trend is in 

agreement with other studies of macrocyclic ligands with Eu
3+

.
1g,30 

 

Figure 3.4. Emission intensity ratios of Eu
3+

 (616 nm/591 nm) versus equiv of ligand for Eu
3+

 

with 1.5 (△), 1.13 (▲), 1.4 (◆), 1.15 (◇), 1.16 (○), and 1.17 (□). Increases in magnitude of the 

emission intensity quotient (616 nm/591 nm) arise from increases in crystal field splitting of 

Eu
3+

.
14b 
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3.4 
1
H-NMR characterization of ligands with Eu

3+
. 

 
In addition to luminescence measurements, we used NMR spectroscopy to investigate the 

interactions between ligands and Eu
3+

. By monitoring changes in the 
1
H-NMR spectra of ligands 

in the presence of Eu
3+

 at different ligand-to-Eu
3+

 ratios, we found that at least three different 

species can exist in solution. Figure 3.5 contains 
1
H-NMR spectra of ligand 1.14 that were 

acquired at ligand-to-Eu
3+

 ratios of 1:0, 4:1, and 0.5:1. These ligand-to-Eu
3+

 ratios were chosen 

because they allowed me to investigate 1.14 without Eu
3+

 (1:0), with a subsess of Eu
3+

 (4:1), and 

with an excess of Eu
3+

 (0.5:1). The NMR spectra were different at each ratio, indicating the 

presence of different ligand environments. 

With a ligand-to-Eu
3+

 ratio of 4:1 and an acquisition temperature of –40 °C, new 

downfield signals were observed compared to the signals arising from only ligand. We attribute 

the downfield signals to a Eu
3+

-Ln (n > 1) species because an excess of ligand increases the 

probability for multiple ligands to bind Eu
3+

. The NMR spectral evidence for the presence of a 

Eu
3+

-Ln (n > 1) species is also consistent with q measurements for Eu
3+

 in the presence of excess 

1.14. At a ligand-to-metal ratio of 0.5:1, upfield signals were observed relative to signals arising 

from the ligand. We attribute the upfield signals to a 1:1 Eu
3+

-to-ligand complex because an 

excess of metal will shift the equilibrium towards 1:1 ligand-to-metal complexes and unchelated 

Eu
3+

, or possibly a Eu
3+

 n-L (n ≥ 1) species. From the 
1
H-NMR spectra of ligands 1.5, 1.13–1.17 

with Eu
3+

 at different ligand-to-metal ratios, it was found that at least three different species of 

Eu
3+

 exist depending on the ligand-to-Eu
3+

 ratio, and these findings corroborate the luminescence 

observations. 
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Figure 3.5. A. 
1
H-NMR spectrum of 1.14 in 9:1 EtOD/D2O. B. 

1
H-NMR spectrum of 1.14 in 9:1 

EtOD/D2O at –40 °C with 0.25 equiv of Eu(OTf)3. Arrows point to signals observed in the 

presence of a subsess of Eu
3+

 (the temperature of –40 °C was required to resolve the signals 

between 4 and 2 ppm). These new signals are attributed to a Eu
3+

-Ln (n > 1) species. C. 
1
H-

NMR spectrum of 1.14 in 9:1 EtOD/D2O with 2 equiv of Eu(OTf)3. Arrows point to signals 

observed in the presence of excess Eu
3+

. The new upfield signals are attributed to a Eu
3+

 n-L (n ≥ 

1) species. 
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3.5 Testing of precatalyst reactivity and selectivity in the aqueous enantioselective 

      Mukaiyama aldol reaction.  

 

The reactivities and selectivities of mixtures of Eu
3+

 with ligands 1.5, 1.13–1.17 in the 

aqueous Mukaiyama aldol reaction shown in Scheme 3.3 were tested. The reaction in Scheme 

3.3 was chosen because it has been previously used for testing of precatalysts for Mukaiyama 

aldol reactions;
1i,1k,31

 therefore, the results can be compared to results obtained using other 

precatalysts. Because reactivity and selectivity of Mukaiyama aldol reactions depends on ligand-

to-metal ratios,
3a,3c,3d

 the reactions in this study were performed at ligand-to-Eu
3+

 ratios of 1.2:1 

and 2.4:1 (Table 3.3) to enable comparison to published values.
3d,17 

Scheme 3.3. Aqueous Mukaiyama aldol reaction performed with ligands 1.5, 1.13–1.17. 

 

Table 3.2. Aqueous Mukaiyama aldol yields and selectivities catalyzed by Eu(OTf)3 with 

ligands 1.5 and 1.13–1.17. 

 1.5 1.13 1.14 1.15 1.16 1.17 

yield
a,b 

(%) 96
c
 8 17 12 5 20 

yield
b,d 

(%) 92
c
 0 0 0 0 6 

dr
a,f

 (syn:anti) 2.1:1
c
 0.72:1 1.3:1 1.1:1 1.1:1 0.93:1 

dr
d,f

 (syn:anti) 32:1
e
 nd nd nd nd 0.55:1 

er
a,f

 (syn) 2:1
c
 1.03:1 1.2:1 1:1 1:1 0.78:1 

er
d,f

 (syn) 96:1
e
 nd nd nd nd 0.66:1 

a
24 mol % ligand, 20 mol % Eu(OTf)3; 

b
isolated yield; 

c
reference 17; 

d
48 mol % ligand, 20 mol 

% Eu(OTf)3; 
e
reference 3d; 

f
determined by chiral HPLC analysis; nd = not determined. 
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Ligand 1.5 with Eu
3+

 was previously reported to give 96 and 92% yields at ligand-to-Eu
3+

 

ratios of 1.2:1 and 2.4:1 with respective diastereomeric ratios of 2.1:1 and 32:1 and enantiomeric 

ratios of 2:1 and 96:1.
3c,3d

 In this study, ligand 1.13 with Eu
3+

 gave an 8% yield at a ligand-to-

Eu
3+

 ratio of 1.2:1 with a diastereomeric ratio of 0.72:1 and an enantiomeric ratio of 1.03:1 with 

no products being formed at the 2.4:1 ligand-to-Eu
3+

 ratio. We hypothesize that in the presence 

of excess 1.13, the inner-coordination sphere of Eu
3+

 nears saturation and cannot act as a 

precatalyst for Mukaiyama aldol reactions, which is consistent with observed q numbers for Eu
3+

 

in the presence of excess 1.13. Chiral alcohol ligands 1.14–1.16 with Eu
3+

 gave low yields (5–

17%) and low diasteriomeric (1.1:1–1.3:1) and enantiomeric (1:1–1.2:1) ratios at ligand-to-Eu
3+

 

ratios of 1.2:1. The low selectivity is likely due to the lack of steric bulk on the ligand sidearms. 

A lack of steric bulk near the coordinated atom might not allow the ligand to block nucleophilic 

attack at either the re or si face of the aldehyde from the incoming silyl enol ether (Figure 3.6, 

left). This blocking is the suspected mechanism that imparts selectivity.
3c

 No products were 

observed for mixtures of 2.4:1 ligand-to-Eu
3+

 with ligands 1.14–1.16, and this lack of reactivity 

is likely due to an equilibrium system that involves displacement of innersphere water by a 

second equivalent of ligands 1.14–1.16 (Figure 3.7). Saturation of Eu
3+

 by more than one 

equivalent of ligand could inhibit the reaction by preventing aldehyde coordination to Eu
3+

 to 

become activated for nucleophilic attack. The q data for Eu
3+

 with ligands 1.14–1.16 support our 

hypothesis that excess ligand prevents the aldehyde from becoming activated for nucleophilic 

attack. 

Amide functionalized ligand 1.17 with Eu(OTf)3 at ligand-to-Eu
3+

 ratios of 1.2:1 and 

2.4:1 gave low yields (20 and 6%, respectively) and low diasteriomeric and enantiomeric 
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selectivity. It is likely that excess 1.17 slowed the Mukaiyama aldol reaction by decreasing the 

Lewis acidity at the metal center. These findings suggest that amide sidearms deactivate the 

metal center compared to ester sidearms. The reduced reactivity of Eu
3+

 in the presence of 1.17 is 

likely explained by the resonance structure of amides that place electron density on the carbonyl 

oxygen, lowering the Lewis acidity of Eu
3+

. Because low selectivity was observed with Eu(OTf)3 

in the presence of 1.17, we hypothesized that the steric bulk of the primary amide ligand is not 

large enough to selectively block the nucleophilic attack by the incoming silyl enol ether (Figure 

3.6). 

 From Mukaiyama aldol reactions, it was found that substitution at the carbonyl carbon 

and the carbon adjacent to the macrocycle nitrogen is required for high stereoselectivity in the 

products (Figure 3.7). Finally, it was found that carboxylic acid, alcohol, and amide 

functionalized ligands (1.13, 1.14–1.16, and 1.17, respectively) cause a reduction in reactivity 

compared to 1.5. 

 

Figure 3.6. (left) Proposed selective nucleophilic attack at the si face of benzaldehyde (high 

selectivity and reactivity is observed). (middle) Precatalysts are non-selective when R is OH or 

NH2. (right) Ligands 1.14–1.16 with Eu
3+

 are unable to block nucleophilic attack at either face of 

benzaldehyde likely due to the stereochemistry at the position of R
2
 causing less blocking than 

with ligand 1.5. Coordinated water has been omitted for clarity, additionally ligand 1.13 has been 
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drawn in the carboxylic acid form although it likely exists in the deprotonated state while 

coordinated to Eu
3+

 in aqueous media. 

 
Figure 3.7. Proposed equilibria involving multiple Eu

3+
 species with reactivity summarized 

under the species. This equilibria is based on luminescence-decay, steady-state luminescence 

measurements, and 
1
H-NMR data with reactivity and selectivity from Mukaiyama aldol reaction 

results. 

3.6 Experimental section 

Materials. Commercially available chemicals were used without further purification. Water was 

purified using a PURELAB Ultra Mk2 (ELGA) water purification system. (2R,2’R)-Dimethyl-

2,2’- (1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)dipropanoate (1.5),
3d

 (2R,2’R)-2,2’-(1,7-

dioxa-4,10-diazacyclododecane-4,10-diyl)dipropanoic acid (1.13),
3c

 and (Z)-trimethyl(1-

phenylpropyl-1-enyloxy)- trimethylsilane (1.1) (Z/E = 12:1)
17

 were synthesized according to 

previously published procedures. 

Characterization. Flash chromatography was performed using silica gel 60, 230–400 mesh.
26

 

Analytical TLC was carried out on TLC plates precoated with silica gel 60 F254 (250 μm layer 

thickness). TLC visualization was accomplished using a UV lamp. NMR spectra were obtained 

in the Lumigen Instrumentation Center at Wayne State University. 
1
H-NMR and correlation 

spectroscopy (COSY) spectra were obtained using a Varian Mercury 400 (400 MHz) 

spectrometer, a Varian MR400 (400 MHz) spectrometer, or a Varian 500-S (500 MHz) 

spectrometer. 
13

C-NMR, distortionless enhancement by polarization transfer (DEPT), and 

heteronuclear multiple quantum coherence (HMQC) spectra were obtained using a Varian 

Mercury 400 (100 MHz) spectrometer, a Varian MR400 (100 MHz) spectrometer, or a Varian 
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500-S (125 MHz) spectrometer. DEPT, COSY, and HMQC spectra were used to assign spectral 

peaks. Data for 
1
H-NMR spectra are reported as follows: chemical shift (ppm) relative to 

residual CHCl3 in CDCl3 (7.27 ppm) or CHD2OD in CD3OD (3.31 ppm); multiplicity (“s” = 

singlet, “d” = doublet, “t” = triplet, “q” = quartet, “m” = multiplet, and “brs” = broad singlet); 

coupling constant, J, (Hz); assignment (italicized elements are responsible for the shifts); and 

integration. Data for 
13

C-NMR spectroscopy are reported as ppm relative to CDCl3 (77.23 ppm) 

or CD3OD (49.15 ppm) followed by assignment (italicized elements are responsible for the 

shifts). High-resolution electrospray ionization mass spectrometry (HRESIMS) was used to 

obtain high-resolution mass spectra on a Waters Micromass LCT Premier XE mass spectrometer 

electrospray time-of-flight high-resolution mass spectrometer. HPLC analyses were carried out 

on a Shimadzu instrument equipped with a Chiralpak AS-H column (Chiral Technologies Inc, 

250 × 4.6 mm) using a binary isocratic method (pump A: 2-propanol; pump B: hexanes, flow 

rate 1.0 mL/min, isocratic, 90% A, 10% B, λ = 254 nm). Luminescence-decay 

measurements
1f,10,13

 for the determination of water-coordination number, q, and steady-state 

luminescence measurements were performed using a HORIBA Jobin Yvon Fluormax-4 

spectrofluorometer. Titration mixtures were vortexed using a Fisher Scientific vortex mixer 

before each measurement. Centrifugation was performed using a CentrificTM Centrifuge at 7000 

rotations per minute (04-978-50, Fisher Scientific). Optical rotations were recorded using an 

Autopol III automatic polarimeter. 

Synthesis and characterization of chiral ligands 1.14–1.17. 

(2S,2’S)-1,1’-(1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)bis(propan-2-ol) (1.14): To a 

stirring solution of 1,7-dioxa-4,10-diazacyclododecane (3.4) (0.040 g, 0.23 mmol) in methanol (2 

mL) was added (S)-(–)-propylene oxide (3.5) (0.41 g, 7.0 mmol) at ambient temperature. After 
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12 h, the reaction mixture was filtered and concentrated under reduced pressure to yield a clear, 

colorless oil. Yield 61 mg, 91%: 
1
H NMR (400 MHz, CDCl3, δ): 5.33 (brs, OH, 2H), 3.78–3.67 

(m, CH, 2H), 3.58–3.47 (m, CH2, ring, 4H), 3.43–3.33 (m, CH2 ring, 4H), 2.79–2.66 (m, CH2 

ring, 4H), 2.60–2.50 (m, CH2 ring, 4H), 2.44–2.35 (m, CH2 arm, 2H), 2.31–2.19 (m, CH2 arm, 

2H), 1.05 (d, CH3, 6H). 
13

C NMR (100 MHz, CDCl3, δ): 69.5 (CH2 ring), 64.3 (CH2 arm) 64.2 

(CH), 55.3 (CH2 ring), 19.8 (CH3). HRESIMS (m/z): [M + H]
+
 calcd for C14H31N2O4, 291.2284; 

found 291.2289. [α  
  +1.48 (c 1.35, CH3OH). 

(2S,2’S)-1,1’-(1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)bis(butan-2-ol) (1.15): To a 

stirring solution of 1,7-dioxa-4,10-diazacyclododecane (3.4) (0.040 g, 0.23 mmol) in methanol (2 

mL) was added (S)-(–)-1,2-epoxybutane (3.6) (0.51 g, 7.0 mmol) at ambient temperature. After 

12 h, the reaction mixture was filtered and concentrated under reduced pressure to yield a clear, 

colorless oil. Yield 64 mg, 88%: 
1
H NMR (400 MHz, CDCl3, δ): 5.3 (s, OH, 2H), 3.61–3.37 (m, 

CH and CH2, 10H), 2.83–2.71 (m, CH2, 4H), 2.59–2.50 (m, CH2, 4H), 2.48–2.40 (m, CH2, 2H), 

2.36–2.26 (m, CH2, 2H), 1.51–1.28 (m, CH3CH2, 4H), 0.96 (t, J = 7.3Hz, CH3, 6H). 
13

C NMR 

(100 MHz, CDCl3, δ): 70.0 (CH), 69.5 (CH2), 62.6 (CH2), 55.5 (CH2), 27.5 (CH3CH2), 10.5 

(CH3). HRESIMS (m/z): [M + H]
+
 calcd for C16H35N2O4, 319.2597; found 319.2596. [α  

   +1.28 

(c 1.34, CH3OH). 

(2R,2’R)-2,2’-(1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)bis(propan-1-ol) (1.16): To a 

stirring solution of 1.5 (0.038 g, 0.11 mmol) in tetrahydrofuran (1 mL) was added lithium 

aluminum hydride in tetrahydrofuran (0.27 mL, 2.0 M, 0.54 mmol) at ambient temperature. After 

20 min of stirring, methanol (5 mL) was added followed by water (5 mL). The mixture was 

washed with CH2Cl2 (3 × 15 mL). Volatiles were removed under reduced pressure; water was 

added; the mixture was filtered; and water was removed under reduced pressure to yield a clear, 
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colorless oil. Yield 28 mg, 91%: 
1
H NMR (400 MHz, CDCl3, δ): 5.01–4.90 (m, OH, 2H), 3.60–

3.52 (m, CH2 ring, 4H), 3.45–3.24 (m, CH2 ring and HOCH2, 8H), 2.98–2.87 (m, CH, 2H), 2.83–

2.74 (m, CH2, ring, 4H), 2.56–2.47 (m, CH2 ring, 4H), 0.82 (d, J = 6.5 Hz, CH3, 6H). 
13

C NMR 

(100 MHz, CDCl3, δ): 69.9 (CH2 ring), 64.1 (HOCH2), 56.9 (CH), 49.5 (CH2 ring), 9.34 (CH3). 

HRESIMS (m/z): [M + H]
+
 calcd for C14H31N2O4, 291.2284; found 291.2275. [α  

   +0.881 (c 

0.267, CH3OH). 

(2R,2’R)-2,2’-(1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)dipropanamide (1.17): To a 

mixture of 1,7-dioxa-4,10-diazacyclododecane (3.4) (0.050 g, 0.29 mmol) and Cs2CO3 (1.0 g, 

3.1 mmol) in acetonitrile (4 mL) was added (S)-amino-1-oxypropan-2-yl-4-

methylbenzenesulfonate (3.7) (0.21 g, 0.86 mmol), and the resulting mixture was stirred for 72 h 

at ambient temperature then centrifuged for 10 min. The supernatant was concentrated under 

reduced pressure and washed with diethyl ether (6 × 15 mL) to yield a white solid. Yield 67 mg, 

74%: 
1
H NMR (400 MHz, CDCl3, δ): 8.16 (brs, NH2, 2H), 5.44 (brs, NH2, 2H), 3.70 (t, CH2 J = 

11.3 Hz, 4H), 3.44–3.31 (m, CH2, CH, 6H), 2.94– 2.80 (m, CH2, 4H), 2.60–2.48 (m, CH2, 4H), 

1.25 (d, CH3, J = 7.5 Hz, 6H). 
13

C NMR (100 MHz, CDCl3, δ): 177.7 (CONH2), 68.0 (CH2), 

59.1 (CH), 49.9 (CH2), 8.6 (CH3). HRESIMS (m/z): [M + H]
+
 calcd for C14H29N4O4, 317.2189; 

found 317.2198. [α  
   +0.349 (c 1.16, CH3OH). 
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(S)-amino-1-oxypropan-2-yl-4-methylbenzenesulfonate (3.7): To a stirring solution of (S)-2- 

hydroxypropanamide (1.00 g, 0.0112 mol) in a mixture of triethylamine and dichloromethane 1:5 

v/v, 10 mL) was added 4-methylbenzene-1-sulfonyl chloride (2.35 g, 0.0123 mol) at ambient 

temperature. After 96 h, the crude reaction mixture was concentrated under reduced pressure and 

purified using flash chromatography (1:1 ethyl acetate/hexanes) to afford a fluffy white solid. 

Yield 704 mg, 26%: TLC Rf = 0.2 (1:1 ethyl acetate/hexanes). 
1
H NMR (400 MHz, CD3OD, δ): 

7.83 (d, J = 8.3 Hz, CH, 2H), 7.45 (d, J = 8.3 Hz, CH, 2H), 4.82–4.73 (m, CH, 1H), 2.46 (s, 

CH3, 3H), 1.39 (d, J = 6.9 Hz, CH3, 3H). 
13

C NMR (100 MHz, CD3OD, δ): 174.2 (CONH2), 

147.1, 134.7, 131.3 (CH), 129.3 (CH), 77.4 (CH), 21.8 (CH3), 19.4 (CH3). HRESIMS (m/z): [M 

+ H]
+
 calcd for C10H14NO4S, 244.0599; found 244.0644. 

Titration experiment general procedure: Ligand-to-metal titrations were performed in a 

cuvette by adding solutions of ligand (11.0 mM in 9:1 EtOH/H2O) to solutions of Eu(OTf)3 

(0.834 mM in 9:1 EtOH/H2O). The resulting solutions were vigorously shaken using a vortex 

mixer for 20 s then allowed to stand for 5 min before acquiring emission spectra. Emission 

spectra were obtained by exciting at 395 nm (excitation and emission slit widths were set to 5 

nm). 

Mukaiyama aldol reaction general procedure: To a mixture of ligand and Eu(OTf)3 in 9:1 

ethanol/water (0.4 mL) at –25 °C was added benzaldehyde (1.2) (3.2 μL, 32 μmol, 1.0 equiv) 

followed by (Z)-trimethyl-(1-phenylpropyl-1-enyloxy)trimethylsilane (1.1) (11 μL, 48 μmol, 1.5 

equiv). The mixture was stirred for 168 h at –25 °C. The mixture was then purified using silica 

gel chromatography (1:9 ethyl acetate/hexanes, Rf = 0.2), and volatiles were removed under 
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reduced pressure. The enantiomeric and diastereomeric ratios of the products were determined 

by HPLC.
23a 

3.7 Conclusions 

We synthesized a series of new, chiral, Eu
3+

-binding ligands. By spectroscopically 

characterizing the ligands and Eu
3+

 interactions using luminescence-decay, steady-state 

luminescence, and NMR spectroscopies, evidence suggesting that saturation of the Eu
3+

 

coordination sphere by multiple hexadentate ligands occurs in the presence of excess ligand was 

found. A comparison of ligand functional groups and chiral center location and bulk provided 

insight into the factors that affectreactivity and selectivity of water-tolerant chiral precatalysts. It 

was found that the reactivity of Eu
3+

-based precatalysts depends on the type of coordinating 

functional groups on the ligands, and that the selectivity of Eu
3+

-based precatalysts depends on 

chiral center location and functional group size. The selectivity, reactivity, and spectroscopic 

characterizations described here contribute to the understanding of lanthanide-based precatalysts, 

and we expect these findings to be useful in the design of new precatalysts with high activity and 

selectivity for asymmetric carbon–carbon bond-forming reactions in aqueous media. 
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CHAPTER FOUR 

Summary and Future Direction 

4.1 Introduction 

Chapter four begins with a summary of the findings that are described in detail in 

chapters two and three. Also, Chapter four contains a description of the implications of these 

results to the future use of enantioselective lanthanide-based precatalysts for bond-forming 

reactions. This chapter will conclude with a discussion of future efforts that can be carried out in 

an attempt to synthesize and study a reusable enantioselective tethered Ln
3+

-based precatalyst for 

bond-forming reactions. 

4.2 Summary of results from chapters two and three. 

Chapters two and three are focused on the results from our contributions towards the 

development of Ln
3+

-based precatalysts by monitoring changes in coordination, reactivity, and 

selectivity of Eu
3+

-based precatalysts for Mukaiyama aldol reactions in aqueous media.
3d,8b,13

 By 

studying the coordination and reactivity of Eu
3+

-based precatalysts that used different anions 

(NO3
–
 and OTf

–
) in multiple solvent systems (Chapter two), we found that reactivity increases 

with increasing water-coordination numbers. The reactivity and q trends for precatalysts formed 

by Eu(OTf)3 in different concentrations of water are quite similar (Figure 1.5), while precatalysts 

formed by Eu(NO3)3 continued to become more reactive (reactivity was proportional to H2O 

content) at higher water concentrations even though q values did not reach a maximum. This 

result is likely due to differences in binding ability of NO3
–
 verses OTf

–
, based on q data it is 

likely that a NO3
–
 ligand remains bound to Eu

3+
. The study contributes toward the future design 
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of Ln
3+

-based precatalysts in aqueous media because a correlation between reactivity and q has 

been discovered.  

As described in Chapter three, it was found that the reactivity and selectivity of 

Mukaiyama aldol reactions are highly dependent on ligand identity and that an excess of 

hexadentate ligand can greatly slow Mukaiyama aldol reactions (Figure 1.10). Further, we found 

that hexadentate ligands with the ability to become negatively charged drastically reduce the 

reactivity of Ln
3+

-based precatalysts in Mukaiyama aldol reactions (Table 3.2). These findings 

are important for future studies because the reactivity and stereospecific outcome of bond-

forming reactions depends on ligand features such as donor type, denticity, stoichiometry 

(compared to Ln
3+

), and chiral center location and bulk. 

4.3 Future Direction 

If implemented properly, water-tolerant Ln
3+

 ions have the ability to be highly reactive, 

enantioselective, and recoverable precatalysts for bond-forming reactions. These features make 

Ln
3+

 ions useful in organic synthesis because they can catalyze a variety of organic reactions 

such as the aldol, Mukaiyama aldol, nitro aldol, epoxide opening, Mannich, Michael, Friedel–

Crafts, and Diels–Alder reactions. A limiting factor for the use of Ln
3+

 ions in the field of 

organic synthesis is the implementation and recovery. 

Our research was primarily focused on Eu
3+

-catalyzed Mukaiyama aldol reactions so that 

we could study changes in reactivity and selectivity while using luminescence measurements to 

monitor the coordination environments of Eu
3+

. However, other reactions (aldol, nitro aldol, 

epoxide opening, Mannich, Michael, Friedel–Crafts, and Diels–Alder reactions) have the ability 

to be catalyzed by Ln
3+

 ions and should be investigated with precatalysts made from Ln
3+

 with 
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ligands similar to 1.5. In general Ln
3+

-based precatalysts would be more useful if they could be 

rapidly recovered by simply washing away substrates, and products. 

A tethered (ligand covalently attached to a solid support) precatalyst may help to make 

Ln
3+

-based precatalysts more sustainable and easy to use because the precatalyst can likely be 

recovered by washing the solid support. Attachment of a hexadentate ligand to a solid support 

could be achieved by converting ligand 1.13 into an activated diester using N-

hydroxysuccinimide and combining the activated diester with an amine functionalized resin. 

Monitoring reactivity of precatalysts can be carried out using HPLC analyses similar to 

the work described in Chapter two. Enantioselectivity of reactions could be studied using chiral 

HPLC analyses and any Ln
3+

 leaching could be monitored by analyzing the resin washings using 

inductively coupled plasma mass spectrometry. Finally, it will be useful to monitor any changes 

in reactivity and selectivity as a function of reuse cycle number, this can be accomplished by 

washing the resin and reusing the resin-bound precatalyst. The ideas presented here are likely to 

contribute toward the development of easy to use, highly selective and reusable precatalysts.
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Table A1. Mean water-coordination numbers (q) of Eu(OTf)3 in mixtures of H2O/THF and 

steady-state reaction rates of 7 mol % Eu(OTf)3 catalyzed Mukaiyama aldol reactions in 

mixtures of H2O/THF.
1
 Error represents standard error of the mean of between 3 and 9 

measurements. 

 

 

Table A2. Mean water-coordination numbers (q) of Eu(NO3)3 in mixtures of H2O/THF and 

steady-state reaction rates of 7 mol % Eu(NO3)3 catalyzed Mukaiyama aldol reactions in 

mixtures of H2O/THF. Error represents standard error of the mean of between 3 and 9 

measurements. 
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Ligand 1.5 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.01 

0.37:1   0.71      0.01 

0.74:1   0.86      0.01 

1.1:1   0.97      0.01 

1.5:1   1.05      0.01 

2.2:1   1.14      0.01 

2.9:1   1.21      0.01 

4.4:1   1.34      0.01 

5.9:1   1.53      0.02 

7.4:1   1.72      0.01 
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Ligand 1.13 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 

nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.01 

0.56:1   1.57      0.01 

1.1:1   2.20      0.04 

1.7:1   2.72      0.04 

2.2:1   3.02      0.03 

2.8:1   3.14      0.02 

3.3:1   3.22      0.02 

3.9:1   3.22      0.01 

4.5:1   3.27      0.01 

5.0:1   3.27      0.02 

6.1:1   3.28      0.01 

6.7:1   3.29      0.02 

7.2:1   3.30      0.02 
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Ligand 1.14 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 

nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.00 

1.5:1   1.44      0.03 

2.9:1   2.07      0.02 

4.4:1   2.25      0.02 

5.9:1   2.28      0.02 

7.4:1   2.31      0.01 

 

 

Ligand 1.15 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 

nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.00 

1.5:1   1.30      0.01 

2.9:1   1.65      0.01 

4.4:1   1.70      0.01 

5.9:1   1.62      0.02 

7.4:1   1.57      0.03 
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Ligand 1.16 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 

nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.00 

0.6:1   0.99      0.00 

1.2:1   1.43      0.02 

1.8:1   1.81      0.02 

2.4:1   2.12      0.01 

3.0:1   2.21      0.02 

3.6:1   2.23      0.01 

4.2:1   2.21      0.02 

4.8:1   2.21      0.02 

5.4:1   2.24      0.01 

6.0:1   2.27      0.02 
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Ligand 1.17 and Eu(OTf)3 titrations monitored by Eu
3+ 

emission intensity ratio of 616 nm/591 

nm. 

 

ligand-to-Eu
3+ 

emission intensity ratio 616 nm/591 nm standard error of the mean 

ratio   average of 3 titrations 

0:1   0.58      0.00 

0.6:1   0.88      0.01 

1.2:1   1.07      0.01 

1.8:1   1.22      0.01 

2.4:1   1.34      0.01 

3.0:1   1.47      0.02 

3.6:1   1.56      0.01 

4.2:1   1.63      0.02 

4.8:1   1.67      0.01 

5.4:1   1.71      0.01 

6.0:1   1.71      0.01 
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Eu
3+

 luminescence-decay rates in the presence of 1, 2, or 6 equivalents of ligand (average of 

three independently prepared samples).  

 

Ligand 1.5 

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

6:1 

–3.75 ± 0.07 

–2.69 ± 0.01 

–1.96 ± 0.03 

 

–0.62 ± 0.01 

–0.68 ± 0.01 

–0.59 ± 0.00 

 

 

   

   

Ligand 1.13  

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

6:1 

–2.75 ± 0.03 

–1.53 ± 0.01 

–0.83 ± 0.00 

–0.69 ± 0.00 
–0.60 ± 0.00 
–0.57 ± 0.00 

   

   

Ligand 1.14 

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

6:1 

–3.80 ± 0.03 

–3.82 ± 0.03 

–3.11 ± 0.01 

–0.88 ± 0.00 

–1.01 ± 0.01 

–1.09 ± 0.03 

 

 

   

   

Ligand 1.15 

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

 

–3.53 ± 0.01 

–3.84 ± 0.01 

 

–0.84 ± 0.01 

–1.22 ± 0.01 
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Ligand 1.16 

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

6:1 

–3.61 ± 0.01 

–3.85 ± 0.02 

–2.26 ± 0.02 

–0.77 ± 0.00 

–0.99 ± 0.01 

–0.71 ± 0.00 

 

 

   

   

   

Ligand 1.17 

ligand-to-Eu
3+

 ratio mean luminescence-decay rate 

(ms
–1

) ± standard error in H2O  

mean luminescence-decay rate 

(ms
–1

) ± standard error in D2O  

   

1:1 

2:1 

6:1 

–4.25 ± 0.02 

–3.61 ± 0.01 

–2.64 ± 0.02 

–0.59 ± 0.00 

–0.62 ± 0.01 

–0.72 ± 0.00 
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Ligand 1.5, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 1,1,1,2,2-

pentachloroethane standard  
DJAIV145T-25
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3-to-1 Ligand 1.5 to Eu(OTf)3, 

1
H-NMR spectrum at –40 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard 
DJAIV117T-40NT=100
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0.6-to-1 ligand 1.5 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard 
DJAIV145T-25_0
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Ligand 1.13, 

1
H-NMR spectrum at 4 °C in D2O 

DJAIV173LigandT4
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4-to-1 ligand 1.13 to Eu(OTf)3, 
1
H-NMR spectrum at 4 °C in 9:1 CD3CD2OD–D2O 

DJAIV173_4L_1EuT4
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0.6-to-1 ligand 1.13 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O  

DJAIV173_0
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Ligand 1.15, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 1,1,1,2,2-

pentachloroethane standard 

DJAIV139Temp-25
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3-to-1 ligand 1.15 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard 

DJAIV139Temp-25_3Lto1M
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0.6-to-1 ligand 1.15 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard  

DJAIV139Temp-25_0
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Ligand 1.16, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 1,1,1,2,2-

pentachloroethane standard  
DJAIV149T-25
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3-to-1 ligand 1.16 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 1,1,1,2,2-

pentachloroethane standard 

DJAIV149T-25_3Lto1M
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0.6-to-1 ligand 1.16 to Eu(OTf)3, 

1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard 
DJAIV149T-25_0
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Ligand 1.17, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 1,1,1,2,2-

pentachloroethane standard 
DJAIV147T-25
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6-to-1 ligand 1.17 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard  
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0.6-to-1 ligand 1.17 to Eu(OTf)3, 
1
H-NMR spectrum at –25 °C in 9:1 CD3CD2OD–D2O with 

1,1,1,2,2-pentachloroethane standard 
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Introduction 

In addition to exploring ligands 1.5 and 1.13–1.17, tetraaza crown ether ligands C1 and 

C2 (Figure C1) were investigated. We hypothesized that ligands with the same chiral functional 

groups as 1.5 and either two alcohol donor arms or two methyl groups attached to the macrocyle 

would afford selective and stable metal complexes when mixed with Eu
3+

 in aqueous mixtures. 

Ligand C1 was synthesized to test if alcohol sidearms increase Eu
3+

-binding ability compared to 

1.5, and C2 was synthesized with methyl substitutions to test if the substitutions could sterically 

hinder 2:1 ligand-to-metal interactions and, consequently, increase the reactivity of Eu
3+

-based 

precatalysts compared to 1.5. Briefly, ligand C1 was synthesized by functionalizing two amines 

of 1,4,7,10-tetraazadodecane with alcohol sidearms and then adding chiral methyl ester sidearms 

to the remaining amines as shown in Scheme C1. Ligand C2 was synthesized by functionalizing 

two amines of 1,4,7,10-tetraazadodecane with methyl groups followed by the subsequent 

addition of chiral methyl ester sidearms as shown in Scheme C2. 

 

Figure C1. Tetraaza crown ether ligands synthesized for testing in Mukaiyama aldol reactions. 
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Scheme C1. Synthesis of octadentate ligand C1. 

 

Scheme C2. Synthesis of hexadentate ligand C2. 

Results and Discussion 

Eu
3+

 combined with ligand C1 in EtOH/H2O (9:1) was unable to catalyze Mukaiyama aldol 

reactions. This lack of reactivity was attributed either to the possibility of the alcohol sidearms 

being deprotonated and causing a reduction in Lewis acidity at the metal center or to the lack of 

available coordination sites for the aldehyde to bind to Eu
3+

. When Eu
3+

 was combined with 

ligand C2 in EtOH/H2O (9:1), products were observed but the reactions were not selective 
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(Table C1). These results are likely due to inefficient binding of Eu
3+

 by C2 (unbound Eu
3+

 

catalyzes racemic reactions).  

Table C1. Mukaiyama aldol reaction results for Eu
3+

 combined with C2 in EtOH/H2O (9:1). 

 

yield (%) 53
a
 34

b
 

dr (syn:anti) 0.87:1
a
 0.81:1

b
 

er (syn) 1:1
a
 1:1

b
 

a
ligand-to-Eu

3+
 ratio of 1.2:1 

b
ligand-to-Eu

3+
 ratio of 2.4:1 

Experimental section 

Materials. Commercially available chemicals were used without further purification. Water was 

purified using a PURELAB Ultra Mk2 (ELGA) water purification system. 1.1 (Z/E = 12:1) was 

synthesized according a previously published procedure.
17 

(2R,2'R)-dimethyl 2,2'-(4,10-bis(2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane-1,7-

diyl)dipropanoate (C1): Starting from C5 the procedure from ref 3d was followed to add (S)-

methyl 2-bromopropanoate to the two secondary amines to afford C1 which was purified by 

chiral HPLC using a Chiracel OJ-H column using an isocratic method of hexanes/isopropanol 

(90:10) as the mobile phase.  HRESIMS (m/z): [M + H
+
]

+
 calcd for C20H41N4O6, 433.3026; 

found 433.3012. 

(2R,2'R)-dimethyl 2,2'-(4,10-dimethyl-1,4,7,10-tetraazacyclododecane-1,7-

diyl)dipropanoate (C2): Starting from C6 the procedure from ref 3d was followed to add (S)-

methyl 2-bromopropanoate to the two secondary amines to afford C2. HRESIMS (m/z): [M + 

H
+
]

+
 calcd for C18H37N4O4, 373.2815; found 373.2813. 
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decahydro-2a,4a,6a,8a-tetraazacyclopenta[fg]acenaphthylene (C3): To a stirring mixture of 

1,4,7,10-tetraazacyclododecane (5.00 g, 1.0 eq) in CH3OH (350 mL) at 0 °C was added 3.5 mL 

of 40% w/w oxaldehyde in water (1.1 eq) over the course of 3 h. The mixture was allowed to 

come to room temperature and the solvents were removed under reduced pressure to afford a 

yellow oil. The oil was rinsed with ether and the rinsings were concentrated to yield 4.0 g of C3. 

2a,6a-bis(2-hydroxyethyl)dodecahydro-2a,4a,6a,8a-tetraazacyclopenta[fg]acenaphthylene-

2a,6a-diium bromide (C4): To a mixture of C3 in acetonitrile was added bromoethanol (10 eq). 

The mixture was allowed to stir for 168 h and then concentrated under reduced pressure to give 

C4. HRESIMS (m/z): [M – Br
–
]

+
 calcd for C14H28BrN4O2, 363.1396; found 363.1404. 

2,2'-(1,4,7,10-tetraazacyclododecane-1,7-diyl)diethanol (C5): C4 was heated to 50 °C in 20 % 

KOH for 24 h and concentrated under reduced pressure to give a yellow oil containing C5. 

HRESIMS (m/z): [M + H
+
]

+
 calcd for C12H29N4O2, 261.2291; found 261.2282. 

2a,6a-dimethyldodecahydro-2a,4a,6a,8a-tetraazacyclopenta[fg]acenaphthylene-2a,6a-diium 

iodide (C6): To a mixture of C3 in acetonitrile was added iodomethane (10 eq). The mixture was 

allowed to stir for 24 h then concentrated under reduced pressure to give C6. 

1,7-dimethyl-1,4,7,10-tetraazacyclododecane (C7): C6 was heated to 50 °C in 20 % KOH for 

24 h and concentrated under reduced pressure to give a yellow oil containing C6. 

Conclusions 

The two ligands described here were not published with the data reported in Chapter 3 of 

this dissertation because further characterization of these metal complexes is needed to have a 

thorough discussion.  
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ABSTRACT 

LANTHANIDE-BASED PRECATALYSTS FOR CARBON–CARBON 

BOND FORMING REACTIONS IN AQUEOUS MEDIA. 

by 

DEREK JAMES AVERILL 

December 2014 

Advisor: Dr. Matthew J. Allen 

Major: Chemistry 

Degree: Doctor of Philosophy 

 The formation of carbon–carbon bonds is of great interest to synthetic chemists because 

these bonds make up the majority of biologically active compounds. The Mukaiyama aldol 

reaction is a Lewis-acid-catalyzed carbon–carbon bond-forming reaction that has the ability to 

produce optically active β-hydroxy carbonyls which can be found in many pharmaceuticals and 

natural products. Because of precatalyst instability towards hydrolysis, anhydrous solvents are 

commonly used. Recent efforts have focused on water-tolerant versions of enantioselective 

Mukaiyama aldol reactions because of the financial and environmental benefits of using aqueous 

media. Consequently, the Lewis-acidic and water-tolerant features of Ln
3+

 ions have aroused 

great interest in lanthanide-catalyzed bond-forming reactions in aqueous media. 

 Several Ln
3+

-based Lewis acid precatalysts that were designed for Mukaiyama aldol 

reactions have been shown to be enantioselective, water-tolerant, and recoverable. Limiting the 

usefulness of these precatalysts are high ligand loadings and long reaction times that are 

necessary for high enantiomeric ratios. An understanding of water-coordination number, counter 

anion identitiy, solvent system, and ligand type effect(s) are necessary to improve upon existing 

Ln
3+

-based precatalysts. 
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 We used luminescence-decay measurements and high performance liquid 

chromatography analyses to study the effects of water-coordination number, counter anion 

identitiy, and solvent system on reaction rates of Mukaiyama aldol reactions. We found that 

higher water-coordination numbers and higher water compositions gave rise to more reactive 

precatalysts for Mukaiyama aldol reactions that were catalyzed by Eu
3+

. The effects of ligand 

type on reactivity and selectivity of Eu
3+

-based precatalysts for Mukaiyama aldol reactions were 

studied by synthesizing and characterizing four new hexadentate ligands in the presence of Eu
3+

. 

Eu
3+

 emission spectra and 
1
H-NMR experiments were used to study changes in Eu

3+
 

coordination while titrating hexadentate ligands into solutions of Eu
3+

 and it was found that Eu
3+

 

is able to be coordinatively saturated in the presence of excess hexadentate ligands.  

Trends in reactivity and selectivity were found by studying Eu
3+

 in the presence of 

different anions and several chiral hexadentate ligands that contain ester, carboxylic acid, alcohol 

and amide donating groups. The results described in this thesis are likely to contribute to the 

development of highly reactive and selective Ln
3+

-based precatalysts.  
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