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ABSTRACT

Polyamidoamine (PAMAM) dendrimers were functionalized with the ThomsenFriedenreich (TF) antigen to study the multivalent effects on the galectin-3 mediated
homotypic aggregation of A549 cells. TF antigen functionalized dendrimers of
generations 2, 3, 4, and 6 were found to induce cellular aggregation. This is in contrast
with previously observed results using lactose functionalized dendrimers, in which
lactose functionalized generation 2 dendrimers were able to inhibit cellular aggregation.
Additionally, TF antigen functionalized generation 6 dendrimers did not induce cellular
aggregation as effectively as lactose functionalized generation 6 dendrimers. These
preliminary results suggest that when compared to lactose functionalized dendrimers, the
stronger galectin-3 binding affinity for TF antigen dendrimers may allow for more
galectin-3 recruitment, creating aggregates with less freedom to rearrange into an
optimized conformation. This suggests the reversibility of the binding event is important
for effective protein interactions.
The synthesis of TF antigen was achieved using indium triflate catalyzed
glycosylation reactions. The development of indium(III) as a glycosylation promoter
involved the analysis of indium bromide, indium chloride, and indium triflate for use in
glycosylation reactions with a variety of alcohol acceptors. In(OTf)3 mediated
glycosylations of acetonide protected mannosides afforded exclusively alpha products in
high yields. Acetylated mannosides gave moderate yields of exclusively alpha products
using InBr3 and InCl3. Benzylated galactosides gave moderate yields of alpha, beta
product mixtures using In(OTf)3, with beta products formation being favored. Indium(III)
was also used to synthesize alpha-1-2-dimannoside and alpha-galactose-1-2-mannoside in
high yield.
Additionally, spin labelled PAMAM dendrimers were preliminarily studied via
electron paramagnetic resonance (EPR) to analyze the spatial arrangement of end groups.
Dendrimers were functionalized with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
covalently tethered as a dimer. At low percent loading, a strong effect arising from the
dimeric spin-labeled end groups was observed. EPR spectra of dendrimers bearing a
higher loading of the dimeric spin-labeled end groups indicated that the end group
arrangement approached a random distribution at approximately 40 to 50 percent loading.
This suggests that covalently clustered pairs of end groups are significantly different from
randomly distributed end groups on PAMAM dendrimers at low loading and become
equivalent to randomly functionalized dendrimers around 50% functionalization.
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CHAPTER ONE

INTRODUCTION TO TF ANTIGEN, GALECTIN-3, MULTIVALENCY,
AND DENDRIMERS

Background
An antigen is a compound that is specifically recognized by antibodies, usually
invoking an immune response. The Thomsen-Friedenreich (TF) antigen is a known
tumor-associated glycoantigen with the structure of β-Gal-1-3-α-GalNAc-Thr/Ser, as
shown in figure 1.1 The threonine or serine is embedded in a mucin protein called MUC1,
a large, transmembrane protein that is heavily glycosylated on healthy epithelial cells.2
MUC1 extends far from the cell surface relative to other proteins (figure 2) and the
extensive glycosylation protects the cell surface from outside forces.3

Figure 1. The structure of TF antigen.
In healthy cells, TF antigen’s structure is masked under a layer of carbohydrates.46

Through the loss of this carbohydrate layer (figure 3), the structure of TF antigen has

been shown to be unmasked in approximately 90% of human carcinomas, becoming a
cancer cell specific surface marker.5 Once unmasked, TF antigen is the natural ligand for
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galectin-3,7 a protein that has been implicated in many processes of cancer progression
including cellular adhesion,8-12 tumor progression,13-15 metastasis,16-18 angiogenesis,19 and
anti-apoptosis.14, 20

Figure 2. MUC1 protein structure. Figure shows size differences between the cytoplasmic
domain (CT), the transmembrane domain (TM), and the extracellular domain. 30 nm
shows the distance most proteins extend from the cellular membrane. Reprinted from
Brayman et al2 under CC-BY 4.0 license.

Figure 3. Demonstration of a segment of the MUC1 glycosylation on healthy cells vs
cancer cells. Figure based on the model in Hang et al.6
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Introduction to Galectin-3
A galectin is a protein that binds beta galactosides. There are 15 known galectins
found in mammals, all containing a conserved amino acid sequence in the carbohydrate
recognition domain (CRD).21 These varying galectins have different functions depending
on their location throughout the body. Galectin-3 is the most widely studied galectin, due
to its many reported roles in cancer cell processes, as stated previously. Galectin-3 is the
only galectin that is a chimeric protein, meaning it has two distinct regions: the conserved
CRD and an N-terminal collagen like tail (figure 4A).22 The CRD contains a curved beta
sheet binding pocket that selectively binds beta galactosides, such as TF antigen, lactose,
and N-acetyllactosamine.7, 23 The protein tail is unstructured and composed of tandem
repeating units rich in proline, glycine, tyrosine, and alanine.24 The tail gives galectin-3
the ability to oligomerize through intermolecular interactions between protein tails (figure
4B).25, 26 This oligomerization is key to the function of galectin-3 in cellular adhesion.
Studies have shown that loss of protein function is observed when the N-terminal domain
is removed.27-30

Figure 4. (A) Representation of Galectin 3 with the c-terminal carbohydrate recognition
domain and the n-terminal unstructured tail, (B) representation of galectin-3 tail
oligomerization.
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Galectin-3 exists in low levels in healthy cells and has been shown to regulate
inflammatory and immune responses,21, 31, 32 maintain cell homeostasis,33-35 regulate cell
growth and proliferation,36, 37 inhibit apoptosis,36, 38 and play an important role in
embryonic implantation.39-41 These functions are obtained mainly through the regulation
of cellular adhesion. Galectin-3 has been found to be overexpressed in a wide variety of
cancers such as ovarian cancer,42 colorectal carcinoma,43 gastric cancer,44, 45 pancreatic
cancer,46 breast cancer,12, 47, 48 esophageal cancer, 49 melanoma,50 thyroid cancer,51, 52 lung
cancer,53 and liver cancer,54, 55 with higher rates of expression generally correlating to
worse patient outcomes.18 Due to its role in so many types of cancers, the study of
galectin-3 and its natural ligand, TF antigen, is of great importance.

TF Antigen and Galectin-3
Galectin-3 binds a variety of beta galactosides such as galactose,
N-acetylgalactose, lactose, and N-acetyllactosamine, listed in order of increasing affinity,
however its natural ligand with the strongest binding affinity is TF antigen.7 Bian et al.
examined the crystal structure of the CRD with several ligands, TF antigen being the
most pertinent to this research. The CRD is composed of a 5 stranded anti-parallel beta
sheet and a 6 stranded anti-parallel beta sheet creating a beta sandwich structure. The TF
antigen is in a chair conformation and interacts with six key amino acids in the binding
pocket as well as two conserved water molecules, shown in figure 6. A key aspect of the
binding event is a hydrogen bonding network formed between Arg186, water molecule 1,
Glu165, water molecule 2, and C4 and the oxygen in the ring of the
N-acetylgalactosaminoside portion of the TF antigen, shown in figure 5 and figure 6.
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This hydrogen bonding network is unique to TF antigen recognition and is not seen in
galectin-3 binding with any of the other mentioned ligands.

Figure 5. TF antigen in the binding pocket of galectin-3’s carbohydrate recognition
domain. The hydrogen bonding network is demonstrated with dotted lines and the two
water molecules are labeled W1 and W2. Reprinted from Bian et al7 under CC-BY 4.0
license.

Figure 6. Hydrogen bonding interactions of TF antigen in the binding pocket of
galectin-3. Reprinted from Bian et al7 under CC-BY 4.0 license.
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The main functions of galectin-3 in cancer are achieved through its ability to
induce cellular adhesion. This cellular adhesion is achieved through its interaction with
TF antigen on the cell surface. The galectin-3 CRDs interact with TF antigen on MUC1,
and the N-terminal tails interact with the tails of other galectin-3 proteins creating cross
linking. This clusters the MUC1 together and re-patterns the surface of the cell (figure
7).10 When the MUC1 proteins are clustered together on the cell, shorter adhesion
molecules such as E-selectin and integrins are exposed allowing the cell to adhere to
other cells. This cellular adhesion will be the focus of the research in chapter 3.

Figure 7. Galectin-3 re-patterning the surface of cancer cells. (A) a healthy epithelial cell
expressing normally glycosylated MUC1 on the apical surface, (B) overly expressed and
aberrantly glycosylated MUC1 spread across the entire surface on cancer cells, (C)
galectin-3 (shown in green) polarizing MUC1 on the cell surface, exposing adhesion
molecules (shown in purple) and inducing cellular aggregation. Reprinted with
permission from Michel et al.56 adapted from Yu et al.10
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Multivalency
Typically, interactions between a protein and its ligand are too weak and transient
to be biologically relevant. To overcome this, multivalency is frequently observed.
Mutivalency is multiple ligands on one entity interacting with multiple receptors on
another entity, thereby enhancing the binding affinity and increasing the length of time
for the binding event.57
There are several different types of multivalency in nature. One example of
multivalency is when the binding entity contains multiple ligands that can interact with a
receptor. When one ligand is released from the receptor, another adjacent ligand can bind,
increasing the local concentration of ligands around the receptor and increasing the
amount of time the binding entity as a whole spends interacting with the receptor. This is
known as the statistical effect (figure 8B).
A second example of multivalency is known as the chelate effect. In this example,
two or more adjacent receptors interact with multiple ligands. If these ligands are all
independent of each other, binding is weak. However, if these ligands are covalently
linked, the binding is stronger (figure 8C). The attached ligands are entropically favorable
over multiple independent ligands because the independent ligands have a greater degree
of freedom.
A third example of multivalency is known as receptor clustering wherein a
multivalent display of ligands interacts with multiple receptors, bringing those receptors
clustered together (figure 8D). A variation of this is seen in galectin-3 re-patterning the
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surface of a cancer cell. The galectin-3 oligomers interact with the TF antigen on MUC1
and cluster the MUC1 on the cell surface.
Another important aspect of multivalency is the ability of multivalent receptors to
interact either with multiple ligands on a molecule or with ligands across separate
molecules (figure 8E). When the multivalent receptor is able to span separate molecules
linking them together, a matrix formation may occur.

Figure 8. Schematic Representation of different types of multivalency.
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Multivalent Displays of TF Antigen
Because TF antigen is a cellular surface marker that is masked on healthy cells,
but is unmasked in 90% of carcinomas, it is an attractive target for anticancer research.
Targeting this molecule should afford therapeutics that specifically target cancer cells
while bypassing healthy cells. Additionally, because TF antigen has been demonstrated to
play a key role in metastasis, the ability to block this compound could protect patients
against tumor metastasis. TF antigen has also become an attractive target for cancer
vaccines. Theoretically, if a vaccine were able to stimulate the immune system to
recognize TF antigen, the immune system could attack cancer cells displaying TF antigen
and inhibit tumor formation. There have been numerous examples exploring TF antigen
as a potential vaccine.
A popular vaccine technique attaches TF antigen to a protein that is known to
cause an immune response, therefore teaching the immune system to recognize and attack
TF antigen. These are called carrier proteins. Zhang et al. attached TF antigen to keyhole
limpet hemocyanin (KLH), a molluscan protein, and patients with breast cancer, ovarian
cancer, and colon cancer were immunized with these compounds. A single molecule of
TF antigen on the protein failed to elicit an immune response; however, a significantly
stronger immune response was observed when this glycoprotein was combined with
DETOX adjuvant (an additive that invokes an immune response) or when clusters of TF
antigen were attached to the protein.58-60 However, the serum from these patients with
higher levels of antibodies only moderately recognized breast and colon cancer cells, and
the studies showed no data supporting a correlation between the vaccine and improved
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patient outcomes. This indicates the compounds were able to stimulate an immune
response, but not a response specific to TF antigen.
Hoffmann-Röder et al. multivalently functionalized bovine serum albumin (BSA)
and tetanus toxoid (TT) proteins with MUC1 mimicking protein chains, each of which
were functionalized with a single TF antigen (figure 9).61 BSA contained seven
glycopeptide units and TT contained around 20 glycopeptide units. Vaccination with
these glycoproteins resulted in a significant immune response in mice. Additionally, both
C6 hydroxyl groups of the disaccharide were replaced with fluorine to protect the sugar
from enzyme degradation. The fluorinated glycoproteins also elicited a significant
immune response in mice.

Figure 9. BSA and TT proteins functionalized with MUC1 mimicking protein chains
which were glycosylated with variants of TF antigen. Reprinted with permission from
Hoffmann-Röder et al.61

Ragupathi et al. functionalized KLH protein with heterogeneous carbohydrate
clusters containing a TF antigen along with four or five other tumor related
carbohydrates: Tn, STn, , Globo-H, and either Lewisy or GM2, the structures of which
are shown in figure 10.62, 63 Each KLH protein was functionalized with 228 or 505 of the
carbohydrate clusters. Mice injected with these glycoproteins had a significantly higher
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immune response than those injected with only the carbohydrate cluster or the
carbohydrate cluster on a Pam3Cys conjugate. The glycoprotein induced a significant
increase in antibodies specific for all the tumor related carbohydrates except Lewisy.

Figure 10. KLH protein functionalized with carbohydrate clusters. Reprinted with
permission from Zhu et al.63

Wilkinson et al. created glycosylated lipopeptides using the Pam3Cys conjugate, a
compound shown to stimulate an immune response. A MUC1 peptide sequence
glycosylated with TF antigen in five locations was attached to the Pam3Cys.64 This was
also combined with a tetanus toxin t-cell epitope fragment. These TF antigen compounds
were compared to similar compounds that were either Tn antigen functionalized or
unglycosylated. While all compounds induced an immune response in mice, compounds
with the tetanus toxin fragment gave an enhanced immune response over compounds
without it and TF antigen afforded an enhanced immune response over Tn antigen.
Interestingly, the unglycosylated compounds elicited a higher immune response than

12
those functionalized with Tn antigen, demonstrating the MUC1 peptide sequence alone is
capable of inducing an immune response.
Sun et al. functionalized a carrier protein, CRM197, with between 4 and 11 TF
antigen units or N-modified TF antigen units with increasing levels of fluorination on the
N-acetyl group. These glycoproteins were used to stimulate an immune response in
mice.65 The fluorinated compounds induced a larger immune response than the
unmodified TF antigen protein, and all antibodies produced recognized native TF antigen
displaying cells. However, the antibodies produced by the native TF antigen protein
reacted more strongly to the native TF antigen cells than the antibodies produced in
higher numbers by the modified species.
Cremer et al. synthesized a peptide cluster containing a central core with three
branches extending from the core. One branch had a MUC1 amino acid sequence with a
Tn antigen carbohydrate, one branch had a MUC1 amino acid sequence with a TF
antigen carbohydrate, and the third branch had a PADRE amino acid sequence which is a
universal T-helper epitope.66 This glycopeptide complex induced a strong immune
response in mice, generating antibodies that specifically recognize tumor cells bearing TF
antigen.
Biswas et al. synthesized gold nanoparticles functionalized with TF antigen
conjugated by a combined alkane/PEG linker, as shown in figure 11.67, 68 These TF
antigen functionalized gold nanoparticles were between 1.5 and 3.5 nm with 20 sugars
per nanoparticle for TF antigen attached by serine and 70 sugars per nanoparticle for TF
antigen attached by threonine. These nanoparticles proved to be significantly more
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cytotoxic to galectin-3 positive cancer cells than to galectin-3 negative cancer cells, with
the threonine linked particles being 3-4 times more cytotoxic than the serine linked
particles. It was also shown that the threonine linked nanoparticles activated an apoptosis
pathway through interaction with galectin-3.

Figure 11. TF antigen functionalized gold nanoparticles. Reprinted with permission from
Biswas et al.67

Briñas et al., from the same research group, then heterogeneously functionalized
gold nanoparticles with 3 entities: a MUC4 peptide chain with TF antigen units attached,
Cd3 which is a 28 residue peptide that is a B-cell activating adjuvant, and a spacer linker
that helps to control the polydispersity of the gold nanoparticles formed.69, 70 The TF
antigen was placed at different locations of the MUC4 chain and in one case two TF
antigen molecules were appended on MUC4. While all of the particles elicited an
immune response in mice, particles displaying one TF antigen per MUC4 unit created a
stronger immune response than the particle displaying two TF antigen on MUC4. The
sera from the mice was shown to recognize the MUC4 sequence with the specific
location of TF antigen with which it was vaccinated, as well as the MUC4 sequence
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alone. This demonstrates the importance of the peptide sequence in immune response
recognition as well as the ability to generate immune response specificity.
To avoid negative aspects of proteins carriers, such as protein aggregation and an
unwanted immune response specific to the linker used rather than the carbohydrate,
Trabbic et al. created a purely carbohydrate cluster composed of a polysaccharide
backbone with branches displaying the disaccharide portion of TF antigen.71 These
polysaccharides are zwitterionic through carboxylic acids and amines, which was proven
to be essential in producing biological activity. Mice immunized with this compound
were compared to mice immunized with the polysaccharide backbone without TF antigen
attached. Both sets of mice showed an increased immune response over those given PBS,
however, only mice immunized with the TF antigen displaying compounds elicited
antibodies selective and specific to TF antigen. These selective antibodies were then
tested against human breast cancer cells (MCF-7) and human colon cancer cells (HCT116). Increased binding was shown for the breast cancer cells, but not for the colon
cancer cells, presumably due to the fact that the breast cancer cells express a higher
number of TF antigen markers than the colon cancer cells.
The collective of these results sets an exciting foundation for the possibility of
using multivalent displays of TF antigen in the future. These early results suggest that it
is likely possible to use synthetic TF antigen systems to invoke a specific immune
response that would be capable of recognizing TF antigen displaying cancer cells.
However, the failure of these vaccines in human trials demonstrated that eliciting an
immune response is not equivalent to affording protection from disease. Several of these
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studies demonstrated the need to distinguish a general immune response from an immune
response that is specific to native TF antigen displayed on the cell. Incorporating a
MUC1 mimicking peptide sequence has been proven to induce this targeted immune
response. At this time, a lack of successful vaccines in human trials suggests more work
is needed in this area to understand the specific processes of immune recognition.
Baek et al. created polyamidoamine (PAMAM) dendrimers that were
functionalized with the disaccharide portion of TF antigen.72 Generations 0, 1, 2, and 3
dendrimers were used and loaded with 4, 8, 16, and 32 TF antigens units respectively.
These dendrimers were used in enzyme linked immunosorbent assays (ELISAs) to
demonstrate binding between TF antigen and mouse monoclonal IgG antibody. Binding
strength positively correlated to increased valency, with potencies of 460, 960, 1700, and
3800 times stronger than the monovalent TF antigen for generations 0, 1, 2, and 3
respectively.73 TF antigen functionalized dendrimers incorporating an N,N’bis(acrylamide)acetic acid core with 2, 4, or 6 sugars showed significantly less potent
binding than all the PAMAM core dendrimers, with potencies 13.3, 120.5, and 47.8 times
stronger than monomeric TF antigen.74 Although the different frameworks afforded
compounds with very different potencies, these experiments demonstrate the multivalent
effect on protein-carbohydrate binding that can be induced by TF antigen functionalized
dendrimers.

Polyamidoamine Dendrimers
This dissertation will focus on using polyamidoamine (PAMAM) dendrimers as a
multivalent framework to display TF antigen with the native amino acid linker. PAMAM
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dendrimers are polymers made of repeating subunits that extend symmetrically and
radially from the core. The size of the dendrimer is increased by alternating reactions of
two Michael additions of acrylic acid methyl ester to a terminal primary amine followed
by amidation of the methyl esters with ethylene diamine.75 This allows control over the
growth of the dendrimer size, unlike standard polymerization reactions. Each time these
reactions are employed, the number of terminal primary amines doubles, and the resulting
dendrimer is referred to as a new generation. This results in a framework that is highly
uniform and easily controlled in size and polydispersity. Generation 0 dendrimers,
abbreviated as G0, have four terminal primary amines, generation 1 dendrimers (G1)
have eight, generation 2 dendrimers (G2) have sixteen, and so on, as demonstrated in
figure 12.

Figure 12. Generation 2 polyamidoamine dendrimer with generation 0 shown in black,
generation 1 shown in red, and generation 2 shown in blue.
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This polyamidoamine framework is favorable because it mimics the amide
backbone of proteins and is highly flexible and dynamic. The dendrimers are able to
mimic globular proteins while having higher stability to light, temperature, and pH due to
the lack of a tertiary folded structure.76 PAMAM dendrimers have also been shown to be
non-immunogenic and non-toxic when the terminal amines are functionalized and
neutral.77, 78 The terminal amines can be functionalized with a wide variety of molecules
to be displayed in a multivalent fashion. Dendrimers that are functionalized with
carbohydrates are referred to as glycodendrimers and have been used to probe proteincarbohydrate interactions79-84 as well as interactions between carbohydrates and cellular
surfaces.56, 85, 86

Lactose Functionalized Dendrimers and Galectin-3
In previous work from this lab, lactose functionalized dendrimers were used to
probe the galectin-3 induced cellular aggregation of three cell lines, A549 cells being
pertinent to this dissertation.56 Lactose was chosen because it is a ligand that will bind
galectin-3. Although lactose has a weaker affinity for galectin-3 than that of TF antigen
(220 µM KD vs 47 µM KD),7, 87 the synthesis of lactose functionalized dendrimers is far
less labor intensive and far less expensive than that of TF antigen functionalized
dendrimers. Generations 4 and 6 lactose functionalized dendrimers induced additional
cellular aggregation above what is seen for untreated cells. Adding excess galectin-3
induces additional cellular aggregation. Generation 2 lactose dendrimers were capable of
inhibiting this additional aggregation, returning cells to aggregation levels seen in
untreated cells. Generation 3 lactose functionalized dendrimers were capable of slightly
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inhibiting aggregation but were not able to return the cells to aggregation levels of
untreated cells.
The results of lactose functionalized dendrimers indicate the size of the dendrimer
is important when it comes to multivalent displays interacting with galectin-3 at the
cellular surface. Larger generations of dendrimers are capable of binding multiple
galectin-3 lectins and creating large crosslinked networks, which were observed using
dynamic light scattering and fluorescence microscopy experiments in this lab.84 The
lactose functionalized dendrimer nucleation of protein assembly increased the cancer
cellular aggregation. Smaller generations of dendrimers were not capable of binding
multiple galectin-3 lectins in the same way, and were therefore unable to form large
crosslinked networks. It seems that smaller generation dendrimers are able to divert
galectin-3 from binding cell surface MUC1, which disrupts the galectin-3 induced
cellular aggregation. Although lactose has a weaker binding constant than the TF antigen
displayed on the cellular surface, the multivalent display of lactose enables lactose
functionalized dendrimers to bind competitively.

Summary of the Research Described Herein
This dissertation reports the synthesis of TF antigen functionalized PAMAM
dendrimers for the elucidation of the role of galectin-3 in cancer progression. Key steps
in the synthesis include two separate glycosylation reactions using catalytic indium
triflate. The most difficult step involves a glycosylation reaction yielding an alpha
linkage to threonine, when neighboring group participation of NAc on C-2 would afford
beta. To circumvent this interaction, C-2 was protected with a nonparticipating azide and
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the alpha linkage was achieved through the use of a more polar solvent and strong acid
catalyst. This synthesis is discussed further in chapter 2.
A549 lung cancer cells, which express endogenous galectin-3,56 are used in
homotypic cancer cellular aggregation assays, discussed in chapter 3. By multivalently
displaying TF antigen, the glycodendrimers are able to probe the interaction between
naturally expressed TF antigen on MUC1 and galectin-3. Endogenous galectin-3 induces
small amounts of cellular aggregation. The glycodendrimer’s effect on cellular
aggregation signals the extent to which the multivalent display of MUC1’s native ligand
is competing with the natural galectin-3/TF antigen interaction. These results are
compared to those from the lactose dendrimers to examine any differences observed from
use of a stronger ligand.
This dissertation will discuss the synthetic route taken to create TF antigen
dendrimers and the subsequent study of these compounds with A549 lung cancer cells. It
will also discuss progress toward the characterization of the relative locations of end
groups on dendrimers (chapter 4). Finally, the development of Indium (III) as a
glycosylation promoter that was further employed in the synthesis of TF antigen is
discussed (chapter 5).

Hypothesis
Because lactose functionalized second and third generation dendrimers inhibited
galectin-3 induced cellular aggregation while fourth and sixth generation dendrimers
induced cellular aggregation, the hypothesis that guided this work is that TF antigen
functionalized dendrimers will also serve as effective tools for the study and mediation of
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cancer cellular aggregation processes. Because TF antigen is the natural ligand and has a
stronger monovalent binding constant for galectin-3 than does lactose, similar cellular
aggregation trends were expected to emerge at lower dendrimer concentrations than those
required for lactose functionalized dendrimers. More definitive results using TF antigen
functionalized third and fourth generation dendrimers were also anticipated, as lactose
functionalized third and fourth generation dendrimers had low activity in cellular
aggregation assays presumably due to the low monovalent binding constant for lactose
and galectin-3.

Conclusion
In conclusion, the Thomsen-Friedenreich (TF) antigen is a base for the
carbohydrate layer on the membrane bound protein MUC1. In approximately 90% of
carcinomas, truncated glycosylation exposes TF antigen, making it a surface marker
specific to cancer cells. TF antigen is the natural ligand for the protein galectin-3, and the
interaction between the two is important for cellular adhesion, tumor progression,
metastasis, angiogenesis, and anti-apoptosis in cancer. The ability to specifically target
TF antigen should lead to the ability to specifically target cancer cells and block the
cancer functions in which it is involved. Several attempts to use TF antigen in vaccines to
stimulate the immune system against cancerous cells have shown promising preliminary
results, but significant results in human trials have not yet been obtained. Additional
frameworks which multivalently display TF antigen have been slow to emerge because of
the challenge of obtaining sufficient quantities of TF antigen and are limited to one gold
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nanoparticle example. In one interesting prior example, the TF antigen disaccharide was
appended to the dendrimer without the key serine/threonine linking amino acid.
Previously, this lab has shown that lactose functionalized PAMAM dendrimers
are able to alter the galectin-3 induced aggregation of cancer cells. Small generations
inhibit aggregation, while large generations increase aggregation. This dissertation
reports the synthesis of TF antigen functionalized PAMAM dendrimers and the study of
their effects on the cellular aggregation of A549 cancer cells. The multivalent interaction
between TF antigen and galectin-3 is almost certainly critical for mediation of the cellular
recognition events important in cancer processes and the synthesis of TF antigen
functionalized dendrimers that is reported herein broadens the available toolkit for
research in this area. The TF antigen functionalized dendrimers are important tools for
more fully discerning the function of galectin-3 in cancer progression.
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CHAPTER TWO

THE SYNTHESIS OF TF ANTIGEN FUNCTIONALIZED DENDRIMERS

Background
The structure of TF antigen is β-Gal-1-3-α-GalNAc-Thr/Ser,88 with the obvious
synthetic route utilizing two glycosylation reactions to link the galactoside, Nacetylgalactosaminoside, and amino acid, as shown in figure 13. The C2 positions of the
galactoside and N-acetylgalactosaminoside are capable of controlling the stereochemistry
of the anomeric bond formed during the glycosylation. Conveniently, the C2 position of
the galactose is oriented to give the desired beta linkage, when acetylated, via
neighboring group participation (figure 14). However, the neighboring group
participation of the N-acetyl on the C2 of the N-acetylgalactosaminoside is oriented to
give the undesired beta linkage to the amino acid. Because of this, steps must be taken to
avoid this interaction and to favor the formation of the desired alpha linkage.

Figure 13. Retrosynthesis of TF antigen.
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Figure 14. Example of neighboring group participation.

Previous Synthetic Routes

The synthesis of the disaccharide portion of TF antigen was first reported in 1981
through a glycosyl halide.89 This synthesis employed a previously reported method90 in
which an azide was used at the C2 position to avoid unfavorable neighboring group
participation, while a beta halide at the anomeric position was used to invert the
stereochemistry during glycosylation to yield the alpha anomeric bond. The use of an
azide at the C2 position to favor the alpha product has been used consistently throughout
a number of synthetic routes with glycosyl halides,91-93 selenoglycosides,94 glycosyl
nitrates,95, 96 thioglycosides,97, 98 and trichloroacetimidates.68, 99 While a few of these
methods rely on the inversion of anomeric stereochemistry to yield the alpha linkage,
most rely on combinations of a strong promoter, more polar solvent (usually THF), and
low temperatures to favor the formation of the alpha bond, with varying results as to
yields and alpha selectivity. With the exception of the trichloroacetimidate, these
glycoside donors are highly reactive and difficult to use. The trichloroacetimidate
provides a convenient and stable intermediate that is easy to store and use.100 There has
been one example in which N-acetylgalactosamine was used directly through a C4:C6
benzylidene acetal, which was theorized to hold O4 and O6 in orientations that stabilize
the anomeric effect, favoring the alpha bond formation.101
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There have also been attempts to use enzymes to create the desired
stereochemistry of TF antigen. In one notable attempt, α-N-acetylgalactosaminidase from
beef liver was used to create the alpha linkage between galactosamine and threonine or
serine.102 However this work concluded that due low yields and an impure mixture of
products, the purely synthetic route was superior for the formation of the alpha linkage.
There have also been examples of using an enzyme to create the beta 1, 3-linkage
between galactose and N-acetylgalactosamine.102, 103 However, these gave moderate
yields (around 20-30% reported in reference 102), and the preparation of the enzymes
was labor intensive. Due to the relative ease of this glycosylation synthetically, it can be
concluded that the synthetic route is more straightforward.
The most similar synthesis to the target of this research was reported in 2001
when the disaccharide portion of TF antigen was put on PAMAM dendrimer.72 This work
replaced the amino acid portion of TF antigen with a thioether linker, used to attach the
disaccharide to generations 0, 1, 2, and 3 PAMAM dendrimers. The synthesis of the
disaccharide was achieved through activation of galactosyl bromide for the beta
glycosylation. The alpha glycosylation was achieved on N-acetylglucosamine through
reflux with BF3OEt2 and allyl alcohol, followed by C4 epimerization to afford alpha Nacetylgalactosyl allyl alcohol. The thiol was added to the alkene through radical initiated
photoactivation to give the thioether linker that was used to attach the disaccharide to the
dendrimer.
Instead of methods avoiding the troublesome orientation of the N-acetyl group at
C2, there has been a method reported in which the stereochemistry of the amine on C2 is
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used as a directing group in order to direct the amino acid to approach axially.104 This is
attempted by functionalizing the C2 amine with various benzylidene derivatives and
using a nickel catalyst, which interacts with the lone pair on the amine and directs the
amino acid to approach axially to form the alpha bond, as shown in figure 15.

Figure 15. Proposed intermediate of nickel catalyzed glycosylation adapted from Mensah
et al.104

Synthesis of TF Antigen
Due to the potential simplicity of the method described above,104 this use of a
nickel catalyst was the first synthetic route attempted, as summarized in scheme 1. The
first attempt functionalized the amine with anisaldehyde in aqueous NaOH to yield 1,
followed by global acetylation with Ac2O in pyridine and catalytic DMAP to yield 2. The
anomeric position was selectively deprotected with dilute NaOMe in MeOH to afford 3,
followed by the formation of alpha trichloroacetimidate 4 using trichloroacetonitrile and
DBU. Due to the lability of the imine, these steps were highly sensitive and the products
were difficult to purify. Deviations from the published procedure were required in order
to obtain enough material to proceed. Upon attempting the nickel catalyzed
glycosylation, insufficient product was produced to be isolated or carried forward.
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Scheme 1. Synthesis of benzylidene derivatives trichloroacetimidates 4 and 8, and
attempted glycosylation.

This route was attempted once more by replacing anisaldehyde with
4-(trifluoromethyl)benzaldehyde due to promising results reported.104 The formation of 5
and 6 were achieved by slight variations on the procedures reported above for 1 and 2,
and 7 and 8 were accomplished through slight variations on the published procedures.104
However, when this glycosylation was attempted, again, no isolable product was
produced. It is possible that this glycosylation method is highly sensitive to protecting
group variations, and the deviation of serine protecting groups from those in the
published procedure led to significantly lower yields. There have been additional reports
of difficulty using similar chemistry.105, 106 Due to the difficult use of these compounds
and the low glycosylation yields, this synthetic route was abandoned for a more classical
approach.
Due to the large amount of literature describing the successful use of an azide at
C2, this approach was used here. In(OTf)3 was used as a catalyst in both glycosylation
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reactions for the synthesis shown in schemes 2 and 3. Indium(III) was screened in a
variety of glycosylation reactions that are discussed in depth in chapter 5. Three
indium(III) species were evaluated for these studies: InCl3, InBr3, and In(OTf)3. The
indium complex generally converts from the trigonal planar geometry of the trivalent
species to an octahedral geometry for the hexavalent species, with some variations
depending on the complexity of the ligand.107 The ligand coordination of the indium
halide species has been experimentally determined as 50% ionic,108 with InBr3 having
slightly more ionic character and a lower energetic barrier for dissociation than
InCl3.109, 110
One possible mechanism for the indium promoted glycosylation involves the
coordination of the glycosylation byproduct, trichloroacetamide, to the indium. There is
reason to believe the trichloroacetamide can displace the halide or triflate ligands. First,
the average bond lengths for indium-chloride and indium-triflate bonds are 2.53 Å107 and
2.58 Å,111 respectively, indicating that these are relatively weak bonds. The average
length for an indium-amide bond is 2.07 Å,107 demonstrating indium’s significantly
stronger affinity for amide ligands over halides or triflates. The possible involvement of
an amide-coordinated indium species in the glycosylation mechanism is also supported
by the known reactivity of indium(III) halides in water. Indium halide ligands are readily
displaced to form In(OH2)63+ with indium-oxygen bond lengths of 2.11 Å.107, 112 The
similar bond lengths of the indium hydrate complex and indium-amide complex suggests
the amide ligand could in this reaction displace the halide or triflate ligands in a similar
fashion as has been observed with water.
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For the glycosylation reactions in the synthesis of TF antigen, In(OTf)3 was
experimentally determined to be most effective. In(OTf)3 was first used by the Trost
group in 1997 as a ruthenium cocatalyst for the formation of diketones.113 In(OTf)3 was
first reported as a lone catalyst by the Frost group in 1999 as a promoter for a hetero
Diels-Alder reaction114 and has been employed in a wide variety of reactions.115 Further
discussion on indium(III) in glycosylation reactions can be found in chapter 5.
Compound 9 was made from a published procedure116 where galactosamine was
protected with an azide at C2 using imidazole-1-sulfonyl azide in the presence of K2CO3
and CuSO45H2O, in methanol, followed by global acetylation using Ac2O and pyridine.
The anomeric position was selectively deprotected using hydrazine acetate to afford 10,
and alpha trichloroacetimidate 11 was achieved through the use of trichloroacetonitrile
and DBU in CH2Cl2.117
To favor the formation of the alpha bond to threonine in the glycosylation step, a
3:1 ratio of CH2Cl2: THF was used, as has been previously reported.68 However, unlike
previous reports, the current synthesis used In(OTf)3 as a catalyst, which gave 12 in 34%
yield, a yield comparable to most other methods discussed above. No beta product was
observed in this reaction. In(OTf)3 is a catalyst that has not been reported for this
glycosylation previously and its development is further discussed in chapter 5.
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Scheme 2. Part 1 of the synthesis of TF antigen via an azide protection.

Compound 12 was deacetylated under Zemplén conditions in dry methanol (to
protect the methyl ester from hydrolysis) to give 13. The 4:6 benzylidene acetal 14 was
made using benzaldehyde dimethyl acetal with trace pTsOH in DMF at 50 °C and under
reduced pressure. This selective protection of C4 and C6 left C3 open for glycosylation.

Scheme 3. Part 2 of the synthesis of TF antigen; the formation of the disaccharide.

In(OTf)3 was used again as the glycosylation catalyst to give entirely beta linked
disaccharide 15 in a 28% yield with significant recovery of 14 giving an 86% BORSM
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yield. Increasing the equivalents of the galactose trichloroacetimidate did not give higher
yields of 15 but did decrease the amount of 14 recovered. This low yield is explained by
the well documented side product of trichloroacetimidate rearrangement in which the
nitrogen of the trichloroacetimidate leaving groups acts as a nucleophile attacking the
anomeric position to form a trichloroacetamide.118 This side product often forms when
the glycosyl acceptor is bulky, as is 14. To attempt to avoid this rearrangement, an Nphenyl-2,2,2-trifluoroacetimidate was tested as a glycosyl donor, as shown in scheme 4.
Initial tests showed such lower yields than those of the traditional trichloroacetimidate
that this route was abandoned. It is possible that further optimization of solvents,
temperatures, and catalysts could lead to success with this glycosyl donor.

Scheme 4. Glycosylation attempt using N-phenyl-2,2,2-trifluoroacetimidate.

The azide of 15 was reduced to the amine and subsequently acetylated in one step
using zinc dust in the presence of Ac2O and AcOH in THF from a reported procedure68,
to give 16. Lithium iodide was used in refluxing EtOAc to give carboxylate 17 with slight
modifications from a literature procedure.119 While this procedure gives no side reactions
on the sugar itself, the lithium iodide also attacks the EtOAc and produces lithium
acetate. The presence of lithium acetate was convenient as acetylation of any
unfunctionalized terminal amines on the dendrimer often helps with dendrimer solubility
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in water,120, 121 as well as decreasing any cytotoxicity of the dendrimer.122-124 This step
produced a combination of 17, lithium acetate, and excess lithium iodide that was used as
a crude mixture to functionalize the PAMAM dendrimers.

Scheme 5. Part 3 of the synthesis of TF antigen- azide reduction and methyl ester
deprotection.

PAMAM Dendrimer Functionalization

Generations 2, 3, 4, and 6 PAMAM dendrimers were functionalized with
protected TF antigen 17 using an EDC coupling with 1-hydroxy-7-azabenzotriazole
(HOAt) and collidine in DMSO. Several coupling conditions were screened to increase
dendrimer loading, including EDC/NHS, T3P/pyridine (also collidine), and PyAOP/
HOAt/ DIEA. The combination of EDC and HOAt gave the most favorable loadings of
38%, 38%, 45%, and 27% for 18, 19, 20, and 21 respectively, with the rest of the end
groups being acetylated.
The percent loadings of the dendrimers were calculated by taking the average of
the loadings calculated via 1H NMR and via MALDI. Percent loadings via 1H NMR were
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calculated by integrating the overlapping signals of dendrimer amides at 8.23 – 7.68 ppm
and comparing it to the integration of the benzylidene acetal proton on TF antigen at 5.51
ppm. The overlapping signals of the dendrimer amides consist of 28, 60, 124, and 508
protons for G2, G3, G4, and G6 respectively. By setting the multiplet equal to this known
number, the integration of the TF antigen proton gives the number of TF antigen units
attached to the dendrimer. The ratio of TF antigen to acetate groups on dendrimer
(represented by R in the equations below) was calculated by integrating the methyl peak
of the NAc at C2 on TF antigen and the methyl peak of the NAc on the dendrimer.
Because both peaks are CH3 peaks, the ratio gives the direct ratio for the end groups on
dendrimer.
This sugar to acetate ratio (R) was used in calculating percent loading via
MALDI. A representative molecular weight (rep. MW) was calculated by taking the
molecular weight of adding one TF antigen on dendrimer (MWTF) and adding the
molecular weight of adding an acetate on dendrimer (MWAc) multiplied by the ratio
calculated via 1H NMR (R), as shown in equation 1. The molecular weight of
unfunctionalized dendrimer was subtracted from the molecular weight of functionalized
dendrimer giving the weight of the sum of end groups added to the dendrimer. This was
divided by the calculated representative molecular weight of the end groups to give the
number of TF antigen functionalizing the dendrimer, as shown in equation 2. This
number was then multiplied by the acetate to TF antigen ratio to give the number of
acetate groups on the dendrimer, as shown in equation 3.
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Equations used to calculate loading via MALDI.
(Rep. MW) = (MWTF) + R×(MWAc) = 822.82 + R×42.05

(eq. 1)

(# of TF antigen) = (MWloaded dendrimer) – (MWPAMAM dendrimer)
(Rep. MW)

(eq. 2)

(# of Ac) = R×(# of TF antigen)

(eq. 3)

Final loading numbers were calculated by taking the average of the number of end
groups calculated via 1H NMR and the number of end groups calculated via MALDI, as
shown in tables 1 and 2. Final percent loading was calculated by taking the number of
end groups functionalized with TF antigen and dividing by the theoretical number of end
groups that can be functionalized for each dendrimer (16, 32, 64, and 256 for G2, G3, G4,
and G6 respectively).

# of
# of
Average #
TF antigen
TF antigen
of
1
Compound Generation via H NMR via MALDI TF antigen
2
5
7
6
18
3
12
11
12
19
4
28
30
29
20
6
59
76
68
21
Table 1. Percent loading of 18, 19, 20, and 21 with TF antigen

# of Ac
Compound Generation via 1H NMR
2
5
18
3
11
19
4
30
20
6
119
21
Table 2. Acetylation of dendrimer end groups

# of Ac
via MALDI
7
10
32
92

%
loading
38 %
38 %
45 %
27 %

Average #
of Ac
6
11
31
106
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Dendrimer loadings between 30 and 50 percent have proven favorable in some
cases as these loading have roughly the same protein binding with those of higher
loading,81 and sometimes even exhibit tighter binding.80 This is due to a balance between
the number of sugars available for the binding pocket, increasing the statistical chance of
binding, and too many sugars crowding the binding pocket and contributing unfavorable
interactions.
The dendrimers were exposed to 2-(2-isothiocyanatoethoxy)-ethanol to check for
any unfunctionalized terminal amines. Both NMR and MALDI confirmed no
isothiocyanato tether had been added, suggesting all accessible terminal amines had been
functionalized. The TF antigen was deprotected with neat TFA followed by Zemplén
conditions to yield final products 22, 23, 24, 25 as TF antigen functionalized dendrimers.

Scheme 6. The functionalization of PAMAM dendrimers with TF antigen.
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Conclusion
In conclusion, TF antigen was successfully synthesized using an azide at the C2
position of galactosamine. The formation of the alpha linkage was accomplished using
3:1 CH2Cl2: THF and In(OTf)3 as a catalyst that has not been reported before for this
glycosylation. In(OTf)3 was successfully used again to form the beta linkage of the
disaccharide. This protected TF antigen was attached to generations 2, 3, 4, and 6
PAMAM dendrimers and subsequently deprotected to produce TF antigen functionalized
dendrimers for use in cellular aggregation studies discussed in chapter 3.

Experimental Procedures
General Methods
General reagents were purchased from Sigma-Aldrich and Fisher Scientific
chemical companies. PAMAM dendrimers were purchased from Dendritech, inc.
Dendrimer 13C and 1H NMR spectra included in this manuscript were recorded at
Montana State University on a Bruker AVANCE III 500 MHz NMR spectrometer,
equipped with a liquid nitrogen-cooled ProdigyTM cryoprobe and SampleJetTM automatic
sample loading system. Carbohydrate 13C and 1H NMR spectra were recorded on a
Bruker DRX 500 MHz spectrometer. Partial protons are reported in NMR data
representing peak ratios due to the large number of protons in each dendrimer and the
variability in the number of the functionalized end groups within a single sample.
1

H NMR chemical shifts are reported in ppm with the residual solvent peak as the

internal standard (d6-DMSO: δ 2.50 ppm; CDCl3: δ 7.26 ppm) with the format as follows:
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chemical shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, dd = doublet of
doublets, t = triplet, q = quartet, m = multiplet), coupling constants, integration, and
assignment. 13C NMR chemical shifts are reported in ppm with the residual solvent peak
as the internal standard (DMSO: δ 39.52 ppm; CDCl3: δ 77.16 ppm). Mass spectrometry
data was obtained on a Bruker Autoflex III MALDI-TOF in positive linear mode with an
acceleration voltage of 19 kilovolts. MALDI samples were prepared in a matrix: analyte
ratio of 1000:1 or 500:1 with 3-indoleacrylic acid as the matrix and DMF as the solvent.
A 1 µL aliquot of solution was used on the MALDI plate. Bovine serum albumin
(MW 66,431 g/mol), trypsinogen (MW 23,981 g/mol), and myoglobin
(MW 16,952 g/mol) were used as external standards. The molecular weight was
calculated with a peak centroid based on a peak width of approximately 2,000 for
G2 dendrimers, 5,000 for G3 and G4 dendrimers, and 10,000 for G6 dendrimers.
Relevant spectra can be found in Appendix A.

2-deoxy-2-p-methoxybenzylideneamino-β-D-galactopyranose (1).
D-galactosamine hydrochloride (2.44 g, 11.3 mmol) was dissolved in a 1.3 M aqueous
NaOH solution (10.5 mL) and the flask was blanketed with argon. Anisaldehyde
(2.54 mL, 20.9 mmol) was added and allowed to vigorously stir at 21 °C to form a turbid
solution. Once a white precipitate had formed, the reaction was allowed to cool at 0 °C

37
for 1 h. The solid was collected by vacuum filtration, rinsed with H2O (2 × 20 mL) and
1:1 MeOH: Et2O (2 × 20 mL), and concentrated in vacuo for 12 h to give 2.85 g (85%) of
product as a light yellow solid. 1H NMR (500 MHz, d6-DMSO) δ 8.09 (s, 1H), 7.63 (d, J
= 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 6.42 (d, J = 6.9 Hz, 1H), 4.62 – 4.56 (m, 2H),
4.51 (d, J = 6.9 Hz, 1H), 4.40 (d, J = 4.2 Hz, 1H), 3.76 (s, 3H), 3.62 (bs, 1H), 3.58 – 3.45
(m, 3H), 3.42 (t, J = 5.8 Hz, 1H), 3.05 (t, J = 8.6 Hz, 1H) ppm. Consistent with literature
values.125

2-deoxy-2-p-methoxybenzylideneamino-1,3,4,6-tetra-O-acetyl-β-Dgalactopyranose (2). Compound 1 (2.54 g, 8.54 mmol) was suspended in Ac2O (10 mL,
106.0 mmol) and cooled to 0 °C. Pyridine (16 mL, 198.6 mmol) and DMAP (32.6 mg,
0.27 mmol) were added and the solid slowly dissolved. This was allowed to warm to
21 °C and stir for 3 h. The reaction was cooled to 0 °C, poured onto ice (120 mL), and
collected by vacuum filtration. The solid was rinsed with H2O (50 mL) and Et2O (50 mL)
and concentrated in vacuo to give 2.10 g (53 % yield) of product as white solid. 1H NMR
(500 MHz, CDCl3) δ 8.18 (s, 1H), 7.64 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 5.90
(d, J = 8.2 Hz, 1H), 5.43 (d, J = 2.5 Hz, 1H), 5.22 (dd, J = 10.3, 3.0 Hz, 1H), 4.23 – 4.11
(m, 3H), 3.82 (s, 3H), 3.60 (t, J = 9.2 Hz, 1H), 2.15 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H),
1.86 (s, 3H) ppm. Consistent with literature values.125
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2-deoxy-2-p-methoxybenzylideneamino-3,4,6-tri-O-acetyl-β-Dgalactopyranose (3). Compound 2 (117.0 mg, 0.25 mmol) was suspended in MeOH
(10.2 mL) and vortexed until dissolved. A 0.66 M NaOMe in MeOH solution (73 µL,
0.048 mmol) was added dropwise while stirring. This was allowed to stir at 21 °C for
15 min, diluted with H2O (10 mL) and extracted with CH2Cl2 (2 × 10 mL). The organic
layer was dried over MgSO4, filtered, and concentrated in vacuo to give 98.3 mg (92%
yield) of crude product as a light yellow solid, which was used without further
purification. 1H NMR (500 MHz, CDCl3) δ 8.20 (s, 1H), 7.63 (d, J = 8.6 Hz, 2H), 6.83 (d,
J = 8.5 Hz, 2H), 5.36 (d, J = 2.2 Hz, 1H), 5.16 (dd, J = 10.4, 2.9 Hz, 1H), 5.06 (d, J = 7.7
Hz, 1H), 4.19 – 4.07 (m, 3H), 3.78 (s, 3H), 3.43 (dd, J = 10.0, 8.1 Hz, 1H), 2.13 (s, 3H),
2.03 (s, 3H), 1.83 (s, 3H) ppm. Consistent with literature values.104

2-deoxy-2-p-methoxybenzylideneamino-3,4,6-tri-O-acetyl-α-Dgalactopyranosyl trichloroacetimidate (4). Compound 3 (295.1 mg, 0.70 mmol) and
trichloroacetonitrile (290 µL, 2.89 mmol) were dissolved in CH2Cl2 (2.3 mL) and cooled
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to 0 °C. DBU (6.0 µL, 0.04 mmol) was added and allowed to stir at 0 °C for 3 h. The
reaction was concentrated in vacuo and purified by flash column chromatography (6:4
Hexanes: EtOAc) to give 165.4 mg (42% yield) of product as a yellow solid. Rf = 0.16.
1

H NMR (500 MHz, CDCl3) δ 8.59 (s, 1H), 8.25 (s, 1H), 7.60 (d, J = 8.6 Hz, 2H), 6.86

(d, J = 8.6 Hz, 2H), 5.99 (d, J = 8.1 Hz, 1H), 5.47 (d, J = 2.6 Hz, 1H), 5.33 (dd, J = 10.4,
3.1 Hz, 1H), 4.28 – 4.15 (m, 3H), 3.81 (s, 3H), 3.74 (dd, J = 10.0, 8.5 Hz, 1H), 2.17 (s,
3H), 2.04 (s, 3H), 1.89 (s, 3H) ppm. Consistent with literature values.104

2-deoxy-2-(4-trifluoromethyl-benzylideneamino)-β-D-galactopyranose (5).
D-galactosamine hydrochloride (1.07 g, 4.96 mmol) was dissolved in a 1.4 M aqueous
NaOH solution (4.4 mL) and the flask was blanketed with argon.
4-(trifluoromethyl)benzaldehyde (1.25 mL, 9.19 mmol) was added and the mixture was
vortexed on high for 3 min, turning the solution a cloudy white. This was cooled to 0 °C
and allowed to stir for 1 h. The reaction was diluted with H2O (30 mL), washed with
CHCl3 (2 × 15 mL), and extracted with EtOAc (5 × 30 mL). The combined organic layer
was washed with H2O (20 mL), dried over MgSO4, and concentrated in vacuo to give
0.89 g (53 % yield) of crude product as a light yellow solid, which was used without
further purification. 1H NMR (500 MHz, d6-DMSO) δ 8.28 (s, 1H), 7.93 (d, J = 8.1 Hz,
2H), 7.77 (d, J = 8.1 Hz, 2H), 6.51 (d, J = 6.8 Hz, 1H), 4.66 (t, J = 7.2 Hz, 1H), 4.61 (m,

40
2H), 4.51 (d, J = 4.2 Hz, 1H), 3.65 (bs, 1H), 3.61 – 3.42 (m, 4H), 3.21 – 3.13 (m, 1H)
ppm; 13C NMR (125 MHz, d6-DMSO) δ 161.3, 140.3, 129.0, 126.0, 125.9, 96.4, 75.7,
75.1, 71.8, 67.5, 61.1 ppm; 19F NMR (282 MHz, d6-DMSO) δ -61.11 ppm.

2-deoxy-2-(4-trifluoromethyl-benzylideneamino)-1,3,4,6-tetra-O-acetyl-β-Dgalactopyranose (6). Compound 5 (129.9 mg, 0.39 mmol) was suspended in Ac2O
(450 µL, 0.48 mmol) and cooled to 0 °C. Pyridine (805 µL, 9.97 mmol) and DMAP
(1.7 mg, 0.01 mmol) were added, and the mixture was allowed to stir until the solid was
dissolved. The reaction was allowed to warm to 21 °C and stir for 4 h. Ice (6 mL) was
added and the reaction was extracted with EtOAc (2 × 6 mL). To the organic layer, a
10% aqueous Na2CO3 solution (5 mL) was added and allowed to stir vigorously for 1 h.
The aqueous layer was removed and the organic layer was washed with H2O (5 mL),
dried over MgSO4, filtered, and concentrated in vacuo. The solid was purified by flash
column chromatography (7:3 Hexanes: EtOAc + 4% TEA) to give 91.7 mg (47% yield)
of product as a yellow solid. Rf = 0.33. 1H NMR (500 MHz, CDCl3) δ 8.32 (s, 1H), 7.82
(d, J = 8.0 Hz, 2H), 7.65 (d, J = 8.0 Hz, 2H), 5.94 (d, J = 8.2 Hz, 1H), 5.45 (d, J = 2.9 Hz,
1H), 5.25 (dd, J = 10.4, 3.2 Hz, 1H), 4.24 – 4.12 (m, 3H), 3.67 (dd, J = 10.1, 8.5 Hz, 1H),
2.16 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H), 1.87 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ
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170.4, 170.1, 169.6, 168.6, 163.8, 138.3, 128.7, 125.7, 125.7, 93.2, 71.9, 71.3, 68.9, 65.8,
61.2, 20.7, 20.7 (2C), 20.5 ppm; 19F NMR (282 MHz, CDCl3) δ -62.90 ppm.

2-deoxy-2-(4-trifluoromethyl-benzylideneamino)-3,4,6-tri-O-acetyl-β-Dgalactopyranose (7). Compound 6 (131.9 mg, 0.26 mmol) was dissolved in dry THF
(1.3 mL) and cooled to 0 °C. A 7 N NH3 in MeOH solution (565 µL) was added
dropwise, and the reaction was allowed to warm to 21 °C and stir for 2 h. The reaction
was concentrated in vacuo to give 120.9 mg (100% yield) of crude product mixed with
starting material as a yellow solid, which was used without further purification. 1H NMR
(500 MHz, d6-DMSO) δ 8.55 (s, 1H), 7.90 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H),
6.44 (d, J = 3.5 Hz, 1H), 5.60 – 5.54 (m, 2H), 4.61 (t, J = 6.4 Hz, 1H), 4.27 – 4.07 (m,
3H), 2.16 (s, 3H), 1.99 (s, 3H), 1.85 (s, 3H) ppm; 13C NMR (126 MHz, d6-DMSO) δ
170.7, 170.7, 170.0, 164.3, 139.1, 128.5, 125.3, 125.2, 95.6, 71.8, 71.7, 70.6, 66.3, 61.6,
19.2 (2C), 19.0 ppm; 19F NMR (282 MHz, d6-DMSO) δ -64.34 ppm.
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2-deoxy-2-(4-trifluoromethyl-benzylideneamino)-3,4,6-tri-O-acetyl-α-Dgalactopyranosyl trichloroacetimidate (8). Compound 7 (120.9 mg, 0.26 mmol) was
dissolved in CH2Cl2 (1.4 mL) and cooled to 0 °C. Trichloroacetonitrile (79.7 µL,
0.79 mmol) and DBU (20.2 µL, 0.14 mmol) were added and allowed to stir for 4 h at
0 °C. The reaction was concentrated in vacuo and purified by flash column
chromatography (7:3 Hexanes: EtOAc + 4% TEA) to give 91.7 mg (47% yield) of
product as a yellow solid. Rf = 0.33. 1H NMR (500 MHz, CDCl3) δ 8.55 (s, 1H), 8.40 (s,
1H), 7.79 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 6.44 (d, J = 3.4 Hz, 1H), 5.61 –
5.57 (m, 2H), 4.57 (t, J = 6.5 Hz, 1H), 4.28 – 4.01 (m, 3H), 2.17 (s, 3H), 2.02 (s, 3H),
1.88 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 170.4, 170.1, 169.8, 163.6, 160.9,
138.6, 128.7, 125.6, 125.6, 96.1, 69.4, 68.6, 66.5, 66.3, 61.6, 20.7 (2C), 20.6 ppm; 19F
NMR (282 MHz, CDCl3) δ -62.88 ppm.

1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranose (9).
D-galactosamine hydrochloride (5.51 g, 25.6 mmol) and K2CO3 (9.56 g, 69.2 mmol)
were suspended in MeOH (130 mL). CuSO4·5H20 (73.0 mg, 0.29 mmol) and imidazole-
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1-sulfonyl azide hydrochloride (6.45 g, 30.8 mmol) were added to the suspension,
allowed to stir at 21 °C for 3 h, and concentrated in vacuo. The solid was dissolved in
pyridine (102 mL) and cooled to 0 °C. Ac2O (76 mL, 804 mmol) was added and the
solution was allowed to stir at 21 °C for 28.5 h. The reaction was diluted with EtOAc
(500 mL) and washed with 10% aqueous HCl solution (2 × 200 mL), saturated NaHCO3
solution (3 × 200 mL), and 10% aqueous Na2CO3 solution (2 × 200 mL). The organic
layer was dried over MgSO4 and concentrated in vacuo. The solid was purified by flash
column chromatography (7:3 Hexanes: EtOAc + 2% TEA) to give 6.82 g (71% yield) of
product as a yellow solid. α:β = 27:73. Rf = 0.25. 1H NMR (500 MHz, CDCl3) δ 6.27 (d,
J = 3.2 Hz, 0.27H), 5.51 (d, J = 8.5 Hz, 0.73H), 5.43 (s, 0.27H), 5.33 (d, J = 2.6 Hz,
0.73H), 5.26 (dd, J = 11.0, 2.5 Hz, 0.27H), 4.86 (dd, J = 10.8, 3.1 Hz, 0.73H), 4.26-4.21
(m, 0.33H), 4.13 – 4.01 (m, 2H), 3.99-3.95 (m, 0.67H), 3.89 (dd, J = 11.0, 3.3 Hz,
0.27H), 3.83 – 3.75 (m, 0.73H), 2.15 (s, 2.27H), 2.12 (m, 3.73H), 2.02 (m, 3H), 1.99 (s,
3H) ppm. Consistent with literature values.117

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α,β-D-galactopyranose (10). Hydrazine
acetate (37.3 mg, 0.40 mmol) and compound 9 (114.5 mg, 0.31 mmol) were dissolved in
DMF (0.32 mL) and allowed to stir at 55 °C for 30 min. The reaction was diluted with
H2O (0.8 mL) and extracted with EtOAc (0.8 mL and 0.4 mL). The combined organic
layers were washed with saturated NaHCO3 solution (3 × 0.4 mL) and brine
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(3 × 0.4 mL), dried over MgSO4, and concentrated in vacuo to give 93.8 mg (92% yield)
of product as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 5.41 (bs, 0.46H), 5.37 (m,
0.70H), 5.34 (d, J = 3.0 Hz, 0.26H), 5.29 (d, J = 2.5 Hz, 0.43H), 4.77 (dd, J = 10.9, 3.2
Hz, 0.43H), 4.66 (d, J = 8.0 Hz, 0.42H), 4.42 (t, J = 6.6 Hz, 0.7H), 4.12 – 4.01 (m,
2.30H), 3.88 (t, J = 6.4 Hz, 0.45H), 3.68 (dd, J = 11.0, 3.2 Hz, 0.50H), 3.62 (dd, J = 10.7,
8.1 Hz, 0.42H), 2.11 (d, J = 4.8 Hz, 3H), 2.03 – 1.99 (m, 6H) ppm. Consistent with
literature values.117

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-galactopyranosyl
trichloroacetimidate (11). DBU (0.765 mL, 5.1 mmol) and compound 10 (1.79 g,
5.4 mmol) were dissolved in dry CH2Cl2 (30 mL) and allowed to stir for 10 min at 0 °C.
Trichloroacetonitrile (5.44 mL, 54.3 mmol) was added and allowed to stir at 0 °C for 2 h.
The reaction was concentrated in vacuo and dissolved in 7:3 Hexanes: EtOAc + 1% TEA
(30 mL) with a minimum amount of CH2Cl2 added to dissolve the solid. This was filtered
over a silica plug with excess 7:3 hexanes: EtOAc + 1% TEA, concentrated in vacuo, and
purified by flash column chromatography (7:3 Hexanes: EtOAc + 1% TEA) to give 1.69
g (66% yield) of product as a yellow solid. Rf = 0.29. 1H NMR (500 MHz, CDCl3) δ 8.77
(s, 1H), 6.48 (d, J = 3.4 Hz, 1H), 5.52 (d, J = 2.5 Hz, 1H), 5.35 (dd, J = 11.2, 2.5 Hz, 1H),
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4.39 (t, J = 6.5 Hz, 1H), 4.12 (dd, J = 11.2, 6.5 Hz, 1H), 4.06 – 3.98 (m, 2H), 2.15 (s,
3H), 2.05 (s, 3H), 1.98 (s, 3H) ppm. Consistent with literature values.117

O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy--D-galactopyranosyl)-N-(tertbutoxycarbonyl)-L-threonine methyl ester (12). N-(tert-Butoxycarbonyl)-L-threonine
methyl ester (0.99 g, 4.2 mmol) and compound 11 (1.69 g, 3.6 mmol) were dried at
50 × 10-3 mbar for 1 h. The solid was dissolved in dry 3:1 CH2Cl2:THF (70 mL) and
allowed to stir with 3 g of 4 Å activated sieves for 30 min. In(OTf)3 (0.12 g, 0.21 mmol)
was added and allowed to stir for 2 h at 21 °C. Solid NaHCO3 (5 g) was added and
allowed to stir for 20 min. This was filtered over a neutral alumina plug with excess
CH2Cl2, concentrated in vacuo, and purified by flash column chromatography
(6:4 Hexanes: EtOAc) to give 0.66 g (34% yield) of product as a light yellow solid.
Rf = 0.47. 1H NMR (500 MHz, CDCl3) δ 5.35 (d, J = 2.7 Hz, 1H, H-4), 5.22 (d, J = 9.5
Hz, 1H, NHBoc), 5.16 (dd, J = 11.1, 2.7 Hz, 1H, H-3), 4.93 (d, J = 3.5 Hz, 1H, H-1),
4.36-4.27 (m, 2H, CH3CH, CHNHBoc ), 4.17 (t, J = 6.4 Hz, 1H, H-5), 4.00 (d, J = 6.4
Hz, 2H, 2H-6), 3.70 (s, 3H, CO2Me), 3.59 (dd, J = 11.1, 3.5 Hz, 1H, H-2), 2.06 (s, 3H,
OAc), 1.97 (s, 3H, OAc), 1.96 (s, 3H, OAc), 1.40 (s, 9H, Boc), 1.24 (d, J = 6.3 Hz, 3H,
CH3CH) ppm; 13C NMR (125 MHz, CDCl3) δ 170.9, 170.3, 170.0, 169.9, 156.0, 99.5,
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80.1, 77.5, 68.3, 67.4, 66.9, 61.7, 58.1, 57.7, 52.5, 28.2, 20.6, 20.5 (2C), 18.2 ppm;
HRMS (micro-TOF) m/z 547.2221 (calculated m/z M+H = 547.2246 for C22H34N4O12).

O-(2-azido-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-Lthreonine methyl ester (13). Compound 12 (100.1 mg, 0.18 mmol) was dissolved in dry
MeOH (7.2 mL) and a 1 M NaOMe in dry MeOH solution (120 µL) was added dropwise
over 5 min. This was allowed to stir for 25 min at 21 °C. Amberlite® IR120, H resin
(50 mg) was added and allowed to stir until the pH reached 7 (litmus). This was filtered
and concentrated in vacuo. The solid was dissolved in EtOAc (4 mL), washed with H2O
(0.5 mL), dried over MgSO4, filtered, and concentrated in vacuo to give 74.8 mg
(97% yield) of product as a white solid. 1H NMR (500 MHz, CDCl3) δ 5.50 (d, J = 9.4
Hz, 1H, NHBoc), 4.98 (d, J = 3.4 Hz, 1H, H-1), 4.40 – 4.31 (m, 2H, CH3CH,
CHNHBoc), 4.12 (bs, 1H, H-4), 3.99 (dd, J = 10.6, 2.6 Hz, 1H, H-3), 3.91 – 3.73 (m, 6H,
H-5 2H-6, 3OH), 3.80 (s, 3H, CO2Me), 3.56 (dd, J = 10.6, 3.4 Hz, 1H, H-2), 1.47 (s, 9H,
Boc), 1.28 (d, J = 6.2 Hz, 3H, CH3CH) ppm; 13C NMR (125 MHz, CDCl3) δ 171.4,
156.2, 99.5, 80.3, 76.7, 70.2, 69.9, 68.1, 62.4, 60.6, 58.2, 52.7, 28.3, 18.4 ppm; HRMS
(micro-TOF) m/z 443.1808 (calculated m/z M+Na = 443.1748 for C16H28N4O9).
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O-(2-azido-4:6-O-benzylidene-2-deoxy--D-galactopyranosyl)-N-(tertbutoxycarbonyl)-L-threonine methyl ester (14). Benzaldehyde dimethyl acetal
(125 µL, 0.83 mmol) and compound 13 (74.8 mg, 0.18 mmol) were dissolved in dry
DMF (435 µL) and a trace amount of pTsOH was added. This was allowed to stir at
50 °C under reduced pressure (30 mbar) for 2 h. The reaction was diluted with EtOAc
(3 mL) and washed with H2O (0.5 mL). The organic layer was dried over MgSO4,
filtered, concentrated in vacuo, and purified by flash column chromatography
(6:4 hexanes: EtOAc) to give 62.6 mg (69% yield) of product as a white solid. Rf = 0.36.
1

H NMR (500 MHz, CDCl3) δ 7.45 (dd, J = 6.5, 2.9 Hz, 2H, Ph), 7.38 – 7.33 (m, 3H,

Ph), 5.54 (s, 1H, Ph-CH), 5.37 (d, J = 9.4 Hz, 1H, NHBoc), 4.97 (d, J = 3.3 Hz, 1H, H1), 4.35 (dd, J = 6.3, 2.0 Hz, 1H, CH3CH), 4.30 (dd, J = 9.4, 2.0 Hz, 1H, CHNHBoc),
4.25 – 4.18 (m, 2H, H-4, H-6a), 4.09 – 4.01 (m, 2H, H-3, H-6b), 3.76 (s, 3H, CO2Me),
3.74 (bs, 1H, H-5), 3.57 (dd, J = 10.5, 3.3 Hz, 1H, H-2), 2.57 (d, J = 10.6 Hz, 1H, C3OH), 1.46 (s, 9H, Boc), 1.26 (d, J = 6.3 Hz, 3H, CH3CH) ppm; 13C NMR (125 MHz,
CDCl3) δ 171.0, 156.2, 137.2, 129.4, 128.3, 126.2, 101.2, 99.7, 80.1, 76.9, 75.3, 69.1,
67.4, 63.2, 61.1, 58.2, 52.6, 28.3, 18.5 ppm; HRMS (micro-TOF) m/z 507.2091
(calculated m/z M-H = 507.2086 for C23H32N4O9).
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O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-azido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
methyl ester (15). 2,3,4,6-Tetra-O-acetyl-α-D-galactopyranosyl trichloroacetimidate
(147.0 mg, 0.30 mmol) and compound 14 (137.9 mg, 0.27 mmol) were dried at
50 × 10-3 mbar for 1 h. The solid was dissolved in dry CH2Cl2 (2.9 mL). In(OTf)3
(4.9 mg, 0.0087 mmol) was added and allowed to stir for 25 min at 21 °C. Solid NaHCO3
(1 g) was added and allowed to stir for 20 min. This was filtered over a neutral alumina
plug with excess CH2Cl2, concentrated in vacuo, and purified by flash column
chromatography (1:1 Hexanes: EtOAc) to give 63.9 mg (28% yield, 86% BORSM yield)
of product as a white solid. Rf = 0.30. 1H NMR (500 MHz, CDCl3) δ 7.52 – 7.48 (m, 2H,
Ph), 7.38 - 7.32 (m, 3H, Ph), 5.52 (s, 1H, Ph-CH), 5.39 (d, J = 3.0 Hz, 1H, H-4’), 5.36 (d,
J = 9.5 Hz, 1H, NHBoc), 5.27 (dd, J = 10.4, 7.9 Hz, 1H, H-2’), 5.04 – 4.98 (m, 2H, H-3’,
H-1), 4.77 (d, J = 7.9 Hz, 1H, H-1’), 4.39 (dd, J = 6.3, 2.1 Hz, 1H, CH3CH), 4.35 (d, J =
2.9 Hz, 1H, H-4), 4.35 - 4.30 (m, 1H, CHNHBoc), 4.26 – 4.17 (m, 2H, H-6a, H-6a’),
4.11 (dd, J = 11.2, 6.7 Hz, 1H, H-6b’), 4.03 (d, J = 12.4 Hz, 1H, H-6b), 3.99 – 3.92 (m,
2H, H-5’, H-3), 3.80 (dd, J = 10.8, 3.4 Hz, 1H, H-2), 3.76 (s, 3H, CO2Me), 3.68 (bs, 1H,
H-5), 2.15 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.97 (s, 3H, OAc), 1.46
(s, 9H, Boc), 1.29 (d, J = 6.3 Hz, 3H, CH3CH) ppm; 13C NMR (125 MHz, CDCl3) δ
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171.0, 170.3, 170.1, 169.4, 156.1, 137.5, 128.9, 128.1, 126.1, 102.4, 100.7, 99.6, 80.2,
76.5, 75.8, 75.7, 71.1, 70.9, 69.1, 68.7, 67.0, 63.5, 61.4, 59.2, 58.1, 58.1, 52.5, 28.3, 20.7,
20.7 (2C), 20.5, 18.7 ppm; HRMS (micro-TOF) m/z 861.2992 (calculated m/z M+Na =
861.3012 for C37H50N4O18).

O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
methyl ester (16). Compound 15 (26.4 mg, 31.5 µmol) was dissolved in THF (525 µL),
AcOH (260 µL), and Ac2O (86.9 µL). Zn dust (0.265 g, 4.05 mmol) was added and
allowed to vigorously stir for 4 h at 21 °C. The suspension was filtered over a celite plug
with THF (10 mL). This was diluted with EtOAc (5 mL) and washed with saturated
NaHCO3 solution (3 × 5 mL) and 10% aqueous Na2CO3 solution (2 × 200 mL). The
organic layer was dried over MgSO4, filtered, concentrated in vacuo, and purified by
flash column chromatography (EtOAc) to give 23.6 mg (88% yield) of product as a white
solid. Rf = 0.48. 1H NMR (500 MHz, CDCl3) δ 7.52 – 7.49 (m, 2H, Ph), 7.38 – 7.28 (m,
3H, Ph), 5.66 (d, J = 8.8 Hz, 1H, NHAc), 5.52 (s, 1H, Ph-CH), 5.38 (d, J = 3.0 Hz, 1H,
H-4’), 5.22 (d, J = 7.9 Hz, 1H, NHBoc), 5.18 (dd, J = 10.3, 7.8 Hz, 1H, H-2’), 4.97 (dd, J
= 10.3, 3.0 Hz, 1H, H-3’), 4.93 (d, J = 2.8 Hz, 1H, H-1), 4.74 (d, J = 7.8 Hz, 1H, H-1’),
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4.61 (m, 1H, H-2), 4.32 (d, J = 9.4 Hz, 1H, CHNHBoc), 4.26 (d, J = 2.9 Hz, 1H, H-4),
4.24 – 4.16 (m, 3H, CH3CH, H-6a, H-6a’), 4.16 – 4.10 (m, 1H, H-6b’), 4.03 (d, J = 12.3
Hz, 1H, H-6b), 3.92 (m, 1H, H-5’), 3.84 (d, J = 10.9 Hz, 1H, H-3), 3.72 (s, 3H, CO2Me),
3.65 (bs, 1H, H-5), 2.14 (s, 3H, OAc), 2.03 (s, 6H, OAc), 2.00 (s, 3H, NHAc), 1.95 (s,
3H, OAc), 1.45 (s, 9H, Boc), 1.28 (d, J = 6.0 Hz, 3H, CH3CH); 13C NMR (125 MHz,
CDCl3) δ 171.8, 170.4, 170.3, 170.2, 169.7, 169.5, 155.7, 137.6, 128.8, 128.1, 126.2,
101.0, 100.7, 100.4, 76.8, 75.5, 74.0, 71.0, 70.9, 69.1, 68.8, 67.0, 63.6, 61.4, 58.0, 52.5,
48.1, 28.3, 25.0, 23.4, 20.7 (3C), 20.6, 18.5 ppm; ; HRMS (micro-TOF) m/z 853.3239
(calculated m/z M-H = 853.3237 for C39H54N2O19).

O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
lithium carboxylate (17). Compound 16 (63.5 mg, 0.074 mmol) and lithium iodide
(61.4 mg, 0.46 mmol) were dissolved in dry EtOAc (740 µL), blanketed under an argon
atmosphere, and allowed to stir under reflux for 20 h. The reaction was concentrated in
vacuo, dissolved in H2O (1 mL) and washed with CHCl3 (1 mL). The organic layer was
extracted with H2O (1 mL) and the combined aqueous layers were washed with CHCl3
(3 × 1 mL). The H2O was removed in vacuo to give product mixed with lithium acetate
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and presumably excess LiI (130.1 mg, > 100% crude yield) as a yellow solid, which was
used without further purification. 1H NMR (600 MHz, d6-DMSO) δ 8.25 (d, J = 9.2 Hz,
1H, NHAc), 7.45 – 7.30 (m, 5H, Ph), 6.02 (d, J = 7.4 Hz, 1H, NHBoc), 5.49 (s, 1H, PhCH), 5.22 (d, J = 3.0 Hz, 1H, H-4’), 5.03 (dd, J = 10.0, 3.0 Hz, 1H, H-3’), 4.90 – 4.78
(m, 3H, H-1, H-1’, H-2’), 4.35 (s, 1H, H-4), 4.20 (m, 2H, H-2, H-5’), 4.08 – 3.96 (m, 5H,
H-3, H-6a’, H-6a, H-6b, CH3CH), 3.74 (d, J = 12.3 Hz, 1H, CHNHBoc), 3.70 (s, 1H, H6b’), 3.55 (s, 1H, H-5), 2.07 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.96 (s, 3H, OAc), 1.87 (s,
3H, OAc), 1.85 (s, 3H, NHAc), 1.36 (s, 9H, Boc), 1.04 (d, J = 6.1 Hz, 3H, CH3CH) ppm;
C NMR (150 MHz, d6-DMSO) δ 172.3, 170.7, 170.4, 170.3, 170.0, 169.4, 155.5, 138.9,
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129.2, 128.5, 126.6, 101.4, 100.3, 98.9, 78.3, 77.0, 75.8, 75.2, 70.9, 70.3, 69.3, 68.7, 67.8,
63.3, 62.0, 58.7, 47.7, 28.8, 23.3, 21.2, 21.1, 21.0, 20.9, 18.1 ppm; HRMS (micro-TOF)
m/z 839.3034 (calculated m/z M = 839.3081 for C38H51N2O19).

O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
functionalized Generation 2 PAMAM dendrimer (18). Generation 2 polyamidoamine
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dendrimer (4.5 mg, 1.38 µmol) was combined with crude compound 17 (22.7 mg,
26.8 µmol) and lyophilized to give a yellow solid. EDC (50.9 mg, 265.5 µmol) and
collidine (105 µL, 788.5 µmol) were dissolved in DMSO (840 µL) and added to the solid
and allowed to stir until the solid dissolved. 1 M HOAt in DMA (265 µL) was added
dropwise while stirring resulting in a bright yellow liquid. This was allowed to stir for
16 h at 21 °C. The dendrimer was purified by dialysis with 3500 Da MWCO tubing in
250 mL DMSO for 72 h, changing the DMSO every 6 h. The liquid was lyophilized to
give 17.3 mg (> 100% yield) of product as a yellow solid with residual DMSO. 1H NMR
(600 MHz, d6-DMSO) δ 8.16 – 7.68 (m, 1.00H), 7.47 – 7.34 (m, 1.12H), 7.27 (d, J = 7.1
Hz, 0.16H), 6.76 (d, J = 8.9 Hz, 0.14H), 5.51 (s, 0.19H), 5.29 (d, J = 3.3 Hz, 0.18H), 5.07
(dd, J = 10.4, 3.2 Hz, 0.18H), 4.92 (dd, J = 10.1, 8.2 Hz, 0.19H), 4.82 (d, J = 8.0 Hz,
0.17H), 4.76 (bs, 0.20H), 4.32 (bs, 0.24H), 4.25 – 4.11 (m, 0.73H), 4.10 – 3.98 (m,
0.85H), 3.84 (d, J = 11.3 Hz, 0.20H), 3.70 (bs, 0.19H), 3.08 (bs, 2.19H), 2.66 (bs, 0.92H),
2.43 (bs, 0.62H), 2.20 (bs, 1.10H), 2.11 (s, 0.56H), 2.03 (s, 0.59H), 1.99 (s, 0.63H), 1.90
(s, 0.59H), 1.87 (s, 0.55H), 1.79 (s, 0.56H), 1.44 (s, 1.70H), 1.11 (d, J = 5.2 Hz, 0.57H)
ppm; 13C NMR (150 MHz, d6-DMSO) δ 172.2, 172.2, 172.1, 172.1, 171.7, 171.7, 170.5,
170.4, 170.4, 170.0, 169.9, 169.5, 169.3, 156.2, 138.9, 129.3, 128.5, 126.7, 101.8, 100.4,
99.9, 79.1, 75.9, 75.6, 70.9, 70.3, 69.1, 68.8, 67.8, 63.2, 61.9, 58.8, 52.6, 50.0, 47.7, 38.9,
38.8, 38.6, 37.4, 33.7, 28.7, 23.4, 23.1, 21.1, 20.9, 20.9, 20.8, 19.1 ppm; MALDI-TOF
(pos) m/z = 8895.

53

O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
functionalized Generation 3 PAMAM dendrimer (19). Generation 3 polyamidoamine
dendrimer (5.7 mg, 0.83 µmol) was combined with crude compound 17 (26.8 mg,
31.7 µmol) and lyophilized to give a yellow solid. EDC (48.6 mg, 253.5 µmol) and
collidine (105 µL, 788.5 µmol) were dissolved in DMSO (700 µL) and added to the solid
and allowed to stir until the solid dissolved. 1 M HOAt in DMA (255 µL) was added
dropwise while stirring resulting in a bright yellow liquid. This was allowed to stir for
16 h at 21 °C. The dendrimer was purified by dialysis with 3500 Da MWCO tubing in
250 mL DMSO for 72 h, changing the DMSO every 6 h. The liquid was lyophilized to
give 21.0 mg (> 100% yield) of product as a yellow solid with residual DMSO. 1H NMR
(600 MHz, d6-DMSO) δ 8.16 – 7.73 (m, 1.00H), 7.48 – 7.34 (m, 1.01H), 7.28 (d, J = 10.0
Hz, 0.09H), 6.78 (d, J = 9.1 Hz, 0.12H), 5.51 (s, 0.17H), 5.29 (d, J = 2.2 Hz, 0.20H), 5.07
(dd, J = 11.1, 1.7 Hz, 0.22H), 4.94 – 4.90 (m, 0.22H), 4.82 (d, J = 7.9 Hz, 0.18H), 4.76
(bs, 0.20H), 4.32 (bs, 0.27H), 4.25 – 4.11 (m, 0.81H), 4.11 – 3.98 (m, 0.86H), 3.84 (d, J =
10.8 Hz, 0.24H), 3.70 (bs, 0.27H), 3.07 (bs, 2.49H), 2.66 (bs, 1.21H), 2.43 (bs, 0.62H),
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2.19 (bs, 1.06H), 2.11 (s, 0.59H), 2.04 (s, 0.55H), 1.99 (s, 0.62H), 1.90 (s, 0.59H), 1.87
(s, 0.54H), 1.79 (s, 0.55H), 1.44 (s, 1.54H), 1.11 (d, J = 4.9 Hz, 0.56H) ppm; 13C NMR
(150 MHz, d6-DMSO) δ 172.1, 171.7, 170.5, 170.5, 170.4, 170.0, 169.9, 169.5, 169.3,
156.2, 138.9, 129.3, 128.5, 126.7, 101.8, 100.4, 99.9, 79.1, 75.9, 75.6, 70.9, 70.3, 69.1,
68.8, 67.8, 63.2, 61.9, 58.7, 52.6, 50.0, 47.7, 39.2, 38.9, 38.8, 38.6, 37.4, 33.7, 28.7, 28.5,
23.4, 23.1, 21.1, 20.9 (2C), 20.8, 19.2 ppm; MALDI-TOF (pos) m/z = 16220.

O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
functionalized Generation 4 PAMAM dendrimer (20). Generation 4 polyamidoamine
dendrimer (6.1 mg, 0.45 µmol) was combined with crude compound 17 (29.4 mg,
34.7 µmol) and lyophilized to give a yellow solid. EDC (52.7 mg, 274.9 µmol) and
collidine (110 µL, 826.0 µmol) were dissolved in DMSO (750 µL) and added to the solid
and allowed to stir until the solid dissolved. 1 M HOAt in DMA (275 µL) was added
dropwise while stirring resulting in a bright yellow liquid. This was allowed to stir for
16 h at 21 °C. The dendrimer was purified by dialysis with 3500 Da MWCO tubing in
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250 mL DMSO for 72 h, changing the DMSO every 6 h. The liquid was lyophilized to
give 22.2 mg (> 100% yield) of product as a yellow solid with residual DMSO. 1H NMR
(600 MHz, d6-DMSO) δ 8.17 – 7.70 (m, 1.00H), 7.51 – 7.34 (m, 1.71H), 7.27 (d, J = 4.6
Hz, 0.09H), 6.76 (d, J = 8.6 Hz, 0.12H), 5.51 (s, 0.23H), 5.29 (d, J = 2.7 Hz, 0.24H), 5.07
(dd, J = 10.5, 2.6 Hz, 0.24H), 4.96 – 4.88 (m, 0.27H), 4.82 (d, J = 8.0 Hz, 0.23H), 4.76
(bs, 0.22H), 4.32 (bs, 0.30H), 4.26 – 4.11 (m, 1.00H), 4.11 – 3.98 (m, 1.01H), 3.84 (d, J =
11.1 Hz, 0.20H), 3.70 (bs, 0.21H), 3.08 (bs, 3.16H), 2.66 (bs, 1.57H), 2.43 (bs, 0.93H),
2.19 (bs, 1.72H), 2.10 (s, 0.78H), 2.03 (s, 0.82H), 1.99 (s, 0.83H), 1.90 (s, 0.79H), 1.87
(s, 0.79H), 1.79 (s, 0.73H), 1.44 (s, 2.34H), 1.11 (d, J = 4.2 Hz, 0.85H) ppm; 13C NMR
(150 MHz, d6-DMSO) δ 172.1, 170.5, 170.4, 170.4, 170.0, 169.5, 169.3, 156.2, 138.9,
129.3, 128.5, 126.7, 101.8, 100.4, 99.9, 79.1, 75.9, 75.6, 70.9, 70.3, 69.1, 68.8, 67.8, 63.2,
61.9, 58.8, 57.5, 52.6, 50.0, 47.7, 38.8, 38.3, 37.4, 33.6, 28.7, 23.4, 23.1, 21.1, 20.9, 20.9,
20.8, 19.2 ppm; MALDI-TOF (pos) m/z = 39225.
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O-(2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl-(1→3)-2-acetamido-4:6-Obenzylidene-2-deoxy--D-galactopyranosyl)-N-(tert-butoxycarbonyl)-L-threonine
functionalized Generation 6 PAMAM dendrimer (21). Generation 6 polyamidoamine
dendrimer (5.4 mg, 0.11 µmol) was combined with crude compound 17 (27.8 mg,
32.8 µmol) and lyophilized to give a yellow solid. EDC (49.9 mg, 260.3 µmol) and
collidine (105 µL, 788.5 µmol) were dissolved in DMSO (750 µL) and added to the solid
and allowed to stir until the solid dissolved. 1 M HOAt in DMA (260 µL) was added
dropwise while stirring resulting in a bright yellow liquid. This was allowed to stir for
16 h at 21 °C. The dendrimer was purified by dialysis with 3500 Da MWCO tubing in
250 mL DMSO for 72 h, changing the DMSO every 6 h. The liquid was lyophilized to
give 24.1 mg (> 100% yield) of product as a yellow solid with residual DMSO. 1H NMR
(600 MHz, d6-DMSO) δ 8.23 – 7.77 (m, 1.00H), 7.48 – 7.23 (m, 1.09H), 6.76 (d, J = 7.5
Hz, 0.09H), 5.52 (s, 0.16H), 5.28 (s, 0.15H), 5.06 (d, J = 10.6 Hz, 0.15H), 4.97 – 4.88 (m,
0.17H), 4.83 (d, J = 6.5 Hz, 0.14H), 4.75 (bs, 0.15H), 4.32 (bs, 0.16H), 4.26 – 4.11 (m,
0.58H), 4.10 – 3.97 (m, 0.70H), 3.85 (d, J = 9.8 Hz, 0.23H), 3.70 (bs, 0.23H), 3.08 (bs,
2.12H), 2.71 (bs, 1.23H), 2.28 (bs, 1.42H), 2.10 (s, 0.49H), 2.03 (s, 0.52H), 1.99 (s,
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0.53H), 1.90 (s, 0.50H), 1.87 (s, 0.48H), 1.80 (s, 0.72H), 1.43 (s, 1.61H), 1.11 (bs, 0.52H)
ppm; 13C NMR (150 MHz, d6-DMSO) δ 170.5, 170.4, 170.4, 170.0, 169.6, 169.3, 156.3,
138.9, 129.3, 128.5, 126.7, 101.7, 100.4, 99.9, 79.1, 75.6, 70.9, 70.3, 68.8, 67.8, 63.2,
61.9, 58.8, 52.5, 49.9, 47.7, 40.9, 38.9, 28.7, 23.4, 23.1, 21.1, 20.9, 20.9, 20.8, 19.2 ppm;
MALDI-TOF (pos) m/z = 103355.

β-D-galactopyranosyl-(1→3)-2-acetamido-2-deoxy--D-galactopyranosyl-Lthreonine functionalized Generation 2 PAMAM dendrimer (22). Compound 18
(7.7 mg, 0.87 µmol) was dissolved in neat TFA (700 µL) and was allowed to stir for
30 min at 21 °C. A 2.5 M NaOMe in dry MeOH solution (3.0 mL) was added slowly
while stirring and was then added dropwise until the pH reached 9 (litmus). This was
allowed to stir at 21 °C for 1 h and the dendrimer was purified by dialysis with 3500 Da
MWCO tubing in 200 mL H2O for 6 h, changing the H2O once at 3 h, followed by
200 mL DMSO for 24 h, changing the DMSO every 8 h. The liquid was lyophilized to
give 3.7 mg (65% yield) of product as a light yellow solid. 1H NMR (600 MHz,
d6-DMSO) δ 8.14 – 7.69 (m, 1H), 7.49 (d, J = 5.0 Hz, 0.13H), 4.70 (bs, 0.14H), 4.64 (d, J
= 2.5 Hz, 0.18H), 4.51 (bs, 0.33H), 4.30 (d, J = 11.8 Hz, 0.32H), 4.22 (d, J = 7.1 Hz,
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0.17H), 4.14 – 4.05 (m, 0.26H), 3.90 (bs, 0.12H), 3.85 (bs, 0.17H), 3.62 (t, J = 5.4 Hz,
0.21H), 3.60 – 3.53 (m, 0.40H), 3.51 – 3.34 (m, 1.12H), 3.17 – 3.19 (m, 0.33H), 3.00 (bs,
1.92H), 2.58 (bs, 1.05H), 2.36 (bs, 0.63H), 2.12 (bs, 1.14H), 1.76 (s, 0.44H), 1.73 (s,
0.54H), 1.11 (d, J = 5.6 Hz, 0.53H) ppm; 13C NMR (151 MHz, d6-DMSO) δ 172.1,
171.8, 170.5, 169.9, 158.2, 158.0, 156.3, 120.9, 118.9, 116.9, 114.9, 105.0, 100.0, 99.2,
77.5, 76.2, 75.7, 73.7, 71.9, 71.1, 68.6, 68.1, 61.1, 61.0, 52.6, 50.0, 48.9, 39.0, 38.9, 38.9,
38.7, 37.3, 33.7, 23.3, 23.1, 19.1 ppm; MALDI-TOF (pos) m/z = 6540.

β-D-galactopyranosyl-(1→3)-2-acetamido-2-deoxy--D-galactopyranosyl-Lthreonine functionalized Generation 3 PAMAM dendrimer (23). Compound 19
(8.2 mg, 0.51 µmol) was dissolved in neat TFA (800 µL) and was allowed to stir for
30 min at 21 °C. A 2.5 M NaOMe in dry MeOH solution (3.5 mL) was added slowly
while stirring and was then added dropwise until the pH reached 9 (litmus). This was
allowed to stir at 21 °C for 1 h and the dendrimer was purified by dialysis with 3500 Da
MWCO tubing in 200 mL H2O for 6 h, changing the H2O once at 3 h, followed by
200 mL DMSO for 24 h, changing the DMSO every 8 h. The liquid was lyophilized to
give 5.2 mg (86% yield) of product as a light yellow solid. 1H NMR (600 MHz,
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d6-DMSO) δ 8.17 – 7.78 (m, 1H), 7.58 (d, J = 5.4 Hz, 0.15H), 4.78 (bs, 0.16H), 4.71 (d, J
= 2.2 Hz, 0.14H), 4.59 (bs, 0.28H), 4.37 (d, J = 15.7 Hz, 0.29H), 4.29 (d, J = 7.3 Hz,
0.16H), 4.23 – 4.11 (m, 0.25H), 3.97 (bs, 0.14H), 3.92 (s, 0.16H), 3.74 – 3.68 (m, 0.15H),
3.67 – 3.61 (m, 0.27H), 3.57 – 3.42 (m, 0.70H), 3.24 – 3.16 (m, 0.37H), 3.08 (bs, 1.28H),
2.66 (bs, 0.82H), 2.43 (bs, 0.52H), 2.20 (bs, 0.89H), 1.84 (s, 0.25H), 1.80 (s, 0.34H), 1.17
(d, J = 5.9 Hz, 0.33H) ppm; 13C NMR (151 MHz, d6-DMSO) δ 172.1, 171.8, 170.6,
170.0, 158.4, 158.2, 158.0, 157.8, 120.9, 118.9, 116.9, 114.9, 105.0, 99.1, 77.5, 76.2,
75.7, 73.7, 71.9, 71.1, 68.6, 68.1, 61.1, 61.0, 59.8, 52.6, 50.0, 49.1, 49.0, 38.9, 38.8, 37.4,
33.7, 23.3, 23.1, 19.1 ppm; MALDI-TOF (pos) m/z = 8550.

β-D-galactopyranosyl-(1→3)-2-acetamido-2-deoxy--D-galactopyranosyl-Lthreonine functionalized Generation 4 PAMAM dendrimer (24). Compound 20
(4.9 mg, 0.12 µmol) was dissolved in neat TFA (500 µL) and was allowed to stir for
30 min at 21 °C. A 2.5 M NaOMe in dry MeOH solution (2.0 mL) was added slowly
while stirring and was then added dropwise until the pH reached 9 (litmus). This was
allowed to stir at 21 °C for 1 h and the dendrimer was purified by dialysis with 3500 Da
MWCO tubing in 200 mL H2O for 6 h, changing the H2O once at 3 h, followed by
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200 mL DMSO for 24 h, changing the DMSO every 8 h. The liquid was lyophilized to
give 2.7 mg (69% yield) of product as a yellow solid. 1H NMR (500 MHz, d6-DMSO)
δ 8.18 – 7.74 (m, 1H), 7.56 (d, J = 5.7 Hz, 0.11H), 4.84 – 4.69 (m, 0.33H), 4.58 (bs,
0.36H), 4.37 (bs, 0.30H), 4.29 (d, J = 7.1 Hz, 0.20H), 4.22 – 4.12 (m, 0.32H), 4.01 – 3.90
(m, 0.35H), 3.76 – 3.60 (m, 0.62H), 3.60 – 3.43 (m, 1.06H), 3.08 (bs, 2.03H), 2.66 (bs,
1.22H), 2.43 (bs, 0.62H), 2.20 (bs, 1.32H), 1.84 (s, 0.31H), 1.80 (s, 0.50H), 1.18 (d, J =
5.7 Hz, 0.42H) ppm; 13C NMR (126 MHz, d6-DMSO) δ 172.1, 171.8, 170.6, 170.0,
158.5, 158.2, 158.0, 119.1, 116.7, 105.0, 99.1, 77.5, 75.8, 73.7, 71.9, 71.2, 68.6, 68.1,
61.1, 61.0, 59.8, 52.6, 50.0, 49.0, 38.9, 38.8, 37.4, 33.7, 23.3, 23.1, 19.0 ppm;
MALDI-TOF (pos) m/z = 31510.

β-D-galactopyranosyl-(1→3)-2-acetamido-2-deoxy--D-galactopyranosyl-Lthreonine functionalized Generation 6 PAMAM dendrimer (25). Compound 21
(5.0 mg, 0.048 µmol) was dissolved in neat TFA (500 µL) and was allowed to stir for
30 min at 21 °C. A 2.5 M NaOMe in dry MeOH solution (2.0 mL) was added slowly
while stirring and was then added dropwise until the pH reached 9 (litmus). This was
allowed to stir at 21 °C for 1 h and the dendrimer was purified by dialysis with 3500 Da
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MWCO tubing in 200 mL H2O for 6 h, changing the H2O once at 3 h, followed by
200 mL DMSO for 24 h, changing the DMSO every 8 h. The liquid was lyophilized to
give 2.3 mg (61% yield) of product as a yellow solid. 1H NMR (500 MHz, d6-DMSO)
δ 8.17 – 7.73 (m, 1H), 7.57 (d, J = 4.8 Hz, 0.07H), 4.82 – 4.68 (m, 0.17H), 4.58 (bs,
0.19H), 4.43 – 4.25 (m, 0.28H), 4.23 – 4.11 (m, 1H), 4.00 – 3.89 (m, 0.15H), 3.70 (bs,
0.15H), 3.68 – 3.60 (m, 0.28H), 3.59 – 3.42 (m, 0.82H), 3.08 (bs, 1.98H), 2.66 (bs,
1.06H), 2.43 (bs, 0.42H), 2.20 (bs, 1.08H), 1.84 (s, 0.31H), 1.80 (s, 0.59H), 1.17 (d, J =
5.0 Hz, 0.37H) ppm; 13C NMR (126 MHz, d6-DMSO) δ 172.1, 171.8, 170.0, 170.0,
158.2, 158.0, 157.7, 119.1, 116.7, 104.9, 77.5, 75.8, 73.7, 71.9, 71.7, 71.2, 68.6, 68.2,
61.1, 61.0, 52.7, 50.0, 49.0, 38.9, 38.8, 37.4, 33.7, 23.3, 23.1, 19.2 ppm; MALDI-TOF
(pos) m/z = 77880.
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CHAPTER THREE

THE STUDY OF TF ANTIGEN FUNCTIONALIZED DENDRIMERS IN
HOMOTYPIC CELLULAR AGGREGATION ASSAYS

Background
Cellular assays are a means to study cellular processes in a straightforward
environment outside the body. Removing the complex in vivo environment allows for the
isolated study of specific pathways. The preliminary in vitro study allows for a greater
understanding of the pathway in vivo and sets the groundwork for further in vivo
research. Homotypic aggregation assays allow for the study of the cellular adhesion of
one cell type with itself. Aggregation assays have been used to study the effect of
galectins in homotypic56, 86, 126, 127 and heterotypic10, 20, 126 cellular aggregation. For this
dissertation, homotypic aggregation was analyzed with the human cell line, A549. This
cell line is a non-small cell lung carcinoma.128 These cells have been shown to
overexpress galectin-3, which contributes to cellular aggregation.56, 129
Previous work from this lab demonstrated that generation 4 and 6 lactose
functionalized dendrimers increased cellular aggregation.56 The extent of cellular
aggregation was determined by measuring the percent of un-aggregated (free) cells in
solution, the process of which will be discussed in further detail in the experimental
section of this chapter. In this previous work, between 70 and 80 percent of the untreated
A549 cells in the control experiments were free cells.
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In the presence of generation 6 lactose functionalized dendrimer, A549 cells
demonstrated an increase in the number of aggregated cells as the concentration of the
dendrimer was increased. A statistically significant difference from free cells was
observed at 6 µM of dendrimer with about 60% free cells and 12 µM of dendrimer with
about 30% free cells (figure 16B), demonstrating significant aggregation caused by
relatively small amounts of dendrimer. Generation 4 dendrimers increased aggregation
slightly at 8 µM to about 60% free cells, but additional dendrimer did not produce an
increase in aggregation (figure 16A). This suggests generation 6 lactose dendrimers are
able to bind multiple galectin-3 and form large crosslinking networks that increase
cellular aggregation, as illustrated in figure 18D. Generation 4 dendrimers are smaller
than generation 6 dendrimers (45 Å vs 67 Å) and while generation 4 dendrimers can still
crosslink and increase aggregation, they are not able to do so to the extent of generation
6. Generation 2 and 3 lactose functionalized dendrimers were shown to have no
significant effect on the aggregation of native A549 cells (figures 17A and 17B),
demonstrating that they are not large enough to bind multiple galectin-3 lectins and create
large crosslinked galectin-3/glycodendrimer networks.

64

Figure 16. The effect of lactose functionalized dendrimers on A549 cells with and
without added galectin-3. (A) Generation 4 dendrimer, (B) Generation 6 dendrimer.
Statistical significance is shown: with respect to untreated cells (squares), with respect to
the galecin-3 standard (circles), and with respect to untreated cells in the galectin
standard experiment (stars). *P < 0.05, **P < 0.01, ***P < 0.001. Figure reprinted with
permission from Michel et al.56

When extra galectin-3 was added to the cells, an increase in aggregation was
observed, reducing the free cells to about 25% of the sample. Generation 2 lactose
functionalized dendrimers were demonstrated to inhibit galectin-3 induced aggregation at
60 µM to about 55% free cells and maintained this level at increasing concentrations
(figure 17A). Generation 3 dendrimers were demonstrated to inhibit galectin-3 induced
aggregation slightly at 36 µM to about 45% free cells, but aggregation was never
inhibited to the extent observed with generation 2 (figure 17B). Generation 4 and 6
lactose functionalized dendrimers were shown to have no significant effect on cells with
increased aggregation from excess galectin-3 (figure 16A and 16B). This demonstrated
the smaller dendrimers’ ability to divert galectin-3 from the native multivalent cell
surface interactions and inhibit the galectin-3 induced aggregation, as illustrated in figure
18C. The multivalency of lactose on small dendrimers created a strong enough binding
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event to compete with the natural TF antigen ligand for galectin-3 binding. The larger
dendrimers are not able to disrupt aggregation because they form the crosslinked
networks previously discussed.

Figure 17. The effect of lactose functionalized dendrimers on A549 cells with and
without added galectin-3. (A) Generation 2 dendrimer, (B) Generation 3 dendrimer.
Statistical significance is shown: with respect to untreated cells (squares), with respect to
the galecin-3 standard (circles), and with respect to untreated cells in the galectin
standard experiment (stars). *P < 0.5, **P < 0.01, ***P < 0.001. Figure reprinted with
permission from Michel et al.56
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Figure 18. Schematic representation of the effects of galectin-3 and dendrimers on cancer
cell aggregation. Galectin-3 is represented in green. MUC1 is represented in blue.
Dendrimers are represented by pink circles. Adhesion molecules are shown in pink on the
cell surface. (A) Cancer cell with MUC1 covering the surface, (B) Galectin-3 polarizing
the surface of the cell and causing aggregation, (C) Small dendrimers diverting galectin-3
from polarizing the cell surface, (D) Large dendrimers forming crosslinking networks and
increasing aggregation. Figure reprinted with permission from Michel et al.56

TF Antigen Functionalized Dendrimers
In order to determine the effect of ligand affinity, TF antigen functionalized
dendrimers were evaluated in cellular aggregation assays with A549 cells analogous to
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the assay performed with lactose functionalized dendrimers. TF antigen functionalized
dendrimers were synthesized for generation 2, 3, 4, and 6 displaying 6, 12, 29, and 68
sugars, respectively (figure 19). The synthesis and characterization of these dendrimers is
discussed in depth in chapter 2. Lactose functionalized dendrimers displayed 11, 22, 40,
and 99 sugars for generations 2, 3, 4, and 6, respectively.130 As the effect of multivalency
is the focus of the study, all TF antigen dendrimer concentrations were made with respect
to the molar concentration of sugars in solution. This sugar concentration remained
constant across generations and matched those of the lactose functionalized dendrimers
used previously. When the number of sugars in solution is equal, any differences
observed can be attributed to the differences in monomeric affinities or to how those
sugars are arranged multivalently.

Figure 19. Generations 2, 3, 4, and 6 TF antigen functionalized dendrimers.

Results
A549 cells were incubated for 1 hour with increasing amounts of dendrimer and
the percent of free cells was calculated. For this study, untreated A549 cells consistently
exhibited between 80 to 90 percent free cells. Surprisingly, all four generations induced
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cellular aggregation as the molarity of dendrimer increased (figure 20). Generation 2
dendrimer demonstrated a statistically significant increase in aggregation at 171 µM with
about 60% free cells. Generation 3 dendrimer demonstrated an increase in aggregation at
99 µM with about 55% free cells. Generation 4 dendrimer demonstrated an increase in
aggregation at 12 µM with 75% free cells. This was a less extreme change than
generations 2 and 3, however a statistical significance was observed due to the smaller
standard deviation, and aggregation continued to increase as dendrimer concentration
increased, as with other generations. Generation 6 dendrimer demonstrated an increase in
aggregation at 8 µM with 75 % free cells, and an increase of aggregation was observed as
dendrimer concentration was increased. The molarity reported in figure 20 is with respect
to the dendrimer. On the graphs, each increase in dendrimer concentration is an increase
in an equal number of sugars across generations. All data summarized in figure 20 is
displayed in Table 7 of appendix B.
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Figure 20. Graphs showing µM TF antigen functionalized dendrimer vs. percent free
cells. (A) Generation 2, (B) Generation 3, (C) Generation 4, (D) Generation 6. *P < 0.1,
**P < 0.05, ***P < 0.01.

Discussion
Contrary to observations with lactose functionalized dendrimers, all generations
of TF antigen functionalized dendrimers induced aggregation. There was not a significant
difference in aggregation observed between generations, with highest dendrimer
molarities giving 60%, 42%, 50%, and 52% free cells for generations 2, 3, 4, and 6,
respectively. Presumably, continued increases in the concentrations of the dendrimers
would further increase cellular aggregation, however larger quantities of dendrimer must
be produced to conduct these experiments. The increased aggregation for TF antigen
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functionalized dendrimers relative to lactose functionalized dendrimers is presumably
due to galectin-3’s higher binding affinity for TF antigen. It seems the stronger binding
affinity allows TF antigen functionalized dendrimers to bind to multiple galectin-3 lectins
even with smaller generations. Small lactose functionalized dendrimers, on the other
hand, were not able to nucleate the formation of large enough aggregates of galectin-3 to
cause cellular aggregation. This indicates that the TF antigen/galectin-3 binding is less
reversible, and crosslinked networks of galectin-3/TF antigen functionalized dendrimers
are formed that increase cellular aggregation regardless of the dendrimer generation.
Interestingly, generation 6 TF antigen functionalized dendrimers induced less
aggregation than generation 6 lactose functionalized dendrimers. This is perhaps due to
the more reversible nature of the monovalent lactose/galectin-3 interaction. If lactose
binding to galectin-3 is more reversible, then the aggregate is capable of rearrangement to
obtain the most stable conformation, allowing more crosslinking and more aggregation of
cancer cells for generation 6. If TF antigen/galectin-3 binding is less reversible, then the
binding is less capable of rearrangement to obtain the most stable conformation for
galectin-3/TF antigen functionalized dendrimers.
Previous examples of this type of dendrimer behavior have been demonstrated in
this lab. Dimannose functionalized dendrimers were studied with a strong binding
protein, cyanovirin-N, and a weaker binding protein, Concanavalin A (Con A).131 The
dendrimers bound the maximum number of Con A proteins capable of fitting on the
dendrimer surface, but significantly less cyanovirin-N proteins were bound than were
able to fit on the surface. In this case, the reversibility of the Con A/mannose interaction
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allowed the protein to move around the surface to achieve the most stable conformation.
The bound Con A proteins were able to adjust so that complete surface coverage of the
glycodendrimer was obtained. However, the stronger binding strength of the cyanovirinN protein to dimmanosides did not allow for the same degree of reversibility in the
dendrimer/protein binding interaction. The proteins were held in the first conformation
established because koff was significantly reduced, not allowing for rearrangement of the
cyanovirin-N/glycodendrimer into an ideal packing pattern.
Another example that demonstrates the importance of the monovalent affinity on
multivalent binding interactions was reported by Candace Goodman with biotin
functionalized dendrimers binding with streptavidin.132 In this study, the size and shape
of aggregates formed by the dendrimer and protein in solution were assessed. The
streptavidin/biotin functionalized dendrimer aggregation was compared to aggregates
formed by concanavalin A and mannose functionalized dendrimers as well as aggregates
formed by galectin-3 and lactose functionalized dendrimers. The streptavidin/biotin
dendrimers produced irregularly shaped and highly polydisperse aggregates in
comparison to the galectin-3/lactose dendrimers, which were spherical in shape and had a
lower polydispersity. This suggests the irreversibility of the streptavidin/biotin binding
creates highly heterogeneous, complex crosslinked networks, while the reversibility of
the galectin-3/lactose binding allows for more uniform networks to be formed. However,
Con A with mannose functionalized dendrimers also produced irregularly shaped, highly
polydisperse aggregates despite Con A having a binding constant for mannose similar to
that of galectin-3 for lactose. Both Con A and streptavidin are tetramers with four binding
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sites per protein, and galectin-3 contains only one binding site per protein, suggesting the
nature of the protein’s multivalency may also be highly significant in the formations of
the crosslinking networks.
For the purposes of this study, the systems being compared both contain
galectin-3, so the protein multivalency variable is removed. It is also notable that
monovalent binding between TF antigen and galectin-3 is reversible. It is the current
hypothesis that the multivalent display of TF antigen creates a much stronger binding
event that is less reversible than when lactose is used multivalently. In order to test the
hypothesis that TF antigen functionalized dendrimers are able to form large crosslinking
networks regardless of size, dynamic light scattering experiments with galectin-3 must be
conducted to examine the size and polydispersity of the lectin/glycodendrimer aggregates
that are formed. A comparison of these results with those of lactose dendrimers and
galectin-3 will give further insight into the disparity seen between the two dendrimers in
cellular aggregation.

Conclusion
In conclusion, TF antigen functionalized dendrimers were evaluated for their
effect on homotypic aggregation of A549 cells, and results from these assays were
compared to results previously reported for lactose functionalized dendrimers. Larger
generations of lactose functionalized dendrimers induced cellular aggregation, while
smaller generations of lactose functionalized dendrimers inhibited galectin-3 induced
cellular aggregation. In contrast, all generations of TF antigen functionalized dendrimers
induced cellular aggregation. The most likely explanation for the differences observed for
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the two systems is that TF antigen binds to galectin-3 more strongly than lactose, giving
multivalent TF antigen the ability to form large crosslinking networks regardless of
dendrimer size. Additional in depth studies are needed to determine the validity of this
hypothesis.

Experimental Procedures
Dendrimers
TF antigen functionalized dendrimers were synthesized as described in chapter 2.
Dendrimers were dissolved in ultrapure water, filtered over a 0.22 µm filter, and the
water was removed by lyophilization. The dendrimers were then dissolved in ultrapure
water at varying concentrations so the number of sugars per milliliter was equivalent to
that used for lactose functionalized dendrimers. Generation 2 was dissolved at 2.37
mg/mL, generation 3 at 2.71 mg/mL, generation 4 at 2.31 mg/mL, and generation 6 at
2.40 mg/mL.

Cell Culture Methods
Human cell line A549 was purchased from ATCC and cultured as recommended
in F-12K media supplemented with 10% fetal bovine serum (FBS) and 100 units/mL
penicillin-streptomycin. The cells were incubated at 37 °C with 5% CO2 in air
atmosphere. For these experiments, cells were used that had been passaged less than 6
times. Cells were dissociated from growth dishes using Trypsin/ EDTA (0.25%/ 0.02%).
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Homotypic Cellular Aggregation Assay
Cells were counted using a hemocytometer and suspended in serum free media
(SFM, F-12K) at 16 million cells per mL. Decreasing amounts (53, 43, 33, 23, and 13
µL) of SFM were added to separate 1.6 mL Eppendorf tubes. The cell suspension (15 µL,
240,000 cells) was added to each tube, and increasing amounts (0, 10, 20, 30, and 40 µL)
of dendrimer solution were added to the respective tubes so the final volume of each tube
was 68 µL. The contents of the tube were gently mixed, and this was allowed to gently
rotate for 1 h at 37 °C, after which 3 aliquots of 10 µL each each were viewed on a Nikon
Eclipse TS-100 phase contrast microscope under 4x magnification. Two images were

taken of each aliquot for analysis. Each assay was repeated in triplicate.

Data Analysis
Each tube yielded 6 images that were stitched together using Microsoft Image
Composite Editor 2.0 with the planar motion setting and structured 2×3 (figure 21). This
composite image was edited using Gimp 2.8 to invert the color so cells would appear
black (figure 22) and the contrast was increased (threshold 90) (figure 23) so cells could
be easily detected by the image analysis software, Pixcavator 5.1. The image was also
resized to 1833×918 to allow Pixcavator 5.1 to read the image. Pixcavator 5.1 was set to
recognize single cells at 30 pixels. The aggregate size data obtained from Pixcavator 5.1
was analyzed in Microsoft Excel with cell aggregates being labelled as anything larger
than 120 pixels. The sum of all dark areas less than 120 pixels was divided by the sum of
all total dark areas to give the percent of free cells. Select images for cellular assays can
be found in appendix B.
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Figure 21. Example image of 6 images stitched together in Microsoft Image Composite
Editor. Cells are shown as white.

Figure 22. Example image of inverted color in Gimp 2.8. Cells are shown as black.
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Figure 23. Example image of increased contrast in Gimp 2.8. Cells are shown as black.

Statistical Analysis
Statistical significance was determined using the unpaired two-tailed student’s ttest. *P < 0.1, **P < 0.05, ***P < 0.01. Data are mean ± SD, n = 3. Statistical
significance reported is with respect to untreated cells.
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CHAPTER FOUR

CHARACTERIZATION OF DENDRIMERS BEARING
CLUSTERS OF END GROUPS

Background
Dendrimers are highly branched macromolecules that are being used for a variety
of biomedical applications such as drug delivery, tissue engineering, and imaging
agents.133, 134 Dendrimers are also used in a variety of analytical applications including
light harvesting, fluorescent sensing, guest encapsulation, gas sensing, and catalysis.135
Many dendrimers bear more than one type of functional group attached to the terminal
end groups. Several techniques to synthesize these heterofunctionalized dendrimers have
been reported,136-140 the simplest of which adds the different end groups either
simultaneously or sequentially in solution in the desired molar ratios.82, 141
Heterofunctionalized therapeutic dendrimers are useful in that they are able to
accommodate the active compound end groups, such as targeting agents or a prodrug,
along with end groups to decrease the dendrimer’s cytotoxicity,78 or to work as imaging
agents.142-145 Heterofunctionalized dendrimers have also been used to improve MRI
contrast agents by decreasing the molecular tumbling time for the MRI imaging agents
currently being employed.146 The ability to arrange the end groups of
heterofunctionalized dendrimers into specific patterns can be very important, as in the
case of partially functionalized tri-mannoside clustered dendrimers. These
glycodendrimers have binding affinity for Concanavalin A equal to fully functionalized
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un-patterned mannose dendrimers with a significant amount of end groups remaining
available for functionalization with a variety of other compounds.147
Spin labeled dendrimers have been used in electron paramagnetic resonance
(EPR) studies to study solvent and temperature effects on the nature of the dendrimer,148
dendrimer interactions with peptides,149 polynucleotides,150 and select amino acids,151 as
well as intermolecular interactions between dendrimers.152 EPR of spin-labeled
compounds was also used to probe the structure of brush polymers,153 as well as the
interactions between double stranded DNA and spermine-based dendrons.154 Previously,
this lab has used spin labeled polyamidoamine dendrimers to show that end group
functionalization occurs in a random manner.141, 155, 156 Adjacent binding sites reactive
toward different ligands have been observed in nature and the binding strength is
increased when both ligands are present.157-161 This type of binding is referred to as
heterobivalent binding. A bi-functionalized dendrimer bearing a random distribution of
end groups may not be sufficient to position the distinct ligands for binding to both sites.
In this case, clustered end groups may be necessary to hold the different ligands near each
other on the surface of the dendrimer.
Because it has been shown that specifically patterning the end groups can have a
significant effect on the dendrimer’s functionality, as seen with the tris-mannoside
clustered dendrimers147 and in the case of heterobivalent binding,161 the focus of this
work is to compare the end group distribution of dendrimers containing spins covalently
linked in clusters to the end group distribution of dendrimers bearing a random
distribution of spins. In a study using a temporary linker, the range of motion for the end
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groups was determined to be so dynamic that a covalent linkage is necessary to keep end
groups near each other in space.156
To determine the patterning of end groups, the line broadening of the EPR
spectrum is analyzed for varying percent loadings of dendrimers with spin labels. It has
been shown that the line broadening can be calculated by taking the peak height ratio for
peaks A and B in the EPR spectrum, as shown in figure 24.141 A larger A/B height ratio
correlates to more line broadening. Increased line broadening correlates to a closer
proximity of dendrimer end groups. Figure 25 shows that when the line broadening (A/B
height ratio) is plotted against the percent loading of the spin label, 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO), three graphs emerge depending on whether the end groups
are arranged randomly, clustered, or as far apart as possible. The clustered and maximally
separated graphs are previously reported theoretical calculations, while the random
distribution graph is previously reported experimental data.141 It should be noted that the
node that appears in the clustered line broadening curve is artifactual. Thus far, this
analysis has given line broadening curves that fit the random distribution model for all
functionalized PAMAM dendrimers that have been studied including a range of sterically
hindered end groups,141 mannose functionalized engroups,155 and end groups temporarily
clustered with boron.156 In this report, dendrimers bearing covalently linked clusters of
end groups that afford a non-random end group distribution are described.
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Figure 24. Peaks A and B in the EPR spectrum are used to determine line broadening
effects.

Figure 25. Theoretical line broadening graphs for clustered end groups (small dashed)
and maximally separated end groups (large dashed) with the line broadening graph for
experimentally determined random end groups (solid). Figure adapted from Walter et
al.141

Results and Discussion
To characterize the changes in the line broadening in the EPR spectrum that occur
upon covalent linkage of spins, sodium 3,5-bis-(3-(3-(N-oxy-2,2,6,6tetramethylpiperidine-4-yl)-thioureido)propoxy) benzoate (27) was synthesized as shown
in scheme 7.
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Scheme 7. The formation of sodium 3,5-bis-(3-(3-(N-oxy-2,2,6,6-tetramethylpiperidine4-yl)-thioureido)propoxy) benzoate 27.
The ammonium salts of methyl 3,5-bis-(3-aminopropoxy)benzoate
dihydrochloride were reduced using sodium methoxide in a mixture of methanol and
water, required for solvation, which converted the methyl ester into carboxylate 26.
Carboxylate 26 was combined with two equivalents of 4-isothiocyanato-2,2,6,6tetramethylpiperidine-1-oxyl (NCS-TEMPO) to give compound 27. No purification was
performed for these steps as the only impurities were unreactive salts. EPR data was
collected for compound 27 at increasing concentrations, and the line broadening was
calculated for each concentration using the A/B peak height ratio.141 The EPR spectra for
27 at various concentrations are shown in figure 26, where peak A has been normalized
to 1 for ease of visual comparison. The height decrease for peak B indicates an increase
in line broadening.
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Figure 26. EPR spectra of compound 27 at increasing concentrations: red: 5 mM, orange:
25 mM, green: 50 mM, blue: 75 mM, purple 100 mM.
The A/B ratios for the spectra of 27 were plotted against the concentrations of
radicals in solution and were compared to that of the 4-amino-TEMPO monomer in equal
concentrations (figure 27). A higher A/B peak height ratio corresponds to more spectral
line broadening. This graph indicates that there is more line broadening for 4-aminoTEMPO than for compound 27 when the concentration is greater than 75 mM on a per
spin basis. Due to the fact that compound 27 has two radicals per molecule, there are half
as many molecules in solution as there are for 4-amino-TEMPO at the equivalent
concentration. Thus, there is a greater distance between molecules and therefore less
intermolecular line broadening for 27 than for 4-amino-TEMPO. At concentrations below
75 mM, dimer 27 shows greater line broadening than that of 4-amino-TEMPO monomer
and appears to be reaching a minimum A/B value. Presumably, this minimum A/B value
correlates to the intramolecular line broadening associated with the dimer (27). When the
dendrimer is functionalized with 27, the local concentration of the spins will be altered,
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eliminating the possibility of intermolecular line broadening. EPR data is collected at a
dendrimer concentration low enough to ensure no intermolecular line broadening can
occur, thus any line broadening observed is intramolecular on the dendrimer surface.

27

Figure 27. Comparison of line broadening between Compound 27 and 4-amino-TEMPO
at increasing concentrations.
Functionalization of G(4) PAMAM dendrimer using compound 27 was attempted
with both EDC/NHS coupling and ethyl chloroformate/TEA coupling. Unfortunately,
both sets of reaction conditions produced significant radical quenching. Hence, the
functionalization of generation 4 PAMAM dendrimer to create di-spin end groups was
performed as shown in scheme 8. The amines of methyl 3,5-bis-(3aminopropoxy)benzoate dihydrochloride were Boc protected followed by the use of
potassium hydroxide to convert the methyl ester to a carboxylate producing carboxylate
28 in an 85% yield. Carboxylate 28 was used for functionalization of G(4) PAMAM
dendrimer in varying percent loadings using NHS and EDC coupling to afford
dendrimers 29-34. A maximum loading of 11 functionalized end groups was reached,
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apparently due to the steric bulk of 28 leaving no space for additional functionalization.
At this point, any accessible unfunctionalized reactive amino termini were acetylated
using acetic anhydride, producing dendrimers 35-40. Two molar hydrochloric acid was
used to remove the Boc protecting groups from 35-40, yielding dendrimers 41-46. The
free amines were functionalized with NCS-TEMPO, producing dendrimers 47-52.

Scheme 8. Preparation of generation 4 dendrimers with radical end groups clustered in
groups of two.
EPR spectra for dendrimers 47-52 were collected and peak A was normalized to
1, as shown in figure 28. The line broadening effects of the resulting spectra were
examined. Because the functionalized end group is so large, the maximum loading that
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could be achieved is 40%. Therefore, the line broadening effects in the spectra are small.
Percent loading was calculated by multiplying the number of functionalized end groups,
n, by two because there are two spins per end group, and assuming 100% loading was n=
55 based on the molecular weight of the unfunctionalized G(4)-PAMAM as determined
by MALDI-TOF MS.162 This allowed the percent loadings to be accurately compared to
those of the generation 4 PAMAM dendrimers functionalized with TEMPO in a random
distribution that have been previously studied.141

Figure 28. EPR spectra of dendrimers 47-52. Black: n=1 (4%), Red: n= 2 (7%), Orange:
n= 4 (15%), Green: n= 5 (18%), Blue: n= 8 (29%), Purple: n= 11 (40%), where n is the
number of end groups functionalized, and percent is the percent loading.
The A/B height ratios of the EPR spectra are as follows: 4%: 0.95, 7%: 0.97,
15%: 1.04, 18%: 1.08, 29%: 1.10, and 40%: 1.13. By plotting the A/B height ratios
against the percent loading and in comparison to the other graphs, a more accurate
representation of the line broadening is displayed. Figure 29 shows that the line
broadening of dendrimers 47-52 aligns reasonably well with the theoretical model for the
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clustered distribution at lower loadings and falls between the curves for the random
distribution and the clustered distribution at higher loadings. The results in figure 29 are
as expected because 47-52 have a random distribution of end groups with two spin labels
per end group. The theoretical model is for the more extreme example in which all spin
labels are clustered together. When comparing the line broadening results from figure 27
and figure 29, a trend is observed in which the curves for tethered TEMPO and the curves
for untethered TEMPO differ most at lower concentrations and begin to converge as
concentrations increase. Absolute comparisons between the A/B ratios of two graphs
cannot be made, due to the fact that a system in which spins are on a dendrimer cannot be
compared to a system in which spins are free in solution, as has been previously
reported.162
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Figure 29. A/B height ratios of dendrimers 47-52 (red line) plotted in comparison with
the theoretical extremes, fully clustered end groups (small dashed) and maximally
separated end groups (large dashed) and the experimentally determined values for a
random distribution of TEMPO (blue line), values taken from Walter et al.141
In an attempt to show reproducibility of these finding, the synthesis of dendrimers
47-52 was attempted numerous times. In each attempt, significant radical quenching was
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observed. Because the step previous to NCS-TEMPO addition required 2 M HCl,
addition of NaOMe was crucial to remove any acid remaining on the dendrimer.
However, higher additions of NaOMe resulted in increased radical quenching, suggesting
the radical is sensitive to basic conditions on the time scale of days. Therefore,
dendrimers where allowed to stir in 1 M NaOMe for 24 hours and dialyzed before
exposure to NCS-TEMPO. Subsequent attempts using this method gave inconclusive
results due to the discovery that several batches of NCS-TEMPO were partially quenched
before use. Further work is needed to re-synthesize dendrimer 47-52 with active radicals
to reproduce the results reported here.

Conclusion
In conclusion, a new dendrimer has been synthesized in which dimers of spin
labeled end groups are incorporated onto the dendrimer. The line broadening curve for
dendrimers 47-52 with di-spin end groups aligns well with the theoretical model for the
clustered distribution at lower loadings and falls between the curves for the random
distribution and the clustered distribution at higher loadings. The experimentally obtained
values for 47-52 suggest that covalent linkage of heterobivalent ligands is most important
for percent loadings below 50% on the dendrimer. Further work is needed to demonstrate
the reproducibility of these preliminary results. Because di-spin labeled dendrimers
provide insight into the properties of covalently linked end groups, this study has
important implications for the development of heterobifunctionalized dendrimers that are
becoming increasingly important for a wide variety of applications.
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Experimental Procedures

General Methods
All chemicals unless otherwise specified were purchased from Sigma-Aldrich or
Fisher Scientific. Generation 4 polyamidoamine dendrimer was purchased from
Dendritech, Inc. Methyl 3,5-bis-(3-aminopropoxy)benzoate dihydrochloride was
purchased from Syrwit Technology Co., ltd. NCS-TEMPO was purchased from Tokyo
Chemical Industry Co., ltd. 13C and 1H NMR were recorded on a Bruker DRX 500 MHz
spectrometer. Partial protons are reported in NMR data representing peak ratios due to
the large number of protons in each dendrimer and the variability in the number of the
functionalized end groups within a single sample. Mass spectrometry data was obtained
on a Bruker Autoflex III MALDI-TOF in positive linear mode with an acceleration
voltage of 19 kilovolts. MALDI samples were prepared in a 10000:1 matrix: analyte ratio
with 3-indoleacrylic acid as the matrix and DMF as the solvent. The molecular weight
was calculated with a peak centroid based on a peak width of approximately 5,000. EPR
spectra were obtained on a Varian E-109 X-band spectrometer with a lab built computer
interface. Dendrimers were dissolved in a 3:1 mixture of DMSO/glycerol at
approximately 1 × 10-4 M. Serial dilutions were performed to ensure concentrations were
below the threshold for intermolecular line broadening. Samples were scanned at a power
of 0.0002 mW. The field was scanned over a range of 200 G with 100 kHz modulation at
an amplitude of 1 G. The scan rate was 100 G/min. with a time constant of 250 ms.
Relevant spectra can be found in Appendix C.
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Sodium (3-aminopropoxy)benzoate (26). Methyl 3,5-bis-(3aminopropoxy)benzoate dihydrochloride (44.4 mg, 0.13 mmol) was dissolved in
4:1 MeOH: H2O (1.5 mL) and added to a 5 mL round bottom flask charged with 1 mL
MeOH/NaOMe (3.5 equiv. NaOMe). This was allowed to stir at 21 °C for 17 h and
concentrated in vacuo, affording 35.0 mg (>100% yield) of crude product as a white
powder with unreactive salts. 1H NMR (500 MHz, D2O) δ 6.87 (s, 2H), 6.33 (s, 1H), 3.79
(t, J= 6.7 Hz, 4H), 2.54 (appt. t, J= 7.2 Hz, 4H), 1.65 (dt, J= 6.7, 13.8 Hz, 4H) ppm; 13C
NMR (125 MHz, D2O) δ 174.2, 159.2, 139.0, 107.9, 104.4, 66.7, 37.7, 31.5 ppm; HRMS
(micro-TOF) m/z= 269.1497 g/mol (calculated M+H = 269.1501 g/mol for C13H20N2O4).
Sodium 3,5-bis-(3-(3-(N-oxy-2,2,6,6-tetramethylpiperidine-4-yl)thioureido)propoxy) benzoate (27). Crude compound 26 (35.0 mg) was suspended in
DMSO (2 mL) and NCS-TEMPO (64.1 mg, 0.30 mmol) was slowly added to the reaction
flask wrapped in aluminum foil. This was allowed to stir at 21 °C for 24 h. The reaction
was concentrated in vacuo giving an orange powder in a crude yield of greater than 100%
due to salts. HRMS (micro-TOF) m/z = 717.3431 g/mol (calculated M+H = 717.3444
g/mol for C33H53N6NaO6S22•).
Methyl 3,5-bis-(3-(tert-butyloxycarbonylamido)propoxy)benzoate. A solution
of methyl 3,5-bis-(3-aminopropoxy)benzoate dihydrochloride (0.43 g, 1.21 mmol) and
NaHCO3 (0.41 g, 4.88 mmol) in H2O (10 mL) was combined with a solution of di-tertbutyl dicarbonate (0.53 g, 2.43 mmol) in THF (6 mL) and was allowed to stir at 21 ºC for
20 h. The THF was removed in vacuo and the resulting mixture was diluted with H2O
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(20 mL) and extracted with Et2O (3 × 40 mL). The combined Et2O layers were washed
with brine (2 × 40 mL) and dried over MgSO4. The reaction was concentrated in vacuo
affording 0.57 g (96% yield) of product as a white solid. 1H NMR (500 MHz, CDCl3)
δ 7.15 (d, J=2.4 Hz, 2H), 6.61 (t, J= 2.4 Hz, 1H), 4.70 (s, 2H, N-H), 4.01 (t, J= 6.1 Hz,
4H), 3.88 (s, 3H, Me-H), 3.30 ( appt. q, J= 6.1 Hz, 4H), 1.96 (p, J= 6.1 Hz, 4H), 1.42 (s,
18H, Boc-H) ppm; 13C NMR (125 MHz, CDCl3) δ 166.7, 159.8, 156.0, 131.9, 107.8,
106.5, 79.2, 66.0, 52.2, 37.8, 29.4, 28.4 ppm; HRMS (micro-TOF) m/z = 483.2925
(calculated m/z M+H = 483.2706 for C24H38N2O8). Consistent with literature values.163
Potassium 3,5-bis-(3-(tert-butyloxycarbonylamido)propoxy)benzoate (28).
Methyl 3,5-bis-(3-(tert-butyloxycarbonylamido)propoxy)benzoate (0.21 g, 0.44 mmol)
was dissolved in THF (8.5 mL) and a solution of potassium hydroxide (25.1 mg, 0.45
mmol) dissolved in H2O (1 mL) was added. The mixture was allowed to stir at 21 °C for
19 h. The THF was removed in vacuo, leaving a white solid. This solid was dissolved in
H2O (35 mL) and washed with Et2O (2 × 20 mL). The aqueous layer was concentrated in
vacuo yielding 0.18 g (89% yield) of product as a white solid. 1H NMR (500 MHz, D2O)
δ 6.92 (s, 2H), 6.46 (s, 1H), 3.90 (t, J= 6.3 Hz, 4H), 3.06 (appt. t, J= 6.05 Hz, 4H), 1.791.70 (m, 4H), 1.19 (s, 18H, Boc-H) ppm; 13C NMR (125 MHz, D2O) δ 174.2, 159.1,
158.0, 139.2, 108.1, 104.7, 80.7, 66.3, 37.2, 28.5, 27.7 ppm; HRMS (micro-TOF) m/z =
491.2529 (calculated M+H = 491.2369 for C23H35N2NaO8). Consistent with literature
values.163
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3,5-Bis[3-(tert-butyloxycarbonylamido)propyloxy]benzoamide functionalized
generation 4 polyamidoamine dendrimers (29-34). The following solutions were
made: 0.41 M EDC in 2:1 DMSO: H2O, 0.63 M NHS in DMSO, and 0.44 M potassium
3,5-Bis[3-(tert-butyloxycarbonylamido)propyloxy]benzoate (28) in 2:3 DMSO: H2O.
Exact amounts used for each reaction are summarized in Table 3. The appropriate
aliquots of each solution for each dendrimer were mixed in 6 different 1 dram vials and
allowed to stir for 15 min at 21 °C. Generation 4 PAMAM dendrimer was transferred
into 6 different 1 dram vials and dissolved in enough DMSO so that the final volume
would equal 2.7 mL. The corresponding solutions of EDC, NHS, and compound 28 were
added to the dendrimer solutions while stirring to achieve the varying percent loadings.
This was allowed to stir at 21 °C for 16 h. The solutions were dialyzed separately in H2O
(3 × 500 mL) for 2 h each and concentrated in vacuo.

Prod.
29
30
31
32
33
34

G(4) PAMAM
mg (mol)
35.3 mg
(2.59×10-6 mol)
32.9 mg
(2.42×10-6 mol)
30.6 mg
(2.25×10-6 mol)
30.2 mg
(2.22×10-6 mol)
29.9 mg
(2.20×10-6 mol)
29.5 mg
(2.17×10-6 mol)

EDC mg (mol)

NHS mg (mol)

3 mg (mol)

5.5 mg
(3.57×10-5 mol)
10.3 mg
(6.65×10-5 mol)
14.4 mg
(9.27×10-5 mol)
18.9 mg
(1.22×10-4 mol)
28.1 mg
(1.81×10-4 mol)
36.9 mg
(2.38×10-4 mol)

2.9 mg
(2.50×10-5 mol)
5.4 mg
(4.65×10-5 mol)
7.5 mg
(6.49×10-5 mol)
9.8 mg
(8.54×10-5 mol)
14.6 mg
(1.27×10-4 mol)
19.2 mg
(1.67×10-4 mol)

1.8 mg
(3.57×10-6 mol)
3.4 mg
(6.65×10-6 mol)
4.7 mg
(9.27×10-6 mol)
6.2 mg
(1.22×10-5 mol)
9.2 mg
(1.81×10-5 mol)
12.1 mg
(2.38×10-5 mol)

N1
(loading)2

%
Yield3

1 (4%)

96%

2 (7%)

quant.

4 (15%)

95%

5 (18%)

quant.

8 (29%)

quant.

11 (40%)

quant.

1.

N = the number of end groups functionalized.
% loading = N divided by 55 (total number of end groups) and multiplied by 2 (for the number of
spins per end group).
3.
Quant. means quantitative yield
2.

Table 3. Amounts used for dendrimers 29-34.
Dendrimer 29. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 4.01 (s, 0.05H), 3.48-3.15 (m,
2.45H), 3.12 (bs, 0.2H), 2.79 (bs, 2.49H), 2.59 (bs, 1.00H), 2.48-2.30 (m, 1.98H), 1.92-
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1.86 (m, 0.04H), 1.37 (s, 0.13H, Boc-H) ppm; 13C NMR (125 MHz, 3:2 d8-THF: D2O) δ
174.88, 174.68, 174.31, 164.46, 51.69, 49.44, 44.03, 40.61, 40.29, 39.97, 38.83, 36.98,
36.71, 36.51, 33.07, 27.90, 25.09, 13.73 ppm; MALDI-TOF (pos) m/z = 14100.
Dendrimer 30. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 4.00-3.91 (m, 0.07H), , 3.413.10 (m, 2.64H), 3.07 (bs, 0.15H), 2.90-2.66 (m, 2.32H), 2.54 (bs, 1.00H), 2.45-2.26 (m,
2.00H), 1.90-1.79 (m, 0.07H), 1.31 (s, 0.25H, Boc-H) ppm; 13C NMR (125 MHz, 3:2
d8-THF: D2O) δ 174.78, 174.51, 174.13, 173.82, 159.85, 51.55, 49.31, 44.03, 43.85
40.48, 40.15, 39.76, 39.14, 38.70, 36.88, 36.57, 36.37, 32.92, 27.76, 24.97, 13.59 ppm;
MALDI-TOF (pos) m/z = 14400.
Dendrimer 31. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 4.04-3.95 (m, 0.10H) 3.49-3.12
(m, 2.78H), 2.91 (bs, 0.59H), 2.77 (bs, 1.64H), 2.66-2.30 (m, 1.00H), 2.49-2.29 (m,
2.00H), 1.94-1.84 (m, 0.11H), 1.35 (s, 0.40H, Boc-H) ppm; 13C NMR (125 MHz, 3:2
d8-THF: D2O) δ 176.68, 172.98, 172.59, 172.23, 158.10, 157.97, 157.38, 49.71, 47.51,
41.92, 37.81, 37.31, 36.85, 35.04, 34.72, 31.10, 27.44, 25.90, 23.13 ppm; MALDI-TOF
(pos) m/z = 15400.
Dendrimer 32. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 4.02-3.91 (m, 0.14H) 3.46-3.07
(m, 2.88H), 2.92 (bs, 0.39H), 2.74 (bs, 1.69H), 2.64-2.47 (m, 1.00H), 2.34 (bs, 1.83H),
1.91-1.79 (m, 0.15H) 1.32 (s, 0.53H, Boc-H) ppm; 13C NMR (125 MHz, 3:2 d8-THF:
D2O) δ 178.50, 174.91, 174.45, 174.09, 159.97, 159.83, 156.69, 136.10, 105.81, 105.73,
66.04, 51.60, 49.40, 39.59, 39.17, 38.72, 36.92, 36.58, 32.97, 29.30, 27.77, 25.00 ppm;
MALDI-TOF (pos) m/z = 15900.
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Dendrimer 33. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 6.99 (s, 0.11H), 6.56 (s, 0.05H),
4.00 (bs, 0.16H), 3.49-3.09 (m, 3.15H), 3.00 (bs, 0.18H), 2.77 (bs, 1.65H), 2.67-2.51 (m,
1.00H), 2.37 (bs, 2.13H), 1.96-1.80 (m, 0.21H) 1.35 (s, 0.93H, Boc-H) ppm; 13C NMR
(125 MHz, 3:2 d8-THF: D2O) δ 172.58, 172.18, 171.87, 158.10, 157.94, 154.79, 134.24,
103.94, 76.67, 64.17, 49.73, 47.53, 37.69, 37.32, 36.85, 35.28, 35.07, 34.71, 31.12, 27.43,
25.90, 23.12 ppm; MALDI-TOF (pos) m/z = 17000.
Dendrimer 34. 1H NMR (500 MHz, 3:2 d8-THF: D2O) δ 6.95 (s, 0.12H), 6.52 (s, 0.05H),
3.96 (bs, 0.32H), 3.47-3.06 (m, 3.60H), 2.74 (bs, 1.78H), 2.55 (bs, 1.00H), 2.33 (bs,
2.07H), 1.85 (bs, 0.32H) 1.31 (s, 1.27H, Boc-H) ppm; 13C NMR (125 MHz, 3:2 d8-THF:
D2O) δ 174.40, 174.27, 174.02, 173.68, 159.97, 159.79, 156.63, 136.12, 105.80, 78.45,
66.02, 51.63, 49.42, 39.56, 39.19, 38.72, 37.15, 36.95, 36.57, 35.93, 35.48, 33.01, 29.32,
27.78 ppm; MALDI-TOF (pos) m/z = 18500.
3,5-Bis[3-(tert-butyloxycarbonylamido)propyloxy]benzoamide and acetyl
bifunctionalized generation 4 polyamidoamine dendrimers (35-40). Exact amounts
used for each reaction are summarized in Table 4. Dendrimers (29-34) were dissolved in
the corresponding amount of 3:2 THF: H2O to create a 1 mM solution. Ac2O (275 equiv.)
was added to the solutions which were allowed to stir for 3.5 h at 21 °C. A 1 M aqueous
solution of NaHCO3 (825 equiv.) was added slowly over a 20 min period. The solutions
were allowed to stir uncapped for 1.5 h and dialyzed separately in alternating H2O
(500 mL) and MeOH (500 mL) twice for 2 h each. The reactions were concentrated in
vacuo.
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Product
35
36
37
38
39
40
1.

29-34 mg (mol)

Ac2O mg (mol)

(29) 25.5 mg
(1.81×10-6 mol)
(30) 26.9 mg
(1.87×10-6 mol)
(31) 16.7 mg
(1.08×10-6 mol)
(32) 26.7 mg
(1.68×10-6 mol)
(33) 28.9 mg
(1.70×10-6 mol)
(34) 19.0 mg
(1.03×10-6 mol)

50.8 mg
(4.98×10-4 mol)
52.6 mg
(5.15×10-4 mol)
30.3 mg
(2.97×10-4 mol)
47.2 mg
(4.62×10-4 mol)
47.7 mg
(4.67×10-4 mol)
28.8 mg
(2.82×10-4 mol)

NaHCO3 mg
(mol)
126.5 mg
(1.51×10-3 mol)
126.6 mg
(1.51×10-3 mol)
73.3 mg
(8.73×10-4 mol)
116.5 mg
(1.39×10-3 mol)
117.9 mg
(1.40×10-3 mol)
72.8 mg
(8.67×10-4 mol)

N1

% yield

53

90%

39

76%

30

80%

21

68%

20

80%

20

94%

N = number of acetylated end groups

Table 4. Amounts used for dendrimers 35-40.
Dendrimer 35. 1H NMR (500 MHz, CD3OD) δ 3.46-3.15 (m, overlap with solvent peak
precludes integration), 2.77 (bs, 1.91H), 2.57 (bs, 1.00H), 2.35 (bs, 1.70H), 1.93 (s,
0.87H), 1.41 (s, 0.07H, Boc-H) ppm; 13C NMR (125 MHz, CD3OD) δ 173.68, 173.26,
172.02, 52.08, 49.77, 49.69, 48.44, 43.76, 38.78, 38.63, 37.27, 33.37, 21.48 ppm;
MALDI-TOF (pos) m/z = 16800.
Dendrimer 36. 1H NMR (500 MHz, CD3OD) δ 6.95 (s, 0.01H), 3.44-3.14 (m, overlap
with solvent peak precludes integration), 2.77 (bs, 1.82H), 2.56 (bs, 1.00H), 2.35 (bs,
1.84H), 1.93 (s, 0.68H), 1.41 (s, 0.13H, Boc-H) ppm; 13C NMR (125 MHz, CD3OD) δ
173.71, 173.29, 172.07, 52.07, 49.76, 43.73, 38.78, 38.64, 37.24, 33.32, 27.48, 21.50
ppm; MALDI-TOF (pos) m/z = 16800.
Dendrimer 37. 1H NMR (500 MHz, CD3OD) δ 6.95 (s, 0.03H), 6.63 (s, 0.02H), 3.99 (s,
0.11H), 3.55-3.13 (m, overlap with solvent peak precludes integration), 2.77 (bs, 1.75H),
2.57 (bs, 1.00H), 2.35 (bs, 1.89H), 1.93 (s, 0.55H), 1.40 (s, 0.35H, Boc-H) ppm; 13C
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NMR (125 MHz, CD3OD) δ 173.71, 173.30, 172.08, 159.52, 52.07, 49.77, 38.78, 37.30,
33.41, 27.48, 21.52 ppm; MALDI-TOF (pos) m/z = 17200.
Dendrimer 38. 1H NMR (500 MHz, CD3OD) δ 6.95 (s, 0.02H), 4.01 (s, 0.12H), 3.49-3.14
(m, overlap with solvent peak precludes integration), 2.77 (bs, 1.77H), 2.56 (bs, 1.00H),
2.35 (bs, 1.92H), 1.93 (bs, 0.39H), 1.40 (s, 0.45H, Boc-H) ppm; 13C NMR (125 MHz,
CD3OD) δ 173.69, 173.28, 160.24, 159.52, 157.10, 136.17, 105.74, 78.56, 65.56, 52.09,
49.77, 38.80, 37.31, 36.52, 33.44, 29.36, 27.50 ppm; MALDI-TOF (pos) m/z = 16600.
Dendrimer 39. 1H NMR (500 MHz, CD3OD) δ 6.95 (s, 0.07H), 6.62 (s, 0.02H), 4.01 (s,
0.28H), 3.50-3.14 (m, overlap with solvent peak precludes integration), 2.77 (bs, 1.86H),
2.56 (bs, 1.00H), 2.35 (bs, 2.05H), 1.97-1.86 (m, 0.40H), 1.40 (s, 0.91H, Boc-H) ppm;
13

C NMR (125 MHz, CD3OD) δ 173.69, 173.28, 160.24, 159.52, 157.10, 136.17, 105.74,

78.56, 65.56, 52.09, 49.77, 38.80, 37.31, 36.52, 33.44, 29.36, 27.50 ppm; MALDI-TOF
(pos) m/z = 17800.
Dendrimer 40. 1H NMR (500 MHz, CD3OD) δ 6.95 (s, 0.13H), 6.62 (s, 0.07H), 3.99 (s,
0.32H), 3.49-3.09 (m, overlap with solvent peak precludes integration), 2.76 (bs, 1.69H),
2.55 (bs, 1.00H), 2.34 (bs, 2.25H), 1.98-1.83 (m, 0.44H), 1.40 (s, 1.28H, Boc-H) ppm;
13

C NMR (125 MHz, CD3OD) δ 173.69, 160.24, 105.75, 99.99, 78.56, 65.53, 52.09,

49.79, 37.05, 33.36, 29.34, 27.50 ppm; MALDI-TOF (pos) m/z = 19300.
3,5-Bis (3-amino-propoxy) benzoamide and acetyl bifunctionalized
generation 4 polyamidoamine dendrimers (41-46). Exact amounts used are
summarized in Table 5. Dendrimers (35-40) were suspended in THF (0.4 mL) and a
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5 M HCl aqueous solution (0.2 mL) was added while stirring, causing the dendrimers to
dissolve. The solutions were allowed to stir at 21 °C for 16.5 h. The solutions were
quenched with a saturated NaHCO3 solution (1.1 mL) and allowed to stir for 30 min. The
solutions were dialyzed separately in H2O (3 × 500 mL) followed by DMSO
(1 × 250 mL) for 1.5 h each. The reactions were concentrated in vacuo.

Product
35-40 mg (mol)
(35) 27.5 mg (1.64×10-6 mol)
41
(36) 24.0 mg (1.43×10-6 mol)
42
(37) 14.8 mg (8.60×10-7 mol)
43
(38) 18.9 mg (1.14×10-6 mol)
44
(39) 24.3 mg (1.37×10-6 mol)
45
(40) 18.6 mg (9.64×10-7 mol)
46
Table 5. Amounts used for dendrimers 41-46.

% Yield
49%
50%
60%
55%
68%
39%

Dendrimer 41. 1H NMR (500 MHz, d6-DMSO) δ 8.21-7.70 (m, 1.31H), 3.33 (s, 0.90H),
3.24-2.93 (m, 3.58H), 2.79-2.45 (m, overlap with solvent peak precludes integration),
2.38 (bs, 1.00H), 2.15 (bs, 2.11H), 1.75 (s, 0.92H) ppm; 13C NMR (125 MHz, d6-DMSO)
δ 172.08, 171.77, 169.91, 52.57, 50.03, 44.99, 40.90, 38.88, 38.80, 37.37, 33.74, 23.04
ppm; MALDI-TOF (pos) m/z = 14900.
Dendrimer 42. 1H NMR (500 MHz, d6-DMSO) δ 8.30-7.75 (m, 1.16H), 3.31 (s, 2.52H),
3.22-2.92 (m, 3.25H), 2.74-2.46 (m, overlap with solvent peak precludes integration),
2.39 (bs, 1.00H), 2.15 (bs, 2.09H), 1.75 (s, 0.72H) ppm; 13C NMR (125 MHz, d6-DMSO)
δ 172.09, 169.92, 52.57, 50.06, 40.90, 38.89, 37.37, 33.75, 23.04 ppm; MALDI-TOF
(pos) m/z = 16100.
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Dendrimer 43. 1H NMR (500 MHz, d6-DMSO) δ 8.33-7.71 (m, 1.25H), 3.31 (s, 1.91H),
3.21-2.93 (m, 3.94H), 2.77-2.45 (m, overlap with solvent peak precludes integration),
2.39 (bs, 1.00H), 2.16 (bs, 2.54H), 1.75 (s, 0.61H) ppm; 13C NMR (125 MHz, d6-DMSO)
δ 172.08, 169.92, 52.55, 50.02, 40.90, 38.89, 37.39, 33.74, 23.04 ppm; MALDI-TOF
(pos) m/z = 16000.
Dendrimer 44. 1H NMR (500 MHz, d6-DMSO) δ 8.30-7.73 (m, 1.06H), 6.94 (s, 0.03H),
6.56 (s, 0.02H), 3.99 (s, 0.13H), 3.32 (s, 0.95H), 3.22-2.92 (m, 3.06H), 2.74-2.45 (m,
overlap with solvent peak precludes integration), 2.38 (bs, 1.00H), 2.15 (bs, 2.13H), 1.75
(s, 0.47H) ppm; 13C NMR (125 MHz, d6-DMSO) δ 172.10, 169.91, 52.54, 50.05, 40.91,
38.89, 37.41, 33.73, 23.04 ppm; MALDI-TOF (pos) m/z = 16500.
Dendrimer 45. 1H NMR (500 MHz, d6-DMSO) δ 8.33-7.73 (m, 1.18H), 6.94 (s, 0.08H),
6.55 (s, 0.07H), 3.99 (s, 0.31H), 3.31 (s, 2.02H), 3.22-2.91 (m, 3.64H), 2.77-2.44 (m,
overlap with solvent peak precludes integration), 2.38 (bs, 1.00H), 2.16 (bs, 2.36H), 1.75
(s, 0.41H) ppm; 13C NMR (125 MHz, d6-DMSO) δ 171.83, 160.12, 106.10, 66.23, 52.57,
50.06, 40.91, 38.89, 37.39, 33.73, 30.87, 23.04 ppm; MALDI-TOF (pos) m/z = 17300.
Dendrimer 46. 1H NMR (500 MHz, d6-DMSO) δ 8.33-7.71 (m, 1.26H), 6.95 (s, 0.10H),
6.56 (s, 0.06H), 4.01 (s, 0.56H), 3.42 (s, 3.71H), 3.28-2.90 (m, 5.00H), 2.80-2.45 (m,
overlap with solvent peak precludes integration), 2.38 (bs, 1.00H), 2.16 (bs, 2.42H), 1.76
(s, 0.33H) ppm; 13C NMR (125 MHz, d6-DMSO) δ 171.88, 164.20, 160.07, 126.21,
106.12, 75.35, 66.15, 62.91, 52.56, 50.88, 50.02, 44.59, 40.90, 38.88, 37.38, 35.54, 33.77
ppm; MALDI-TOF (pos) m/z = 17600.
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3,5-Bis[3-(3-(N-oxy-2,2,6,6-tetramethyl-piperidine-4-yl)-thioureido)propoxy]benzoamide and acetyl bifunctionalized generation 4 polyamidoamine
dendrimers (47-52). Exact amounts used are summarized in table 6. Dendrimers (41-46)
were dissolved in a 34 mM solution of NaOMe in MeOH (0.3 mL) and allowed to stir for
1 h. An additional 0.1 mL of the NaOMe solution was added to each and allowed to stir
for 1.75 h. The reactions were concentrated in vacuo. A solution of NCS-TEMPO in
DMSO (0.12 M) was made and the appropriate aliquot was added to each reaction to give
70 equivalents of NCS-TEMPO per dendrimer. The reactions were vortexed until all
dendrimer went into solution, wrapped in aluminum foil, and allowed to stir at 21 °C for
23 h. After which, an additional 70 equivalents of NCS-TEMPO was added to each. The
reactions were concentrated in vacuo, re-dissolved in a minimum amount of DMSO, and
allowed to continue to stir wrapped in aluminum foil for 3 d. The reactions were dialyzed
separately in DMSO (3 × 80 mL) and concentrated in vacuo. Another 70 equivalents of
NCS-TEMPO was added to each reaction and allowed to stir for 2 d, followed by an
additional 70 equivalents of NCS-TEMPO and removal of DMSO in vacuo. The
reactions were re-dissolved in a minimum amount of DMSO and were allowed to stir for
3 d. The reactions were dialyzed in DMSO (3 × 80 mL) and concentrated in vacuo.

Product
47
48
49
50
51
52
1.

41-46 mg (mol)
(41) 2.7 mg (1.81×10-7 mol)
(42) 3.1 mg (1.93×10-7 mol)
(43) 3.2 mg (2.00×10-7 mol)
(44) 2.8 mg (1.70×10-7 mol)
(45) 3.1 mg (1.79×10-7 mol)
(46) 2.8 mg (1.59×10-7 mol)

Quant. means quantitative yield.

Table 6. Amounts used for dendrimers 47-52.

% Yield1
67%
19%
quant.
69%
22%
quant.
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3350

Figure 30. Dendrimer 47 EPR: A/B peak height ratio: 0.95
MALDI-TOF (pos) m/z = 16600.

1.1
0.6
0.1
-0.4
-0.9
-1.4
3150

3200

3250

3300

Figure 31. Dendrimer 48. EPR: A/B peak height ratio: 0.97
MALDI-TOF (pos) m/z = 16900
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Figure 32. Dendrimer 49. EPR: A/B peak height ratio: 1.04
MALDI-TOF (pos) m/z = 21300.
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Figure 33. Dendrimer 50. EPR: A/B peak height ratio: 1.08
MALDI-TOF (pos) m/z = 20800.

3350

101

0.7

0.2

-0.3

-0.8

-1.3
3150

3200

3250

3300

3350

Figure 34. Dendrimer 51. EPR: A/B peak height ratio: 1.10
MALDI-TOF (pos) m/z = 20800.
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Figure 35. Dendrimer 52. EPR: A/B peak height ratio: 1.13
MALDI-TOF (pos) m/z = 22500.
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Abstract. InCl3, InBr3, and In(OTf)3 were tested as promoters in the preparation of
glycosides from trichloroacetimidate precursors. A range of protecting groups and of
alcohol acceptors were used to determine the versatility of these promoters. Disaccharide
formation was demonstrated. In most cases, the In(III) compounds were shown to
promote glycosylation better than the widely used promoter BF3•OEt2.

Keywords: Glycosylation, Trichloroacetimidate, Indium(III) promotion, InBr3, InCl3,
In(OTf)3

Graphical abstract.
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Glycosylation is one of the most widely used processes in carbohydrate
chemistry. It is one of the most common post translational modifications164 and thus is an
important reaction in the synthesis and study of biologically relevant molecules.
Synthetic methods of glycosylation require activation of the carbohydrate donor.165-168
These reactions have been researched and reviewed extensively,169, 170 and promotion of a
trichloroacetimidate donor with a Lewis acid is common.100, 168 Due to the broad scope of
glycosylation reactions, there is a constant need for new promoters to fine tune the
reaction for specific donors and acceptors. Several of these promoters are heavy metal
based, which can be impractical due to the waste generated.165, 171-173 BF3•OEt2 and
TMSOTf are common alternatives as they avoid heavy metal waste,100, 168 however these
promoters are hygroscopic, and BF3•OEt2 requires distillation prior to use, which creates
difficulty in utility.
This paper describes the use of indium(III) as an alternative to current promoters.
In(III) is desirable when compared to other Lewis acids due to its stability in air and
water174, 175 and relatively low toxicity.176 Since it is a weaker Lewis acid than the other
heavy metal promoters, In(III) should be compatible with a wider range of substrates.177
In carbohydrate synthesis, In(III) has been reported to catalyze peracetylation,178
acetolysis, formation and hydrolysis of acetals, and formation of thioglycosides.179, 180 In
addition, InCl3 has been reported as a glycosylation promoter using glycohalide
donors,181, 182 as well as peracetylated trichloroacetimidates.183 While these sources
focused on InCl3, this paper broadens the scope to include other In(III) glycosylation
promoters in the presence of a variety of protecting groups and alcohol acceptors.
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To investigate glycosylation reactions with In(III), InBr3, InCl3, and In(OTf)3
were used as promoters for the glycosylation of three trichloroacetimidate donors with
four alcohol acceptors. The strategy for reaction development is shown in Scheme 1.
Acetyl, benzyl, and acetonide protecting groups were chosen to provide a stability range
that tested the limitations of the In(III) promoters. Primary, tertiary, and benzylic alcohols
were chosen as glycosyl acceptors to demonstrate the steric range through which the
varying In(III) compounds should be effective. The promoter BF3•OEt2 was used for
comparison with In(III) reagents. Overall, this paper describes a simple reaction
procedure for In(III) promoted glycosylation reactions.

Scheme 1. In(III)-promoted glycosylation.

To identify optimal reaction conditions for each promoter, reactions were
performed at a variety of different temperatures and with varying amounts of promoter.
Reactions were monitored by 1H NMR for the presence of the trichloroacetimidate
starting material to determine how long the reactions should be performed. For acetyl
protected mannosyl donor 1, reactions at 0 ºC were found to be optimal. As shown in
Table 1, using alcohols 5 and 7 as the acceptor, 0.5 equivalents of InCl3 was necessary
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with this Lewis acid. Only 10 mol % of InBr3 was required (with decomposition
becoming increasingly significant as larger amounts of InBr3 were added). A trace
amount of In(OTf)3 was sufficient for glycosylation to occur in good yield. Thus,
reactions using trichloroacetimidates 1-3 with alcohols 4-7 are reported using 0.1
equivalents of InBr3, 0.25-0.5 equivalents of InCl3, and 0.05 equivalents or a trace
amount of In(OTf)3. Additional optimization reactions are summarized in Table S1 of the
Supplementary Data.

Table 1. Optimization of reaction conditions using 1 and 5 or 7.

Alcohol
7

Promoter
InBr3 (0.9 equiv.)

Time
(min)a
20

Yield (%)b
63

7

InBr3 (0.2 equiv.)

20

59

7

InBr3 (0.1 equiv.)

30

75

7

InBr3 (0.06 equiv.)

10

68

5

InCl3 (0.5 equiv.)

20

72

5

InCl3 (0.25 equiv.)

50

59

7

In(OTf)3 (1.0 equiv.)

10

37

7

In(OTf)3 (0.2 equiv.)

10

37

7

In(OTf)3 (0.1 equiv.)

10

52

7

In(OTf)3 (0.06 equiv.)

15

54

7

In(OTf)3 (trace)

20

54

none
60
0
7
Time to reaction completion.
b
Yields determined by 1H NMR spiked with a mesitylene standard.
a
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A series of experiments were performed to compare In(III) promoters against the
standard method of BF3•OEt2 in glycosylation promotion, and these studies are
summarized in Tables 2-4. Reactions using the peracetylated mannosyl
trichloroacetimidate 1 are reported in Table 2. In general, InBr3 and InCl3 were shown to
perform better than BF3•OEt2, with preference toward InBr3 or InCl3 being acceptor
dependant. With alcohols 4-6, In(OTf)3 afforded lower yields of glycosylation products,
but this trend is not observed with trichloroacetimidates 2 and 3 (vide infra). NMR yields
with alcohol 4 were so low that no isolated yield was attempted. Only the alpha product
was observed, presumably due to the neighboring group participation of the acetyl group
at C2 on the mannoside and due to the anomeric effect.
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Table 2. Glycosylation results using peracetylated trichloroacetimidate 1.

Product
8

Promoter
(equiv.)
InBr3 (0.1)

Timea
(min.)
30

8

InCl3 (0.5)

20

45

8

In(OTf)3 (0.05)

15

6b

8

BF3•OEt2 (0.2)

30

59

9

InBr3 (0.1)

30

53

9

InCl3 (0.5)

20

72

9

In(OTf)3 (0.05)

15

31

9

BF3•OEt2 (0.2)

30

59

10

InBr3 (0.1)

30

81

10

InCl3 (0.5)

20

42

10

In(OTf)3 (0.05)

15

33

10

BF3•OEt2 (0.2)

30

40

11

InBr3 (0.1)

30

60

11

InCl3 (0.5)

20

52

11

In(OTf)3 (0.05)

15

57

Yield
(%)
42

BF3•OEt2 (0.2)
30
43
11
Time to reaction completion.
b
Yields determined by 1H NMR spiked with a mesitylene standard.
a

The yields for reactions using the perbenzylated galactosyl
trichloroacetimidate 2 are summarized in Table 3. Used in these catalytic amounts, In(III)
was shown to be an effective promoter in all cases tested, with In(OTf)3 giving yields of
product formation consistently better than the BF3•OEt2 control. Yields for reactions with
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InBr3 were generally higher than those for reactions using InCl3, with the exception of the
more hindered alcohol 7, which gave lower yields overall.
The experiments that are summarized in Table 3 using the perbenzylated
galactosyl trichloroacetimidate 2 indicate that In(III) promoters can be catalytically used
to effectively promote glycosylation reactions. However, since In(III) has been reported
as a promoter of Friedel Crafts chemistry,184, 185 formation of side products is likely to
detrimentally affect reaction yields. Although the side products were not characterized,
the increased complexity of the aromatic region in the 13C and 1H NMR spectra of crude
product mixtures from 2 indicates their formation.
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Table 3. Glycosylation results using perbenzylated trichloroacetimidate 2.

Product
12

Promoter
(equiv.)
InBr3 (0.1)

Timea
(min.)
30

Yieldb
(%)
57

:
ratiob
1:10

12

InCl3 (0.5)

20

48

1:30

12

In(OTf)3 (0.05)

20

72

0:1

12

BF3•OEt2 (0.2)

30

65

0:1

13

InBr3 (0.1)

30

61

0:1

13

InCl3 (0.5)

20

53

0:1

13

In(OTf)3 (0.05)

20

68

0:1

13

BF3•OEt2 (0.2)

30

60

0:1

14

InBr3 (0.1)

30

57

0:1

14

InCl3 (0.5)

20

53

0:1

14

In(OTf)3 (0.05)

20

63

0:1

14

BF3•OEt2 (0.2)

30

61

0:1

15

InBr3 (0.1)

30

30

1:3

15

InCl3 (0.5)

20

33

2:7

15

In(OTf)3 (0.05)

20

52

1:1

BF3•OEt2 (0.2)
30
24
2:7
15
Time to reaction completion.
b
Ratios determined by 1H NMR after column purification.
a

For reactions using benzylated donor 2, the  isomer is the major product in every
case tested, and the most easily isolated, but : ratios vary depending on the acceptor
used. Using In(OTf)3 afforded the best results, but the conditions were optimized based
on overall yield rather than anomeric ratios. It should be noted that time and strength of
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the acid promoter (as well as reaction temperature) may have a significant effect on the
anomeric ratio of products. While the  product gains some anomeric stability,
electrostatic interactions in the oxocarbenium ion half-chair intermediates should have a
strong effect on product formation.186 For 2, since some unfavorable interactions are
likely in both half-chairs, mixtures of  and  products form. For 3, only one
oxocarbenium ion can form, and only the  product is observed (see results below and
figure S1 in the Supplementary Data for half-chair diagrams).
Products 14 and 15 were independently resubjected to the reaction conditions
using one equivalent of InBr3, InCl3, or BF3•OEt2, and interconversion of the  and 
isomers was not observed. The : ratio did change over time for 14 (see Table S3 in the
Supplementary Data), but the 1H NMR spectrum clearly indicated decomposition of 14,
and the : ratio doesn’t reliably shift toward the ratio that was obtained in the reaction
(in two trials, the : ratio shifts away from rather than toward the reaction ratio). These
experiments indicate that the reaction occurs under kinetic control.
Glycosylation reactions using acetonide-protected mannoside 3 are summarized in
Table 4. Optimization of these reactions requires a balance between the strength and
quantity of the promoter that is present and the length of time that is required for the
reaction to achieve completion. Reactions comparing temperatures and times were
performed using alcohol 5, and details are provided in Table S1 in the Supplementary
Data. Above 20 mol% for InBr3 and above trace amounts for In(OTf)3, significant
product degradation was observed. The length of reaction time required when using InCl3
lead to significant product degradation. Removal of acetonide protecting groups using
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InCl3187 and removal of various acetals and ketals using In(OTf)3188 have been reported.
Deprotection is apparently a competitive reaction as the length of reaction and the
quantity of promoter are increased, as seen by loss of protecting group peaks in the NMR
spectra. Trace amounts of In(OTf)3 proved to be the most effective catalyst for
glycosylation of 3 and required no column chromatography for purification. No beta
product was observed for reactions using acetonide-protected mannoside 3, presumably
due to the anomeric effect in conjunction with steric hindrance at the C2 position (see
figure S1 in the Supplementary Information for diagrams).
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Table 4. Glycosylation results using acetonide-protected trichloroacetimidate 3.

a

Product
16

Promoter
(equiv.)
InBr3 (0.1)

Timea
(min.)
25

Yield
(%)
29

16

InCl3 (0.25)

45

35

16

In(OTf)3 (trace)

25

92

16

BF3•OEt2 (0.2)

30

12

17

InBr3 (0.1)

25

37

17

InCl3 (0.25)

45

23

17

In(OTf)3 (trace)

25

90

17

BF3•OEt2 (0.2)

30

20

18

InBr3 (0.1)

25

12

18

InCl3 (0.25)

45

0

18

In(OTf)3 (trace)

25

78

18

BF3•OEt2 (0.2)

30

4

19

InBr3 (0.1)

25

3

19

InCl3 (0.25)

45

9

19

In(OTf)3 (trace)

25

83

BF3•OEt2 (0.2)
19
Time to reaction completion.

30

6

Overall, glycosylation of peracetylated mannosyl trichloroacetimidate 1 with
simple alcohols afforded the highest yields using InBr3 or InCl3. In(OTf)3 was the best
promoter for reactions with perbenzylated galactosyl trichloroacetimidate 2 and acetonide
protected mannosyl trichloroacetimidate 3. Using these results, disaccharide-forming
reactions were explored using 1-3 and acceptor 20. Initial tests with InBr3 afforded
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significant amounts of unreacted 1 even when 20 mol % was used (rather than the 10 mol
% that was used with 4-7) and the reaction time was extended six-fold. In(OTf)3 proved
to be the preferred promoter for all three donors in disaccharide formation with 20, and
the results are shown in Table 5. Acetyl and acetonide protected mannosyl
trichloroacetimidates gave high yields of disaccharides (78% and 94%, respectively) with
only -linked products observed and no column chromatography required in the case of
acetonide protected mannosyl 3. Benzylated galactosyl trichloroacetimidate 2 afforded a
lower yield of -linked product (27% yield) due to  product also being formed.

Table 5. In(OTf)3 promoted disaccharide formations.

a

Product
21

Promoter
(equiv.)
In(OTf)3 (0.05)

Temp
(ºC)
0

Timea
(min.)
20

Yield
(%)
78

22

In(OTf)3 (0.05)

0

30

27b

In(OTf)3 (trace)
23
Time to reaction completion.

23

25

94

b

Yield is for -linked product only.

In conclusion, InBr3, InCl3 and In(OTf)3 were effective promoters of
glycosylation reactions when used with the variety of protecting groups tested. With
respect to acetylated mannosyl trichloroacetimidate 1, InBr3 or InCl3 afforded the highest
yields. All three of the In(III) promoters that were tested worked well with benzylated

117
galactosyl trichloroacetimidate 2, with In(OTf)3 giving slightly higher yields. When using
acetonide protected mannosyl trichloroacetimidate 3, trace amounts of In(OTf)3 gave the
highest yields and required no column chromatography for purification, while InBr3 and
InCl3 gave lower yields equivalent to BF3•OEt2. A glycoside acceptor was also
successfully added to the trichloroacetimidates using In(OTf)3 as the promoter. Overall,
In(III) afforded good to excellent yields of products without the requirement of
distillation or an inert reaction atmosphere. The ability to vary ligands on In(III) also
provides a broad range of promotion strength, enabling optimization of the conditions for
desired reactions.

Experimental
General Methods
To obtain pure products, crude products were purified by column chromatography
on 60 Å silica gel for acetyl protected mannosyls and benzyl protected galactosyls with
hexane: ethyl acetate mobile phase in the indicated ratio. Acetonide protected manosyls
were purified by column chromatography on 32-63µm neutral alumina with hexane: ethyl
acetate mobile phase. An ice bath was used for reactions run at 0 °C. 13C and 1H NMR
were recorded for purified compounds on a Bruker DRX 500 MHz Spectrometer using
TMS as an internal standard. Mass spectra were obtained using a high-resolution Bruker
micro-TOF system with electrospray ionization. Yields are either isolated yields or were
calculated from crude 1H NMR spectra using an internal mesitylene standard as specified.
Ratios of alpha to beta diastereomers were determined using integrations of resonances in
the 1H NMR spectra or (for equivalent carbons) in the 13C NMR spectra.189
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Trichloroacetimidate starting materials190 and acceptor 20191 were synthesized using
previously described methods. Trace additions of In(OTf)3 were performed by the
addition of a visible amount less than 0.1mg.

General Procedure for Optimization of Reaction Conditions
Duplicate reactions were performed in parallel. A dry 4 mL scintillation vial was
charged with the trichloroacetimidate starting material with a slight excess of alcohol and
dissolved in enough dry CH2Cl2 to obtain a 50 mM solution of the trichloroacetimidate.
The mixture was cooled if specified, and the promoter was added. BF3•OEt2 reactions
were run under an argon atmosphere. Aliquots were taken from vial 1 and evaluated by
1

H NMR for reaction completion. When no starting material was observed, vial 2 was

quenched with approximately 0.2 g dry NaHCO3 for 20 min, diluted with 2 mL CH2Cl2
and filtered. The solvent was removed under reduced pressure. Yields of vial 2 were
obtained from 1H NMR spectra using an internal mesitylene standard. Reaction
conditions for vial 2 reactions are provided in Table S1.

General Procedure for the Preparation of Mannopyranoside and Galactopyranoside
Derivatives
A dry 4 mL scintillation vial was charged with the trichloroacetimidate starting
material with a slight excess of alcohol and dissolved in enough dry CH2Cl2 to obtain a
50 mM solution of the trichloroacetimidate. The mixture was cooled if specified, and the
promoter was added. BF3OEt2 reactions were run under an argon atmosphere. The
reaction stirred for the specified time, quenched with approximately 0.2 g dry NaHCO3
for 20 min, diluted with 2mL CH2Cl2, and filtered. The solvent was removed under
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reduced pressure. Chromatographic purification was performed (galactopyranoside
products 8:2 hexane/EtOAc; acetyl protected mannopyranoside products either 7:3
hexane/EtOAc or 1:1 hexane/EtOAc; acetonide protected mannopyranoside products 7:3
hexane/ EtOAc + 0.5% DCM) to obtain pure samples. Exact reaction conditions are
provided in Table S2 of the Supplementary data.

General Procedure for Evaluation of the Reversibility of the Reaction
A dry 2 mL scintillation vial was charged with the glycoside and a slight excess
of alcohol and dissolved in enough dry CH2Cl2 to obtain a 50 mM solution of the
trichloroacetimidate. The mixture was cooled to 0 C, and the promoter was added.
Reactions run with BF3•OEt2 were additionally purged with Ar. The reaction then stirred
for 2h, then was diluted with 2 mL CH2Cl2 and quenched with 4 mL saturated NaHCO3,
washed with 4 mL brine, then dried over MgSO4 and filtered. The solvent was removed
under reduced pressure. The : ratios of crude products were obtained from 1H NMR
spectra. These reactions are summarized in Table S3 of the Supplementary Data.

General Procedure for the Preparation of Acetonide Protected Mannopyranoside
Derivatives Using In(OTf)3
A dry 4 mL scintillation vial was charged with the trichloroacetimidate 3 with a
slight excess of alcohol and dissolved in enough dry CH2Cl2 to obtain a 50 mM solution
of the trichloroacetimidate. Less than 0.1mg In(OTf)3 was added and reaction stirred for
25 min. It was then quenched with approximately 0.2 g dry NaHCO3 for 20 min. The
solution was then filtered over a medium sized plug of alumina using CH2Cl2 as an
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eluent. The solvent was removed under reduced pressure affording product with no
further purification necessary.

General Procedure for Preparation of Disaccharides
A dry 4 mL scintillation vial was charged with the trichloroacetimidate starting
material with a slight excess of 20 and dissolved in enough dry CH2Cl2 to obtain a 50
mM solution of the trichloroacetimidate. The mixture was cooled if specified, and the
promoter was added. The reaction then stirred for the specified time, was quenched with
2 mL of saturated NaHCO3 for 20 min, diluted with 2mL CH2Cl2, and filtered. The
solvent was removed under reduced pressure. Chromatographic purification was
performed (galactopyranoside product 6:4 hexane/EtOAc; acetyl protected
mannopyranoside product 4:6 hexane/EtOAc). Acetonide protected mannopyranoside 23
was prepared via procedure 1.5 above. Exact reaction conditions are provided in Table S4
of the Supplementary data.
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Table S1. Optimization of reactions for time, temperature, and promoter mole percent.
Product
TrichloroAlcohol
Promoter
Promoter
Temp.
acetimidate
mg (#a)
mg (equiv, #)
mg (equiv)
(°C)

Yieldc

(min.)b

(%)

11

50.5 (1)

9.6 (1.1, 7)

InBr3

34.1 (0.9)

0

20

63

11

48.2 (1)

9.6 (1.1, 7)

InBr3

8.6 (0.2)

0

20

59

11

50.7 (1)

9.6 (1.1, 7)

InBr3

3.8 (0.1)

0

30

75

11

100.0 (1)

18.9 (1.0, 7)

InBr3

4.1 (0.06)

0

10

68

11

53.8 (1)

14.2 (1.2, 5)

InCl3

12.3 (0.5)

0

20

55

11

53.8 (1)

14.2 (1.2, 5)

InCl3

5.9 (0.25)

0

50

58

11

52.7 (1)

12.3 (1.3, 7)

In(OTf)3

59.2 (1.0)

0

10

37

11

47.5 (1)

10.7 (1.3, 7)

In(OTf)3

11.3 (0.2)

0

10

37

11

47.5 (1)

10.4 (1.2, 7)

In(OTf)3

5.2 (0.1)

0

10

52

11

97.1 (1)

23.7 (1.2, 7)

In(OTf)3

6.7 (0.06)

0

15

54

11

104.7 (1)

24.3 (1.3, 7)

In(OTf)3

trace

0

20

54

11

50.7 (1)

10.9 (1.2, 7)

BF3•OEt2

2.9 (0.2)

0

30

53

11

100.1 (1)

28.9 (1.6, 7)

BF3•OEt2

121.4 (1.1)

0

120

61

14

51.9 (2)

7.1 (1.3, 6)

InBr3

25.2 (0.9)

0

30

decomp

14

50.5 (2)

6.2 (1.1, 6)

InBr3

1.0 (0.04)

0

45

65

14

50.9 (2)

5.9 (1.1, 6)

InBr3

2.5 (0.1)

0

30

67

14

48.7 (2)

7.3 (1.4, 6)

InCl3

16.0 (1.0)

0

45

50

14

50.3 (2)

7.7 (1.4, 6)

In(OTf)3

41.5 (1.0)

0

20

70

14

53.0 (2)

7.6 (1.3, 6)

In(OTf)3

4.1 (0.09)

0

20

78

14

52.0 (2)

5.6 (1.0, 6)

In(OTf)3

1.7 (0.04)

0

15

71

17

52.5 (3)

16.8 (1.2, 5)

InBr3

4.8 (0.1)

0

25

37

17

50.5 (3)

16.2 (1.2, 5)

InBr3

4.7 (0.1)

23

25

38

17

51.2 (3)

16.4 (1.2, 5)

BF3•OEt2

3.2 (0.2)

0

30

30

17

50.0 (3)

16.2 (1.2, 5)

BF3•OEt2

3.1 (0.2)

23

30

41

17

51.7 (3)

16.6 (1.2, 5)

InBr3

45.1 (1.0)

23

10

trace

17

51.6 (3)

16.5 (1.2, 5)

InBr3

9.4 (0.2)

23

20

30

17

51.8 (3)

16.6 (1.2, 5)

InBr3

4.7 (0.1)

23

25

42

17

105.5 (3)

33.8 (1.2, 5)

InBr3

4.7 (0.05)

23

30

40

17

44.6 (3)

14.3 (1.2, 5)

InCl3

12.1 (0.5)

23

20

13

17

42.4 (3)

13.6 (1.2, 5)

InCl3

6.4 (0.28)

23

45

21

17

53.8 (3)

17.2 (1.2, 5)

In(OTf)3

3.7 (0.05)

23

20

33

17

51.6 (3)

16.5 (1.2, 5)

In(OTf)3

trace

23

25

73

17

50.6 (3)

16.2 (1.2, 5)

BF3•OEt2

3.5 (0.2)

23

30

41

23

-

-

51.5 (3)
16.5 (1.2, 5)
BF3•OEt2
1.8 (0.1)
17
means the compound number, shown in Scheme 1 of the primary manuscript.
b dash indicates reaction never completed
cYields determined by 1H NMR spiked with a mesitylene standard.
a#

Time
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Table S2. Conditions for glycosylation of trichloroacetimidates 1–3.
Product
TrichloroAlcohol
Promoter
Promoter

Temp

Time

Yield

mg (equiv)

(°C)

(min.)

(%)

acetimidate

a#

α:β
Ratiob

mg (#a)

mg (equiv, #)

8

52.8 (1)

16.9 (1.2, 4)

InBr3

4.5 (0.1)

0

30

42

1:0

8

52.2 (1)

16.7(1.2, 4)

InCl3

11.1 (0.5)

0

20

45

1:0
1:0

8

32.8 (1)

10.5 (1.2, 4)

In(OTf)3

2.1 (0.06)

0

15

6c

8

49.7 (1)

15.9 (1.2, 4)

BF3•OEt2

2.9 (0.2)

0

30

59

1:0

9

54.0 (1)

14.2 (1.2, 5)

InBr3

4.2 (0.1)

0

30

53

1:0

9

53.8 (1)

14.2 (1.2, 5)

InCl3

12.3 (0.5)

0

20

72

1:0

9

53.6 (1)

14.1 (1.2, 5)

In(OTf)3

3.5 (0.06)

0

15

31

1:0

9

49.8 (1)

13.1 (1.2, 5)

BF3•OEt2

2.9 (0.2)

0

30

59

1:0

10

49.6 (1)

9.0 (1.2, 6)

InBr3

3.8 (0.1)

0

30

81

1:0

10

51.0 (1)

9.2 (1.2, 6)

InCl3

11.4(0.5)

0

20

42

1:0

10

53.0 (1)

9.6 (1.2, 6)

In(OTf)3

2.8 (0.05)

0

15

33

1:0

10

49.2 (1)

8.9 (1.2, 6)

BF3•OEt2

2.8 (0.2)

0

30

40

1:0

11

49.5 (1)

10.6 (1.2, 7)

InBr3

4.0 (0.1)

0

30

60

1:0

11

53.3 (1)

11.5 (1.2, 7)

InCl3

12.6 (0.5)

0

20

52

1:0

11

53.9 (1)

11.6 (1.2, 7)

In(OTf)3

3.4 (0.06)

0

15

57

1:0

11

52.4 (1)

11.3 (1.2, 7)

BF3•OEt2

3.0 (0.2)

0

30

43

1:0

12

33.6 (2)

7.7 (1.2, 4)

InBr3

2.0 (0.1)

0

30

57

1:10

12

35.9 (2)

8.2 (1.2, 4)

InCl3

6.0 (0.5)

0

45

48

1:30

12

36.0 (2)

8.3(1.2, 4)

In(OTf)3

1.7 (0.06)

0

20

72

0:1

12

32.3 (2)

7.4 (1.2, 4)

BF3•OEt2

1.3 (0.2)

0

30

65

0:1

13

34.9(2)

6.6 (1.2, 5)

InBr3

2.4 (0.1)

0

30

61

0:1

13

30.6 (2)

5.8 (1.2, 5)

InCl3

4.8 (0.5)

0

45

53

0:1

13

31.1 (2)

5.9 (1.2, 5)

In(OTf)3

1.2 (0.05)

0

20

68

0:1

13

33.5 (2)

6.3 (1.2, 5)

BF3•OEt2

1.3 (0.2)

0

30

60

0:1

14

31.2 (2)

4.1 (1.2, 6)

InBr3

1.7 (0.1)

0

30

57

0:1

14

32.2 (2)

4.2 (1.2, 6)

InCl3

5.2 (0.5)

0

45

53

0:1

14

32.9 (2)

4.3 (1.2, 6)

In(OTf)3

1.5 (.06)

0

20

63

0:1

14

32.0 (2)

4.2 (1.2, 6)

BF3•OEt2

1.3 (0.2)

0

120

61

0:1

15

33.5 (2)

5.2 (1.2, 7)

InBr3

2.5 (0.1)

0

30

30

1:3

15

34.9 (2)

5.4(1.2, 7)

InCl3

5.4 (0.5)

0

45

33

2:7

15

32.4 (2)

5.0 (1.2, 7)

In(OTf)3

1.2 (0.05)

0

20

52

1:1

15

35.7 (2)

6.8 (1.2, 7)

BF3•OEt2

1.5 (0.2)

0

120

25

2:7

means the compound number, shown in Scheme 1 of the primary manuscript.
bRatios determined by 1H NMR
cYields determined by 1H NMR spiked with a mesitylene standard.
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Table S2 continued. Conditions for glycosylation of trichloroacetimidates 1–3.
Product

Trichloroacetimidate
mg (#a)

Alcohol
mg (equiv, #)

16

45.6(3)

19.2 (1.3, 4)

16

44.7 (3)

18.8 (1.3, 4)

16

43.2 (3)

18.2 (1.3, 4)

16

43.8 (3)

18.5 (1.3, 4)

17

45.4 (3)

14.6 (1.2, 5)

17

42.5 (3)

13.6 (1.2, 5)

17

40.8 (3)

13.1 (1.2, 5)

17

44.7 (3)

14.3 (1.2, 5)

18

43.4 (3)

9.5 (1.2, 6)

18

43.0 (3)

9.5 (1.2, 6)

18

43.2 (3)

9.5 (1.2, 6)

18

43.1 (3)

9.5 (1.2, 6)

19

43.5 (3)

11.4 (1.2, 7)

19

46.3 (3)

19

44.8 (3)

Promoter

α:β
Ratiob

Promoter

Temp.

Time

Yield

mg (equiv)

(°C)

(min.)

(%)

InBr3

3.7 (0.1)

23

25

29

1:0

InCl3

6.7 (0.28)

23

45

35

1:0

In(OTf)3

trace

23

30

92

1:0

BF3•OEt2

3.1 (0.2)

23

30

12

1:0

InBr3

4.9 (0.1)

23

25

37

1:0

InCl3

5.6 (0.24)

23

45

23

1:0

In(OTf)3

trace

23

25

90

1:0

BF3•OEt2

3.1 (0.2)

23

30

20

1:0

InBr3

4.8 (0.1)

23

25

12

1:0

InCl3

6.1 (0.26)

23

45

0

1:0

In(OTf)3

trace

23

25

78

1:0

BF3•OEt2

3.0 (0.2)

23

30

4

1:0

InBr3

3.8 (0.1)

23

25

3

1:0

12.1 (1.2, 7)

InCl3

6.1 (0.24)

23

60

9

1:0

11.7 (1.2, 7)

In(OTf)3

trace

23

25

83

1:0

44.9 (3)
11.7 (1.2, 7)
BF3•OEt2
3.1 (0.2)
23
19
a# means the compound number, shown in Scheme 1 of the primary manuscript.
bRatios determined by 1H NMR or 13C NMR when specified.
c
Yields determined by 1H NMR spiked with a mesitylene standard.

30

6

1:0

Table S3. Reactions testing the reversibility of In(III)-promoted glycosylation.
Product
Glycoside
Alcohol
Promoter
Promoter

Temp.

α:β

mg (α:β)

mg (equiv, #a)

mg (equiv)

(°C)

Ratiob

14

51.8 (0:1)

10.4 (1.8, 6)

BF3•OEt2

15.5 (1.4)

0

0:1

14

50.3 (0:1)

9.6 (1.8, 6)

InCl3

18.4 (1.1)

0

0:1

14

51.9 (0:1)

9.7 (1.7, 6)

InBr3

31.1 (1.2)

0

0:1

15

12.4 (1:7)

2.5 (1.4, 7)

BF3•OEt2

3.3 (1.1)

0

1:9

15

12.1 (1:7)

2.5 (1.4, 7)

InCl3

5.3 (1.2)

0

1:5

10.7 (1:7)
2.4 (1.6, 7)
InBr3
7.7 (1.2)
15
means the compound number, shown in Scheme 1 of the primary manuscript.
bYields determined by 1H NMR spiked with a mesitylene standard.

0

1:2

a#
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Table S4. Conditions for formation of disaccharides 21-23.
Product
TrichloroAcceptor sugar
In(OTf)3
(20)
acetimidate

a#

Temp.

Time

Yieldb

α:β
Ratiob

mg (#a)

mg (equiv)

mg (equiv)

(°C)

(min.)

(%)

21

55.5 (1)

47.9 (1.2)

3.2 (0.05)

0

20

78

1:0

22

38.0 (2)

23.5 (1.2)

1.5 (0.05)

0

30

27

1:0

23

45.9 (3)

43.6 (1.1)

trace

23

25

94

1:0

means the compound number, shown in Scheme 1 of the primary manuscript.
determined by 1H NMR.

bRatios

Figure S1. Half-chair diagrams to rationalize product formations.186
5-Azido-3-oxapentyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (8). 1H NMR (500
MHz, CDCl3) δ 5.33 (dd, 1H, J = 10.0, 2.9 Hz, H-3), 5.29 - 5.21 (m, 2H, H-2, H-4), 4.84
(ap. s, 1H, H-1), 4.25 (dd, 1H, J = 12.4, 4.9 Hz, H-6a), 4.09 - 4.00 (m, 2H, H-6b, H-5),
3.79 (dd, 1H, J = 13.0, 5.8 Hz, CH2CH2OCH2), 3.67 - 3.59 (m, 5H, CH2CH2OCH2), 3.41
- 3.31 (m, 2H, CH2N3), 2.11 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 2.00 (s, 3H,
COCH3), 1.95 (s, 3H, COCH3) ppm; 13C NMR (125 MHz, CDCl3) 170.7, 170.0, 169.9,
169.7, 97.7, 70.2, 70.0, 69.5, 69.0, 68.4, 67.3, 66.1, 62.4, 50.7, 20.9, 20.7 (3C) ppm;
HRMS (micro-TOF) m/z 484.1505 (calculated m/z M+Na = 484.1543 for
C18H27N3O11Na).
Benzyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (9). 1H NMR (500 MHz, CDCl3)
δ 7.36 - 7.26 (m, 5H, CH2Ph-H), 5.33 (dd, 1H, J = 10.0, 3.1 Hz, H-3), 5.28 - 5.22 (m, 2H,
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H-2, H-4), 4.85 ( ap. s, 1H, H-1), 4.67 (d, 1H, J = 11.9 Hz, CH2Ph-H), 4.53 (d, 1H, J =
11.9 Hz, CH2Ph-H), 4.24 (dd, 1H, J = 12.1, 4.8 Hz, H-6a), 4.03 - 3.93 (m, 2H, H-6b, H5), 2.10 (s, 3H, COCH3), 2.07 (s, 3H, COCH3), 1.99 (s, 3H, COCH3), 1.95 (s, 3H,
COCH3) ppm; 13C NMR (125 MHz, CDCl3) 170.7, 170.0, 169.9, 169.8, 136.2, 129.7,
128.6, 128.2, 128.2, 96.7, 69.8, 69.5, 69.1, 68.6, 66.1, 62.4, 20.9, 20.7 (3C) ppm; HRMS
(micro-TOF) m/z 461.1413 (calculated m/z M+Na = 461.1424 for C21H26O10Na).
Consistent NMR with literature values.192
Butyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (10). 1H NMR (500 MHz, CDCl3)
δ 5.32 (dd, 1H, J = 3.1, 10.0 Hz, H-3), 5.25 (t, 1H, J = 10.0 Hz, H-4), 5.21 (ap. s, 1H, H2), 4.78 (s, 1H, H-1), 4.25 (dd, 1H, J = 5.3, 12.2 Hz, H-6a), 4.08 (appt. d, 1H, J = 12.2,
H-6b), 3.92-3.99 (m, 1H, H-5), 3.61-3.70 (m, 1H OCH2CH2), 3.39-3.47 (m, 1H,
OCH2CH2), 2.13 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 1.97 (s,
3H, COCH3), 1.50-1.59 (m, 2H, OCH2CH2CH2), 1.31-1.42 (m, 2H, CH2CH2CH3), 0.91
(t, 3H, J = 7.4 Hz, CH2CH3); 13C NMR (125 MHz, CDCl3) 170.7, 170.1, 169.9, 169.8,
97.6, 69.7, 69.1, 68.4, 68.2, 66.3, 62.5, 31.3, 20.9, 20.7, 19.3, 13.8 ppm; HRMS (microTOF) m/z 427.1565 (calculated m/z M+Na = 427.1580 for C18H28O10Na).
2-Methylbutyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (11). 1H NMR (500 MHz,
CDCl3) δ 5.37 (dd, 1H, J = 3.0, 10.0 Hz, H-3), 5.23 (t, 1H, J = 10.0 Hz, H-4), 5.07 (s, 1H,
H-1), 5.02 (ap. s, 1H, H-2), 4.24 (dd, 1H, J = 5.4, 12.0 Hz, H-6a), 4.11-4.17 (m, 1H, H5), 4.03 (d, 1H, J = 12.0 Hz, H-6b), 2.13 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 2.02 (s,
3H, COCH3), 1.97 (s, 3H, COCH3), 1.44-1.61 (m, 2H, CCH2CH3), 1.18 (d, 6H, J = 3.9
Hz, OC(CH3)2), 0.87 (t, 3H, J = 7.4 Hz, CH2CH3); 13C NMR (125 MHz, CDCl3) 170.7,
170.3, 170.0, 169.8, 92.0, 78.9, 71.3, 69.1, 68.1, 66.5, 62.7, 34.0, 25.8, 25.3, 21.0, 20.7,
8.4 ppm; HRMS (micro-TOF) m/z 441.1719 (calculated m/z M+Na = 441.1737 for
C19H30O10Na).
5-Azido-3-oxapentyl 2,3,4,6-tetra-O-benzyl-D-galactopyranoside (12). The values
listed are for the β-product. 1H NMR (500 MHz, CDCl3) δ 7.22-7.39 (m, 20H, CH2PhH),
4.91-4.95 (m, 2H, CH2Ph), 4.76 (d, 1H, J = 11.3 Hz, CH2Ph), 4.72 (q, 2H, J = 11.8 Hz,
CH2Ph), 4.61 (d, 1H, J = 11.3 Hz, CH2Ph), 4.37-4.41 (m, 3H, CH2Ph and H-1), 4.02
(appt. m, 1H, H-5), 3.88 (d, 1H, J = 2.7 Hz, H-4), 3.81 (dd, 1H, J = 7.7, 9.7 Hz, H-2),
3.71-3.77 (m, 1H, H-6a), 3.66-3.71 (m, 1H, H-6b), 3.61 (ddd, 2H, J = 2.8, 4.4, 6.0 Hz,
OCH2CH2OCH2), 3.50-3.58 (m, 5H, H-3 and CH2CH2OCH2CH2) 3.27 (dd, 2H, J = 4.4,
9.2 Hz, CH2CH2N3); 13C NMR (125 MHz, CDCl3) 138.9, 138.6, 138.5, 137.9, 127.5128.4 (20C), 104.1, 82.1, 79.4, 75.0, 74.5, 73.5, 73.5, 73.4, 73.0, 70.4, 69.9, 69.0, 68.8,
50.7 ppm; HRMS (micro-TOF) m/z 676.2964 (calculated m/z M+Na = 676.2999 g/mol
for C38H43N3O7Na).
Benzyl 2,3,4,6-tetra-O-benzyl-D-galactopyranoside (13). 1H NMR (500 MHz, CDCl3)
Spectrum is not readily assignable but is provided below. 13C NMR (125 MHz, CDCl3)
102.88 (C1- β), 96.06 (C1-α); 13C peaks are consistent with literature.189 HRMS (microTOF) m/z 653.2840 (calculated m/z M+Na = 653.2879 for C41H42O6Na).
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Butyl 2,3,4,6-tetra-O-benzyl-D-galactopyranoside (14). The values listed are for the βproduct. 1H NMR (500 MHz, CDCl3) δ 7.24-7.43 (m, 20H, CH2PhH), 4.95 (m, 2H,
CH2Ph), 4.76 (m, 2H, CH2Ph), 4.73 (d, 1H, J = 11.8 Hz, CH2Ph), 4.64 (d, 1H, J = 11.8
Hz, CH2Ph), 4.44 (m, 2H, CH2Ph), 4.37 (d, 1H, J = 7.7, H-1), 3.93-4.01 (m, 1H, H-5),
3.90 (d, 1H, J = 2.7 Hz, H-4), 3.83 (dd, 1H, J J = 7.7, 9.7 Hz, H-2), 3.60 (dd, 2H, J = 1.6,
6.3 Hz, H-6a and H-6b), 3.50-3.55 (m, 3H, H-3 and OCH2CH2), 1.57-1.71 (m, 2H,
CH2CH2CH2), 1.35-1.5 (m, 2H CH2CH2CH3), 0.93 (t, 3H, J = 7.4 Hz, CH2CH3); 13C
NMR (125 MHz, CDCl3) 138.8, 138.7, 138.6, 138.0, (4C, quat. Cs) 127.6-128.4 (20C,
aromatic Cs), 104.0 (C1), 82.3, 79.6, 75.2, 74.5, 73.6 (2C), 73.4, 73.1, 69.6, 68.9, 31.8,
19.4, 13.9 ppm; HRMS (micro-TOF) m/z 619.2865 (calculated m/z M+Na = 619.3036 for
C38H44O6Na).
2-Methylbutyl 2,3,4,6-tetra-O-benzyl-D-galactopyranoside (15). The values listed are
for the α-product. 1H NMR (500 MHz, CDCl3) δ 7.20-7.38 (m, 20H, CH2PhH), 5.15 (d,
1H, J = 3.6 Hz, H-1), 4.94 (d, 1H, J = 11.4 Hz, CH2Ph), 4.79 (d, 1H, J = 11.7 Hz,
CH2Ph), 4.73 (t, 2H, J = 12.0 Hz, CH2Ph), 4.67 (d, 1H, J = 11.7 Hz, CH2Ph), 4.54 (d,
1H, J = 11.4 Hz, CH2Ph), 4.42 (m, 2H, CH2Ph), 4.12 (m, 1H, H-5), 3.97-4.01 (m, 2H, H4 and H-2), 3.94 (dd, 1H, J = 2.6, 10.2 Hz, H-3), 3.55 (m, 1H, H-6a) 3.46 (dd, 1H, J =
5.7, 9.1 Hz, H-6b), 1.45-1.61 (m, 2H, CCH2CH3 ), 1.17 (s, 6H, OC(CH3)2), 0.88 (t, 3H, J
= 7.5 Hz, CH2CH3); 13C NMR (125 MHz, CDCl3) 140.0, 138.9, 138.8, 138.1, 127.3128.3 (20C), 91.9, 79.2, 77.2, 76.7, 75.2, 74.7, 73.4, 73.2, 72.8, 69.0, 68.8, 34.6, 25.8,
25.5, 8.6 ppm; HRMS (micro-TOF) m/z 633.3163 (calculated m/z M+Na = 633.3192 for
C39H46O6Na).
5-Azido-3-oxapentyl 2,3:4,6-di-O-isopropylidene-α-D-mannopyranoside (16). 1H
NMR (500 MHz, CDCl3) δ 4.99 (s, 1H, H-1), 4.75 (dd, 1H, J = 5.8, 3.6 Hz, H-3), 4.60 (d,
1H, J = 5.8 Hz, H-2) 4.40 - 4.34 (m, 1H, H-5), 4.10 - 4.05 (m, 1H, H-6e), 4.01 (dd, 1H, J
= 8.6, 4.2 Hz , H-6a), 3.93 (dd, 1H, J = 7.6, 3.6 Hz, H-4), 3.73 - 3.76 (m, 1H,
CH2CH2OCH2), 3.54 - 3.67 (m, 5H, CH2CH2OCH2), 3.36 (t, 2H, J = 4.5 Hz, CH2N3),
1.43 (s, 3H, C(CH3)), 1.42 (s, 3H, C(CH3)), 1.35 (s, 3H, C(CH3)), 1.29 (s, 3H, C(CH3))
ppm; 13C NMR (125 MHz, CDCl3) 112.6, 109.2, 106.4, 85.0, 80.3, 79.4, 73.1, 70.2, 70.0,
66.8, 66.4, 50.6, 26.9, 25.8, 25.1, 24.5 ppm; HRMS (micro-TOF) m/z 374.1922
(calculated m/z M+H = 374.1927 for C16H28N3O7).
Benzyl 2,3:4,6-di-O-isopropylidene-α-D-mannopyranoside (17). 1H NMR (500 MHz,
CDCl3) δ 7.36 - 7.26 (m, 5H), 5.06 (s, 1H), 4.78 (dd, 1H, J = 5.9, 3.6 Hz), 4.63 (ap. dd,
2H, J = 8.9, 6.7 Hz), 4.47 (d, 1H, J = 11.9 Hz), 4.39 (ddd, 1H, J = 7.7, 6.3, 4.3 Hz), 4.09
(dd, 1H, J = 8.7, 6.3 Hz), 3.99 - 3.93 (m, 2H), 1.44 (s, 3H), 1.44 (s, 3H), 1.37 (s, 3H),
1.30 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) 137.3, 128.5, 128.0, 127.9, 112.6, 109.2,
105.6, 85.1, 80.4, 79.6, 73.1, 69.1, 66.9, 26.9, 25.9, 25.2, 24.5 ppm; HRMS (micro-TOF)
m/z 351.1801 ( calculated m/z M+H = 351.1808 for C19H27O6) Consistent with literature
values.193
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Butyl 2,3:4,6-di-O-isopropylidene-α-D-mannopyranoside (18). 1H NMR (500 MHz,
CDCl3) δ 4.94 (s, 1H, H-1), 4.75 (dd, 1H, J = 5.8, 3.6 Hz, H-3), 4.55 (d, 1H, J = 5.8 Hz,
H-2), 4.40 - 4.34 (m, 1H, H-5), 4.11 - 4.06 (m, 1H, H-6e), 4.01 (dd, 1H, J = 8.6, 4.2 Hz,
H-6a), 3.89 (dd, 1H, J = 7.3, 3.6 Hz, H-4), 3.59 (dt, 1H, J = 9.6, 6.7 Hz, OCH2CH2), 3.35
(dt, 1H, J = 9.6, 6.7 Hz, OCH2CH2), 1.55 – 1.46 (m, 2H, OCH2CH2), 1.44 (s, 3H,
C(CH3)), 1.43 (s, 3H, C(CH3)), 1.35 (s, 3H, C(CH3)), 1.34 - 1.30 (m, 2H, CH2CH2CH3),
1.29 (s, 3H, C(CH3)), 0.88 (t, 3H, J = 7.4 Hz, CH2CH3) ppm; 13C NMR (125 MHz,
CDCl3) 112.5, 109.2, 106.3, 85.1, 80.2, 79.5, 73.2, 67.2, 67.0, 31.4, 26.9, 25.9, 25.2,
24.5, 19.2, 13.8 ppm; HRMS (micro-TOF) m/z 317.1950 (calculated m/z M+H =
317.1964 for C16H29O6)
2-Methylbutyl 2,3:4,6-di-O-isopropylidene-α-D-mannopyranoside (19). 1H NMR
(500 MHz, CDCl3) δ 5.21 (ap. s, 1H, H-1), 4.80 - 4.74 (m, 1H, H-3), 4.51 (d, J = 5.7 Hz,
1H, H-2), 4.38 - 4.32 (m, 1H, H-5), 4.10 - 4.04 (m, 1H, H-6e), 4.01 - 3.94 (m, 2H, H-6a,
H-4), 1.53 - 1.46 (m, 2H, CH2CH3), 1.45 (s, 3H, C(CH3)), 1.42 (s, 3H, C(CH3)), 1.35 (s,
3H, C(CH3)), 1.29 (s, 3H, C(CH3)), 1.16 (s, 6H, t-amyl C(CH3)), 0.83 (t, J = 7.4 Hz, 3H,
CH2CH3) ppm; 13C NMR (125 MHz, CDCl3) 112.3, 109.2, 101.5, 86.3, 79.9, 79.7, 73.2,
67.0, 34.1, 26.9, 26.4, 25.9, 25.6, 25.3, 24.4, 8.4 ppm; HRMS (micro-TOF) m/z 353.1928
(calculated m/z M+Na = 353.1940 for C17H30NaO6)
2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl-(12)-1,3,4,6-tetra-O-acetyl--Dmannopyranose (21). 1H NMR (500 MHz, CDCl3 ) δ d 5.76 (s, 1H), 5.45-5.48 (m, 1H),
5.28–5.36 (m, 3H), 5.09 (dd, J =2.4, 9.7 Hz, 1H), 4.98 (s, 1H), 4.39-4.41 ( m, 1H), 4.31
(dd, J = 4.1, 12.2 Hz, 1H), 4.23 (dd, J = 4.29, 12.5 Hz, 1H), 4.14-4.16 (m, 2H), 4.01-4.03
(m, 1H), 3.76-3.78 (m, 1H) 1.99-2.13 (m, 24H) ppm; 13C NMR (125 MHz, CDCl3) 170.9,
170.6, 170.2, 169.8, 169.7, 169.5, 169.3, 168.3, 98.3, 90.9, 74.7, 73.1, 72.1, 69.9, 68.8,
68.3, 66.1, 65.6, 62.1, 61.7, 20.9, 20.8, 20.6, 20.5 ppm; HRMS (micro-TOF) m/z
701.1873 (calculated m/z M+Na = 701.1900 for C48H52O15Na).
2,3,4,6-Tetra-O-(benzyl)--D-galactopyranosyl-(12)-1,3,4,6-tetra-O-acetyl--Dmannopyranose (22). 1H NMR (500 MHz, CDCl3) δ 7.19-7.42 (m, PhH, 20H), 5.78 (s,
1H), 5.51 (t, J =9.6 Hz, 1H), 5.24 (d, J = 2.7 Hz, 1H), 5.13 (d, J = 9.6 Hz, 1H), 4.91 (dd,
J = 11.7, 22.12 Hz, 2H), 4.82 (d, J = 11.6 Hz, 1H), 4.70-4.74 (m, 2H), 4.53 (d, J = 11.4
Hz, 1H), 4.35-4.39 (m, 3H), 4.28 (dd, J = 5.1, 12.2 Hz, 1H), 4.23 (s, 1H), 4.15 (d, J =
11.6 Hz, 1H), 4.06-4.09 (m, 2H), 4.01 (s, 1H), 3.78-3.80 (m, 1H), 3.53 (t, J = 8.2 Hz,
1H), 3.42-3.45 (m, 1H), 2.09 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H), 1.93 (s, 3H) ppm; 13C
NMR (125 MHz, CDCl3) 170.8, 169.8, 169.3, 168.8, 138.8, 138.8, 138.6, 137.8,
128.4,127.3-128.4 (Ar-C, 20C), 97.5, 91.3, 78.6, 76.2, 73.5, 73.4, 73.3, 73.1, 72.8, 71.4,
69.8, 68.7, 66.1, 62.2, 20.7, 20.6 (3C) ppm; HRMS (micro-TOF) m/z 893.3347
(calculated m/z M+Na = 893.3360 for C48H52O15Na). 1H NMR is consistent with
literature values.194
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2,3:4,6-Di-O-isopropylidene--D-mannopyranosyl-(12)-1,3,4,6-tetra-O-acetyl-D-mannopyranose (23). 1H NMR (500 MHz, CDCl3) δ 5.71 (s, 1H), 5.26 (t, J = 9.9 Hz,
1H), 5.13 (s, 1H), 5.09 (dd, J = 9.9, 2.5 Hz, 1H), 4.83 – 4.74 (m, 2H), 4.35 (m, 1H), 4.24
(m, 2H), 4.18 (s, 1H), 4.04 (m, 3H), 3.98 – 3.92 (m, 1H), 3.76 – 3.69 (m, 1H), 2.18 (s,
3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.99 (s, 3H), 1.42 (s, 3H), 1.36 (s, 3H), 1.30 (s, 3H), 1.30
(s, 3H) ppm; 13C NMR (125 MHz, CDCl3) 170.7, 169.8, 169.6, 169.0, 112.6, 109.1,
106.8, 91.3, 84.9, 80.7, 79.4, 73.2, 73.2, 72.9, 70.9, 66.3, 65.9, 62.1, 26.8, 25.8, 24.8,
24.3, 20.9, 20.8, 20.7, 20.6 ppm; HRMS (micro-TOF) m/z 613.2063 (calculated m/z
M+Na =613.2108 for C26H38NaO15)

Relevant spectra can be found in Appendix D.
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CHAPTER SIX

SUMMARY AND CONCLUSIONS
The Thomsen-Friedenreich (TF) antigen has the structure of β-Gal-1-3-αGalNAc-Thr/Ser and is a known tumor associated antigen. Its structure is masked under a
carbohydrate layer on the surface of healthy cells and is unmasked in 90% of carcinomas
through truncated glycosylation. Once unmasked, TF antigen is a surface marker specific
for cancer cells and is the natural ligand for the protein galectin-3. Galectin-3 is over
expressed in many types of cancer and has been implicated in many cancer processes
such as cellular adhesion, angiogenesis, metastasis, and anti-apoptosis. Because of this,
TF antigen and its relationship to galectin-3 is of interest.
TF antigen was synthesized through two separate glycosylation reactions using
indium triflate as a catalyst. The stereochemistry for the beta 1,3 disaccharide linkage
was achieved through neighboring group participation of acetylated C2’ on the
galactoside. The alpha linkage to threonine was achieved by azide protection of C2 on the
galactosaminoside and the use of a more polar solvent. TF antigen was then attached to
generations 2, 3, 4, and 6 polyamidoamine dendrimers to be displayed in a multivalent
fashion.
TF antigen functionalized dendrimers were used to study galectin-3 interactions in
homotypic cellular aggregation assays with A549 cells. All four generations of
dendrimers induced cellular aggregation, suggesting TF antigen functionalized
dendrimers are able to nucleate large enough protein aggregates with galectin-3 to form
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crosslinking networks. This is in contrast to previous results observed with lactose
functionalized dendrimers in which only generations 4 and 6 were able to induce cellular
aggregation. Generations 2 and 3 lactose functionalized dendrimers were able to inhibit
cellular aggregation. This indicates generations 2 and 3 TF antigen functionalized
dendrimers are capable of binding more galectin-3 proteins than previously observed
with lactose functionalized dendrimers, allowing larger dendrimer-protein aggregates to
form. This ability to recruit more proteins per dendrimer is presumably due to TF
antigen’s stronger binding affinity for galectin-3 as its natural ligand. Further experiments
are needed in order to test this hypothesis.
Additionally, further work was performed to characterize the distribution of
dendrimer end groups. Spin labeled dendrimers can be used to study end group
distribution through line broadening in the EPR spectrum. By quantifying the amount of
line broadening observed in the spectrum, the relative location of dendrimer end groups
can be determined. Generation 4 polyamidoamine dendrimers were functionalized with
di-spin bearing end groups. When two spins were covalently linked, low loaded
dendrimers closely matched the theoretically calculated pattern for clustered end groups.
As dendrimer functionalization with the di-spin end groups increased, the surface pattern
became closer to a random distribution. Significant radical quenching created problems in
reproducing these results and further work is needed with active radicals.
Finally, indium(III) was proven to be a useful promoter in glycosylation reactions.
Weaker Lewis acids, InCl3 and InBr3, performed better with acetylated mannose, while
the stronger Lewis acid, In(OTf)3, performed better with benzyl and acetonide protected
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sugars. In the case of acetonide protected mannose, significant protecting group removal
was observed with all indium(III) promoters above 0.05 equivalents. In(OTf)3 was
successful because it was strong enough to catalyze the glycosylation reaction in trace
amounts, effectively avoiding acetonide deprotection. In glycosylation reactions forming
disaccharides, In(OTf)3 was the only promoter to give satisfactory yields, as a strong
Lewis acid is often required in reactions with a bulky glycosyl acceptor. In(OTf)3 was
then used in the glycosylation reactions for the synthesis of TF antigen.
The research described herein provides further insight into the mechanism of TF
antigen and galectin-3 in cancer processes, as well as further insight into the general use
of dendrimers as multivalent scaffolds. The development of indium(III) as a
glycosylation promoter and the newly described synthetic route to TF antigen provide a
straightforward method to obtain TF antigen and will allow for further studies in the
future. Further work is needed to fully understand the galectin-3 protein aggregation
induced by the multivalent display of TF antigen. Future experiments using dynamic light
scattering to observe the size, shape, and polydispersity of galectin-3/TF antigen
functionalized dendrimer aggregates will give a better understanding of the processes
taking place in cancer cellular aggregation.
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APPENDIX A
RELEVANT SPECTRAL DATA FROM CHAPTER TWO
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Figure 36. Full 1H NMR spectrum of compound 1.
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Figure 37. Full 1H NMR spectrum of compound 2.
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Figure 38. Full 1H NMR spectrum of compound 3.
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Figure 39. Full 1H NMR spectrum of compound 4.
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Figure 40. Full 1H NMR spectrum of compound 5.
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Figure 41. Full 13C NMR spectrum of compound 5.
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Figure 42. Full 19F NMR spectrum of compound 5.
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Figure 43. Full 1H NMR spectrum of compound 6.
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Figure 44. Full 13C NMR spectrum of compound 6.
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Figure 45. Full 19F NMR spectrum of compound 6.
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Figure 46. Full 1H NMR spectrum of compound 7.
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Figure 47. Full 13C NMR spectrum of compound 7.
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Figure 48. Full 19F NMR spectrum of compound 7.
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Figure 49. Full 1H NMR spectrum of compound 8.

168

Figure 50. 13C NMR spectrum of compound 8.
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Figure 51. Full 19F NMR spectrum of compound 8.
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Figure 52. Full 1H NMR spectrum of compound 9.

171

Figure 53. Full 1H NMR spectrum of compound 10.
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Figure 54. Full 1H NMR spectrum of compound 11.
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Figure 55. Full 1H NMR spectrum of compound 12.
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Figure 56. Full 13C NMR spectrum of compound 12.

175

Figure 57. Full 1H NMR spectrum of compound 13.
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Figure 58. Full 13C NMR spectrum of compound 13.
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Figure 59. Full 1H NMR spectrum of compound 14.
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Figure 60. Full 13C NMR spectrum of compound 14.
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Figure 61. Full 1H NMR spectrum of compound 15.
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Figure 62. Full 13C NMR spectrum of compound 15.
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Figure 63. Full 1H NMR spectrum of compound 16.

182

Figure 64. Full 13C NMR spectrum of compound 16.
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Figure 65. Full 1H NMR spectrum of compound 17.
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Figure 66. Full 13C NMR spectrum of compound 17.
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Figure 67. Full 1H NMR spectrum of compound 18.
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Figure 68. Full 13C NMR spectrum of compound 18.
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Figure 69. Smoothed MALDI TOF spectrum for compound 18. Mw = 8895.
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Figure 70. Full 1H NMR spectrum of compound 19.
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Figure 71. Full 13C NMR spectrum of compound 19.
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Figure 72. Smoothed MALDI TOF spectrum for compound 19. Mw = 16220.
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Figure 73. Full 1H NMR spectrum of compound 20.
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Figure 74. Full 13C NMR spectrum of compound 20.
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Figure 75. Smoothed MALDI TOF spectrum for compound 20. Mw = 39225.
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Figure 76. Full 1H NMR spectrum of compound 21.
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Figure 77. Full 13C NMR spectrum of compound 21.
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Figure 78. Smoothed MALDI TOF spectrum for compound 21. Mw = 103355..
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Figure 79. Full 1H NMR spectrum of compound 22.
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Figure 80. Full 13C NMR spectrum of compound 22.
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Figure 81. Smoothed MALDI TOF spectrum for compound 22. Mw = 6540.
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Figure 82. Full 1H NMR spectrum of compound 23.
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Figure 83. Full 13C NMR spectrum of compound 23.
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Figure 84. Smoothed MALDI TOF spectrum for compound 23. Mw = 8550.
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Figure 85. Full 1H NMR spectrum of compound 24.
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Figure 86. Full 13C NMR spectrum of compound 24.
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Figure 87. Smoothed MALDI TOF spectrum for compound 24. Mw = 31510.

m/z

206

Figure 88. Full 1H NMR spectrum of compound 25.
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Figure 89. Full 13C NMR spectrum of compound 25.
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Figure 90. Smoothed MALDI TOF spectrum for compound 25. Mw = 77880.
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APPENDIX B
SUPPLEMENTAL DATA FROM CHAPTER THREE

210
Amount Added,
Dendrimer concentration

% Free Cells

Standard
deviation

p-value

22

0 µL, 0 µM

80

±1.0

-

22

10 µL, 57 µM

79

±8.7

0.84

22

20 µL, 114 µM

73

±6.9

0.18

22

30 µL, 171 µM

59

±6.5

0.02

22

40 µL, 228 µM

60

±0.87

0.0009

23

0 µL, 0 µM

82

±3.6

-

23

10 µL, 33 µM

76

±9.1

0.40

23

20 µL, 66 µM

69

±11.4

0.16

23

30 µL, 99 µM

54

±15.4

0.08

23

40 µL, 132 µM

42

±12.7

0.03

24

0 µL, 0 µM

90

±4.2

-

24

10 µL, 12 µM

75

±2.0

0.03

24

20 µL, 24 µM

71

±4.6

0.01

24

30 µL, 36 µM

64

±15.5

0.15

24

40 µL, 48 µM

50

±11.5

0.05

25

0 µL, 0 µM

85

±7.5

-

25

10 µL, 4 µM

84

±5.9

0.91

25

20 µL, 8 µM

78

±7.1

0.002

25

30 µL, 12 µM

66

±5.9

0.006

±14.2

0.04

40 µL, 16 µM
52
25
Table 7: Summary of cellular aggregation assay data
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Figure 91: Untreated A549 cells

Figure 92: 57 µM G2-TF antigen functionalized dendrimer

212

Figure 93: 114 µM G2-TF antigen functionalized dendrimer

Figure 94: 171 µM G2-TF antigen functionalized dendrimer

213

Figure 95: 228 µM G2-TF antigen functionalized dendrimer

Figure 96: 33 µM G3-TF antigen functionalized dendrimer

214

Figure 97: 66 µM G3-TF antigen functionalized dendrimer

Figure 98: 99 µM G3-TF antigen functionalized dendrimer

215

Figure 99: 132 µM G3-TF antigen functionalized dendrimer

Figure 100: 12 µM G4-TF antigen functionalized dendrimer

216

Figure 101: 24 µM G4-TF antigen functionalized dendrimer

Figure 102: 36 µM G4-TF antigen functionalized dendrimer

217

Figure 103: 48 µM G4-TF antigen functionalized dendrimer

Figure 104: 4 µM G6-TF antigen functionalized dendrimer

218

Figure 105: 8 µM G6-TF antigen functionalized dendrimer

Figure 106: 12 µM G6-TF antigen functionalized dendrimer

219

Figure 107: 16 µM G6-TF antigen functionalized dendrimer
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Figure 108. Full 1H NMR spectrum of compound 26.
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Figure 109. Full 13C NMR spectrum of compound 26.
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Figure 110. Full 1H NMR spectrum of
Methyl 3,5-bis-(3-(tert-butyloxycarbonylamido)propoxy)benzoate.
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Figure 111. Full 13C NMR spectrum of compound
Methyl 3,5-bis-(3-(tert-butyloxycarbonylamido)propoxy)benzoate.
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Figure 112. Full 1H NMR spectrum of compound 28.
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Figure 113. Full 13C NMR spectrum of compound 28.
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Figure 114. Full 1H NMR spectrum of compound 29.
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Figure 115. Full 13C NMR spectrum of compound 29.
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Figure 116. Smoothed MALDI TOF spectrum for compound 29. Mw = 14100.
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Figure 117. Full 1H NMR spectrum of compound 30.
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Figure 118. Full 13C NMR spectrum of compound 30.
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Figure 119. Smoothed MALDI TOF spectrum for compound 30. Mw = 14400.
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Figure 120. Full 1H NMR spectrum of compound 31.
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Figure 121. Full 13C NMR spectrum of compound 31.
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Figure 122. Smoothed MALDI TOF spectrum for compound 31. Mw = 15400.
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Figure 123. Full 1H NMR spectrum of compound 32.
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Figure 124. Full 13C NMR spectrum of compound 32.
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Figure 125. Smoothed MALDI TOF spectrum for compound 32. Mw = 15900.
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Figure 126. Full 1H NMR spectrum of compound 33.
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Figure 127. Full 13C NMR spectrum of compound 33.
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Figure 128. Smoothed MALDI TOF spectrum for compound 33. Mw = 17000.
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Figure 129. Full 1H NMR spectrum of compound 34.
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Figure 130. Full 13C NMR spectrum of compound 34.
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Figure 131. Smoothed MALDI TOF spectrum for compound 34. Mw = 18500.
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Figure 132. Full 1H NMR spectrum of compound 35.
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Figure 133. Full 13C NMR spectrum of compound 35.
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Figure 134. Smoothed MALDI TOF spectrum for compound 35. Mw = 16800.
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Figure 135. Full 1H NMR spectrum of compound 36.
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Figure 136. Full 13C NMR spectrum of compound 36.
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Figure 137. Smoothed MALDI TOF spectrum for compound 36. Mw = 16800.
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Figure 138. Full 1H NMR spectrum of compound 37.
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Figure 139. Full 13C NMR spectrum of compound 37.
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Figure 140. Smoothed MALDI TOF spectrum for compound 37. Mw = 17200.
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Figure 141. Full 1H NMR spectrum of compound 38.
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Figure 142. Full 13C NMR spectrum of compound 38.
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Figure 143. Smoothed MALDI TOF spectrum for compound 38. Mw = 16600.
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Figure 144. Full 1H NMR spectrum of compound 39.
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Figure 145. Full 13C NMR spectrum of compound 39.
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Figure 146. Smoothed MALDI TOF spectrum for compound 39. Mw = 17800.
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Figure 147. Full 1H NMR spectrum of compound 40.
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Figure 148. Full 13C NMR spectrum of compound 40.
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Figure 149. Smoothed MALDI TOF spectrum for compound 40. Mw = 19300.
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Figure 150. Full 1H NMR spectrum of compound 41.
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Figure 151. Full 13C NMR spectrum of compound 41.
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Figure 152. Smoothed MALDI TOF spectrum for compound 41. Mw = 14900.
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Figure 153. Full 1H NMR spectrum of compound 42.
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Figure 154. Full 13C NMR spectrum of compound 42.
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Figure 155. Smoothed MALDI TOF spectrum for compound 42. Mw = 16100.
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Figure 156. Full 1H NMR spectrum of compound 43.
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Figure 157. Full 13C NMR spectrum of compound 43.
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Figure 158. Smoothed MALDI TOF spectrum for compound 43. Mw = 16000.
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Figure 159. Full 1H NMR spectrum of compound 44.
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Figure 160. Full 13C NMR spectrum of compound 44.
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Figure 161. Smoothed MALDI TOF spectrum for compound 44. Mw = 16500.
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Figure 162. Full 1H NMR spectrum of compound 45.
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Figure 163. Full 13C NMR spectrum of compound 45.
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Figure 164. Smoothed MALDI TOF spectrum for compound 45. Mw = 17300.

28000 m/z

278

Figure 165. Full 1H NMR spectrum of compound 46.
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Figure 166. Full 13C NMR spectrum of compound 46.
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Figure 167. Smoothed MALDI TOF spectrum for compound 46. Mw = 17600.
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Figure 168. Smoothed MALDI TOF spectrum for compound 47. Mw = 16600.
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Figure 169. Smoothed MALDI TOF spectrum for compound 48. Mw = 16900.
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Figure 170. Smoothed MALDI TOF spectrum for compound 49. Mw = 21300.
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Figure 171. Smoothed MALDI TOF spectrum for compound 50. Mw = 20800.
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Figure 172. Smoothed MALDI TOF spectrum for compound 51. Mw = 20800.
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Figure 173. Smoothed MALDI TOF spectrum for compound 52. Mw = 22500.
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RELEVANT SPECTRAL DATA FROM CHAPTER FIVE

(Only compounds synthesized by Amanda L. Mattson)
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Figure 174. Full 1H NMR spectrum of compound 8.
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Figure 175. Full 13C NMR spectrum of compound 8.
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Figure 176. Full 1H NMR spectrum of compound 9.
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Figure 177. Full 13C NMR spectrum of compound 9.
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Figure 178. Full 1H NMR spectrum of compound 16.
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Figure 179. Full 13C NMR spectrum of compound 16.
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Figure 180. Full 1H NMR spectrum of compound 17.
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Figure 181. Full 13C NMR spectrum of compound 17.
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Figure 182. Full 1H NMR spectrum of compound 18.
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Figure 183. Full 13C NMR spectrum of compound 18.
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Figure 184. Full 1H NMR spectrum of compound 19.
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Figure 185. Full 13C NMR spectrum of compound 19.
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Figure 186. Full 1H NMR spectrum of compound 23.
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Figure 187. Full 13C NMR spectrum of compound 23.
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