The Pennsylvania State University
The Graduate School
Eberly College of Science

INCREASING THE RATE OF END-TO-END DEPOLYMERIZATION OF
POLY(BENZYL CARBAMATES) IN LOW POLARITY ENVIRONMENTS

A Dissertation in
Chemistry
by
Jessica S. Robbins

© 2014 Jessica S. Robbins

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

August 2014

The dissertation of Jessica S. Robbins was reviewed and approved* by the following:

Scott T. Phillips
Associate Professor of Chemistry
Dissertation Advisor
Chair of Committee

Alexander T. Radosevich
Assistant Professor of Chemistry

Ayusman Sen
Distinguished Professor of Chemistry

Michael A. Hickner
Associate Professor of Chemical Engineering, and Materials Science and Engineering

Barbara J. Garrison
Head of the Department of Chemistry
Shapiro Professor of Chemistry

*Signatures are on file in the Graduate School

ii	
  	
  
	
  

ABSTRACT
The design and synthesis of stimuli-responsive polymers that undergo end-to-end
depolymerization in response to specific chemical or physical signals has become an
increasingly important challenge in polymer chemistry. Depolymerizable polymers have
been used in a variety of applications including as signal amplification reagents for
sensors, responsive capsules, shape-shifting plastics, and autonomous analyte-responsive
pumps. Poly(benzyl carbamates), one of the major classes of depolymerizable polymers,
depolymerize via a series of azaquinone methide elimination reactions down the polymer
backbone. The formation of azaquinone methide is slow (i.e., hours or days) in lowpolarity environments (e.g., solutions with dielectric constants lower than that of water,
or solid-state polymeric materials), which limits the utility of poly(benzyl carbamates) in
applications that require low-polarity environments. This Thesis describes efforts to
design derivatives of poly(benzyl carbamates) that depolymerize rapidly from end-to-end
in response to specific signals in environments less polar than water, and the application
of these new derivatives as phase-switching reagents in assays performed in paper-based
microfluidic devices.
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CHAPTER 1
End-to-End Depolymerizable Polymers

1.1 Introduction to Depolymerizing, Stimuli-Responsive Polymers
Stimuli-responsive materials are designed to alter their physical properties (e.g.,
shape, hydrophilicity) in response to changes in their environment (e.g., pH, UV light).1,2
One emerging class of stimuli-responsive materials is comprised of polymers that
depolymerize in response to a stimulus.3–6 Depolymerization is generally defined as the
conversion of polymers to monomers or other small molecules. This conversion can be
triggered by chemical, thermal, or physical means. Degradation of the polymer may
occur in a stepwise fashion, known as fragmentation depolymerization, or in a concerted
fashion, known as continuous depolymerization.3

1.1.1 Depolymerization by Fragmentation
Polymers that degrade via fragmentation depolymerization reactions (FD
polymers) require multiple reactions with multiple copies of a stimulus to completely
degrade the polymer backbone.7–13 A single stimulus cleaves the polymer into two shorter
polymers, but further degradation does not occur until another copy of the stimulus reacts
with the polymer (Figure 1-1). FD polymers have been used in biodegradable materials14
and incorporated into responsive capsules7.
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Figure 1-1. General schematic for the depolymerization of an FD polymer. The open
arrows indicate the bonds between the repeating units that are cleaved when a stimulus is
applied to the polymer. The bonds are not broken in a specific order and cleavage of a
bond between two repeating units has no bearing on subsequent bond breakage.
Complete degradation of a polymer into small molecules by fragmentation
depolymerization requires the stimulus to cleave the bonds between each individual
repeating unit.
Stimuli-responsive nanocapsules fabricated from FD polymers were reported by
the Almutairi group in 2010.7 Polymer 1-1 was designed to degrade via fragmentation
depolymerization in response to UV light (Figure 1-2). The 6-nitroveratryl oxycarbonyl
(NVOC) amino group cleaves in response to UV irradiation to reveal an amine.15 The
amine cyclizes into the second carbamate to form a cyclic urea and reveals a phenol. The
phenol undergoes subsequent 1,4-quinone methide eliminations, which breaks the
polymer into two shorter polymers.
Polymer 1-1 was used to fabricate polymeric nanoparticles encapsulating Nile
Red, a fluorescent dye. The nanoparticles were designed for targeted drug delivery
applications, using a non-invasive stimulus (i.e., light) to release the payload in a specific
region of the body. For this proof-of-concept study, the hydrophobic Nile Red dye was
used as a mimic of a hydrophobic small molecule drug. When the capsules were
submerged in a solution of 9:1 CH3CN–H2O and irradiated with 350 nm light for 1 min,
the dye was released over the course of ~15 min.
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Figure 1-2. A light-responsive FD polymer.7 The 6-nitroveranyl oxycarbonyl (NVOC)
amino group is cleaved by UV irradiation, allowing polymer 1-1 to degrade into two
shorter polymers. If every NVOC group cleaves, the polymer is converted completely to
small molecules: the cleaved reaction-based detection unit (blue, 1-2 and CO2), a cyclic
urea (1-3), a phenol (1-4), and a dicarboxylic acid (1-5).
1.1.2 Continuous End-to-End Depolymerization
The second group of depolymerizable polymers degrade by continuous end-toend depolymerization (CD polymers) (Figure 1-3). CD polymers can be further broken
down into two groups: polymers that depolymerize by continuous end-to-end
depolymerization when the backbone is cleaved in response to a non-specific stimulus
(CDb polymers, Figure 1-3a),16–21 and those that deplymerize by continuous end-to-end
depolymerization when a reaction-based detection unit is cleaved from the polymer upon
exposure to a specific stimulus (CDr polymers, Figure 1-3b).
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(a)

(b)

Figure 1-3. General schematic for depolymerization of CD polymers. (a) Representation
of a polymer that depolymerizes by continuous end-to-end depolymerization when the
backbone is cleaved in response to a non-specific stimulus (CDb polymers). The polymer
is stable until a stimulus cleaves the backbone at a random linkage. Cleavage of the
backbone initiates depolymerization of the polymer from the point of cleavage. (b)
Representation of a polymer that depolymerizes by continuous end-to-end
depolymerization when a reaction-based detection unit is cleaved from the polymer upon
exposure to a specific stimulus (CDr polymers). The polymer is stable when a reactionbased detection unit (blue) is attached. When a stimulus cleaves the bond between the
reaction-based detection unit and the polymer backbone, the polymer depolymerizes from
end to end.
CDb polymers are well-suited for a variety of applications. Polymer 1-6,
poly(phthalaldehyde) (PPA), is a polyacetal that degrades to monomer (1,2benzenedicarboxaldehyde) in response to acid (Figure 1-4). In 1983, Ito and Willson
reported that films of PPA mixed with a photoacid could be used as chemically amplified
photoresists.15 This result was significant, because a single molecule of acid, instead of
simply breaking the polymer into two shorter polymers (as would be the case for FD
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polymers), caused the depolymerization of a large portion of the polymer chain into
easily removed small molecules. Therefore, PPA films were able to provide a response
far greater than the applied signal.

Figure 1-4. An acid-sensitive CDb polymer. The acetal linkages in polymer 1-6,
poly(phthalaldehyde) (PPA), cleave at random intervals in response to acid, revealing an
unstable hemiacetal.15 This hemiacetal initiates an electron cascade that converts the
polymer to monomer (1,2-benzenedicarboxaldehyde) from the point of cleavage.
One drawback to CDb polymers is that the signals that cause the depolymerization
reaction are non-specific (e.g., acid16,20, base17,18, light21). The depolymerization response
from CDb polymers is inherent to each polymer backbone; therefore, the signals to which
the polymers respond cannot be tuned easily.
In contrast, CDr polymers, which will be further explored in this Thesis,
depolymerize from end-to-end in response to a specific chemical or physical signal
(Figure 1-3b). This type of polymer has also been referred to as “self-immolative”,22
“unzipping”23 or “metastable”24. Specific and selective depolymerization is achieved by
incorporating reaction-based detection units25,26 (also referred to as “end-caps”27,28 or
“triggers”22,29) into the polymer architecture. The reaction-based detection units act as
protecting groups for the polymer (in fact, much of current reaction-based detection unit
chemistry in the context of polymers is inspired by classic protecting group chemistry),
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stabilizing the polymer as long as the reaction-based detection unit is attached to the
polymer backbone. Once the bond between the reaction-based detection unit and the
polymer backbone is cleaved by the specific signal, the polymer becomes unstable and
depolymerizes from one end to the other. In cases where the reaction-based detection unit
is located in the middle of the polymer backbone, rather than at the terminus, the
depolymerization reaction proceeds from the detection unit to one or both ends of the
polymer chain, depending on the structure.
Designing CDr polymers represents a unique challenge because the backbone
must be stable when attached to the reaction-based detection unit, but unstable (i.e.,
depolymerize completely) when the reaction-based detection unit is removed. To date,
only a handful of polymer backbones have been explored that meet the requirements to
be classified as CDr polymers. The current classes of CDr polymers are (i) poly(benzyl
carbamates),22,26,29,30 (ii) poly(benzyl ethers),31 (iii) polymers that depolymerize via
intramolecular cyclization reactions,8,27,28,32,33 and (iv) end-capped poly(phthalaldehyde)
and its derivatives34–38.
Each class of CDr polymers has advantages and disadvantages associated with it
(e.g., backbone stability, rate of depolymerization), which determine the appropriate
applications for each polymer. These applications range from sensors22,29 to capsules for
controlled release8,24,28 to shape-shifting materials34. Several factors make CDr polymers
attractive for these types of applications: (i) a single reaction between a signaling
molecule and the reaction-based detection unit of the polymer causes complete
depolymerization. Therefore, the polymers undergo a novel form of signal
amplification,39 where one bond cleavage event causes the entire polymer to
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depolymerize to small molecules; (ii) the polymers can be designed so that the properties
of the polymer and those of the monomers released after depolymerization are markedly
different (e.g., non-fluorescent to fluorescent, hydrophobic to hydrophilic); and (iii) the
reaction-based detection unit can be designed to respond selectively and specifically to a
variety of signals. Therefore, the same polymer backbone can be used for a variety of
applications that require depolymerization in response to different stimuli.

1.2 Depolymerizable Poly(benzyl carbamates)
The first CDr poly(benzyl carbamate) was reported by Shabat and coworkers in
2008.22 The design of these “self-immolative” polymers was inspired by the azaquinone
methide elimination chemistry used in small-molecule prodrugs40,41 and later in
degradable dendrimers42 (Figure 1-5). Once a stimulus removes the reaction-based
detection unit from the terminal carbamate, a carbamic acid is revealed, which
decarboxylates to reveal an aniline. The aniline undergoes an electron cascade, starting
with a 1,6-azaquinone-methide elimination to reveal another carbamic acid, which then
decarboxylates to continue the depolymerization process. The azaquinone methide
byproducts of depolymerization are quite electrophilic and will be trapped by any nearby
nucleophile via a conjugate addition reaction. Often, the nucleophile will be water, as
these depolymerization reactions are usually performed in partially aqueous media.
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Figure 1-5. Generic scheme for the end-to-end depolymerization of a poly(benzyl
carbamate). Upon reaction with a stimulus, the reaction-based detection unit is cleaved
from the polymer backbone. The polymer depolymerizes through a series of
decarboxylations and 1,6-azaquinone methide eliminations. “NuH” represents a generic
nucleophile, such as water.
Typically,

poly(benzyl

carbamates)

are

synthesized

by

condensation

polymerization from a monomer containing both a masked isocyanate and an alcohol (the
functionalities are para to one another on the aromatic ring). The reaction-based
detection unit is installed by quenching the polymerization reaction with an appropriately
functionalized alcohol. It has been difficult to achieve high degrees of polymerization for
poly(benzyl carbamates), both because of the nature of condensation polymerizations and
because of the poor solubility of the growing polymer chains. Moore and coworkers were
able to synthesize poly(benzyl carbamates) of ~50 repeating units (Mn = 13 kDa) by
appending solubilizing silyl-protected ethylene glycol esters to the repeating units.24

1.2.1 Poly(benzyl carbamates) as Sensors
The poly(benzyl carbamates) reported by Shabat and coworkers were designed to
be used as signal amplification reagents for sensors (Figure 1-6).22 Polymer 1-7 had a
degree of polymerization (DP) of ~17. The polymer was functionalized with a reactionbased detection unit that cleaves in response to bovine serum albumin (BSA) by a beta	
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elimination reaction. Exposure of the polymer to BSA produces methyl vinyl ketone (18) and CO2, revealing the terminal aniline of the polymer backbone, which initiates the
depolymerization reaction.

Figure 1-6. A depolymerizable poly(benzyl carbamate) that was synthesized and studied
by Shabat et al.22 The reaction-based detection unit (blue) cleaves in the presence of
bovine serum albumin (BSA) to initiate depolymerization. Polymer 1-7 is nonfluorescent. However, aniline 1-9, generated during the depolymerization process, is
fluorescent (λex = 270 nm, λem = 510 nm). Depolymerization of a single polymer chain
leads to the release of n fluorescent small molecules (for 1-7, n = ~17), providing an
amplified readout. The reporter group (4-nitroaniline, 1-10, orange) is released from the
last repeating unit in the polymer chain and can be used as a spectroscopic handle to
measure depolymerization kinetics.
Polymer 1-7 contains three key design elements: (i) the carboxylic acid side
chains on each repeating unit confer water solubility to the polymer chain, which allows
the reaction with BSA to take place; (ii) the conjugated system of the side chains creates
a push-pull system in the aniline small molecule (1-9), making it fluorescent. However, in
the polymer, the electrons on the aniline are tied up as a carbamate, disrupting the pushpull

system

and

rendering

polymer

1-7

non-fluorescent.

Therefore,

during

depolymerization, there is an increase in fluorescent signal that can be monitored
spectroscopically; and (iii) 4-nitroaniline is appended as a carbamate to the terminus of
the polymer. 4-Nitroaniline (1-10) is released upon complete depolymerization of the
polymer, allowing depolymerization to be monitored by UV/vis spectroscopy as well.
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Shabat and coworkers found that, in the presence of 1 mg/mL BSA, the polymer
depolymerized completely in approximately 10 h. The depolymerization reaction was
carried out in water at ambient temperature and was monitored both by fluorescence (to
quantify the release of the small molecule repeating units) and by UV/vis (to quantify the
release of 4-nitroaniline from the end of the polymer). In the absence of BSA, very little
background signal from hydrolysis was observed.
Shabat and coworkers expanded the capabilities of depolymerizable poly(benzyl
carbamates) with the design and synthesis of a “comb” polymer29 (Figure 1-7) that
releases an equivalent of 4-nitroaniline for every repeating unit in the polymer chain.

Figure 1-7. A “comb” polymer synthesized by Shabat et al.29 This poly(benzyl
carbamate) releases one equivalent of 4-nitroaniline for every repeating unit in the
polymer chain (for 1-11, n = ~10). Without pendant carboxylic acid groups (as were
present in polymer 1-7), polymer 1-11 was soluble only in organic solvent (MeOH–
DMSO).
Polymer 1-11 is structurally similar to the previous poly(benzyl carbamate) (polymer 1-7,
Figure 1-6), however, the side chains on each repeating unit contain 4-nitroaniline
carbamates. The DP for polymer 1-11 was ~11. Polymer 1-11 does not contain pendant
carboxylic acids (as polymer 1-7 does), and was found to be soluble only in organic
solvents. Therefore piperidine, rather than BSA, was used to perform the beta-elimination
of the reaction-based detection unit that is necessary to induce depolymerization. In this
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system, depolymerization proceeds by the same mechanism as polymer 1-7, but each
repeating unit is able to undergo a second 1,6-azaquinone methide elimination through
the side chain to release one equivalent of 4-nitroaniline. Therefore, the colorimetric
response from polymer 1-11 should be greater than that of polymer 1-7. In response to
piperidine in a solution of MeOH–DMSO (3:1), polymer 1-11 (DP = ~11) reached
maximum signal in around ~50 h. The decrease in depolymerization rate is due to the fact
that the solvent system is less polar than water, therefore azaquinone methide formation
is slower.
To allow for the polymer to respond to enzymes, and to increase the rate of
depolymerization, Shabat and coworkers then synthesized a water-soluble version of the
comb polymer,29 which combines the carboxylic-acid-containing repeating units from
polymer 1-7 with the 4-nitroaniline-releasing repeating units from 1-11 in a 1:1 ratio
(Figure 1-8).

Figure 1-8. A water-soluble version of the comb polymer from Shabat et al.29 The
pendant carboxylic acids confer water-solubility to polymer 1-12. For polymer 1-12, n =
~7. The reaction-based detection unit is a benzyl amide that cleaves in response to
penicillin-G amidase (PGA).
Polymer 1-12 had a DP of ~7 and was end-capped with a benzyl amide reaction-based
detection unit that cleaves in response to penicillin-G amidase (PGA). When polymer 1	
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12 was treated with 1 mg/mL PGA in H2O (pH 7.4), the maximum colorimetric signal
was observed after ~6.5 h. However, in the absence of PGA, significant background
hydrolysis was observed (~20% of the maximum signal). This increase in background
signal over polymer 1-7 is most likely because the 4-nitroaniline carbamate is moreeasily hydrolyzed than the carbamates in the polymer backbone.

1.2.2 Poly(benzyl carbamate)-Based Microcapsules for Controlled Release
Moore and coworkers, building on the work of the Shabat group, developed
poly(benzyl carbamates) for use as degradable microcapsules.24 They postulated that
capsules made from CDr polymers could find applications in drug delivery and selfhealing materials. In their proof-of-concept study, Moore a encapsulated ethylphenyl
acetate, a volatile ester, inside core-shell microcapsules fabricated from poly(benzyl
ethers) functionalized with reaction-based detection units (Figure 1-9). In response to a
chemical signal, the polymers degrade via a presumed end-to-end depolymerization,
rupturing the shell of the capsule and releasing its contents.

Figure 1-9. Crosslinked poly(benzyl carbamate) synthesized by Moore et al.24 Core-shell
microcapsules were formed from polymer 1-13 by emulsification polymerization.
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Two different reaction-based detection units were used in this work: a tert-butoxy
carbonyl (Boc) group, which cleaves in response to acid, and a 9-fluorenylmethyl
carbonyl (Fmoc) group, which cleaves in response to amine bases. Moore and coworkers
synthesized a derivative of the monomer developed by the Shabat group containing a
pendant silyl-ether-protected ethylene glycol unit and incorporated it into a copolymer
with an unfunctionalized monomer (3:7). The silyl ether was deprotected to reveal an
alcohol in a postpolymerization reaction. The alcohol was trapped as a carbamate with
2,4-toluenediisocyanate (2,4-TDI). The microcapsules were formed by emulsification
polymerization between the isocyanate-functionalized poly(benzyl carbamates) and 1,4butanediol to produce crosslinked polymer 1-13.
Degradation of the microcapsules (i.e., release of ethylphenyl acetate) was
monitored by gas chromatography (GC) when exposed to acidic (4M HCl with 10%
ethanol) and basic (5% piperidine in THF) conditions. Both the Boc- and Fmocfunctionalized capsules released their contents in ~48 h in response to the appropriate
chemical signal (i.e., HCl for the acid-sensitive capsule and piperidine for the basesensitive capsule). The capsules showed very little release in the presence of the opposite
signal.

1.3 Depolymerizable Poly(benzyl ethers)
Poly(benzyl ethers) are another class of CDr polymers, which depolymerize
through 1,6-quinone methide elimination reactions, rather than through azaquinone
methide elimination. These polymers are accessed by the anionic polymerization of
stabilized quinone methide monomers.43 The anionic polymerization conditions allow for
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more precise control over the length and polydispersity of poly(benzyl ethers) (DP up to
~200, PDIs ~ 1.3) than the condensation polymerizations used to synthesize poly(benzyl
carbamates).31 McGrath and coworkers have demonstrated stimuli-responsive dendrimers
with poly(benzyl ether) backbones; however, these dendrimers were synthesized
stepwise, rather than through a polymerization mechanism.44,45 Phillips and coworkers
synthesized the first CDr versions of poly(benzyl ethers) (1-14) by terminating a polymer
of 2,6-dimethyl-7-phenyl-1,4-benzoquinone methide (1-15) with a reaction-based
detection unit (Figure 1-10).31

Figure 1-10. Poly(benzyl ether) (1-14) functionalized with a reaction-based detection
unit designed by Phillips et al.31 The polymer is stable as long as the reaction-based
detection unit is attached to the end of the polymer chain. When the reaction-based
detection unit is cleaved from the polymer, the polymer depolymerizes to the quinone
methide monomers (1-15). DP of ~200 can be obtained by tuning the polymerization
conditions.
The polymers can be end-capped with a variety of reaction-based detection units;
however, unlike previous CDr polymers, poly(benzyl ethers) are also stable as long as the
terminal phenol is protonated. Treatment of the polymer with the appropriate stimulus
removes the reaction-based detection unit, but the polymer must be further treated with
base (e.g., 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)) in order to deprotonate the
terminal phenol and initiate depolymerization. After deprotonation, the polymer
depolymerizes through subsequent 1,6-quinone methide eliminations, converting the
polymer to monomer. The rate of depolymerization depends on solvent polarity, with low
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polarity solvents, such as THF (ε = 7.58), requiring days for complete depolymerization
while depolymerization in high polarity solvents, such as DMF (ε = 36.7), occurs within
minutes. Poly(benzyl ethers) that have been terminated with an unresponsive methyl
group are quite stable, showing no background degradation in response to base, acid, or
heating up to 40 °C.

1.4 Depolymerization by Intramolecular Cyclization
A third class of CDr polymers depolymerize through cyclization mechanisms (or
through a combination of cyclizations and 1,6-quinone methide eliminations), rather than
solely through electron cascades (Figure 1-11).27,28,32,33 Gillies and coworkers developed
this class of depolymerizable polymers, which are based on some of their earlier work46
and the work of others47, for use as biodegradable polymers.
(a)

(b)

Figure 1-11. (a) A polymer that undergoes depolymerization through intramolecular
cyclization reactions.27 The disulfide reaction-based detection unit cleaves under reducing
conditions (dithiothreitol (DTT) in D2O) to reveal a thiol, which will cyclize into a
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carbamate to produce 1-18 and reveal an amine. The amine cyclizes into the
thiocarbamate to produce urea 1-3 and reveal the next thiol, which continues the
depolymerization process. (b) A series of polymers that depolymerize via alternating
intramolecular cyclizations and 1,6-quinone methide eliminations.28,32,33 The rate of
degradation can be tuned by varying the atoms at X and Y. The Boc reaction-based
detection units on polymers 1-20 and 1-21 were removed with trifluoroacetic acid (TFA)
and the disulfide reaction-based detection unit on polymer 1-22 was cleaved with DTT.
Depolymerization in D2O (pH 7.4) was monitored by 1H NMR. DP for all of these
polymers was ~17.
The polymer depicted in Figure 1-11a depolymerizes through a series of
cyclization reactions.27 When the disulfide linker is cleaved by dithiothreitol (DTT), a
thiol is revealed. The thio-ethylene linker cyclizes into the carbamate to produce 1-18 and
reveal an amine. The amino-ethylene linker cyclizes into the thiocarbamate, revealing
another thiol, which propagates the depolymerization reaction. The polymers depicted in
Figure 1-11b depolymerize by a similar mechanism.28,32 Once the reaction-based
detection unit is cleaved, the amine on the ethylene linker initiates an intramolecular
cyclization and reveals a phenol. This phenol then undergoes a 1,6-quinone methide
elimination, releasing CO2 and revealing another amino ethylene linker and continuing
the depolymerization mechanism.

1.4.1 Increasing the Rate of Intramolecular Cyclization
The original design for the polymers that depolymerize through alternating
cyclizations and eliminations, 1-20, had an N,N’-dimethyl ethylenediamine linker that
cyclized during depolymerization.28 In response to trifluoroacetic acid (TFA), polymer 120 (DP ~17) depolymerized in ~5 days, which is significantly slower than both
poly(benzyl carbamates) and poly(benzyl ethers). To accelerate the rate of
depolymerization, Gillies and coworkers made substitutions to the functionality in the
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polymer backbone.32 The cyclization reaction was identified as the rate-limiting step of
the depolymerization reaction, so the authors modulated the rate of cyclization of the
linker by both increasing the reactivity of the nucleophilic portion of the linker and the
electrophilicity of the carbonyl portion of the linker. Specifically, the authors tested an Nmethyl aminoethanol linker (polymer 1-21) or an N-methyl ethanethiol linker (polymer 122).
The backbone of polymer 1-21, with an N-methyl aminoethanol linker, contains a
carbonate linkage, which is more electrophilic than the carbamate linkage in 1-20,
allowing for faster cyclization. With this linker, complete depolymerization (DP ~17)
was observed in ~6 h. For the polymer with the N-methyl ethanethiol linker (1-22), a thiol
was substituted for an amine as the nucleophile in the cyclization reaction. This change
significantly increased the speed of depolymerization for polymer 1-22 (DP ~17), with
complete depolymerization occurring in ~2 h. A notable drawback to this method of
increasing the depolymerization rate is that the same alterations to the electronics of the
system that will allow for faster depolymerization will also increase the likelihood of
background hydrolysis.48

1.4.2 Light-Responsive Degradable Nanoparticles
A polymer inspired by polymer 1-20 and containing a light-responsive reactionbased detection unit was used to fabricate responsive nanoparticles by Almutairi and
coworkers8 (Figure 1-12).
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Figure 1-12. Light responsive polymer synthesized by Almutairi et al.8 Once the
reaction-based detection unit is removed, the polymer depolymerizes through a series of
intramolecular cyclizations and 1,6-quinone methide eliminations. Polymer 1-22 (n =
150) was used to fabricate UV-responsive nanocapsules.
Polymer 1-22 (DP ~150) was designed to depolymerize in response to 350 nm UV light.
When polymer 1-22 was irradiated for 60 min, 90% of the polymer depolymerized over
the course of 4 days in a solution of 3:4 MeCN–H2O (pH 7.4). Almutairi and coworkers
formed nanocapsules from polymer 1-22 containing Nile Red dye using single emulsion
encapsulation

techniques.

In

contrast

to

their

results

from

solution-phase

depolymerization studies, they observed that, upon 1 min of irradiation with 350 nm
light, the capsules released the Nile Red dye within 5 min. These results suggest that the
mechanism of release from the nanocapsules may not be simply end-to-end
depolymerization (e.g., partial depolymerization or a change in hydrophilicity of the
polymer upon removal of the detection unit may allow for the dye to leech out of the
capsule).

1.5 End-Capped Poly(phthalaldehyde) and Its Derivatives
Poly(phthalaldehyde) (PPA) and its derivatives comprise the final class of current
CDr polymers. PPA without reaction-based detection units has been used as a CDb
polymer since the 1980’s15,49 (Figure 1-4), but recently, PPA functionalized with reactionbased detection units has been developed for use as CDr polymers by Phillips and
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coworkers (Figure 1-13).50,34–38 PPA and its derivatives are polyacetals that can be
accessed by the cyclopolymerization of aromatic 1,2-dialdehydes.

Figure 1-13. Poly(phthalaldehyde) (PPA) functionalized with a reaction-based detection
unit (1-26) designed by Phillips et al. PPA depolymerizes to 1,2benzenedicarboxaldehyde in response to a chemical signal. A high DP (n = ~900) is
accessible for PPA.51
In contrast to other CDr polymers, PPA depolymerizes rapidly in non-polar solutions, as
well as in the solid state. Once the reaction-based detection unit is removed from PPA,
the polymer depolymerizes at room temperature in seconds to minutes as a result of its
exceptionally low ceiling temperature (Tc = –40 °C).49 However, as long as the polymer is
capped at both ends, it is stable up to 150 °C.

1.5.1 Applications of PPA to Shape-Changing Materials, Responsive Microcapsules,
and Autonomous Pumps
PPA functionalized with reaction-based detection units has been used as shapechanging plastics,34 as responsive microcapsules,36 and as microscale fluidic pumps37,38.
To fabricate shape-changing plastics, Phillips and coworkers patterned a piece of plastic
with two PPA polymers functionalized with orthogonal reaction-based detection units
(i.e., one polymer depolymerized in response to fluoride and the other did not). When the
film was exposed to fluoride, the portion of the film that was sensitive to fluoride
depolymerized, producing a pre-determined pattern in the film.
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Phillips and coworkers, in collaboration with the Weitz group, also fabricated
fluoride-responsive core–shell microcapsules from PPA.36 The microcapsules were
fabricated using a flow-focusing microfluidic technique that allowed for the
encapsulation of an aqueous solution containing a fluorescent dye. Upon exposure to
aqueous fluoride, the release of the dye from the capsules was monitored by fluorescence
imaging. In the presence of 50 mM fluoride, the capsules released the dye over the course
of ~80 h. However, the rate of release from the capsules could be easily tuned by altering
the length of the PPA polymer or by altering the thickness of the capsule’s shell wall.
PPA has also been used to power autonomous microscale pumps.37,38 Phillips,
Sen, and coworkers have shown that when solid-state, fluoride-responsive PPA is
exposed to aqueous fluoride, a flow is created in response to the depolymerization
reaction that “pumps” particles away from the film. The pumping action likely occurs
because the water-soluble monomer dissolves in solution during the depolymerization
reaction and diffuses away from the film, initiating a flow in the system that evens out the
concentration gradient. The authors postulated that these pumps could be used as selfsterilizing systems.
In a follow-up study, Phillips, Sen, and coworkers studied the effect of the
hydrophilicity of the reaction-based detection unit on the pumping speed.38 They
hypothesized that the more hydrophilic end groups would rearrange within the PPA films
to be closer to the surface of the polymer film, since PPA itself is hydrophobic and the
solutions surrounding the films were aqueous. They confirmed this hypothesis by
studying the elemental composition of the surface of the films by X-ray photoelectron
spectroscopy (XPS). Furthermore, the films of the polymers with more hydrophilic end
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groups displayed faster pumping speeds, suggesting that these end groups were easier to
access and reacted more readily with the fluoride. This finding shows that, when
designing CDr polymers to be used in the solid state, it is critical to think about the
composition of the reaction-based detection units and whether they will be displayed on
the surface (where they can readily react) or buried within the polymer film (where it is
more difficult for them to react).

1.6 Summary of Current CDr Polymers
Research in the area of CDr polymers is still in its early stages and more work is
needed to better understand how to design new polymers that will depolymerize quickly
and completely in response to specific signals, while remaining stable in the absence of
the signal. Poly(benzyl carbamates) offer robust polymer backbones; however, the nature
of their depolymerization mechanism (azaquinone-methide-based depolymerization),
lends to slow depolymerization rates, presumably because the formation of azaqunone
methides is unfavorable. Slow depolymerization rates are not ideal for many potential
applications such as sensors, drug-delivery vehicles, and shape-changing materials.
Shabat and coworkers used one strategy to increase the rate of depolymerization
of their poly(benzyl carbamates), which was to synthesize water-soluble versions of their
polymers. In a more polar aqueous environment, the rate of depolymerization increased
significantly over depolymerization in organic solvent (even a relatively polar solvent
such as methanol (ε = 32.7)). Results from the Shabat group and the Phillips group26,52
indicate that increasing the polarity of the polymer environment can accelerate
depolymerization that proceeds through azaquinone and quinone methide eliminations.
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However, simply increasing the polarity of the polymer’s surroundings is not always
possible, especially for applications where the polymer is in the solid state, such as
polymeric capsules and shape-changing materials. Therefore, we have pursued structural
alterations of the repeating units as another method to accelerate depolymerization.
The focus of this Thesis is the development of methods to increase the rate of
end-to-end depolymerization of poly(carbamates) in low polarity environments. We
aimed to accomplish this goal by modulating the electronics of the repeating units to
synthesize polymers that depolymerize rapidly without sacrificing the stability of the
polymer backbone. We also demonstrated the utility of these polymers as phaseswitching reagents in paper-based microfluidic devices.
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CHAPTER 2
Effect of Electron Density on the Rate of Depolymerization in
Poly(benzyl carbamates)

2.1 Introduction
Poly(benzyl carbamates) generally exhibit slow rates of depolymerization (i.e.,
hours)1,2 in polar environments and exceedingly slow rates (i.e., days, if at all)2,3 in
environments that have relatively low dielectric constants compared with that of water.
The proposed depolymerization mechanism of poly(benzyl carbamates) (Figure 2-1)
suggests that each repeating unit proceeds through a less aromatic transition state (i.e.,
azaquinone methide) than the aromatic repeating unit. Proceeding through this less
aromatic transition state presumably results in a large energetic penalty for azaquinone–
methide-mediated depolymerization and accounts for the slow rate of depolymerization
for poly(benzyl carbamates). To design poly(benzyl carbamates) that are well-suited for
applications that require depolymerization in low polarity environments (e.g., in plastics,
films, or capsule shell walls), new strategies are needed for modifying the structures of
the polymer backbone to increase the rate of depolymerization.

Figure 2-1. General reaction scheme for the depolymerization of poly(benzyl
carbamates). Once the reaction based detection unit is cleaved, the polymer
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depolymerizes from end-to-end through a series of azaquinone methide elimination
reactions, a slow process in low polarity environments.
Currently, few strategies exist for polymeric systems, but principles from small
molecule controlled release reagents provide some guidance. Many of these designs have
focused on increasing the rate of elimination either by stabilizing the azaquinone methide
intermediate or by destabilizing the ground state of the reagent. For example, Hay and
coworkers demonstrated that adding a methyl group at the benzylic position of a
controlled release reagent increased the rate of azaquinone methide formation in water
(Figure 2-2).4 The authors postulated that the benzylic methyl group stabilized the
positive charge that developed on the benzylic carbon as the C–O bond was broken,
although it is equally as likely that the methyl group induces a conformation that
facilitates highest occupied molecular orbital–lowest unoccupied molecular orbital
(HOMO–LUMO) interactions between the π system of the aromatic ring and the C–O
bond of the leaving group.

Figure 2-2. Small molecule controlled release reagents designed by Hay et al.4 A methyl
substituent at the benzylic position accelerated the rate of azaquinone methide formation
in water. Reduction of a nitro group (blue) produced an aniline, which proceeded through
a 1,6-azaquinone methide elimination reaction to release CO2 and another aniline
(orange).
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Phillips and coworkers have shown that modulating the aromaticity of the arene
affected the rate of azaquinone methide formation (Figure 2-3).5 The authors postulated
that azaquinone methide formation was unfavorable partially because the system was
going from a benzene ring that is stabilized by aromaticity, to a less aromatic species
(i.e., azaquinone methide). Therefore, if the aromatic ring of the molecule were
substituted for a less aromatic system, the energy penalty for forming azaquinone
methide would decrease. Derivatives of a small molecule system for the controlled
release of phenols were synthesized, where the aromatic portion of the molecule was
substituted as naphthalene or phenanthrene for benzene. The authors demonstrated that
the less aromatic systems formed azaquinone methide more rapidly than the benzene
system.

Figure 2-3. Small molecule controlled release reagents designed by Phillips et al.5
Decreasing the aromaticity of the aromatic ring accelerated the rate of release of phenol
(orange) via an azaquinone methide intermediate. The allyloxycarbonyl (Alloc) reaction
based detection unit (blue) cleaved in response to Pd(0). The numbers in the ring of each
derivative represent the relative aromaticity of each aromatic system.6
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The authors extended this work to short oligomers of poly(benzyl carbamates)7 (Figure 24). Substituting the naphthalene-based repeating unit for the benzene-based repeating unit
in these oligomers increased the rate of release of the next repeating unit by 30×.

Figure 2-4. Benzene-based and naphthalene-based oligomers designed by Phillips et al.7
Substitution of a naphthalene-based monomer for a benzene-based monomer increased
the rate of depolymerization 30×. These experiments were performed in a 5:4:1 1,4dioxane–DMSO–H2O mixture.
Phillips and coworkers also demonstrated that increasing the electron density of
the aromatic system increased the rate of azaquinone methide formation.8 Addition of
electron-donating methyl ethers to the aromatic rings increased the rate of release of
phenols in a 1:1 acetonitrile–H2O mixture (Figure 2-5). Phillips and coworkers added the
methyl ethers ortho to the benzylic leaving group. drawing from work on quinone
methide eliminations by Rokita and coworkers that showed, while adding methyl ethers
at any position on the ring increases the rate of release, ortho substituents had a greater
effect on the rate than meta substituents did.9
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Figure 2-5. Small molecule controlled release reagents designed by Phillips et al.8 These
reagents were used to determine the effect of electron density (i.e., the addition methyl
ethers (bold)) on the release of phenol (orange) via an azaquinone methide intermediate.
The Alloc reaction based detection unit (blue) cleaves in response to Pd(0).
The authors hypothesized that adding electron density ortho to the benzylic
leaving group raised the energy of the HOMO of the aromatic ring, which should
strengthen HOMO−LUMO interactions between the π orbital and the benzyl σ*C−O
orbital, facilitating release of the next unit (Figure 2-6). Strengthening this orbital
interaction also lengthened the benzylic C–O bond and increased the rate of release
through the azaquinone methide intermediate.

Figure 2-6. Diagram of the orbital interactions for release via an azaquinone methide
intermediate. Phillips et al. hypothesized that by raising the energy of the HOMO with
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the addition of electron donating groups to the aromatic ring and strengthening the
HOMO-LUMO interaction, the rate of azaquinone methide formation would increase.
(Figure courtesy of Kyle Schmid.)
While these previous examples depict methods for accelerating azaquinone
methide formation in small molecule controlled release reagents (Figures 2-2, 2-3, and 25) or in short oligomers (Figure 2-4), we aimed to accelerate depolymerization of
polymeric systems. We planned to study the effects of altering the electronics of the
aromatic ring on the rate of depolymerization, with the overall goal of designing
poly(benzyl carbamates) that depolymerize rapidly in environments less polar than water.
Specifically, we explored structural modifications to the polymer backbone, by increasing
the electron density of the aromatic ring of the repeating unit, hypothesizing that the
method for increasing the rate of azaquinone methide formation described in Figure 2-5
could be extended from small molecule controlled release reagents to polymers. This
Chapter describes our efforts to increase the rate of depolymerization of poly(benzyl
carbamates) by adding electron density to the aromatic ring.7 The design, synthesis, and
characterization of these novel poly(benzyl carbamate) derivatives will be described
herein.

2.2 Experimental Design
2.2.1 Oligomers to Probe the Effect of Electron Density on Depolymerization Rate
The oligomeric systems shown in Figure 2-7 were designed with the goal of
determining the release time for a single repeating unit from the polymer backbone.7
Each oligomer consists of a reaction-based detection unit (blue), one or two repeating
units, and a reporter (orange). An aryl boronate ester was used as the reaction-based
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detection unit. The anticipated mechanism of response is as follows: the boronate ester
reacts selectively with hydrogen peroxide under mild conditions to reveal a
phenol, which subsequently proceeds through a quinone methide intermediate to release
the first repeating unit. The last repeating unit will release 4-nitroaniline, which absorbs
strongly at 385 nm and provides a spectroscopic signature of depolymerization that can
be quantified easily using UV/vis spectroscopy.
Hydrogen peroxide was used in 20-fold excess so that the depolymerization
reaction would exhibit pseudo-first-order kinetics. To obtain the rate of release of a single
repeating unit from the data, we measured the half-lives for oligomers containing one
repeating unit (Figure 2-7, B) and two repeating units (Figure 2-7, A). The difference in
the half-lives between these two oligomers provides the half-life for release of a single
repeating unit (Figure 2-7, C) without complication from the rate for oxidative cleavage
or the rate for release of 4-nitroaniline.
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Figure 2-7. Two oligomeric systems consisting of an aryl boronate acting as a reactionbased detection unit, one or two repeating units, and a 4-nitroaniline terminus, which
serves as a reporter molecule when released. R represents –H or –OMe. The difference in
half-life between an oligomer containing two repeating units (A) and an oligomer
containing one repeating unit (B) gives the half-life for the release of a single repeating
unit (C).
In agreement with our hypothesis and the literature examples, the addition of
electron density to the aromatic ring increases the rate of depolymerization of
poly(benzyl carbamates). To fully understand the effect that electron density has on the
rate of depolymerization, we studied a series of oligomers in detail. We evaluated: i) the
effect of adding electron density on the rate of release of a single repeating unit, and ii)
the effect of solvent polarity on depolymerization rate. During these studies, we also
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developed polymerization conditions to enable reproducible synthetic procedures, and
explored chemical modifications to the monomer units to change the properties of the
polymer.

2.3 Results and Discussion
2.3.1 Synthesis of the Oligomers
Scheme 2-1 depicts the synthetic route to the benzene-based oligomers. The
hydrogen–peroxide-responsive reaction-based detection unit 2-2 was synthesized by
Miyaura borylation of 4-bromo-2-methoxybenzyl alcohol. The resulting alcohol was
linked through a trans-carbamation to compound 2-4, which was synthesized in two steps
from 4-aminobenzyl alcohol. Deprotection of the resulting carbamate gave 2-5, which
was linked with 4-nitrophenyl isocyanate to afford oligomer 2-6. To synthesize oligomer
2-7, 2-5 was resubjected to the trans-carbamation reaction, the product was deprotected,
and the deprotected material was labeled with 4-nitrophenyl isocyanate. Oligomer 2-7
could have been accessed in fewer steps by a tail-to-head approach; however, the
synthesis would have required the development of two synthetic routes rather than one.
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Scheme 2-1. Synthetic route to benzene-based oligomers 2-6 and 2-7.a The full synthetic
scheme is available in Chapter 5.

Scheme 2-2 depicts the synthetic route to the methoxybenzene-based oligomers 212 and 2-13. Compound 2-10 was prepared in four steps from 2-methoxy-4nitrobenzaldehyde and subjected to reaction conditions similar to those used to synthesize
the benzene-based oligomers. The poor yields for the silyl ether deprotection steps were
caused by hydrolysis of the pinacol boronate ester under the aqueous, acidic conditions.
Fluoride could not be used in place of the acid in this step because of the affinity of boron
for fluoride, which complicated purification steps. To circumvent these low-yielding
steps, an alternative, but similar route to that depicted in Scheme 2-2 was carried out
using 4-bromo-2-methoxybenzyl alcohol (2-1) instead of the boronate ester (2-2).
Attempts to install the boronate ester through a Miyaura coupling as a final step,
however, led to decomposition of the oligomers.
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Scheme 2-2. Synthetic route to methoxybenzene-based oligomers 2-12 and 2-13.a The
full synthetic scheme is available in Chapter 5.

The original route to access these monodisperse methoxybenzene-based
oligomers, shown in Scheme 2-2, required many synthetic steps and was low-yielding
overall (15% overall yield for 2-12 and 11% for 2-13). Therefore, a streamlined synthesis
of oligomer 2-13 was developed (Scheme 2-3). In addition to reducing the number of
synthetic steps, this route replaced the silyl-protected alcohol, the deprotection of which
gave poor yields, with an aldehyde that could be reduced to the benzyl alcohol in
quantitative yields. Selective reduction of the nitro group on 2-methoxy-4nitrobenzaldehyde followed by immediate trapping of the aniline with phenyl
chloroformate afforded 2-14. After tin-catalyzed trans-carbamation, the aldehyde on 2-15
was easily reduced to benzyl alcohol 2-11. A subsequent trans-carbamation, reduction,
and reaction with 4-nitrophenyl isocyanate afforded oligomer 2-13, with an overall yield
of 45%.
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Scheme 2-3. Improved synthetic route to oligomer 2-13.a The full synthetic scheme is
available in Chapter 5.

2.3.2 Demonstration that the Oligomers Depolymerize When Exposed to H2O2
Oligomer 2-12 was exposed to 20 equiv of hydrogen peroxide in a 200 μM
solution of 5:4:1 1,4-dioxanes−DMSO−H2O (0.01 M phosphate buffer, pH 7.1). The
absorbance values from 250−450 nm were monitored every 5 min for 1 h (Figure 2-8);
the λmax for 4-nitroaniline in this solvent composition is 385 nm. The two distinct
isosbestic points in Figure 2-9 suggest clean conversion from the parent oligomer to the
released 4-nitroaniline.

Figure 2-8. Evaluation of oligomer depolymerization by UV/vis spectroscopy. The
λmax for 4-nitroaniline in 5:4:1 1,4-dioxanes−DMSO−H2O is 385 nm.
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The

depolymerization

reaction

also

was

monitored

using

liquid

chromatography/mass spectrometry (LCMS) (Figure 2-9). Oligomer 2-13 (1.0 mg/mL,
1.3 mM) was exposed to 20 equiv of hydrogen peroxide in a solution of 9:1
acetonitrile−H2O (0.01 M phosphate buffer, pH 7.1). After 30 min, the oligomer had
converted completely into the expected small molecules products 4-hydroxy-2methoxybenzyl alcohol, 4-amino-2-methoxybenzyl alcohol, and 4-nitroaniline. The
presence of these products suggests that the oligomer depolymerizes from end-to-end
upon exposure to hydrogen peroxide. In the absence of hydrogen peroxide, no
background hydrolysis of the polymer backbone was observed; however, substantial
hydrolysis of the pinacol boronate ester to the boronic acid occurred in the partially
aqueous solvent system (Figure 2-10). Hydrolysis of the boronate ester will change the
solubility properties of the oligomers, but the reactivity of boronic acids towards
oxidative cleavage is very similar to that of boronate esters;10 therefore, hydrolysis of the
pinacol boronate should not affect the overall reactivity of the system.
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a)

b)

Figure 2-9. LCMS chromatograms at 254 nm and mass spectra for oligomer 2-13 (a)
before and (b) 60 min after exposure to 20 equiv of hydrogen peroxide. The oligomer
depolymerizes into 4-hydroxy-2-methoxybenzyl alcohol, 4-amino-2-methoxybenzyl
alcohol, and 4-nitroaniline.
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Figure 2-10. LCMS chromatograms at 254 nm for oligomer 2-13 at t = 0 h and t = 24 h
in a 9:1 mixture of acetonitrile–H2O (0.01 M phosphate buffer, pH 7.1) in the absence of
hydrogen peroxide. No background hydrolysis of the polymer backbone was observed,
although substantial hydrolysis of the pinacol boronate ester occurred.
2.3.3 Analysis of the Depolymerization Kinetics of Poly(benzyl carbamate)
Oligomers
The rate of release of 4-nitroaniline from oligomers 2-6, 2-7, 2-12, and 2-13 was
determined from UV/vis absorbance data acquired over time after exposure to hydrogen
peroxide. A 200 μM solution of each oligomer in a 5:4:1 mixture of 1,4dioxanes−DMSO−H2O (0.01 M phosphate buffer, pH 7.1) was treated with an excess of
hydrogen peroxide (20 equiv) (Figure 2-11a). The release of 4-nitroaniline was monitored
by UV/vis spectroscopy at 385 nm. The rate constants for release of 4-nitroaniline were
converted to half-lives for each oligomer and further comparisons (e.g., Figure 2-7)
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provided half-lives per repeating unit (Figure 2-11b).

Figure 2-11. Half-lives for release of each repeating unit during a depolymerization
reaction. (a) The release of 4-nitroaniline from the oligomers via depolymerization in
response to excess hydrogen peroxide was measured by UV/vis spectroscopy. (b)
Comparison of the half-lives for the release of one repeating unit. The values are the
average of three measurements and the error bars represent the standard deviations from
these averages.
For example, the half-lives for the benzene-based oligomers were found to be 40
± 2 min for oligomer 2-6 (one repeating unit) and 640 ± 4 min for oligomer 2-7 (two
repeating units). By subtracting the half-life for the one-unit oligomer (2-6) from the halflife of the two-unit oligomer (2-7), we obtained the half-life for release of a single
repeating unit, which is 600 ± 4 min. Figure 2-12 reveals that the methoxybenzene-based
repeating unit depolymerizes 143× faster than the benzene-based system. These results
suggest that adding electron density into the benzene ring improves the rate of
depolymerization substantially over the parent benzene-based oligomer.
Adding electron density to each repeating unit also increases the rate of
background depolymerization due to hydrolysis reactions, but this increase is offset
substantially by the rapid rate of depolymerization when exposed to the desired signal.
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For example, exposure of oligomers 2-7 and 2-13 to the same solvent conditions as in
Figure 2-11a, but in the absence of hydrogen peroxide, revealed that the
methoxybenzene-based oligomers decomposed nonspecifically 4× more than the
benzene-based oligomer during a 10 h incubation period (a long exposure time given the
depolymerization half-life of 4 ± 1 min for 2-13) (data is available Chapter 5). The
magnitude of nonspecific depolymerization under this long exposure time is equally
telling:

i.e.,

the

benzene-based

oligomer

decomposed

by

1.7%

while

the

methoxybenzene-based oligomers decomposed 7.5%. Consequently, the rate of
background reaction must be taken into account when designing polymers for
applications where the material will remain exposed to a polar, aqueous environment for
prolonged periods.

2.3.4 Solvent Effects on the Depolymerization Rate
The polarity of the environment in which poly(benzyl carbamates) depolymerize
has a substantial effect on the rate of depolymerization. To demonstrate this idea, we
measured the half-life for release of a single repeating unit in solvent systems that varied
in polarity (Figure 2-12).
The reaction conditions and subtraction procedure shown in Figure 2-11a were
used in this experiment as well, with the exception that the solvent system was varied by
altering the percentage of 1,4-dioxanes in the 1,4-dioxanes−DMSO−H2O (0.01 M
phosphate buffer, pH 7.1) mixture. For example, the experiment corresponding to 30%
dioxanes used a solvent system consisting of 30% dioxanes and 70% 4:1 DMSO−water.
The ratio of DMSO to buffered H2O was kept constant at 4:1 in all experiments.
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For the benzene-based oligomers, the half-life for release of a single repeating
unit is prohibitively long, even in the highest polarity solvents in which it is soluble, yet
the time increases further as the polarity of the solvent decreases. In contrast, the
methoxybenzene-based system shows a slight increase in half-life as the polarity of the
solvent decreases up to a solvent composition containing 50% dioxanes. Even in 70%
dioxanes, the half-life for one repeating unit increases by only 22 min for the
methoxybenzene-based system relative to the half-lives in 10% dioxanes. The oligomers
with increased electron density not only depolymerize faster than the benzene-based
system, but also they depolymerize quickly in substantially more nonpolar environments
than the benzene-based system.

Figure 2-12. Solvent effects on the rate for releasing a single repeating unit using the
general conditions described in Figure 2-11a. The color of the data points reflects the
composition of the repeating unit as follows: the benzene-based repeating unit is blue and
the methoxybenzene-based repeating unit is black. The inset shows the data for just the
methoxybenzene-based repeating units. The solvent polarity reflects the percentage of
dioxanes in the solvent system. The half-lives are the average of three trials (N = 3); most
of the error bars are smaller than the data points.
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2.3.5 Development of Polymerization Conditions
Although the oligomers could be prepared in a step-wise manner, synthesis via a
polymerization reaction would be more efficient. Therefore, the polymerization scheme
shown in Scheme 2-4 was developed.11 The conditions were adapted from the original
poly(benzyl carbamate) polymerization reaction developed by Shabat and coworkers.1
Oligomers 2-19 and 2-20 were prepared according to the route outlined in Figure
2-17. This route involved a dibutyltin dilaurate (DBTL)-catalyzed polymerization of
monomer 2-16, where the length of the oligomer was controlled by polymerization time.
The polymerization reaction was quenched by addition of a large excess of the aryl
boronate end-cap. A post-polymerization reaction with 4-nitrophenyl isocyanate was used
to append the 4-nitrophenyl carbamate.

Scheme 2-4. Synthetic route to oligomers 2-19 and 2-20.a These oligomers were
synthesized by polymerization of monomer 2-16, rather than through a step-wise
process.11 The full synthetic scheme is available in Chapter 5.
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A polymerization time of 15 min provided a 16-unit oligomer. For polymerization
reaction times greater than 15 min, the polymer crashed out of solution, which made the
end-capping reaction low yielding. If a polymer is not end-capped, it will not provide the
desired response to a specific stimulus; therefore, the end-capping process needs to be
quantitative. For this polymer backbone, we were unable to achieve quantitative endcapping for oligomers longer than 8 units. Additionally, we found that in order to ensure
quantitative end-capping, as well as reproducible oligomer lengths, it was necessary to
rigorously purify the monomer (2-16) and end-capping reagent (2-2) by flash column
chromatography followed by two recrystallizations from benzene and drying under
vacuum overnight.

2.3.6 Chemical Modification of the Monomer to Increase Polymer Solubility
While changing the electronics of the polymer backbone increased the rate of
depolymerization, it did not solve the problem of poor solubility that leads to short
polymers during the polymerization reaction. Precipitation of the polymer during the
polymerization reaction prevented long polymers from forming and also made it
impossible to end-cap the polymers quantitatively. We hypothesized that adding a long
hydrocarbon side chain to the monomer would improve the solubility of the polymer.
A derivative of the monomer with an octadecyl ether side chain (2-23), rather than
a methyl ether, was synthesized (Scheme 2-5). 2-23 was subjected to polymerization
conditions that included DBTL in 1,4-dioxanes, and the resulting polymer remained
soluble in the reaction mixture after 2 h under the polymerization conditions. After
cooling to room temperature, polymer 2-24 was found to be soluble in THF and CH2Cl2,
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but not DMF and DMSO, therefore showing the opposite solubility properties to previous
derivatives. Molecular weight analysis by GPC and 1H NMR showed a 60 unit polymer.

Scheme 2-5. Synthetic route to polymer 2-24, with an octadecyl ether side chain.a The
hydrocarbon side chain increased the solubility of the growing polymer chain during the
polymerization reaction, allowing longer polymers to form (DP = 60). The full synthetic
scheme is available in Chapter 5.

Attempts to fully depolymerize polymer 2-24, however, were unsuccessful. 2-24
proved to be so hydrophobic that very nonpolar solvent mixtures had to be used for the
depolymerization reaction. Although adding electron density to the aromatic ring allows
poly(benzyl carbamates) to depolymerize under more non-polar conditions, the
conditions required to solubilize 2-24 were so non-polar that depolymerization was
prohibitively slow (i.e., > 2 days). We concluded that adding a hydrocarbon side chain
was not the correct strategy to synthesize poly(benzyl carbamates) that depolymerize
quickly and also have a high degree of polymerization (DP). Drawing from this
conclusion, we devised new strategies to synthesize poly(benzyl carbamates) with better
solubility profiles, which will be discussed in Chapter 4.
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2.4 Conclusions
In conclusion, our fundamental studies show that the rate of depolymerization of
stimuli-responsive poly(carbamates) can be increased by altering the electron density of
the repeating units. Implementation of this strategy is especially useful in low polarity
environments where the rate of depolymerization (i.e., formation of azaquinone methide)
is slow. One drawback to these polymers is that their poor solubility makes it difficult to
end-cap the polymers reliably and to synthesize longer derivatives of the polymers. We
expect that this work will provide guidance for modifying depolymerizable
poly(carbamates) rationally, which will make this class of depolymerizable polymers
more suitable to a diverse range of applications, including those involving responses in
the solid state, such as in stimuli-responsive materials and smart coatings.
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CHAPTER 3
Application of Poly(benzyl carbamates) as Phase-Switching Reagents in
Paper-Based Microfluidic Devices

3.1 Paper-Based Microfluidic Devices for Point-of-Care Diagnostics
Point-of-care (POC) diagnostics are tests that can be run at or near the site of
sampling (e.g., at a patient’s bedside, or in a remote location). A long-standing challenge
in the area of POC diagnostics has been the development of operationally simple and
inexpensive platforms for conducting reproducible and rapid quantitative assays.1–3 The
ideal quantitative POC assay, particularly for use in resource-limited environments such
as the developing world, should be inexpensive, be straightforward to operate, and
provide rapid and reproducible quantitative results without the need for specialized
electronic devices to measure the output of the assay.4,5
As a step toward these goals, Phillips and coworkers described an approach for
quantitative POC assays for detecting hydrogen peroxide that required only
measurements of time as the readout (Figure 3-1).6 The selectivity in the assay is based
on a hydrophobic-to-hydrophilic switch of a hydrogen–peroxide-responsive small
molecule (compound 3-1, Figure 3-1d). The amount of analyte in the sample dictates the
amount of the reagent that converts from its hydrophobic to hydrophilic state, which
controls the rate at which water wicks through the device; therefore, the amount of
analyte in the sample correlates with the time that it takes for water to wick through the
device. This novel assay strategy, however, was limited in sensitivity (e.g., hydrogen
peroxide was measured only to ~3 mM levels) and thus was restricted in the types of
applications in which it could be used.
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Figure 3-1. Strategy for obtaining quantitative assay results by measuring the time
required for a sample to pass from top to bottom of a paper-based microfluidic device. (a)
Graphical representation of the device, including the dry reagents that are included in
each layer. (b) Photographs of the top of the device (where the sample is added) and (c)
the bottom (after the sample has dissolved the dried food coloring and filled the
hydrophilic circle on layer 7 of the device). The dimensions of the devices are 1 cm × 1
cm × 0.9 mm. (d) Compound 3-1, which is used in layers 3 and 5. Compound 3-1
converts from a hydrophobic molecule to hydrophilic molecules selectively in response
to hydrogen peroxide (the model analyte) through a proposed quinone methide
elimination mechanism.
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3.2 Application of Poly(benzyl carbamates) as Phase-Switching Reagents in PaperBased Microfluidic Devices
In collaboration with my colleague Gregory Lewis, we substantially improved the
sensitivity of the model assay depicted in Figure 3-1 by using analyte-triggered
poly(benzyl carbamate) oligomers, rather than small molecules, to achieve signal
amplification in the assay.7 Specifically, we rationally designed water-insoluble
poly(benzyl carbamate) oligomers that depolymerize from end-to-end to reveal watersoluble products in response to hydrogen peroxide, thus inducing a large hydrophobic-tohydrophilic switch. The oligomers were designed using lessons learned from the
experiments outlined in Chapter 2. This approach improves the sensitivity by up to 4
orders of magnitude compared with our previous system (i.e., limits-of-detection of
hydrogen peroxide are now 146 nM). These improvements in sensitivity provide an
important step toward realizing a generalizable quantitative POC assay platform for use
in resource-limited environments since many analytes of interest are present in samples at
(or below) micro- and nanomolar levels. The design of the assay also allows for easy
modification of the analyte of interest. Using this strategy, we developed assays for small
molecules,7 enzymes,8 and heavy metals.9

3.3 Design of the Assay Platform
Figure 3-1 provides an illustration of the assay platform, which was designed and
fabricated by Lewis. The assay is conducted in a three-dimensional (3D) paper-based
microfluidic device that consists of stacked, alternating layers of (i) paper that has been
patterned with wax into hydrophobic and hydrophilic regions, and (ii) double-sided
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adhesive tape, which has holes patterned into it. The holes in the tape are filled with disks
of hydrophilic paper such that hydrophilic regions in paper connect with the hydrophilic
disks in the tape. The result is a disposable and inexpensive multilayered 3D device that
wicks aqueous fluids into defined regions within the device. Each layer of the device
(except layers 1, 4, and 7) is preloaded with a reagent and dried before assembly, such
that addition of sample to the top of this device allows the assay to occur automatically
without user intervention.
As the sample passes from layer 1 into layer 2, it dissolves HEPES buffer salts to
control the pH of the sample. In layers 3 and 5, the sample encounters compound 3-1
(Figure 3-1d), which is hydrophobic and water-insoluble, and thus alters the wetting
properties of the paper. In the absence of the analyte, the sample stops wicking (or slowly
wicks, depending on the quantity of 3-1 in the paper) through hydrophobic layers 3 and 5.
In the presence of hydrogen peroxide, 3-1 selectively degrades into hydrophilic products
(Figure 3-1d), thus switching phases from insoluble 3-1 into soluble products, and,
consequently, changing the wetting properties of the paper back to hydrophilic. After this
switching reaction occurs, the sample wicks to layer 6 where it dissolves dried food
coloring to convert the sample into a brightly colored solution, which becomes visible
when the sample fills the hydrophilic circular region in layer 7 (Figure 3-1c). The
quantity of hydrogen peroxide is measured in this device by tracking the time required for
the sample to pass from the top of the device to the bottom, which is established by the
appearance of green color in layer 7. The selectivity for the assay is provided by the
selective oxidative cleavage of the aryl boronate in 3-1 via hydrogen peroxide, although
other activity-based detection events could be employed if the aryl boronate is replaced
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with a substrate for another target analyte.

3.4 Methods to Increase the Sensitivity of the Assay by Altering the Phase-Switching
Reagent
We hypothesized that two different methods of altering the phase-switching
molecule would increase the sensitivity of the assay.7 In the first approach (Figure 3-2a),
we added a methyl ether (labeled blue in Figure 3-2a) ortho to the benzylic leaving group
on the benzene ring to accelerate the rate of the quinone methide elimination reaction.
We reasoned that by accelerating this quinone methide elimination reaction more of
hydrophobic compound 3-2 than 3-1 would convert to hydrophilic products in the time
frame that it takes for (i) hydrogen peroxide to react with 3-2, and (ii) for the aqueous
solution to pass through layers 3 and 5 in the device. If more of 3-2 converts to
hydrophilic products than 3-1 within the time frame of flow-through, then less hydrogen
peroxide would be needed to enable flow-through using 3-2 than 3-1, and thus the
sensitivity of the assay should increase.
In the second approach (Figure 3-2b), we predicted that oligomers modeled after
3-2 (i.e., 2-12, 2-13, 2-19 and 2-20) would provide a greater change in hydrophobicity
than 3-1 by replacing the small hydrophobic molecule with a large hydrophobic molecule
(an oligomer) that converts to small hydrophilic products upon reaction with hydrogen
peroxide, thus further increasing the sensitivity for the assay since the change in wetting
properties will be amplified relative to 3-1.
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Figure 3-2. Hypotheses for increasing the sensitivity of the quantitative assay by
replacing 3-1 with (a) a derivative that degrades faster than 3-1 when exposed to
hydrogen peroxide, or (b) oligomers that provide a greater hydrophobic-to-hydrophilic
change than 3-1 when exposed to hydrogen peroxide. The structural changes for the
reagents in relation to 3-1 are highlighted in blue.
3.5 Effect of Reaction Rate on the Limit of Detection
After optimization of the quantities of all of the reagents needed for this
quantitative flow-through assay (experiments done by Lewis), we found that 3-2 provided
a 17-fold improvement in the sensitivity for the assay compared to 3-1 (i.e., LOD = 1707
μM for 3-1 vs 103 μM for 3-2). This result suggests that formation of quinone methide is
the rate-limiting step under the conditions of the assay.

3.6 Effect of Depolymerization Rate on the Limit of Detection
The oligomers also impart significant improvements in sensitivity to the assay
compared to 3-1 and 3-2 (Figure 3-3). For example, we found that addition of one
repeating unit (i.e., oligomer 2-12) improved the limit of detection 6× compared to 3-2
and 106× compared to 3-1. In fact, a nearly linear relationship exists between limit of
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detection and the number of repeating units in the oligomer until, presumably, the rate of
hydrogen peroxide-induced depolymerization becomes competitive with the residence
time of the sample within layers 3 and 5 of the device (Figure 3-3). Incomplete
depolymerization would affect the magnitude of hydrophobic-to-hydrophilic phaseswitching since the depolymerization intermediates (i.e., truncated oligomers) are
expected to retain substantial hydrophobic character relative to the products of complete
depolymerization. There appears to be a match in depolymerization time and flowthrough time when approximately 2−5 repeating units are added to 3-2, at which point
less dramatic improvement in sensitivity is obtained when using longer oligomers that
depolymerize more slowly than 2-13 (e.g., oligomer 2-20, n = 8, has a LOD = 0.15 μM,
whereas 2-19, n = 5, has a LOD = 0.96 μM).
While we were unable to verify the depolymerization kinetics of the reagents in
the context of the paper-based microfluidic device, solution-phase kinetics reveal the
expected linear increase in half-life for depolymerization as the number of repeating units
in the oligomers increases (Figure 3-3, blue data). This relationship between sensitivity of
the assay, length of the oligomer, and depolymerization kinetics suggests that further
improvements in sensitivity can be realized if longer polymers are used that have
substantially faster depolymerization kinetics than the poly(benzyl carbamate) oligomers
in Figure 3-2b.
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Figure 3-3. Limit of detection (LOD) (black data) and depolymerization half-lives (blue
data) versus the number of repeating units in poly(benzyl carbamate) oligomers. The
half-lives were measured in a 5:4:1 solution of 1,4-dioxanes−DMSO−H2O using 20 equiv
H2O2. Although the half-lives of carbamate oligomers depend on the polarity of the
environment, a similar linear relationship between depolymerization half-life and the
number of repeating units in an oligomer likely exists in the environment associated with
wet paper as well. The half-life data points are the averages of three measurements and
the error bars reflect the standard deviations from these averages. The typical assay time
for the limit of detection measurements was 25 min.

While an assay platform that offers further improvements in sensitivity will be useful, it
is worth noting that the current limit of detection for hydrogen peroxide in these devices
(after device optimization by Lewis) is 6 nM, which is sufficiently sensitive to measure
hydrogen peroxide in rain and other sources of water where the presence of hydrogen
peroxide is indicative of pollution.10 Such an application may be ideally suited to a
simple, inexpensive, rapid, “reader-less” quantitative assay that enables users to
inexpensively and easily track the quality of various sources of water for environmental
analysis.
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3.7 Conclusion
The assays for hydrogen peroxide were proof-of-concept studies to demonstrate
the efficacy of poly(benzyl carbamates) as phase-switching reagents for signal
amplification in paper-based microfluidic devices. By modifying the detection reagents in
the device and the device design, we also have been able to detect femtomolar
concentrations of enzymes in solution,8 and the presence of heavy metals in lake water.9
CDr oligomers play a unique role in this assay, both as a hydrophobic-tohydrophilic switch, and as a means of achieving signal amplification. This method of
signal amplification is unique among POC assays, both in the mechanism of
amplification and in the realization that we could not simply adjust the assay time to
increase the sensitivity of the assay, as can be done with most signal amplification
strategies. Instead, we increased the sensitivity by using oligomers that depolymerize in
response to the target analyte, thus providing a greater hydrophobic-to-hydrophilic switch
than is possible for a small molecule (e.g., 3-1).
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CHAPTER 4
Effect of Benzylic Aryl Groups on the Rate of Depolymerization of
Poly(benzyl carbamates)
4.1 Introduction
The assay described in Chapter 3 increases in sensitivity when the phaseswitching oligomers in the device depolymerize more quickly.1 Oligomers that have a
higher degree of polymerization (DP) were also shown to increase the sensitivity of the
assay, until the point that the depolymerization half-lives became comparable to the assay
times.1 Both of these results suggest that increasing the sensitivity of assays that use
phase-switching oligomers will require the development of new derivatives of
poly(benzyl carbamates) that depolymerize more rapidly.
In this Chapter, we demonstrate a different method to increase the rate of
depolymerization of poly(benzyl carbamates): the addition of a benzylic aryl group
(orange box, Figure 4-1).

Figure 4-1. Depolymerization of a generic poly(benzyl carbamate) with a benzylic aryl
group (orange box). The azaquinone methide that is formed during depolymerization has
extended conjugation, which is a stabilizing interaction.
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We hypothesized that the addition of benzylic aryl groups would promote azaquinone
methide formation by stabilizing the partial positive charge that is formed as the benzylic
C–O bond breaks, as well as forcing the molecule into a conformation that properly
positions the C–O bond for elimination. Furthermore, the azaquinone methide that is
formed has a stabilizing extended system of conjugation. This Chapter describes our
efforts to further increase the rate of depolymerization of poly(benzyl carbamates) by
adding benzylic aryl groups to the polymer backbone. The design, synthesis, and
evaluation of small molecule model systems, as well as initial efforts toward poly(benzyl
carbamate) derivatives, will be described herein.

4.2 Experimental Design
4.2.1 Test System to Probe the Effect of Electron Density on Azaquinone Methide
Formation
To evaluate the effect of benzylic aryl groups on the rate of azaquinone methide
formation, we designed five small molecule test reagents that release phenol through an
azaquinone–methide-mediated elimination mechanism (Figure 4-2).

Figure 4-2. Model systems designed to determine how the addition of benzylic aryl
groups affects the release of phenol (orange) via an azaquinone methide intermediate.
The allyloxycarbonyl (Alloc) reaction based detection unit (blue) cleaves in response to
Pd(0).
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The test reagents respond to Pd(0) via an allyloxycarbonyl (Alloc)-protected
amine. Once the Alloc group is removed to reveal an aniline, the aniline undergoes a 1,6azaquinone methide elimination reaction to produce the azaquinone methide and phenol.
In agreement with our hypothesis, the addition of benzylic aryl groups increases the rate
of azaquinone methide formation in these small molecule model systems. The rates of
release of test reagents functionalized with electron donating and withdrawing groups
were studied, with the overall goal to better understand the effects of these functionalities
on the rate of azaquinone methide formation.

4.3 Results and Discussion
4.3.1 Synthesis of Test Reagents 4-1 Through 4-5
Test reagents 4-1 through 4-4 were prepared by the route shown in Scheme 4-1.
The benzylic aryl groups were installed by the reaction of an aryl Grignard reagent with
either 4-nitrobenzaldehyde or 2-methoxy-4-nitrobenzaldehyde. The reaction was run at
–78 °C to assure that the Grignard reagent reacted chemoselectively with the aldehyde.
The nitro group was then reduced under palladium-catalyzed hydrogenation conditions,
with pyridine in the reaction mixture to reduce the reactivity of the catalyst, preventing
hydrogenation of the benzyl alcohol. The hydrogenation reaction mixture was filtered and
allyl chloroformate was added immediately to produce the allyl carbamate. Attempts to
convert the benzyl alcohol to the benzyl phenyl ether via bromination followed by an SN2
reaction with phenoxide led to decomposition of the reagent. However, the phenyl ether
was successfully installed using a Mitsunobu reaction, affording test reagents 4-1 through
4-4.
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Scheme 4-1. Synthetic route to reagents 4-1 through 4-4.a The full synthetic schemes are
available in Chapter 5. Tetramethylazodicarboxamide (TMAD) is a reagent, analogous to
diethyl azodicarboxylate (DEAD), employed in the Mitsunobu reaction.

Test reagent 4-5, with a methyl ester on the aryl ring, required a slightly longer
synthetic route (Scheme 4-2) because the reactivity of the ester was incompatible with the
route outlined in Scheme 4-1. The carboxyl functionality of 4-bromobenzoyl chloride
was protected as a 2-oxazoline derivative.2 The resulting aryl bromide was converted to
the Grignard reagent, which was allowed to react with 4-nitrobenzaldehyde. Attempts to
deprotect the ester under standard conditions (i.e., strong acid3) led to decomposition of
the molecule. However, opening of the 2-oxazoline ring under mild oxidizing conditions,
followed by base-mediated transesterification4 cleanly afforded the methyl ester. The
oxidizing conditions also resulted in oxidation of the benzylic position to the ketone
during the reaction; thus, the diaryl ketone subsequently was reduced back to the benzyl
alcohol. Reduction of the nitro group provided the aniline, and reaction with allyl
chloroformate, followed by a Mitsunobu reaction, afforded test reagent 4-5.
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Scheme 4-2. Synthetic route to reagent 4-5.a The full synthetic scheme is available in
Chapter 5.

4.3.2 Measurement of the Rate of Release of Phenol from Compounds 4-1 Through
4-5
The rate of release of phenol from compounds 4-1 through 4-5 was measured
using the following procedure: The model compound (2 mmol) and 8.9 mol% Pd(PPh3)4
were dissolved in 200 µL of THF and allowed to react with excess acetic acid and
tributyltin hydride for 5 min. A 10 µL aliquot was taken from the reaction mixture and
dissolved in 1 mL of a 1:1 MeCN–H2O mixture. The disappearance of the 4-amino
benzyl phenyl ether and appearance of the 4-amino benzyl alcohol was monitored over
time by repetitive injections into an LC/MS system (Figure 4-3). The phenol will not be
released when dissolved in the initial THF solution because the environment is not polar
enough to facilitate azaquinone methide formation on a reasonable time scale. The
release of phenol begins only when the test reagents are dissolved in the MeCN–water
mixture.
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(a)

(b)

Figure 4-3. (a) Reaction conditions for measuring the rate of release of phenol using
Pd(0) as a model analyte. (b) Example LC/MS plots at t = 5 min and t = 125 min for
compound 4-1. The rate of release was determined by monitoring the disappearance of
the aniline intermediate over time at 254 nm.
The half-lives for release of phenol were determined for compounds 4-1 through
4-5 (Figure 4-4) and compared with analogous systems that lacked benzylic aryl groups
(Figure 4-4, compounds 4-6 and 4-7), which were studied previously by Phillips and
coworkers.5 Comparison of the half-lives of compounds 4-6 and 4-1 demonstrated that
addition of an unsubstituted phenyl ring at the benzylic position increased the rate of
release by 19×; however, comparison of the half-lives of compounds 4-7 and 4-3, which
also differ by the addition of an unsubstituted benzylic phenyl ring, the rate of release
only increasesd by 4×. Similarly, the addition of an ortho methyl ether to compound 4-1
(compound 4-7) increased the rate of release by 40×; however, the addition of an ortho
methyl ether to compound 4-1 (compound 4-3) increased the rate of release only 8.5×.
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These results suggest that while each distinct method of increasing the rate of release
contributes to overall faster rates of release, the magnitude of each effect varies
depending on the specifics of the compound.

Figure 4-4. The effect that benzylic aryl groups have on the rate of releasing phenol
(orange). (a) Experimental conditions. (b) Test reagents 4-1 through 4-5 and their halflives. Half-lives for compounds 4-6 and 4-7 are from previous work by Phillips et al.5
Comparison between the half-lives of compounds 4-5, 4-1, and 4-2 allowed us to
draw conclusions about the effects of the electronics of the benzylic aryl ring on the
overall rate of release. The electron-withdrawing ether on compound 4-5 caused the
phenol to be released twice as slowly as it was from compound 4-1. In contrast, the
electron-donating methyl ether on compound 4-2 increased the rate of release three times
over that of 4-1. A plot of the Hammett substituent constants6 for these functional groups
against their respective half-lives reveals a linear relationship between the electronics of
the aryl ring and the rate of release (Figure 4-5). Therefore, the addition of electron
density to the benzylic aryl ring increased the rate of release.
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Figure 4-5. Plot of the Hammett constants6 vs. the half-lives for release of phenol for test
reagents 4-1, 4-2, which contains an electron-donating methyl ether, and 4-6, which
contains an electron-withdrawing ester. The linear relationship suggests that the addition
of electron density to the benzylic aryl ring increases the rate of azaquinone methide
formation.
Compound 4-4 combined three features that increase the rate of release: (i)
additional electron density ortho to the phenol, (ii) a benzylic aryl group, and (iii)
additional electron density on the benzylic aryl group. The rate of release of phenol for 44 was too fast to measure under the reaction conditions in Figure 4-4a. However, when 44 was put under the reaction conditions in the absence of Pd(0), no background
hydrolysis was observed over the period of 24 h.

4.4 Development of Polymerization Conditions
Once the results from the small molecule test systems established that the addition
of benzylic aryl groups further increases the rate of azaquinone methide formation, we
aimed to develop polymerization conditions to synthesize oligomers. Analogous
monomers to those discussed in Chapter 2 were synthesized by the route shown in
Scheme 4-3.
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Scheme 4-3. Synthetic route to monomers 4-8 and 4-9, and polymers 4-10 and 4-11.a The
full synthetic schemes are available in Chapter 5.
Polymerization of monomers 4-8 and 4-9, under the standard Lewis–acidcatalyzed conditions outlined in Chapter 2, produced white, methanol-insoluble powders.
The 1H NMR spectra of the powders displayed broad peaks characteristic of polymers,
but did not contain the carbamate N–H peak around 10 ppm in DMSO-d6 found in
previous poly(benzyl carbamate) oligomers (i.e., oligomers 2-19 and 2-20). Furthermore,
treatment of the powders with hydrogen peroxide did not lead to a change in the 1H NMR
spectra. Polymerization under basic conditions (i.e., deprotonation of the alcohol with
lithium hydride, followed by treatment with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
as a trans-carbamation catalyst), produced similar results to the acid-catalyzed
polymerization. We are currently in the process of fabricating oligomers by a step-wise
synthetic route to better understand the properties of this new derivative of poly(benzyl
carbamates).
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4.5 Conclusion
We have demonstrated that the addition of a benzylic aryl group increases the rate
of azaquinone methide formation in small molecule poly(benzyl carbamate) model
systems. Additionally, the reactivity of the system can be modulated by the addition of
electron-donating or electron-withdrawing groups to the benzylic aryl ring. Addition of
electron density presumably increases molecular orbital interactions between the π orbital
and σ*C−O, of the benzylic C–O bond, which makes azaquinone methide formation more
favorable. The azaquinone methide that is formed after C–O bond cleavage is stabilized
by extended conjugation, somewhat offsetting the energy penalty associated with
azaquinone methide formation. The results of this study now provide new insight for
guiding the rational development of depolymerizable poly(benzyl carbamates) that
depolymerize rapidly in environments less polar than water.
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CHAPTER 5
Materials, Methods, Experimental Procedures, and Characterization

5.1 Materials
All reactions were performed in flame-dried glassware under a positive pressure
of argon unless otherwise noted. Air- and moisture-sensitive liquids were transferred via
syringe or stainless steel cannula. Organic solutions were concentrated by rotary
evaporation (25–40 mmHg) at 30 °C. All reagents were purchased commercially and
were used as received unless otherwise noted. 4-Nitroaniline was recrystallized from
petroleum

ether

prior

to

use.

Acetonitrile,

benzene,

dichloromethane,

N,N-

dimethylformamide, dimethylsulfoxide, tetrahydrofuran, toluene, and triethylamine were
purified by the method of Pangborn et al.1 Flash-column chromatography was performed
as described by Still et al.,2 employing silica gel (60-Å pore size, 32–63 μm, standard
grade, Dynamic Adsorbents). Thin-layer chromatography was carried out on Dynamic
Adsorbents silica gel TLC (20 × 20 cm w/h, F-254, 250 μm). Deionized water was
purified with a Millipore purification system (Barnstead EASYpure® II UV/UF).

5.2 Methods.
Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear
magnetic resonance spectra (13C NMR) were recorded using either a Bruker DPX-300
(300 MHz) NMR spectrometer, a Bruker AMX-360 (360 MHz), or a Bruker DRX-400
(400 MHz) NMR spectrometer at 25 °C. Proton chemical shifts are expressed in parts per
million (ppm) and are referenced to residual protium in the NMR solvent (CHCl3 δ 7.26
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ppm, CO(CH3)2 δ 2.05 ppm or SO(CH3)2 δ 2.50 ppm).3 Data are represented as follows:
chemical shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, dd = doublet of
doublets, t = triplet, m = multiplet and/or multiple resonances), integration, and coupling
constant (J) in Hertz. Carbon chemical shifts are expressed in parts per million and are
referenced to the carbon resonances of the NMR solvent (CHCl3 δ 77.0 ppm or CO(CH3)2
δ 29.8 and 206.3 ppm).3 UV/vis spectroscopic data was obtained using a Beckman
Coulter DU 800 spectrometer. LCMS data was obtained using an Agilent Technologies
1200 Series HPLC with a UV detector, a 6120 Series quadrupole mass spectrometer
equipped with an atmospheric-pressure chemical ionization chamber, and a Thermo
Scientific 150 mm × 2.1 mm Betasil diphenyl column. Preparative scale HPLC was
performed using an Agilent Technologies 1200 Series HPLC with a UV detector and an
Agilent 150 mm × 30 mm preparative C18 column. Low resolution and high resolution
mass spectra were acquired using mobile phases containing 5 mM ammonium formate.
GPC analyses were performed using an Agilent Technologies 1200 GPC equipped with a
refractive index detector, a Malvern Viscotek model 270 Dual Detector with right and
low-angle lighscattering, and a Viscotek T-column (300 mm × 7.8 mm, CLM3012) and
Agilent Resipore column (300 mm × 7.5 mm) in series using DMF as the mobile phase
(flow rate = 1 ml/min). The GPC was calibrated using monodisperse polystyrene
standards from Malvern.
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5.3 Chapter 2: Experimental Procedures and Characterization

5.3.1 General Conditions for Measuring the Release Kinetics of Oligomers by
UV/vis Spectroscopy
1,4-Dioxanes (250 µL), dimethylsulfoxide (190 µL), and phosphate buffered
water (40 µL, 0.01 M, pH 7.1) were added to a 2 mL vial and swirled to mix. Oligomer
(10 µL from a 0.01 M solution in DMSO) was added to the vial and the vial was vortexed
for 5 s. Hydrogen peroxide (10 µL from a 0.2 M solution in phosphate buffered water,
0.01 M, pH 7.1) was added and the combined solution was aspirated using a pipet. The
solution was transferred to a quartz cuvette (500 µL, 0.1 cm pathlength) and the
absorbance value at 385 nm was monitored continuously. (This example is for the “50%
dioxanes” scenario referred to in Figures 2-11 and 2-12.)

5.3.2 Methodology for Determining Half-Lives
3-Methoxyphenylboronic acid pinacol ester, compound 2-25 (Figure 5-1), was
synthesized as a model of a reaction-based detection unit to measure the rate of oxidative
cleavage of the boronic ester in the absence of a subsequent depolymerization. The
oxidation of compound 2-25 to 3-methoxyphenol was monitored using UV/vis
spectroscopy. The absorbance value at 288 nm was measured continuously under the
solvent conditions shown in Figure 2-11. Figure 5-1a compares the rate of oxidative
cleavage of 2-25 to the rate of release of 4-nitroaniline for oligomer 2-13. The oxidative
cleavage reaction reaches 90% completion at approximately 20 min, thus the first 20 min
of the oligomer depolymerization kinetics will be affected by the kinetics of the oxidative
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cleavage reaction. Therefore, the first 20 min of the kinetics data for 2-13 and the other
oligomers were excluded when determining half-lives for depolymerization.
Based on this caveat, the following method was used to calculate the half-lives for
the depolymerization reactions based on the relative quantity of released 4-nitroaniline.
The natural log of the extent of the reaction was plotted against time (Figure 5-1b). The
half-life was determined by dividing ln(2) by the slope of the line obtained from the firstorder plot.

Figure 5-1. (a) A plot of extent of reaction vs. time for oligomer 2-13 and compound 225. For the oligomer, the extent of reaction refers to the complete release of 4nitroaniline, whereas for compound 2-25, extent of reaction refers to complete oxidative
cleavage to reveal 2-methoxyphenol. (b) A plot of ln(extent of reaction) vs. time for
oligomer 2-13. The linear region, showing first-order kinetics, is bracketed with blue
lines.
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5.3.3 Measurement of Non-Specific Hydrolysis of Oligomers 2-7 and 2-13

Figure 5-2. Release of 4-nitroaniline in 5:4:1 1,4-dioxanes–DMSO–water (pH 7.1, 0.01
M phosphate buffer) in the absence of hydrogen peroxide. The color of the data points
reflects the composition of the repeating unit as follows: the benzene-based oligomer (27) is blue and the methoxybenzene-based oligomer (2-13) is black. The data points
represent the average of three independent measurements, and the error bars reflect the
standard deviations from these averages.
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5.3.4 Chapter 2: Synthetic Procedures and Characterization

Scheme 5-1. Synthetic Scheme for Oligomer 2-6.

Preparation of Benzyl Alcohol 2-2. 4-Bromo-2-methoxybenzyl alcohol (1.0 g,
4.6 mmol, 1 equiv), bis(pinacolato)diboron (1.4 g, 5.5 mmol, 1.2 equiv),
PdCl2(dppf)·CH2Cl2

(0.19

g,

0.23

mmol,

0.05

equiv),

1,1'-

bis(diphenylphosphino)ferrocene (0.13 g, 0.23 mmol, 0.05 equiv), and KOAc (1.4 g, 13.8
mmol, 3 equiv) were sealed in a 2-neck round bottom flask equipped with a coldfinger
and placed under vacuum for 1 h. The flask was purged with argon and 1,4-dioxanes (35
mL) was added. The reaction mixture was heated to 80 °C and stirred for 48 h. The
reaction mixture was cooled to 23 °C, diluted with ethyl acetate (35 mL), and filtered
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through a pad of alternating layers of celite and silica gel (with silica gel as the bottom
layer, 6 layers in total). The filtrate was concentrated by rotary evaporation and the
residue was purified using a Chromatotron™ (10% ethyl acetate in hexanes on a 4 cm
silica gel plate) to afford compound 2-2 as a white, amorphous solid (1.1 g, 3.9 mmol,
85%): IR (cm–1) 3505, 2984; 1H NMR δ (300 MHz, CDCl3) 7.45 (d, 1H, J = 7.2 Hz),
7.32–7.30 (m, 2H), 4.71 (d, 2H, J = 5.1 Hz), 3.92 (s, 3H), 2.53 (bs, 1H), 1.37 (s, 12H);
13

C NMR δ (300 MHz, CDCl3) 156.8, 132.2, 127.9, 127.5, 115.5, 83.8, 62.1, 55.3, 24.9

(There appear to be overlapping peaks in the aromatic region of the 13C spectrum); MS (Q
MS APCI+) 247.1 (M – OH-). HRMS (TOF MS AP+) calcd for C14H20O3B (M – OH-)
247.1506, found 247.1504.
Preparation of Carbamate 2-4. Phenylchloroformate (1.7 mL, 13 mmol, 1.1
equiv) was added dropwise over 5 min to a solution of 4-aminobenzyl alcohol (1.5 g, 12
mmol, 1.0 equiv) in a 2:2:1 mixture of tetrahydrofuran–saturated aqueous sodium
bicarbonate–water (60 mL) under an atmosphere of air. The reaction mixture was stirred
for 15 min at 23 °C. Dichloromethane (30 mL) was added in one portion, followed by
saturated aqueous sodium bicarbonate (10 mL) in one portion, and the organic and
aqueous layers were separated. The organic layer was washed with saturated aqueous
sodium bicarbonate solution (1 × 50 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 70% ethyl acetate in hexanes) to afford compound 2-26 as a white
solid (2.8 g, 12 mmol, 95%), which was identical by 1H NMR with the known
compound.7
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tert-Butyldimethylsilyl chloride (0.75 g, 5.0 mmol, 1.2 equiv), imidazole (0.42 g,
6.2 mmol, 1.5 equiv), and dimethylaminopyridine (50 mg, 42 µmol, 0.01 equiv) were
added to a solution of compound 2-3 (1.0 g, 4.2 mmol, 1.0 equiv) in dichloromethane (14
mL) at 23 °C. The reaction mixture was stirred for 1 h at 23 °C and then quenched by
dropwise addition of methanol (5 mL). The solvent was removed by rotary evaporation
and the residue was purified by silica gel flash column chromatography (2% ethyl acetate
in hexanes, increasing to 20% ethyl acetate in hexanes) to afford compound 2-4 as a
white, amorphous solid (1.4 g, 4.0 mmol, 96%): IR (cm–1) 3314, 2928, 2856, 1713, 1614,
1543; 1H NMR δ (300 MHz, CDCl3) 7.44–7.20 (m, 9H), 6.97 (bs, 1H), 4.73 (s, 2H), 0.96
(s, 9H), 0.12 (s, 6H); 13C NMR δ (300 MHz, CDCl3) 150.7, 136.3, 129.6, 127.1, 125.8,
121.8, 118.8, 64.7, 26.1, 18.6, –5.1 (There appear to be overlapping peaks in the aromatic
region of the 13C spectrum); MS (Q MS APCI+) 358.3 (M + H+). HRMS (TOF MS AP+)
calcd for C20H31N2O3Si (M + NH4+) 375.2104, found 375.2125.
Preparation of Oligomer 2-6. Dibutyltin dilaurate (25 µL, 43 µmol, 0.2 equiv)
was added dropwise to a solution of compounds 2-2 (63 mg, 0.24 mmol, 1.1 equiv) and
2-4 (77 mg, 0.22 mmol, 1.0 equiv) in toluene (2.2 mL) at 110 °C. The reaction mixture
was stirred for 2 h at 110 °C, then cooled to 23 °C. The solution was concentrated by
rotary evaporation and the residue was purified by silica gel flash chromatography (5%
ethyl acetate in hexanes, increasing to 15% ethyl acetate in hexanes) to afford 2-27 as a
yellow oil (110 mg, 0.21 mmol, 96%): IR (cm–1) 3318, 2923, 2852, 1724, 1532; 1H NMR
δ (300 MHz, CDCl3) 7.47–7.27 (m, 7H), 6.98 (bs, 1H), 5.31 (s, 2H), 4.72 (s, 2H), 3.91 (s,
3H), 1.39 (s, 12H), 0.97 (s, 9H), 0.13 (s, 6H); 13C NMR δ (300 MHz, CDCl3) 159.9,
156.8, 136.7, 132.0, 128.9, 127.5, 127.2, 126.8, 118.5, 115.8, 83.9, 64.6, 62.4, 55.5, 25.9,
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24.8, 18.3, –5.3 (There appear to be overlapping peaks in the aromatic region of the 13C
spectrum); MS (Q MS APCI–) 526.3 (M – H+). HRMS (TOF MS AP–) calcd for
C28H41BNO6Si (M – H+) 526.2796, found 526.2811.
p-Toluenesulfonic acid monohydrate (32 mg, 0.17 mmol, 0.3 equiv) was added in
one portion to a solution of compound 2-27 (0.30 g, 0.57 mmol, 1.0 equiv) in a 4:1
mixture of tetrahydrofuran–water (5.7 mL). The reaction mixture was stirred at 23 °C
under an atmosphere of air for 3 h. Ethyl acetate (10 mL) was added in one portion,
followed by saturated aqueous sodium bicarbonate (10 mL) in one portion, and the
organic and aqueous layers were separated. The organic layer was washed with saturated
aqueous sodium bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The
sodium sulfate was removed by filtration, the solvent was removed by rotary evaporation,
and the residue was purified by silica gel flash column chromatography (100% hexanes
increasing to 60% ethyl acetate in hexanes) to afford compound 2-5 as a white,
amorphous solid (140 mg, 0.33 mmol, 58%): IR (cm–1) 3493, 3278, 2968, 2918, 2860,
1713, 1604, 1545; 1H NMR δ (400 MHz, CO(CD3)2) 8.72 (bs, 1H), 7.53 (d, 2H, J = 8.4
Hz), 7.40 (d, 1H, J = 7.4 Hz), 7.36 (d, 1H, J = 7.4 Hz), 7.29–2.27 (m, 3H), 5.21 (s, 2H),
4.56 (s, 2H), 4.08 (bs, 1H), 3.87 (s, 3H), 1.33 (s, 12H); 13C NMR δ (400 MHz, CO(CD3)2)
157.3, 154.1, 138.7, 137.4, 128.9, 128.7, 127.9, 127.6, 118.7, 116.1, 84.4, 64.2, 61.9,
55.5, 25.0 (There appear to be overlapping peaks in the aromatic region of the

13

C

spectrum); MS (Q MS APCI–) 412.1 (M – H+). HRMS (TOF MS AP–) calcd for
C22H27BNO6 (M – H+) 412.1937, found 412.1935.
A solution of compound 2-5 (0.14 g, 0.33 mmol, 1.0 equiv) and 4-nitrophenyl
isocyanate (64 mg, 0.39 mmol, 1.2 equiv) in toluene (3.3 mL) was heated to 80 °C. The
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reaction mixture was stirred for 3 h at 80 °C, then cooled to 23 °C. The solvent was
removed by rotary evaporation and the residue was purified by preparative scale HPLC
(C18 column, 30% acetonitrile in water increasing to 90% over 10 min, maintaining 90%
acetonitrile in water for 15 min) to afford oligomer 2-6 as an off-white, amorphous solid
(0.11 g, 0.19 mmol, 58%): IR (cm–1) 3308, 2976, 1708, 1598, 1534, 1508; 1H NMR δ
(300 MHz, CO(CD3)2) 9.31 (bs, 1H), 8.81 (bs, 1H), 8.16 (d, 2H, J = 5.0 Hz), 7.76 (d, 2H,
J = 5.0 Hz), 7.56 (d, 2H, J = 8.6 Hz), 7.36–7.30 (m, 5H), 5.18 (s, 2H), 5.12 (s, 2H), 3.83
(s, 3H), 1.29 (s, 12H); 13C NMR δ (300 MHz, CO(CD3)2) 157.3, 154.0, 153.8, 146.1,
143.1, 140.1, 131.0, 129.9, 128.7, 128.7, 127.5, 125.4, 118.8, 118.3, 118.2, 116.1, 84.3,
67.2, 62.0, 55.5, 24.9; MS (Q MS APCI–) 576.2 (M – H+). HRMS (TOF MS AP–) calcd
for C29H31BN3O9 (M – H+) 576.2153, found 576.2130.

Scheme 5-2. Synthetic Scheme for Oligomer 2-7.
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Preparation of Oligomer 2-7. Dibutyltin dilaurate (0.15 mL, 0.26 mmol, 0.2
equiv) was added dropwise to a solution of compounds 2-5 (0.53 g, 1.3 mmol, 1.0 equiv)
and 2-4 (0.50 g, 1.4 mmol, 1.1 equiv) in toluene (6.4 mL) at 110 °C. The reaction mixture
was stirred for 2 h at 110 °C, then cooled to 23 °C. The solution was concentrated by
rotary evaporation and the residue was purified by silica gel flash chromatography (10%
ethyl acetate in hexanes increasing to 30% ethyl acetate in hexanes) to afford 2-28 as a
yellow oil (0.68 g, 1.1 mmol, 78%): IR (cm–1) 3314, 2929, 2856, 1709, 1600, 1528; 1H
NMR δ (400 MHz, CO(CD3)2) 8.84 (bs, 1H), 8.67 (bs, 1H), 7.62 (d, 2H, J = 8.3 Hz),
7.55 (d, 2H, J = 8.3 Hz), 7.42–7.36 (m, 4H), 7.30–7.26 (m, 3H), 5.22 (s, 2H), 5.11 (s,
2H), 4.71 (s, 2H), 3.89 (s, 3H), 1.34 (s, 12H), 0.93 (s, 9H), 0.10 (s, 6H); 13C NMR δ (400
MHz, CO(CD3)2) 157.6, 154.4, 154.4, 140.2, 139.1, 136.7, 132.0, 130.0, 129.1, 129.0,
127.9, 127.7, 119.0, 116.5, 84.7, 66.7, 65.3, 62.3, 55.8, 26.4, 18.9, 17.5, –5.0 (There
appear to be overlapping peaks in the aromatic region of the 13C spectrum); MS (Q MS
APCI–) 675.3 (M – H+). HRMS (TOF MS AP–) calcd for C36H48BN2O8Si (M – H+)
675.3273, found 675.3254.
Toluenesulfonic acid monohydrate (57 mg, 0.30 mmol, 0.3 equiv) was added in
one portion to a solution of compound 2-28 (0.68 g, 1.0 mmol, 1.0 equiv) in a 9:1 mixture
of tetrahydrofuran–water (10 mL). The reaction mixture was stirred at 23 °C under an
atmosphere of air for 5 h. Ethyl acetate (5 mL) was added in one portion, followed by
saturated aqueous sodium bicarbonate (5 mL) in one portion, and the organic and
aqueous layers were separated. The organic layer was washed with saturated aqueous
sodium bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
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residue was purified by silica gel flash column chromatography (30% ethyl acetate in
hexanes increasing to 50% ethyl acetate in hexanes) to afford compound 2-29 as a white,
amorphous solid (0.43 g, 0.76 mmol, 76%): IR (cm–1) 3302, 2976, 1705, 1601, 1530; 1H
NMR δ (300 MHz, CO(CD3)2) 8.85 (bs, 1H), 8.66 (bs, 1H), 7.60 (d, 2H, J = 8.5 Hz),
7.52 (d, 2H, J = 8.3 Hz), 7.41–7.26 (m, 7H), 5.21 (s, 2H), 5.10 (s, 2H), 4.55 (s, 2H), 4.00
(bs, 1H), 3.88 (s, 3H), 1.33 (s, 12H); 13C NMR δ (300 MHz, CO(CD3)2) 157.7, 154.5,
154.4, 140.3, 139.1, 137.8, 132.1, 130.1, 129.1, 128.2, 127.9, 119.1, 116.6, 84.8, 66.8,
64.5, 62.4, 55.9, 25.3 (There appear to be overlapping peaks in the aromatic region of the
13

C spectrum); MS (Q MS APCI–) 561.3 (M – H+). HRMS (TOF MS AP–) calcd for

C30H34BN2O8 (M – H+) 561.2408, found 561.2406.
A solution of compound 2-29 (0.10 g, 0.18 mmol, 1.0 equiv) and 4-nitrophenyl
isocyanate (35 mg, 0.21 mmol, 1.2 equiv) in toluene (1.8 mL) was heated to 80 °C. The
reaction mixture was stirred for 2.5 h at 80 °C, then cooled to 23 °C. The solvent was
removed by rotary evaporation and the residue was purified by preparative scale HPLC
(C18 column, 30% acetonitrile in water increasing to 90% over 10 min, maintaining 90%
acetonitrile in water for 15 min) to afford oligomer 2-7 as an off-white, amorphous solid
(130 mg, 0.17 mmol, 98%): IR (cm–1) 3307, 2976, 2148, 1705, 1598, 1529, 1508; 1H
NMR δ (300 MHz, CO(CD3)2) 9.37 (bs, 1H), 8.85 (bs, 1H), 8.79 (bs, 1H), 8.22 (d, 2H, J
= 9.3 Hz), 7.82 (d, 2H, J = 9.3 Hz), 7.60 (d, 4H, J = 8.3) 7.40–7.33 (m, 7H), 5.20 (s,
2H), 5.15 (s, 2H), 5.11 (s, 2H), 3.88 (s, 3H), 1.32 (s, 12H);

13

C NMR δ (360 MHz,

CO(CD3)2) 157.5, 154.3, 154.3, 146.4, 143.4, 140.4, 140.2, 131.8, 131.2, 130.2, 130.0,
129.0, 128.9, 127.8, 125.7, 119.0, 118.6, 118.5, 116.4, 84.6, 67.4, 66.8, 62.2, 55.8, 25.1;

	
  

85	
  

MS (Q MS APCI–) 761.2 (M – H+ + 2H2O). HRMS (TOF MS AP–) calcd for
C37H38BN4O11 (M – H+) 725.2630, found 725.2632.

Scheme 5-3. Synthetic Scheme for Oligomer 2-12.

Preparation of Carbamate 2-10. Sodium borohydride (0.69 g, 18 mmol, 1.1
equiv) was added in one portion to a solution of 2-methoxy-4-nitrobenzylaldehyde (3.0 g,
17 mmol, 1.0 equiv) in a 1:1 mixture of dichloromethane–methanol (56 mL) at 0 °C. The
reaction mixture was stirred for 15 min at 0 °C, then was slowly diluted by dropwise
addition of saturated aqueous ammonium chloride solution (10 mL) and allowed to warm
to 23 °C. Dichloromethane (50 mL) was added in one portion, followed by saturated
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aqueous ammonium chloride solution (50 mL) in one portion, and the organic and
aqueous layers were separated. The organic layer was washed with saturated aqueous
sodium chloride solution (1 × 50 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration, and the solvent was removed by rotary evaporation to
provide compound 2-30 as a pale yellow, amorphous solid, which was used without
further purification.
tert-Butyldimethylsilyl chloride (3.0 g, 20 mmol, 1.2 equiv), imidazole (1.7 g, 25
mmol, 1.5 equiv), and dimethylaminopyridine (20 mg, 0.17 mmol, 0.01 equiv) were
added in one portion to a solution of compound 2-30 (3.0 g, 17 mmol, 1.0 equiv) in
dichloromethane at 23 °C. The reaction mixture was stirred for 1 h at 23 °C, then was
quenched by dropwise addition of methanol (10 mL). The solvent was removed by rotary
evaporation and the residue was purified by silica gel flash column chromatography
(100% hexanes followed by 10% ethyl acetate in hexanes) to afford compound 2-9 as a
light yellow, amorphous solid (4.9 g, 16 mmol, 99% over 2 steps): IR (cm–1) 2926, 2855,
1516; 1H NMR δ (300 MHz, CDCl3) 7.89 (dd, 1H, J = 8.3 Hz, 2.0 Hz), 7.67–7.64 (m,
2H), 4.80 (s, 2H), 3.93 (s, 3H), 0.98 (s, 9H), 0.15 (s, 6H); 13C NMR δ (300 MHz, CDCl3)
156.0, 147.8, 138.1, 126.6, 116.1, 104.5, 60.1, 55.8, 26.1, 18.5, –5.3; Elem. Anal. calcd
for C14H23NO4Si: C, 56.54; H, 7.79; N, 4.71. Found: C, 56.56; H, 7.88; N, 4.65.
Palladium (10% by weight on carbon powder) (0.30 g, 15% by weight of
compound 2-9) was added in one portion to a solution of compound 2-9 (2.0 g, 6.7 mmol,
1.0 equiv) in tetrahydrofuran (34 mL) under a N2 atmosphere. The flask was evacuated
and purged three times with H2 gas. The reaction mixture was stirred vigorously for 1.5 h
at 23 °C under an atmosphere of H2. The flask was evacuated, purged with argon, and the
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reaction mixture was filtered through a pad of celite. The solvent was removed by rotary
evaporation, and the residue was purified by silica gel flash column chromatography
(25% ethyl acetate in hexanes, increasing to 60% ethyl acetate in hexanes) to afford
compound 2-31 as a brown, amorphous solid (1.7 g, 6.2 mmol, 93%): IR (cm–1) 3364,
2928, 2855, 1616, 1511; 1H NMR δ (400 MHz, CDCl3) 7.21 (d, 1H, J = 8.0 Hz), 6.31
(dd, 1H, J =8.0, 1.8 Hz), 6.23 (d, 1H, J = 1.6 Hz), 4.69 (s, 2H), 3.78 (s, 3H), 3.65 (bs,
2H), 0.96 (s, 9H), 0.12 (s, 6H);

13

C NMR δ (400 MHz, CDCl3) 157.4, 146.7, 128.6,

120.1, 107.0, 98.2, 60.3, 55.2, 26.2, 18.6, –5.1; MS (Q MS APCI+) 268.2 (M + H+).
HRMS (TOF MS AP+) calcd for C14H26NO2Si (M + H+) 268.1733, found 268.1723.
Phenylchloroformate (0.85 mL, 6.8 mmol, 1.1 equiv) was added dropwise over 5
min to a solution of compound 2-31 (1.7 g, 6.2 mmol, 1.0 equiv) in a 2:2:1 mixture of
tetrahydrofuran–saturated aqueous sodium bicarbonate–water (30 mL) under an
atmosphere of air. The reaction mixture was stirred for 15 min at 23 °C. Ethyl acetate (30
mL) was added in one portion, followed by saturated aqueous sodium bicarbonate (10
mL) in one portion, and the organic and aqueous layers were separated. The organic layer
was washed with saturated aqueous sodium bicarbonate solution (1 × 50 mL) and was
dried over sodium sulfate. The sodium sulfate was removed by filtration, the solvent was
removed by rotary evaporation, and the residue was purified by silica gel flash column
chromatography (5% ethyl acetate in hexanes, increasing to 10% ethyl acetate in
hexanes) to afford compound 2-10 as a white, amorphous solid (2.4 g, 6.2 mmol, 100%):
IR (cm–1) 3272, 2928, 2854, 1712, 1610, 1550; 1H NMR δ (300 MHz, CDCl3) 7.45–7.21
(m, 8H), 6.81 (d, 1H, J = 8.1 Hz), 4.78 (s, 2H), 3.81 (s, 3H), 1.02 (s, 9H), 0.17 (s, 6H);
13
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121.8, 110.3, 101.3, 60.1, 55.2, 26.1, 18.6, –5.2; MS (Q MS APCI+) 256.1 (M - OTBS-).
HRMS (TOF MS AP+) calcd for C15H14NO3 (M - OTBS-) 256.0974, found 256.0963.
Preparation of Oligomer 2-12. Dibutyltin dilaurate (0.10 mL, 0.18 mmol, 0.2
equiv) was added dropwise to a solution of compounds 2-2 (0.23 g, 0.89 mmol, 1.1
equiv) and 2-10 (0.31 g, 0.81 mmol, 1.0 equiv) in toluene (8 mL) at 110 °C. The reaction
mixture was stirred for 0.5 h at 110 °C, then cooled to 23 °C. The solution was
concentrated by rotary evaporation and the residue was purified by silica gel flash
chromatography (10% ethyl acetate in hexanes increasing to 15% ethyl acetate in
hexanes) to afford 2-32 as a yellow oil (0.36 g, 0.65 mmol, 81%): IR (cm–1) 3318, 2928,
2854, 2361, 1736, 1605, 1535, 1511; 1H NMR δ (400 MHz, CDCl3) 7.41–7.26 (m, 5H)
6.72–6.69 (m, 2H), 5.27 (s, 2H), 4.70 (s, 2H), 3.89 (s, 3H), 3.80 (s, 3H), 1.35 (s, 12H),
0.94 (s, 9H), 0.09 (s, 6H); 13C NMR δ (300 MHz, CDCl3) 156.8, 156.4, 153.5, 137.7,
128.8, 127.4, 127.1, 127.1, 125.0, 115.8, 109.9, 100.9, 83.9, 62.3, 59.9, 55.4, 55.1, 26.0,
24.8, 18.4, –5.4 (There appear to be overlapping peaks in the aromatic region of the 13C
spectrum); MS (Q MS APCI–) 556.3 (M – H+). HRMS (TOF MS AP–) calcd for
C29H43BNO7Si (M – H+) 556.2902, found 556.2900.
p-Toluenesulfonic acid monohydrate (37 mg, 0.20 mmol, 0.3 equiv) was added in
one portion to a solution of compound 2-32 (0.36 g, 0.65 mmol, 1.0 equiv) in a 4:1
mixture of tetrahydrofuran–water (6.5 mL). The reaction mixture was stirred at 23 °C
under an atmosphere of air for 3.5 h. Ethyl acetate (5 mL) was added in one portion,
followed by saturated aqueous sodium bicarbonate (5 mL) in one portion, and the organic
and aqueous layers were separated. The organic layer was washed with saturated aqueous
sodium bicarbonate solution (1 × 20 mL) and was dried over sodium sulfate. The sodium
	
  

89	
  

sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (5% acetone in
methylene chloride increasing to 10% acetone in methylene chloride) to afford compound
2-11 as a yellow, amorphous solid (79 mg, 0.18 mmol, 27%): IR (cm–1) 3302, 2974,
2855, 1729, 1606, 1538, 1511; 1H NMR δ (360 MHz, CO(CD3)2) 8.74 (bs, 1H), 7.40–
7.27 (m, 5H), 7.06 (dd, 1H, J = 8.1 Hz, 1.8 Hz), 5.20 (s, 2H), 4.53 (s, 2H), 3.87 (s, 3H),
3.77 (s, 3H), 1.34 (s, 12H); 13C NMR δ (360 MHz, CO(CD3)2) 157.7, 157.3, 154.0, 140.0,
128.9, 128.6, 128.4, 127.6, 125.3, 116.1, 110.3, 101.6, 84.4, 61.9, 59.5, 55.5, 55.2, 24.9
(There appear to be overlapping peaks in the aromatic and aliphatic regions of the 13C
spectrum); MS (Q MS APCI–) 442.1 (M – H+). HRMS (TOF MS AP–) calcd for
C23H29BNO7 (M – H+) 442.2037, found 442.2058.
A solution of compound 2-11 (0.10 g, 0.23 mmol, 1.0 equiv) and 4-nitrophenyl
isocyanate (45 mg, 0.27 mmol, 1.2 equiv) in toluene (1.8 mL) was brought to 80 °C. The
reaction mixture was stirred for 1 h at 80 °C, then the solution was cooled to 23 °C. The
solvent was removed by rotary evaporation and the residue was purified by preparative
scale HPLC (C18 column, 30% acetonitrile in water increasing to 90% over 10 min,
maintaining 90% acetonitrile in water for 15 min) to afford oligomer 2-12 as a yellow,
amorphous solid (0.11 g, 0.18 mmol, 77%): IR (cm–1) 3309, 2975, 1709, 1600, 1509; 1H
NMR δ (400 MHz CO(CD3)2) 9.31 (bs, 1H), 8.86 (bs, 1H), 8.19 (d, 2H, J = 9.2 Hz), 7.80
(d, 2H, J = 9.2 Hz), 7.41–7.29 (m, 5H), 7.10 (d, 1H, J = 8.1 Hz), 5.22 (s, 2H), 5.16 (s,
2H), 3.87 (s, 3H), 3.82 (s, 3H), 1.33 (s, 12H); 13C NMR δ (400 MHz, CO(CD3)2) 158.9,
157.2, 154.0, 153.9, 146.2, 143.0, 141.7, 131.3, 128.6, 127.5, 125.4, 118.7, 118.2, 116.1,
110.3, 101.8, 84.3, 62.5, 62.0, 55.5, 24.9 (There appear to be overlapping peaks in the
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aromatic and aliphatic regions of the 13C spectrum); MS (Q MS APCI–) 606.2 (M – H+).
HRMS (TOF MS AP–) calcd for C30H33BN3O10 (M – H+) 606.2259, found 606.2267.

Scheme 5-4. Synthetic Scheme for Oligomer 2-13.

Preparation of Oligomer 2-13. Dibutyltin dilaurate (0.10 mL, 0.17 mmol, 0.2
equiv) was added dropwise to a solution of compounds 2-11 (0.39 g, 0.87 mmol, 1.0
equiv) and 2-10 (340 mg, 0.87 mmol, 1.0 equiv) in toluene (8.7 mL) at 110 °C. The
reaction mixture was stirred for 2 h at 110 °C, then cooled to 23 °C. The solution was
concentrated by rotary evaporation and the residue was purified by silica gel flash
chromatography (5% ethyl acetate in hexanes increasing to 10% ethyl acetate in hexanes)
to afford 2-33 as a yellow, amorphous solid (0.39 g, 0.53 mmol, 61%): IR (cm–1) 3315,
	
  

91	
  

2928, 2853, 2360, 1710, 1604, 1513; 1H NMR δ (300 MHz, CO(CD3)2) 8.83 (bs, 1H),
8.60 (bs, 1H), 7.41–7.28 (m, 7H), 7.12–7.09 (m, 2H), 5.22 (s, 2H), 5.11 (s, 2H), 4.68 (s,
2H), 3.89 (s, 3H), 3.83 (s, 3H), 3.77 (s, 3H), 1.33 (s, 12H), 0.94 (s, 9H), 0.09 (s, 6H); 13C
NMR δ (300 MHz, CO(CD3)2) 158.8, 157.3, 157.2, 154.2, 154.0, 141.6, 140.1, 131.0,
128.8, 127.9, 127.6, 124.2, 119.5, 116.2, 110.4, 101.8, 101.5, 84.4, 67.8, 62.0, 61.9, 60.3,
55.6, 55.2, 26.1, 24.9, 18.7, –5.4 (There appear to be overlapping peaks in the aromatic
region of the 13C spectrum); MS (Q MS APCI–) 735.3 (M – H+). HRMS (TOF MS AP–)
calcd for C40H56BN2O12Si (M + CH3COO-) 795.3721, found 795.3696.
p-Toluenesulfonic acid monohydrate (12 mg, 65 µmol, 0.2 equiv) was added in
one portion to a solution of compound 2-33 (0.24 g, 0.32 mmol, 1.0 equiv) in a 4:1
mixture of tetrahydrofuran–water (3.3 mL). The reaction mixture was stirred at 23 °C
under an atmosphere of air for 8 h. Ethyl acetate (5 mL) was added in one portion,
followed by saturated aqueous sodium bicarbonate (5 mL) in one portion, and the organic
and aqueous layers were separated. The organic layer was washed with saturated aqueous
sodium bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (50% ethyl acetate in
hexanes increasing to 70% ethyl acetate in hexanes) to afford compound 2-34 as a
yellow, amorphous solid (0.13 g, 0.32 mmol, 66%): IR (cm–1) 3307, 2923, 2852, 1707,
1604, 1533; 1H NMR δ (400 MHz, CO(CD3)2) 8.83 (bs, 1H), 8.59 (bs, 1H), 7.41-7.26 (m,
7H) 7.11-7.07 (m, 2H), 5.22 (s, 2H), 5.11 (s, 2H), 4.55 (s, 2H), 3.88 (s, 3H), 3.82 (s, 3H),
3.78 (s, 3H), 1.33 (s, 12H); 13C NMR δ (400 MHz, CO(CD3)2) 158.8, 157.8, 157.3, 154.2,
154.0, 141.6, 140.1, 131.0, 128.8, 128.5, 127.6, 125.2, 119.5, 116.2, 110.4, 101.9, 84.4,
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62.0, 61.9, 59.5, 55.6, 55.5, 55.3, 24.9 (There appear to be overlapping peaks in the
aromatic region of the 13C spectrum); MS (Q MS APCI–) 621.3 (M – H+). HRMS (TOF
MS AP–) calcd for C32H38BN2O10 (M – H+) 621.2620, found 621.2620.
A solution of compound 2-34 (67 mg, 0.11 mmol, 1.0 equiv) and 4-nitrophenyl
isocyanate (23 mg, 0.14 mmol, 1.3 equiv) in toluene (1.1 mL) was brought to 80 °C. The
reaction mixture was stirred for 2 h at 80 °C, then the solution was cooled to 23 °C. The
solvent was removed by rotary evaporation and the residue was purified by preparative
scale HPLC (C18 column, 30% acetonitrile in water increasing to 90% over 10 min,
maintaining 90% acetonitrile in water for 15 min) to afford oligomer 2-13 as a yellow,
amorphous solid (53 mg, 68 µmol, 63%): IR (cm–1) 3311, 2974, 1706, 1600, 1509; 1H
NMR δ (400 MHz, CO(CD3)2) 9.31 (b, 1H), 8.84 (bs, 1H), 8.72 (bs, 1H), 8.19 (dd, 2H, J
= 7.3 Hz, 2.0 Hz), 7.80 (dd, 2H, J = 7.2 Hz, 2.0 Hz) 7.40-7.28 (m, 7H) 7.11-7.10 (m,
2H), 5.22 (s, 2H), 5.16 (s, 2H), 5.13 (s, 2H), 3.87 (s, 3H), 3.82 (s, 6H), 1.33 (s, 12H); 13C
NMR δ (400 MHz, CO(CD3)2) 158.9, 158.8, 157.3, 154.2, 154.0, 153.9, 146.3, 143.0,
141.9, 141.6, 131.3, 131.0, 128.7, 127.5, 125.4, 119.3, 118.6, 118.2, 116.1, 110.3, 101.8,
84.4, 62.7, 62.1, 55.5, 24.9 (There appear to be overlapping peaks in the aromatic and
aliphatic regions of the

13

C spectrum); MS (Q MS APCI–) 821.3 (M – H+ + 2H2O).

HRMS (TOF MS AP–) calcd for C39H42BN4O13 (M – H+) 785.2841, found 785.2844.
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Scheme 5-5. Improved Synthesis of Oligomer 2-13.

Preparation of Aldehyde 2-14. A solution of 2-methoxy-4-nitrobenzaldehyde
(0.10 g, 0.55 mmol, 1.0 equiv) and tin(II) chloride dihydrate (0.62 g, 2.8 mmol, 5.0
equiv) in absolute ethanol (1.1 mL) was heated to 70 °C. The reaction mixture was stirred
for 45 min at 70 °C and then poured into saturated aqueous sodium bicarbonate (5.0 mL).
The aqueous mixture was stirred for 1 h to hydrolyze the tin salts and then extracted with
ethyl acetate (5.0 mL × 3). The organic layers were combined in and saturated aqueous
sodium bicarbonate (5.0 mL) was added in one portion. Phenyl chloroformate (90 µL,
0.72 mmol, 1.3 equiv) was added dropwise and the reaction mixture was concentrated by
rotary evaporation until the volume of the organic solution was about 2.0 mL. The
reaction mixture was stirred for 15 min at 23 °C. The organic and aqueous layers were
separated and the organic layer was dried over magnesium sulfate. The magnesium
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sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes increasing to 40% ethyl acetate in hexanes) to afford compound 2-14 as a white,
amorphous solid (0.11 g, 0.41 mmol, 75%): IR (cm–1) 3291, 2360, 1748, 1659, 1598,
1538; 1H NMR δ (360 MHz, CDCl3) 10.36 (s, 1H), (d, 1H, J = 8.4 Hz) 7.63 (bs, 1H)
7.47–7.42 (m, 3H), 7.29 (t, 1H, J = 7.5 Hz), 7.21 (d, 2H, J = 8.6 Hz), 6.78 (dd, 1H, J =
8.4 Hz, 1.9 Hz), 3.92 (s, 3H); 13C NMR δ (360 MHz, CDCl3) 188.6, 163.2, 151.4, 150.1,
144.6, 129.7, 129.6, 126.1, 121.5, 120.6, 110.3, 101.1, 55.7; MS (Q MS APCI+) 272.0
(M + H+). HRMS (TOF MS EI+) calcd for C15H13O4N (M+) 271.08446, found 271.08422.
Preparation of Oligomer 2-13 (Improved Method). Dibutyltin dilaurate (0.12
mL, 0.21 mmol, 0.2 equiv) was added dropwise to a solution of compound 2-14 (0.28 g,
1.0 mmol, 1.0 equiv) and 2-2 (0.30 g, 1.1 mmol, 1.1 equiv) in 1,4-dioxane (10 mL) at 110
°C. The reaction mixture was stirred for 2 h at 110 °C, then cooled to 23 °C. The solution
was concentrated by rotary evaporation and the residue was purified by silica gel flash
chromatography (10% ethyl acetate in hexanes increasing to 30% ethyl acetate in
hexanes) to afford 2-15 as a white solid (0.44 g, 0.97 mmol, 97%): IR (cm–1) 3254, 3107,
2970, 1734, 1665, 1596, 1545; 1H NMR δ (360 MHz, CDCl3) 10.31 (s, 1H), 7.75 (d, 1H,
J = 8.4 Hz), 7.52 (bs, 1H), 7.42 (d, 1H, J = 7.3 Hz), 7.36 (d, 1H, J = 7.4 Hz), 7.31 (s,
1H), 7.15 (s, 1H), 6.70 (dd, 1H, J = 8.5 Hz, 1.9 Hz), 5.28 (s, 2H), 3.91 (s, 3H), 3.89 (s,
3H), 1.35 (s, 12H); 13C NMR δ (360 MHz, CDCl3) 188.5, 163.2, 156.9, 152.9, 145.2,
129.7, 129.0, 127.2, 126.8, 120.2, 115.9, 110.1, 100.7, 84.0, 62.9, 55.6, 55.5, 24.8 (There
appear to be overlapping peaks in the aromatic region of the 13C spectrum); MS (Q MS
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APCI+) 442.0 (M + H+). HRMS (TOF MS EI+) calcd for C23H28O7NB (M+) 441.19588,
found 441.19539.
Sodium borohydride (0.042 g, 1.1 mmol, 1.1 equiv) was added in one portion to a
solution of compound 2-15 (0.44 g, 0.97 mmol, 1.0 equiv) in a 3:1 mixture of
dichloromethane–methanol (4.5 mL) at 0 °C. The reaction mixture was stirred for 15 min
at 0 °C, then was slowly diluted by dropwise addition of saturated aqueous ammonium
chloride solution (1.0 mL) and allowed to warm to 23 °C. Dichloromethane (5.0 mL) was
added in one portion, followed by saturated aqueous ammonium chloride solution (4.0
mL) in one portion, and the organic and aqueous layers were separated. The organic layer
was washed with saturated aqueous sodium chloride solution (1 × 10 mL) and was dried
over magnesium sulfate. The magnesium sulfate was removed by filtration, and the
solvent was removed by rotary evaporation to provide compound 2-11 as a white,
amorphous solid, which was used without further purification.
Dibutyltin dilaurate (0.022 mL, 0.038 mmol, 0.2 equiv) was added dropwise to a
solution of compounds 2-14 (0.061 g, 0.25 mmol, 1.2 equiv) and 2-11 (0.084 g, 0.19
mmol, 1.0 equiv) in 1,4-dioxane (1.0 mL) at 110 °C. The reaction mixture was stirred for
2 h at 110 °C, then cooled to 23 °C. The solution was concentrated by rotary evaporation
and the residue was purified by silica gel flash chromatography (15% ethyl acetate in
hexanes increasing to 40% ethyl acetate in hexanes) to afford 2-35 as a white solid ) (0.12
g, 0.18 mmol, 97%): IR (cm–1) 3300, 2971, 2360, 1714, 1673, 1593, 1529; 1H NMR δ
(360 MHz, CDCl3) 10.30 (s, 1H), 7.72 (d, 1H, J = 8.5 Hz), 7.52 (bs, 2H), 7.42 (d, 1H, J
= 7.4 Hz), 7.36 (d, 1H, J = 7.4 Hz), 7.31 (s, 1H), 7.30–7.24 (m, 2H), 7.07 (bs, 1H), 6.73
(d, 2H, J = 8.3 Hz), 5.26 (s, 2H), 5.19 (s, 2H), 3.90 (s, 3H), 3.86 (s, 3H), 3.79 (s, 3H),
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1.36 (s, 12H); 13C NMR δ (360 MHz, CDCl3) 188.6, 163.2, 158.4, 156.7, 153.4, 153.1,
145.5, 139.9, 130.9, 129.6, 128.7, 127.2, 127.1, 120.0, 118.4, 115.8, 110.1, 83.9, 62.6,
62.5, 55.6, 55.4, 55.4, 24.8 (There appear to be overlapping peaks in the aromatic region
of the 13C spectrum); MS (Q MS APCI+) 621.1 (M + H+). HRMS (TOF MS ES+) calcd
for C32H38N2O10B (M + H+) 621.2620, found 621.2629.
Sodium borohydride (0.0068 g, 0.20 mmol, 1.1 equiv) was added in one portion
to a solution of compound 2-35 (0.12 g, 0.18 mmol, 1.0 equiv) in a 3:1 mixture of
dichloromethane–methanol (2.0 mL) at 0 °C. The reaction mixture was stirred for 15 min
at 0 °C, then was slowly diluted by dropwise addition of saturated aqueous ammonium
chloride solution (1.0 mL) and allowed to warm to 23 °C. Dichloromethane (2.0 mL) was
added in one portion, followed by saturated aqueous ammonium chloride solution (1.0
mL) in one portion, and the organic and aqueous layers were separated. The organic layer
was washed with saturated aqueous sodium chloride solution (1 × 5.0 mL) and was dried
over magnesium sulfate. The magnesium sulfate was removed by filtration, and the
solvent was removed by rotary evaporation to provide compound 2-34 as a white,
amorphous solid, which was used without further purification.
Triethylamine (0.050 mL, 0.36 mmol, 2.0 equiv) was added dropwise to a
solution of compound 2-34 (0.11 g, 0.18 mmol, 1.0 equiv) and 4-nitrophenyl isocyanate
(0.036 mg, 0.22 mmol, 1.2 equiv) in N,N-dimethylformamide (1.8 mL) at 23 °C. The
reaction mixture was stirred for 2 h at 23 °C, then the solvent was removed by rotary
evaporation and the residue was purified by preparative scale HPLC (C18 column, 30%
acetonitrile in water increasing to 90% over 10 min, maintaining 90% acetonitrile in
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water for 15 min) to afford oligomer 2-13 as a yellow, amorphous solid (0.102 g, 0.13
mmol, 74% over 2 steps).

Scheme 5-6. Synthesis of Oligomer 2-19.

Preparation of Compound 2-16. p-Toluenesulfonic acid monohydrate (0.35 g,
1.9 mmol, 0.30 equiv) was added in one portion to a solution of compound 2-10 (2.4 g,
6.2 mmol, 1.0 equiv)7 in 4:1 tetrahydrofuran–water (62 mL) under an atmosphere of air.
The reaction mixture was stirred at 23 °C for 4 h. Ethyl acetate (50 mL) and saturated
aqueous sodium bicarbonate (10 mL) were added, each in one portion, and the layers
were separated. The organic layer was washed with saturated aqueous sodium
bicarbonate solution (1 × 50 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (20% ethyl acetate in
hexanes, increasing to 60% ethyl acetate in hexanes) to afford compound 2-16 as a white,
amorphous solid (1.5 g, 5.4 mmol, 87%): IR (cm–1) 3540, 3470, 3269, 2963, 1727, 1615,
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1547; 1H NMR δ (400 MHz, CDCl3) 7.41-7.16 (m, 8H), 6.74 (d, 1H, J = Hz), 4.64 (s,
2H), 3.81 (s, 3H), 2.43 (bs, 1H); 13C NMR δ (300 MHz, CDCl3) 158.0, 151.8, 150.4,
138.4, 129.4, 129.1, 125.8, 124.3, 121.6, 110.2, 101.6, 61.5, 55.3; MS (Q MS APCI+)
256.1 (M – OH-); HRMS (TOF MS AP+) calcd for C15H14NO3 (M – OH-) 256.0974,
found 256.0967.
Preparation of Oligomer 2-19. Compound 2-16 (0.60 g, 2.2 mmol, 1.0 equiv)
was added in one portion to stirring dimethylsulfoxide (2.2 mL) at 110 °C. Dibutyltin
dilaurate (0.26 mL, 0.44 mmol, 0.2 equiv) was added in one portion and the reaction
mixture was stirred for 2.75 min at 110 °C. 4-(Hydroxymethyl)-3-methoxyphenylboronic
acid pinacol ester (2.0 g, 7.6 mmol, 3.5 equiv) was added in one portion and the reaction
mixture was stirred for 2 h at 110 °C. The reaction mixture was cooled to 23 °C and
poured into 0 °C methanol (20 mL). A yellow precipitate formed that was washed using a
solid phase washing vessel by adding methanol, bubbling N2 through the solution at a
vigorous rate (see the supporting information of reference 28 for a video of the bubbling
rate) for 15 min, then draining the solvent. This process was repeated three times. The
solids were dried under vacuum for 12 h to give oligomer 2-17 as an off-white powder
(0.17 g, 0.15 mmol, 33%); 1H NMR δ (360 MHz, SO(CH3)2) 9.90 (bs, 1H), 9.80 (bs, 3H),
9.65 (bs, 1H), 7.29–7.19 (m, 12H), 7.00–6.98 (m, 6H), 5.15 (s, 2H), 5.04 (s, 8H), 4.84
(bs, 1H), 4.39 (s, 2H), 3.84–3.70 (m, 18H), 1.29 (s, 12H). GPC Mn = 1.2 kDa, Mw = 1.7
kDa, PDI = 1.44.
Triethylamine (0.12 mL, 0.86 mmol, 10 equiv) was added dropwise to a solution
of oligomer 2-17 (0.10 g, 86 µmol, 1.0 equiv) and 4-nitrophenyl isocyanate (71 mg, 0.43
mmol, 5.0 equiv) in dimethylformamide (1.7 mL). The reaction mixture was stirred for
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16 h at 23 °C, after which the solvent was removed by rotary evaporation. The residue
was washed using a solid phase washing vessel with methanol (3×) followed by
acetonitrile (2×). The solids were dried under vacuum for 12 h to give oligomer 2-19 as a
peach-colored powder (0.81 g, 61 µmol, 71%); 1H NMR δ (360 MHz, SO(CH3)2) 10.45
(bs, 1H), 9.90 (bs, 1H), 9.80 (bs, 4H), 8.19 (d, 2H, J = 9.3 Hz), 7.68 (d, 2H, J = 9.1 Hz),
7.40–7.21 (m, 12H), 6.99 (d, 6H, J = 8.3 Hz), 5.15 (s, 2H), 5.09–5.03 (m, 10H), 3.83–
3.75 (m, 18H), 1.29 (s, 12H). GPC Mn = 1.4 kDa, Mw = 1.7 kDa, PDI = 1.3.

Scheme 5-7. Synthesis of Oligomer 2-20.

Preparation of Oligomer 2-20. Compound 2-16 (0.60 g, 2.2 mmol, 1.0 equiv)
was added in one portion to stirring dimethylsulfoxide (2.2 mL) at 110 °C. Dibutyltin
dilaurate (0.26 mL, 0.44 mmol, 0.2 equiv) was added in one portion and the reaction
mixture was stirred for 5.0 min at 110 °C. 4-(Hydroxymethyl)-3-methoxyphenylboronic
acid pinacol ester (2.0 g, 7.6 mmol, 3.5 equiv) was added in one portion and the reaction
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mixture was stirred for 2 h at 110 °C. The reaction mixture was cooled to 23 °C and
poured into 0 °C methanol (20 mL). A yellow precipitate formed that was washed using a
solid phase washing vessel with methanol (3×). The solids were dried under vacuum for
12 h to give oligomer 2-18 as a light yellow powder (0.30 g, 0.18 mmol, 64%); 1H NMR
δ (400 MHz, SO(CH3)2) 9.89 (bs, 1H) 9.78 (bs, 6H), 9.63 (bs, 1H), 7.41–7.19 (m, 18H),
7.03–6.95 (m, 9H), 5.16 (s, 2H), 5.04 (s, 14H), 4.82 (t, 1H, J = 5.6 Hz), 4.40 (d, 2H, J =
5.7 Hz), 3.94–3.67 (m, 27H), 1.30 (s, 12H). GPC Mn = 1.3 kDa, Mw = 2.3 kDa, PDI =
1.73.
Triethylamine (0.16 mL, 1.2 mmol, 10 equiv) was added dropwise to a solution of
oligomer 2-18 (0.20 g, 0.12 mmol, 1.0 equiv) and 4-nitrophenyl isocyanate (97 mg, 0.59
mmol, 5.0 equiv) in dimethylformamide (2.4 mL). The reaction mixture was stirred for
16 h at 23 °C, after which the solvent was removed by rotary evaporation. The residue
was washed using a solid phase washing vessel with methanol (3×) followed by
acetonitrile (2×). The solids were dried under vacuum for 12 h to give oligomer 2-20 as a
peach-colored powder (0.19 g, 0.11 mmol, 92%); 1H NMR δ (360 MHz, SO(CH3)2)
10.46 (bs, 1H), 9.91 (bs, 1H) 9.80 (bs, 6H), 8.20 (d, 2H, J = 9.1 Hz), 7.69 (d, 2H, J = 9.2
Hz), 7.38–7.22 (m, 18H), 7.01–6.99 (m, 9H), 5.16 (s, 2H), 5.09-5.04 (m, 16H), 3.85–3.76
(m, 27H), 1.30 (s, 12H). GPC Mn = 1.7 kDa, Mw = 1.9 kDa, PDI = 1.2.
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Scheme 5-8. Synthesis of Octadecyl–Ether-Functionalized Polymer.

Boron tribromide (13.25 mL, 1.0 M in dichloromethane, 1.2 equiv) was added
dropwise to a solution of 2-methoxy-4-nitrobenzaldehyde (2.0 g, 11.04 mmol, 1.0 equiv)
in dichloromethane (200 mL) at –78 °C. The reaction mixture was stirred at –78 °C for
30 min and then allowed to warm to 23 °C. The reaction mixture was stirred at 23 °C for
12 h and then was cooled to 0 °C and slowly diluted (dropwise addition) with water (10
mL). The organic layer was washed with water (2 × 100 mL) and was dried over sodium
sulfate. The sodium sulfate was removed by filtration, the solvent was removed by rotary
evaporation, and the residue was purified by silica get chromatography (10% acetone in
hexanes) to provide compound 2-36 as an amorphous, orange solid (1.71 g, 10.23 mmol,
93%), which was identified by spectral comparison with literature data.4
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A suspension of compound 2-36 (0.980 g, 5.86 mmol, 1.0 equiv), 1bromooctadecane (2.93 g, 8.80 mmol, 1.5 equiv), and potassium carbonate (2.43 g, 17.58
mmol, 3 equiv) in N,N-dimethylformamide (5.86 mL) was stirred at 75 °C for 2 h. The
reaction mixture was cooled to 23 °C, diluted with dichloromethane (10 mL), and the
solids were removed by filtration. The solvent was removed from the filtrate by rotary
evaporation to afford compound 2-37 as an amorphous, white solid, which was used
without further purification.
Sodium borohydride (0.24 g, 6.45 mmol, 1.1 equiv) was added to a solution of
compound 2-37 (2.46 g, 5.86 mmol, 1.0 equiv) in a mixture of dichloromethane (24 mL)
and methanol (6 mL) at 0 °C. The reaction mixture was stirred for 10 min at 0 °C and
then was slowly diluted by dropwise addition of saturated aqueous ammonium chloride
solution (10 mL) and then allowed to warm to 23 °C. Dichloromethane (50 mL) and
saturated aqueous ammonium chloride solution (50 mL) were added, and the layers were
separated. The organic layer was washed with saturated aqueous sodium chloride solution
(1 × 50 mL) and was dried over sodium sulfate. The sodium sulfate was removed by
filtration, the solvent was removed by rotary evaporation, and the residue was purified by
silica get chromatography (100% hexanes, followed by 50% hexanes in methylene
chloride, followed by 100% methylene chloride) to provide compound 2-21 as an
amorphous, white solid (2.39 g, 5.67 mmol, 97% over 2 steps): 1H NMR (300 MHz,
CHCl3) δ 7.86 (dd, 1H, J = 8.3 Hz, 2.1 Hz), 7.70 (d, 1H, J = 2.1 Hz), 7.53 (d, 1H, J = 8.3
Hz), 4.79 (d, 2H, J = 6.1 Hz), 4.11 (t, 2H, J = 6.5 Hz), 2.28 (t, 1H, J = 6.3 Hz), 1.86
(quint, 2H, J = 8.0 Hz), 1.49–1.27 (m, 33H), 0.89 (t, 3H, J = 6.4 Hz); 13C NMR (300
MHz, CHCl3) δ 156.74, 148.35, 136.77, 127.92, 115.95, 105.80, 68.94, 61.08, 32.06,
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29.84, 29.82, 29.80, 29.72, 29.68, 29.50, 29.44, 29.08, 22.83, 14.26 (There appear to be
overlapping peaks in the aliphatic region of the 13C spectrum).
tert-Butyldimethylsilyl chloride (1.03 g, 6.80 mmol, 1.2 equiv), imidazole (0.579
g, 8.51 mmol, 1.5 equiv), and dimethylaminopyridine (0.007 g, 0.060 mmol, 0.01 equiv)
were added to a solution of compound 2-21 (2.39 g, 5.67 mmol, 1.0 equiv) in
dichloromethane (28.4 mL) at 23 °C. The reaction mixture was stirred for 1 h at 23 °C
and then was quenched with methanol (10 mL). The solvent was removed by rotary
evaporation, and the residue was purified by silica gel flash column chromatography
(100% hexanes followed by 5% ethyl acetate in hexanes) to afford compound 2-38 as an
amorphous, tan solid (2.79 g, 5.21 mmol, 92%): 1H NMR (300 MHz, CHCl3) δ 7.88 (dd,
1H, J = 8.5 Hz, 2.0 Hz), 7.66–7.63 (m, 2H), 4.80 (s, 2H), 4.07 (t, 2H, J = 6.4 Hz), 1.84
(quint, 2H, J = 6.8 Hz), 1.49–1.28 (m, 33H), 0.99 (s, 9H), 0.90 (t, 3H, J = 6.9 Hz), 0.14
(s, 6H); 13C NMR (300 MHz, CHCl3) δ 155.53, 147.78, 138.11, 126.57, 115.83, 105.21,
68.74, 60.06, 32.08, 29.85, 29.73, 29.52, 29.44, 29.08, 26.17, 26.07, 22.84, 18.54, 14.27,
-5.24 (There appear to be overlapping peaks in the aliphatic region of the 13C spectrum).
Palladium (10% by weight on carbon powder) (0.23 g, 15% by weight of 2-38)
was added to a solution of compound 2-38 (1.5 g, 2.80 mmol, 1.0 equiv) in THF (14 mL)
under a N2 atmosphere. The flask was evacuated and purged 3 times with H2 gas. The
reaction mixture was stirred vigorously for 2 h at 23 °C. The solvent was removed by
rotary evaporation, and the residue was purified by silica gel flash column
chromatography (10% ethyl acetate in hexanes, increasing to 30% ethyl acetate in
hexanes) to afford compound 2-39 as a brown oil (2.44 g, 2.60 mmol, 93%): ): 1H NMR
(360 MHz, CHCl3) δ 7.88 (d, 1H, J = 8.0 Hz), 6.31–6.21 (m, 2H), 4.69 (s, 2H), 3.91 (t,
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2H, J = 6.4 Hz), 3.63 (bs, 2H), 1.79 (quint, 2H, J = 6.8 Hz), 1.47–1.29 (m, 33H), 0.96 (s,
9H), 0.93 (t, 3H, J = 6.9 Hz), 0.11 (s, 6H);

13

C NMR (360 MHz, CHCl3) δ 156.81,

146.46, 128.54, 120.22, 106.79, 98.98, 67.84, 60.08, 31.98, 29.76, 29.72, 29.70, 29. 67,
29.45, 29.42, 29.33, 26.20, 26.12, 26.09, 22.74, 18.53, 14.17, -5.19 (There appear to be
overlapping peaks in the aliphatic region of the 13C spectrum).
Phenylchloroformate ( 0.73 mL, 5.78 mmol, 1.2 equiv) was added dropwise over
5 min to a solution of compound 2-39 (2.44 g, 4.82 mmol, 1.0 equiv) in a mixture of
THF, saturated aqueous sodium bicarbonate, and water (21 mL, ratio 2:2:1) under an
atmosphere of air. The reaction was stirred for 15 min at 23 °C. Ethyl acetate (20 mL)
and saturated aqueous sodium bicarbonate (10 mL) were added, and the layers were
separated. The organic layer was washed with saturated aqueous sodium bicarbonate
solution (2 × 50 mL) and was dried over sodium sulfate. The sodium sulfate was
removed by filtration, the solvent was removed by rotary evaporation, and the residue
was purified by silica gel flash column chromatography (100% hexanes increasing to 4%
ethyl acetate in hexanes) to afford compound 2-22 as a waxy, white solid (2.80 g, 4.47
mmol, 93%): 1H NMR (400 MHz, CHCl3) δ 7.42–7.14 (m, 8H), 6.76 (d, 1H, J = 7.8 Hz),
4.73 (s, 2H), 3.95 (t, 2H, J = 6.4 Hz), 1.74 (quint, 2H, J = 6.8 Hz), 1.42–1.27 (m, 33H),
0.96 (s, 9H), 0.89 (t, 3H, J = 6.9 Hz), 0.12 (s, 6H);

13

C NMR (360 MHz, CHCl3) δ

155.97, 150.42, 136.97, 129.30, 127.07, 125.59, 125.32, 121.61, 109.80, 101.78, 67.85,
59.77, 40.76, 31.81, 29.59, 29.58, 29.55, 29.49, 29.25, 29.05, 25.96, 25.90, 22.58, 18.34,
14.02, -5.41 (There appear to be overlapping peaks in the aliphatic region of the
spectrum).
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13

C

p-Toluenesulfonic acid monohydrate (0.26 g, 1.34 mmol, 0.3 equiv) was added to
a solution of compound 2-22 (2.80 g, 4.47 mmol, 1.0 equiv) in a mixture of 4:1
tetrahydrofuran–water (45 mL). The reaction mixture was stirred at 23 °C for 20 h. Ethyl
acetate (20 mL) and saturated aqueous sodium bicarbonate (10 mL) were added, and the
layers were separated. The organic layer was washed with saturated aqueous sodium
bicarbonate solution (1 × 50 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (20% ethyl acetate in
hexanes, increasing to 100% ethyl acetate) to afford compound 2-23 as a waxy, white
solid (2.03 g, 3.97 mmol, 89%): 1H NMR (400 MHz, CHCl3) δ 7.68 (m, 3H), 7.42–7.09
(m, 5H), 6.72 (d, 1H, J = 7.8 Hz), 4.66 (s, 2H), 3.99 (t, 2H, J = 6.4 Hz), 2.42 (bs, 1H),
1.79 (quint, 2H, J = 6.8 Hz), 1.43–1.27 (m, 33H), 0.89 (t, 3H, J = 6.9 Hz).

Scheme 5-9. Synthetic Scheme for Compound 2-25.

Preparation of Aryl Boronate 2-25. Bis(pinacolato)diboron (0.61 g, 2.4 mmol,
1.2 equiv), PdCl2(dppf)·CH2Cl2 (0.081 g, 0.099 mmol, 0.05 equiv), and KOAc (0.58 g,
5.9 mmol, 3 equiv) were sealed in a 2-neck round bottom flask equipped with a
coldfinger and placed under vacuum for 1 h. The flask was purged with argon and 1,4dioxanes (15 mL) was added in one portion, followed by 3-bromo anisole (0.25 mL, 2.0
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mmol, 1 equiv) in one portion. The reaction mixture was brought to 80 °C and stirred for
18 h. The reaction mixture was cooled to 23 °C, diluted with ethyl acetate (15 mL) in one
portion, and filtered through a thin layer of silica gel covered by a pad of celite. The
filtrate was concentrated and the residue was purified by silica gel flash column
chromatography (100% hexanes, followed by 2% ethyl acetate in hexanes) to afford
compound 2-25 as a colorless oil (0.23 g, 0.96 mmol, 48%), which was identified by
comparison of 1H NMR data with literature values.5
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5.4 Chapter 3: Experimental Procedures and Characterization
5.4.1 Procedure for Measuring Depolymerization Kinetics
1,4-Dioxanes (250 μL), dimethyl sulfoxide (190 μL), and phosphate buffered
water (40 μL, 0.01 M, pH 7.1) were added to a 2 mL vial and mixed by swirling the
solution. A solution containing the oligomer (10 μL from a 0.01 M solution in DMSO)
was added to the vial and vortexed for 5 s. Hydrogen peroxide (10 μL from a 0.2 M
solution in phosphate buffered water, 0.01 M, pH 7.1) was added and the combined
solution was aspirated using a pipet. The solution was transferred to a quartz cuvette (500
μL, 0.1 cm path length) and the absorbance value at 385 nm was monitored continuously.
Half-lives were calculated based on the relative quantity of released 4-nitroaniline, using
the method described in Section 6.3.2.

5.4.2 Chapter 3 Synthetic Procedures and Characterization

Scheme 5-10. Synthetic Scheme for Compound 3-2.

Preparation of carbamate 3-2. Triethylamine (52 μL, 0.38 mmol, 2.0 equiv) was
added dropwise to a solution of 2-2 (50 mg, 0.19 mmol, 1.2 equiv) and 4-nitrophenyl
isocyanate (26 mg, 0.16 mmol, 1.0 equiv) in tetrahydrofuran (2.0 mL). The reaction
mixture was stirred at 23 °C for 4 h. The solvent was removed by rotary evaporation and
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the residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 20% ethyl acetate in hexanes) to afford compound 3-2 as a white,
amorphous solid (46 mg, 0.11 mmol, 67%): IR (cm–1) 3313, 2977, 2360, 1738, 1600,
1549, 1508; 1H NMR δ (360 MHz, CO(CH3)2) 9.46 (bs, 1H), 8.22 (d, 2H, J = 9.3 Hz),
7.82 (d, 2H, J = 9.3 Hz), 7.41 (d, 1H, J = 7.3 Hz), 7.36 (d, 1H, J = 7.4 Hz), 7.31 (s, 1H),
5.26 (s, 2H), 3.89 (s, 3H), 1.34 (s, 12H); 13C NMR δ (360 MHz, CO(CH3)2) 157.6, 154.0,
146.4, 143.4, 129.3, 128.4, 127.8, 125.7, 118.6, 116.4, 84.6, 62.9, 55.8, 25.2 (there appear
to be overlapping peaks in the aromatic region of the 13C spectrum); MS (TOF MS AP−)
427.2 (M – H+); HRMS (TOF MS AP−) calcd for C21H24N2O7B (M – H+) 427.1677,
found 427.1657.
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5.5 Chapter 4: Experimental Procedures and Characterization

5.5.1 General Conditions for Measuring the Release Kinetics of 4-1 through 4-5

Figure 5-3. Conditions for measuring the release kinetics of 4-1 through 4-5.

An

Alloc-protected

model

compound

(0.020

mmol)

and

tetrakis

(triphenylphosphine)palladium(0) (2.2 mg) were dissolved in 0.2 mL of tetrahydrofuran
in a 2-mL vial. Acetic acid (3.0 µL) and tributyltin hydride (10 µL) were added to the
reaction mixture, and the solution was shaken for 5 min. An aliquot (10 µL) of the
solution was added to a 1:1 acetonitrile–water (0.1 M phosphate buffer, pH 7.1) solution
(1.0 mL). The solution was shaken for 10 s and then was filtered through a syringe filter
(PTFE, 0.22 µm) into an HPLC vial. The release of phenol was inferred by monitoring
the disappearance of the aniline intermediate over time by HPLC using a UV detector set
at 254 nm.
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5.5.2 Chapter 4: Synthetic Procedures and Characterization

Scheme 5-11. Synthesis of Test Reagent 4-1.

Preparation of Test Reagent 4-1. 100 μL of a solution of 4-bromobenzene (0.31
mL, 3.0 mmol, 3.0 equiv) in tetrahydrofuran (4.0 mL) was added in one portion to a
suspension of magnesium turnings (73 mg, 3.0 mmol, 3.0 equiv) and a small flake of
iodine in tetrahydrofuran (1.0 mL). The solution was stirred at 40 °C until bubbling of the
solution indicated the reaction was proceeding (~10 min). The remainder of the solution
of 4-bromobenzene was added dropwise to the reaction mixture, and the resulting
mixture was stirred at 40 °C until all of the solid magnesium was consumed (~1 h). The
reaction mixture was transferred via cannula to a solution of 4-nitrobenzaldehyde (0.15 g,
1.0 mmol, 1.0 equiv) in tetrahydrofuran (4.0 mL) at –78 °C. The resulting mixture was
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stirred at –78 °C for 1 h, quenched with water (1.0 mL), and allowed to warm to 23 °C.
The solution was diluted by dropwise addition of saturated aqueous ammonium chloride
solution (5.0 mL) and the aqueous and organic layers were separated. The organic layer
was washed with saturated aqueous ammonium chloride solution (1 × 10 mL) and was
dried over sodium sulfate. The sodium sulfate was removed by filtration, the solvent was
removed by rotary evaporation, and the residue was purified by silica gel flash column
chromatography (10% ethyl acetate in hexanes, increasing to 20% ethyl acetate in
hexanes) to afford compound 4-12 as a yellow, amorphous solid (0.13 g, 0.56 mmol,
56%), which was identified by comparison of 1H NMR data with literature values.6
Palladium (10% by weight on carbon powder) (13 mg, 10% by weight of
compound 4-12) was added in one portion to a solution of compound 4-12 (0.13 g, 0.56
mmol, 1.0 equiv) and pyridine (23 μL, 0.28 mmol, 0.50 equiv) in tetrahydrofuran (1.9
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (2.0 mL).
Saturated aqueous sodium bicarbonate (4.0 mL) was added to the reaction flask.
Allylchloroformate (66 μL, 0.62 mmol, 1.1 equiv) was added dropwise over 5 min to the
reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15 min
at 23 °C. Ethyl acetate (5.0 mL) was added in one portion, followed by saturated aqueous
sodium bicarbonate (5.0 mL) in one portion, and the organic and aqueous layers were
separated. The organic layer was washed with saturated aqueous sodium bicarbonate
solution (1 × 10 mL) and was dried over sodium sulfate. The sodium sulfate was
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removed by filtration, the solvent was removed by rotary evaporation, and the residue
was purified by silica gel flash column chromatography (10% ethyl acetate in hexanes,
increasing to 30% ethyl acetate in hexanes) to afford compound 4-13 as a white,
amorphous solid (0.10 g, 0.35 mmol, 63%):	
  1H NMR δ (300 MHz, CDCl3) 7.60–7.26 (m,
9H), 6.75 (bs, 1H), 5.94 (m, 1H), 5.79 (s, 1H), 5.35 (dd, 1H, J = 17.2 Hz, 1.4 Hz), 5.26
(dd, 1H, J = 10.4 Hz, 1.2 Hz), 4.64 (d, 2H, J = 5.7 Hz), 2.43 (bs, 1H).
Tributylphosphine (0.12 mL, 0.49 mmol, 1.4 equiv) was added dropwise to a
solution of N,N,Nʹ′,Nʹ′-tetramethylazocarboxamide (84 mg, 0.49 mmol, 1.4 equiv) in
tetrahydrofuran (1.8 mL) at 0 °C and the reaction mixture was stirred 15 min at 0 °C. A
solution of compound 4-13 (0.10 g, 0.35 mmol, 1.0 equiv) and phenol (46 mg, 0.49
mmol, 1.4 equiv) in tetrahydrofuran (1.8 mL) was added dropwise to the reaction
mixture. The reaction mixture was stirred for 15 min at 0 °C, allowed to warm to 23 °C,
and stirred at 23 °C for 2 h. The solvent was removed by rotary evaporation and the
residue was purified by silica gel flash column chromatography (40% dichloromethane in
hexanes, increasing to 60% dichloromethane in hexanes) to afford compound 4-1 as a
white, amorphous solid (93 mg, 0.26 mmol, 74%): 1H NMR δ (360 MHz, CDCl3) 7.41–
7.18 (m, 11H), 6.94–6.90 (m, 3H), 6.64 (bs, 1H), 6.17 (s, 1H), 6.00–5.89 (m, 1H), 5.34
(d, 1H, J = 17.1 Hz), 5.25 (d, 1H, J = 10.0 Hz), 4.64 (d, 2H, J = 5.5 Hz).
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Scheme 5-12. Synthesis of Test Reagent 4-2.

Preparation of Test Reagent 4-2. 100 μL of a solution of 4-bromobenzene (1.8
mL, 17 mmol, 3.0 equiv) in tetrahydrofuran (5.0 mL) was added in one portion to a
suspension of magnesium turnings (0.40 g, 17 mmol, 3.0 equiv) and a small flake of
iodine in tetrahydrofuran (5.0 mL). The solution was stirred at 40 °C until bubbling of the
solution indicated the reaction was proceeding (~10 min). More tetrahydrofuran (20 mL)
was added to the solution of 4-bromobenzene and the resulting solution was added
dropwise to the reaction mixture. The reaction mixture was stirred at 40 °C until all of the
solid magnesium was consumed (~1 h). The reaction mixture was transferred via cannula
to a solution of 2-methoxy-4-nitrobenzaldehyde (1.0 g, 5.5 mmol, 1.0 equiv) in
tetrahydrofuran (25 mL) at –78 °C. The resulting mixture was stirred at –78 °C for 15
min, quenched with water (4.0 mL), and allowed to warm to 23 °C. The solution was
diluted by dropwise addition of saturated aqueous ammonium chloride solution (15 mL)
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and the aqueous and organic layers were separated. The organic layer was washed with
saturated aqueous ammonium chloride solution (1 × 20 mL) and was dried over sodium
sulfate. The sodium sulfate was removed by filtration, the solvent was removed by rotary
evaporation, and the residue was purified by silica gel flash column chromatography (5%
ethyl acetate in hexanes, increasing to 20% ethyl acetate in hexanes) to afford compound
4-14 as a yellow, amorphous solid (1.4 g, 5.2 mmol, 95%):	
  1H NMR δ (300 MHz, CDCl3)
7.84 (dd, 1H, J = 8.3 Hz, 1.9 Hz), 7.67–7.59 (m, 2H), 7.36–7.26 (m, 5H), 6.08 (d, 1H, J =
2.5 Hz), 2.89 (d, 1H, J = 3.4 Hz); 13C NMR δ (300 MHz, CDCl3) 156.43, 148.03, 141.96,
139.26, 128.42, 127.80, 127.29, 126.54, 115.99, 105.48, 70.84, 55.90.
Palladium (10% by weight on carbon powder) (89 mg, 10% by weight of
compound 2-14) was added in one portion to a solution of compound 2-14 (0.59 g, 2.3
mmol, 1.0 equiv) and pyridine (92 μL, 1.1 mmol, 0.50 equiv) in tetrahydrofuran (7.6 mL)
under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas. The
reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2. The
flask was evacuated, purged with argon, and the reaction mixture was filtered through a
pad of celite into a round bottom flask, rinsing with tetrahydrofuran (8.0 mL). Saturated
aqueous sodium bicarbonate (14 mL) was added to the reaction flask. Allylchloroformate
(0.37 mL, 3.4 mmol, 1.5 equiv) was added dropwise over 5 min to the reaction mixture
under an atmosphere of air. The reaction mixture was stirred for 15 min at 23 °C. Ethyl
acetate (10 mL) was added in one portion, followed by saturated aqueous sodium
bicarbonate (10 mL) in one portion, and the organic and aqueous layers were separated.
The organic layer was washed with saturated aqueous sodium bicarbonate solution (1 ×
20 mL) and was dried over sodium sulfate. The sodium sulfate was removed by filtration,
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the solvent was removed by rotary evaporation, and the residue was purified by silica gel
flash column chromatography (20% ethyl acetate in hexanes) to afford compound 4-15 as
a white, amorphous solid (0.63 g, 2.0 mmol, 88%): 1H NMR δ (300 MHz, CDCl3) 7.38–
7.23 (m, 6H), 7.08 (d, 1H, J = 8.2 Hz), 6.87 (bs, 1H), 6.66 (dd, 1H, J = 8.2 Hz, 2.0 Hz),
6.01–5.90 (m, 2H), 5.34 (dd, 1H, J = 17.2 Hz, 1.5 Hz), 5.25 (dd, 1H, J = 10.4 Hz, 1.2
Hz), 4.64 (d, 2H, J = 5.6 Hz), 3.77 (s, 3H), 3.04 (d, 1H, J = 4.8).
Tributylphosphine (0.22 mL, 0.89 mmol, 1.4 equiv) was added dropwise to a
solution of N,N,Nʹ′,Nʹ′-tetramethylazocarboxamide (0.15 g, 0.89 mmol, 1.4 equiv) in
tetrahydrofuran (3.4 mL) at 0 °C and the reaction mixture was stirred 15 min at 0 °C. A
solution of compound 4-15 (0.20 g, 0.64 mmol, 1.0 equiv) and phenol (84 mg, 0.89
mmol, 1.4 equiv) in tetrahydrofuran (3.0 mL) was added dropwise to the reaction
mixture. The reaction mixture was stirred for 15 min at 0 °C, allowed to warm to 23 °C,
and stirred at 23 °C for 2 h. The solvent was removed by rotary evaporation and the
residue was purified by silica gel flash column chromatography (50% dichloromethane in
hexanes, increasing to 70% dichloromethane in hexanes) to afford compound 4-2 as a
white, sticky solid (0.18 g, 0.46 mmol, 72%): 1H NMR δ (360 MHz, CDCl3) 7.46–7.43
(m, 2H), 7.32–7.17 (m, 7H), 6.95–6.85 (m, 4H), 6.66–6.62 (m, 2H), 5.97–5.86 (m, 1H),
5.32 (dd, 1H, J = 17.2 Hz, 1.5 Hz), 5.21 (dd, 1H, J = 10.4 Hz, 1.2 Hz), 4.62 (d, 2H, J =
5.5 Hz), 3.77 (s, 3H).
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Scheme 5-13. Synthesis of Test Reagent 4-3.

Preparation of Test Reagent 4-3. 100 μL of a solution of 4-bromoanisole (0.63
mL, 5.0 mmol, 3.0 equiv) in tetrahydrofuran (1.0 mL) was added in one portion to a
suspension of magnesium turnings (0.120 g, 5.0 mmol, 3.0 equiv) and a small flake of
iodine in tetrahydrofuran (1.0 mL). The solution was stirred at 40 °C until bubbling of the
solution indicated the reaction was proceeding (~10 min). More tetrahydrofuran (4.0 mL)
was added to the solution of 4-bromoanisole and the resulting solution was added
dropwise to the reaction mixture. The reaction mixture was stirred at 40 °C until all of the
solid magnesium was consumed (~1 h). The reaction mixture was transferred via cannula
to a solution of 4-nitrobenzaldehyde (0.25 g, 1.7 mmol, 1.0 equiv) in tetrahydrofuran (11
mL) at –78 °C. The resulting mixture was stirred at –78 °C for 15 min, quenched with
water (1.0 mL), and allowed to warm to 23 °C. The solution was diluted by dropwise
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addition of saturated aqueous ammonium chloride solution (5.0 mL) and the aqueous and
organic layers were separated. The organic layer was washed with saturated aqueous
ammonium chloride solution (1 × 10 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 40% ethyl acetate in hexanes) to afford compound 4-16 as a light
yellow, amorphous solid (0.36 g, 1.4 mmol, 84%), which was identified by comparison
of 1H NMR data with literature values.7
Palladium (10% by weight on carbon powder) (0.14 g, 10% by weight of
compound 4-16) was added in one portion to a solution of compound 4-16 (0.36 g, 1.4
mmol, 1.0 equiv) and pyridine (56 μL, 0.69 mmol, 0.50 equiv) in tetrahydrofuran (4.6
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (5.0 mL).
Saturated aqueous sodium bicarbonate (8.4 mL) was added to the reaction flask.
Allylchloroformate (0.19 mL, 1.8 mmol, 1.3 equiv) was added dropwise over 5 min to
the reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15
min at 23 °C. Ethyl acetate (10 mL) was added in one portion, followed by saturated
aqueous sodium bicarbonate (10 mL) in one portion, and the organic and aqueous layers
were separated. The organic layer was washed with saturated aqueous sodium
bicarbonate solution (1 × 20 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
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residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 40% ethyl acetate in hexanes) to afford compound 4-17 as a light
yellow, sticky solid (0.33 g, 1.1 mmol, 76%): 1H NMR δ (360 MHz, CDCl3) 7.30–7.21
(m, 6H), 6.95 (bs, 1H), 6.82 (d, 2H, J = 8.7 Hz), 5.98–5.87 (m, 1H), 5.69 (s, 1H), 5.33
(dd, 1H, J = 15.8 Hz, 1.5 Hz), 5.22 (dd, 1H, J = 10.4 Hz, 1.2 Hz), 4.61 (d, 2H, J = 5.7
Hz), 3.75 (s, 3H), 2.74 (s, 1H).
Tributylphosphine (0.17 mL, 0.67 mmol, 1.4 equiv) was added dropwise to a
solution of N,N,Nʹ′,Nʹ′-tetramethylazocarboxamide (0.12 g, 0.67 mmol, 1.4 equiv) in
tetrahydrofuran (2.0 mL) at 0 °C and the reaction mixture was stirred 15 min at 0 °C. A
solution of compound 4-17 (0.15 g, 0.48 mmol, 1.0 equiv) and phenol (63 mg, 0.67
mmol, 1.4 equiv) in tetrahydrofuran (2.8 mL) was added dropwise to the reaction
mixture. The reaction mixture was stirred for 15 min at 0 °C, allowed to warm to 23 °C,
and stirred at 23 °C for 2 h. The solvent was removed by rotary evaporation and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 20% ethyl acetate in hexanes) to afford compound 4-3 as a white,
amorphous solid (0.12 g, 0.31 mmol, 64%): 1H NMR δ (360 MHz, CDCl3) 7.34–7.29 (m,
6H), 7.23–7.19 (m, 2H), 6.96–6.86 (m, 6H), 6.15 (s, 1H), 6.00–5.89 (m, 1H), 5.34 (dd,
1H, J = 15.8 Hz), 5.24 (d, 1H, J = 10.4 Hz), 4.64 (d, 2H, J = 5.7 Hz), 3.76 (s, 3H).
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Scheme 5-14. Synthesis of Test Reagent 4-4.

Preparation of Test Reagent 4-4. 500 μL of a solution of 4-bromoanisole ( mL,
9.8 mmol, 2.0 equiv) in tetrahydrofuran (2.0 mL) was added in one portion to a
suspension of magnesium turnings (0.24 g, 9.8 mmol, 2.0 equiv) and a small flake of
iodine in tetrahydrofuran (4.0 mL). The solution was stirred at 40 °C until bubbling of the
solution indicated the reaction was proceeding (~10 min). More tetrahydrofuran (8.0 mL)
was added to the solution of 4-bromoanisole and the resulting solution was added
dropwise to the reaction mixture. The reaction mixture was stirred at 40 °C until all of the
solid magnesium was consumed (~1 h). The reaction mixture was transferred via cannula
to a solution of 2-methoxy-4-nitrobenzaldehyde (0.88 g, 4.9 mmol, 1.0 equiv) in
tetrahydrofuran (34 mL) at –78 °C. The resulting mixture was stirred at –78 °C for 15
min, quenched with water (2.0 mL), and allowed to warm to 23 °C. The solution was
diluted by dropwise addition of saturated aqueous ammonium chloride solution (10 mL)
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and the aqueous and organic layers were separated. The organic layer was washed with
saturated aqueous ammonium chloride solution (1 × 25 mL) and was dried over sodium
sulfate. The sodium sulfate was removed by filtration, the solvent was removed by rotary
evaporation, and the residue was purified by silica gel flash column chromatography
(10% ethyl acetate in hexanes, increasing to 30% ethyl acetate in hexanes) to afford
compound 4-18 as a white, amorphous solid (1.2 g, 4.2 mmol, 85%):	
   1H NMR δ (300
MHz, CDCl3) 7.85 (dd, 1H, J = 8.3 Hz, 1.9 Hz), 7.67–7.62 (m, 2H), 7.25 (d, 2H, J = 8.7
Hz), 6.84 (d, 2H, J = 8.7 Hz), 6.04 (d, 1H, 2.4 Hz), 3.86 (s, 3H), 3.77 (s, 3H), 2.76 (d, 1H,
J = 3.2 Hz); 13C NMR δ (300 MHz, CDCl3) 158.69, 155.95, 147.55, 139.14, 133.75,
127.48, 126.63, 115.56, 113.35, 105.02, 70.06, 55.49, 54.76.
Palladium (10% by weight on carbon powder) (0.12 g, 10% by weight of
compound 4-18) was added in one portion to a solution of compound 4-18 (0.33 g, 1.2
mmol, 1.0 equiv) and pyridine (46 μL, 0.58 mmol, 0.50 equiv) in tetrahydrofuran (3.8
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (4.0 mL).
Saturated aqueous sodium bicarbonate (6.9 mL) was added to the reaction flask.
Allylchloroformate (0.16 mL, 1.5 mmol, 1.3 equiv) was added dropwise over 5 min to
the reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15
min at 23 °C. Ethyl acetate (5.0 mL) was added in one portion, followed by saturated
aqueous sodium bicarbonate (5.0 mL) in one portion, and the organic and aqueous layers
were separated. The organic layer was washed with saturated aqueous sodium
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bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 50% ethyl acetate in hexanes) to afford compound 4-19 as a white,
amorphous solid (0.10 g, 0.29 mmol, 25%):	
  1H NMR δ (360 MHz, CDCl3) 7.28–7.25 (m,
3H), 7.09 (d, 1H, J = 8.2 Hz), 6.99 (bs, 1H), 6.83 (d, 2H, J = 8.8 Hz), 6.68 (dd, 1H, J =
8.2 Hz, 2.1 Hz), 5.99–5.89 (m, 2H), 5.34 (dd, 1H, J = 17.2 Hz, 1.5 Hz), 5.24 (dd, 1H, J =
10.4 Hz, 1.3 Hz), 4.63 (d, 2H, J = 5.7 Hz), 3.77 (s, 3H), 3.75 (s, 3H), 3.06 (s, 1H).
Tributylphosphine (0.10 mL, 0.41 mmol, 1.4 equiv) was added dropwise to a
solution of N,N,Nʹ′,Nʹ′-tetramethylazocarboxamide (70 mg, 0.41 mmol, 1.4 equiv) in
tetrahydrofuran (1.4 mL) at 0 °C and the reaction mixture was stirred 15 min at 0 °C. A
solution of compound 4-19 (0.10 g, 0.29 mmol, 1.0 equiv) and phenol (38 mg, 0.41
mmol, 1.4 equiv) in tetrahydrofuran (1.5 mL) was added dropwise to the reaction
mixture. The reaction mixture was stirred for 15 min at 0 °C, allowed to warm to 23 °C,
and stirred at 23 °C for 2 h. The solvent was removed by rotary evaporation and the
residue was purified by silica gel flash column chromatography (5% ethyl acetate in
hexanes, increasing to 10% ethyl acetate in hexanes) to afford compound 4-4 as a white,
amorphous solid (85 mg, 0.20 mmol, 70%): 1H NMR δ (360 MHz, CDCl3) 7.34–7.31 (m,
4H), 7.23–7.16 (m, 2H), 6.91–6.82 (m, 5H), 6.72 (bs, 1H), 6.64 (dd, 1H, J = 8.2 Hz, 2.1
Hz), 6.53 (s, 1H), 5.99–5.88 (m, 1H), 5.33 (d, 1H, J = 17.2 Hz), 5.24 (d, 1H, J = 10.4
Hz), 4.63 (d, 2H, J = 5.7 Hz), 3.82 (s, 3H), 3.75 (s, 3H).
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Scheme 5-15. Synthesis of Test Reagent 4-5.

Preparation of Test Reagent 4-5. A solution of 2-amino-2-methylpropanol (0.81
g, 9.1 mmol, 2.0 equiv) in dichloromethane (3.4 mL) was added dropwise to a solution of
4-bromobenzoyl chloride (1.0 g, 4.6 mmol, 1.0 equiv) in dichloromethane (8.0 mL) at 0
°C. The reaction mixture was allowed to warm to 23 °C and was stirred at 23 °C for 2 h.
The solution was filtered to remove solids and the filtrate was concentrated. Thionyl
chloride (3.3 mL, 46 mmol, 10 equiv) was added in one portion to the residue, and the
resulting mixture was stirred at 23 °C for 12 h. The excess thionyl chloride was removed
in vacuo and the residue was washed with water (1.0 mL). The solution was diluted by
addition of 1M aqueous hydrochloric acid solution (10 mL) followed by addition of ethyl
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acetate (10 mL). The aqueous and organic layers were separated and the organic layer
was discarded. The aqueous layer was adjusted to pH 12 by dropwise addition of 1M
aqueous sodium hydroxide and was extracted with ethyl acetate (2 × 15 mL). The organic
layer was washed with brine (1 × 10 mL) and was dried over sodium sulfate. The sodium
sulfate was removed by filtration and the solvent was removed by rotary evaporation to
afford compound 4-20 as a colorless oil (1.1 g, 8.4 mmol, 92%), which was identified by
comparison of 1H NMR data with literature values.8
100 μL of a solution of compound 4-20 (0.50 g, 2.0 mmol, 1.0 equiv) in
tetrahydrofuran (1.0 mL) was added in one portion to a suspension of magnesium
turnings (48 mg, 2.0 mmol, 1.0 equiv) and a small flake of iodine in tetrahydrofuran (1.0
mL). The solution was stirred at 40 °C until bubbling of the solution indicated the
reaction was proceeding (~10 min). The remainder of the solution of 4-20 was added
dropwise to the reaction mixture and the resulting mixture was stirred at 40 °C until all of
the solid magnesium was consumed (~1 h). The reaction mixture was transferred via
cannula to a solution of 4-nitrobenzaldehyde (0.30 g, 2.0 mmol, 1.0 equiv) in
tetrahydrofuran (15 mL) at –78 °C. The resulting mixture was stirred at –78 °C for 15
min, quenched with water (1.0 mL), and allowed to warm to 23 °C. The solution was
diluted by dropwise addition of saturated aqueous ammonium chloride solution (10 mL)
and the aqueous and organic layers were separated. The organic layer was washed with
saturated aqueous ammonium chloride solution (1 × 15 mL) and was dried over sodium
sulfate. The sodium sulfate was removed by filtration, the solvent was removed by rotary
evaporation, and the residue was purified by silica gel flash column chromatography
(25% ethyl acetate in hexanes, increasing to 100% ethyl acetate) to afford compound 4	
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21 as a white, amorphous solid (0.46 g, 1.4 mmol, 72%): 1H NMR δ (360 MHz, CDCl3)
8.14 (d, 2H, J = 8.8 Hz), 7.75 (d, 2H, J = 8.5 Hz), 7.53 (d, 2H, J = 8.8 Hz), 7.29 (d, 2H, J
= 8.2 Hz), 5.35 (s, 1H), 5.11 (bs, 1H), 4.10 (s, 2H), 1.37 (s, 6H).
Tetrabutylammonium hydrogensulfate (11 mg, 31 μmol, 0.1 equiv) was added in
one portion to a solution of compound 4-21 (0.10 g, 0.31 mmol, 1.0 equiv) in ethyl
acetate (3.0 mL) at 23 °C. Bleach (5.2 mL, 17 mL/mmol 4-21) was added to the reaction
mixture in one portion and the resulting mixture was stirred at 23 °C for 12h. The
reaction mixture was diluted by addition of ethyl acetate (5.0 mL) followed by 1M
aqueous hydrochloric acid (5.0 mL). The organic layer was washed with saturated
aqueous sodium chloride solution (1 × 5 mL) and was dried over sodium sulfate. The
sodium sulfate was removed by filtration, the solvent was removed by rotary evaporation,
and the residue was taken up in methanol (3.0 mL). A solution of sodium methoxide in
methanol (1.5 mL, 25% w/w) was added in one portion to the reaction mixture and the
resulting solution was stirred at 23 °C for 5 h. The pH of the solution was adjusted to 3
by dropwise addition of 1M aqueous hydrochloric acid. Ethyl acetate (10 mL) was added,
the aqueous and organic layers were separated, and the organic layer was dried over
sodium sulfate. The sodium sulfate was removed by filtration, the solvent was removed
by rotary evaporation to afford compound 4-22 as a white, amorphous solid, which was
used without further purification.
Sodium borohydride (0.012 g, 0.31 mmol, 1.1 equiv) was added in one portion to
a solution of compound 4-22 (0.086 g, 0.30 mmol, 1.0 equiv) in a 1:1 mixture of
dichloromethane–methanol (3.0 mL) at 23 °C. The reaction mixture was stirred for 15
min at 23 °C, then was slowly diluted by dropwise addition of saturated aqueous
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ammonium chloride solution (1.0 mL). Dichloromethane (3.0 mL) was added in one
portion, followed by saturated aqueous ammonium chloride solution (2.0 mL) in one
portion, and the organic and aqueous layers were separated. The organic layer was
washed with saturated aqueous sodium chloride solution (1 × 5 mL) and was dried over
sodium sulfate. The sodium sulfate was removed by filtration, the solvent was removed
by rotary evaporation, and the residue was purified by silica gel flash column
chromatography (25% ethyl acetate in hexanes, increasing to 40% ethyl acetate in
hexanes) to afford compound 4-23 as a yellow, amorphous solid (45 mg, 0.16 mmol, 51%
over 2 steps):	
  1H NMR δ (360 MHz, CDCl3) 8.19 (d, 2H, J = 8.8 Hz), 8.00 (d, 2H, J = 8.5
Hz), 7.57 (d, 2H, J = 8.8 Hz), 7.44 (d, 2H, J = 8.2 Hz), 5.97 (s, 1H), 3.90 (s, 3H), 2.88
(bs, 1H).
Palladium (10% by weight on carbon powder) (5.0 mg, 10% by weight of
compound 4-23) was added in one portion to a solution of compound 4-23 (45 mg, 0.16
mmol, 1.0 equiv) and pyridine (7.0 μL, 0.079 mmol, 0.5 equiv) in tetrahydrofuran (0.79
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (1.0 mL).
Saturated aqueous sodium bicarbonate (0.79 mL) was added to the reaction flask.
Allylchloroformate (25 μL, 0.24 mmol, 1.5 equiv) was added dropwise over 5 min to the
reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15 min
at 23 °C. Ethyl acetate (2.0 mL) was added in one portion, followed by saturated aqueous
sodium bicarbonate (2.0 mL) in one portion, and the organic and aqueous layers were
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separated. The organic layer was washed with saturated aqueous sodium bicarbonate
solution (1 × 5 mL) and was dried over sodium sulfate. The sodium sulfate was removed
by filtration, the solvent was removed by rotary evaporation, and the residue was purified
by silica gel flash column chromatography (25% ethyl acetate in hexanes, increasing to
35% ethyl acetate in hexanes) to afford compound 4-24 as a colorless oil (45 mg, 0.13
mmol, 84% over 2 steps): 1H NMR δ (360 MHz, CDCl3) 7.95 (d, 2H, J = 8.4 Hz), 7.41
(d, 2H, J = 8.2 Hz), 7.32–7.30 (m, 2H), 7.25–7.22 (m, 2H), 6.87 (bs, 1H), 5.91 (m, 1H),
5.79 (s, 1H), 5.32 (dd, 1H, J = 17.2 Hz, 1.5 Hz), 5.23 (dd, 1H, J = 10.4 Hz, 1.3 Hz), 4.61
(d, 2H, J = 5.7 Hz), 3.87 (s, 3H) 2.82 (bs, 1H).
Tributylphosphine (46 μL, 0.19 mmol, 1.4 equiv) was added dropwise to a
solution of N,N,Nʹ′,Nʹ′-tetramethylazocarboxamide (32 mg, 0.19 mmol, 1.4 equiv) in
tetrahydrofuran (0.65 mL) at 0 °C and the reaction mixture was stirred 15 min at 0 °C. A
solution of compound 4-24 (45 mg, 0.13 mmol, 1.0 equiv) and phenol (17 mg, 0.19
mmol, 1.4 equiv) in tetrahydrofuran (0.65 mL) was added dropwise to the reaction
mixture. The reaction mixture was stirred for 15 min at 0 °C, allowed to warm to 23 °C,
and stirred at 23 °C for 2 h. The solvent was removed by rotary evaporation and the
residue was purified by silica gel flash column chromatography (5% ethyl acetate in
hexanes, increasing to 20% ethyl acetate in hexanes) to afford compound 4-5 as a
colorless oil (38 mg, 0.095 mmol, 72%): 1H NMR δ (300 MHz, CDCl3) 8.00 (d, 2H, J =
8.5 Hz), 7.49 (d, 2H, J = 8.2 Hz), 7.35–7.31 (m, 4H), 7.24–7.18 (m, 2H), 6.93–6.89 (m,
3H), 6.72 (bs, 1H), 6.20 (s, 1H), 5.94 (m, 1H), 5.33 (dd, 1H, J = 17.2 Hz, 1.5 Hz), 5.25
(dd, 1H, J = 10.4 Hz, 1.3 Hz), 4.65 (d, 2H, J = 5.7 Hz), 3.89 (s, 3H).
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Scheme 5-16. Synthesis of Monomer 4-8.

Palladium (10% by weight on carbon powder) (0.14 g, 10% by weight of
compound 4-25) was added in one portion to a solution of compound 4-25 (1.4 g, 5.5
mmol, 1.0 equiv) and pyridine (0.18 mL, 2.3 mmol, 0.50 equiv) in tetrahydrofuran (18
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (18 mL).
Saturated aqueous sodium bicarbonate solution (33 mL) was added to the reaction flask.
Phenylchloroformate (1.0 mL, 8.3 mmol, 1.5 equiv) was added dropwise over 5 min to
the reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15
min at 23 °C. Ethyl acetate (25 mL) was added in one portion, followed by saturated
aqueous sodium bicarbonate (10 mL) in one portion, and the organic and aqueous layers
were separated. The organic layer was washed with saturated aqueous sodium
bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
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hexanes, increasing to 30% ethyl acetate in hexanes) to afford compound 4-8 as a light
yellow, amorphous solid (1.6 g, 4.5 mmol, 81%):	
   1H NMR δ (360 MHz, CDCl3) 7.43–
7.13 (m, 12H), 6.99 (bs, 1H), 6.73 (d, 1H, J = 8.2 Hz), 4.69 (d, 1H, J = 5.2 Hz), 3.81 (s,
3H), 2.91 (d, 1H, J = 5.3 Hz).

Scheme 5-17. Synthesis of Monomer 4-9.

Palladium (10% by weight on carbon powder) (0.20 g, 10% by weight of
compound 4-26) was added in one portion to a solution of compound 4-26 (2.0 g, 6.9
mmol, 1.0 equiv) and pyridine (0.28 mL, 3.5 mmol, 0.50 equiv) in tetrahydrofuran (23
mL) under a N2 atmosphere. The flask was evacuated and purged three times with H2 gas.
The reaction mixture was stirred vigorously for 1.5 h at 23 °C under an atmosphere of H2.
The flask was evacuated, purged with argon, and the reaction mixture was filtered
through a pad of celite into a round bottom flask, rinsing with tetrahydrofuran (23 mL).
Saturated aqueous sodium bicarbonate solution (41 mL) was added to the reaction flask.
Phenylchloroformate (1.1 mL, 9.0 mmol, 1.3 equiv) was added dropwise over 5 min to
the reaction mixture under an atmosphere of air. The reaction mixture was stirred for 15
min at 23 °C. Ethyl acetate (25 mL) was added in one portion, followed by saturated
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aqueous sodium bicarbonate (15 mL) in one portion, and the organic and aqueous layers
were separated. The organic layer was washed with saturated aqueous sodium
bicarbonate solution (1 × 10 mL) and was dried over sodium sulfate. The sodium sulfate
was removed by filtration, the solvent was removed by rotary evaporation, and the
residue was purified by silica gel flash column chromatography (10% ethyl acetate in
hexanes, increasing to 25% ethyl acetate in hexanes) to afford compound 4-9 as a white,
amorphous solid (2.5 g, 6.6 mmol, 95%):	
   1H NMR δ (300 MHz, CDCl3) 7.40–7.14 (m,
9H), 7.01 (bs, 1H), 6.86 (d, 2H, J = 8.8 Hz), 6.72 (dd, 1H, J = 8.1 Hz, 2.0 Hz), 5.98 (d,
1H, J = 5.1 Hz), 3.80 (s, 6H), 2.85 (d, 1H, J = 5.1 Hz).
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Appendix A: NMR and GPC Spectra
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GPC Chromatogram of 2-19
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GPC Chromatogram of 2-20
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Appendix B: Data Tables for Kinetic Calculations

Oligomer 2-6 (10% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.4
0.4
0.4
5
4.1
4.4
4.0
10
10.6
11.3
10.8
15
18.1
19.7
25.4
20
26.2
28.7
34.6
25
34.5
37.8
44.0
30
42.5
46.4
52.9
35
50.1
54.3
61.4
40
57.1
61.6
68.8
45
63.7
68.1
75.7
50
71.3
75.9
80.7
55
78.8
81.8
84.9
60
83.4
85.3
88.0
65
86.4
87.9
90.8
70
89.0
90.2
92.8
75
91.2
93.0
94.4
80
93.2
94.7
95.7
85
94.9
95.9
96.9
90
96.3
97.1
97.7
95
97.5
98.0
98.5
100
98.5
98.7
99.1

	
  

Oligomer 2-6 (30% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.2
0.2
0.4
5
6.8
6.8
6.3
10
17.8
17.7
16.5
15
29.5
29.8
28.2
20
40.7
41.2
41.0
25
50.8
51.7
49.1
30
59.7
60.2
57.6
35
67.3
67.1
64.9
40
73.5
73.0
71.1
45
78.6
77.9
76.3
50
82.6
82.2
80.9
55
86.0
85.8
84.5
60
88.8
88.7
87.7
65
91.4
91.0
90.2
70
93.5
93.3
92.5
75
95.2
94.9
94.4
80
96.6
96.3
96.1
85
97.8
97.8
97.6
90
98.9
99.3
98.9
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Oligomer 2-6 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.1
0.1
0.1
10
7.0
5.3
5.6
20
16.7
13.6
13.9
30
27.6
23.0
23.6
40
38.1
33.0
33.4
50
47.4
42.7
42.4
60
55.6
51.4
50.5
70
62.5
58.2
57.7
80
68.5
64.9
64.1
90
73.6
70.8
69.5
100
78.2
75.7
74.2
110
82.0
79.3
78.3
120
85.0
82.8
81.7
130
87.7
86.1
84.6
140
90.1
88.6
87.2
150
92.0
90.7
89.4
160
93.7
92.7
91.4
170
95.1
94.3
93.3
180
96.3
95.6
94.8
190
97.4
96.8
96.2
200
98.4
98.1
97.5

	
  

Oligomer 2-7 (10% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.0
0.0
0.0
50
7.4
7.8
7.7
100
27.3
27.3
26.9
150
44.5
44.0
43.4
200
57.6
56.8
56.1
250
67.5
66.6
65.9
300
75.2
74.2
73.6
350
81.0
79.9
79.3
400
85.2
84.3
83.7
450
88.6
87.7
87.3
500
91.3
90.4
90.0
550
93.4
92.6
92.3
600
95.0
94.5
94.2
650
96.4
96.0
95.8
700
97.6
97.3
97.1
750
98.6
98.3
98.2
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Oligomer 2-7 (30% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.0
0.0
0.0
100
12.0
13.0
12.6
200
28.0
29.5
29.1
300
40.9
42.6
42.3
400
51.2
52.9
52.6
500
59.4
61.0
60.8
600
66.0
67.6
67.5
700
71.5
72.9
72.9
800
76.1
77.3
77.4
900
80.0
81.1
81.2
1000
83.3
84.3
84.3
1100
86.1
87.1
87.0
1200
88.7
89.5
89.5
1300
91.0
91.7
91.6
1400
93.1
93.6
93.6
1500
95.0
95.4
95.4
1600
96.8
97.0
97.0
1700
98.5
98.6
98.5

Oligomer 2-7 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.2
0.0
0.0
150
11.5
11.3
15.6
300
25.4
25.1
32.3
450
37.0
36.7
45.1
600
46.7
46.2
55.1
750
54.7
54.2
62.7
900
61.2
60.8
68.9
1050
66.9
66.4
73.7
1200
71.8
71.2
77.8
1350
76.0
75.4
81.1
1500
79.9
79.1
84.2
1650
83.4
82.5
86.8
1800
86.8
85.7
89.3
1950
89.9
88.7
91.8
2100
92.6
91.5
93.7
2250
95.0
94.1
95.7
2400
97.1
96.5
97.5
2550
99.0
98.7
99.0

Oligomer 2-12 (10% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
3.4
3.2
2.9
5
36.3
33.9
33.8
10
58.9
56.1
56.3
15
73.8
71.3
71.6
20
83.3
81.5
83.4
25
89.6
88.4
89.9
30
93.8
93.1
93.5
35
96.7
96.5
96.3
40
98.8
98.6
98.4

Oligomer 2-12 (30% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
2.6
2.3
2.4
5
33.8
34.8
34.6
10
59.7
65.6
66.0
15
77.0
88.7
85.0
20
93.0
94.7
94.1
25
95.9
97.3
97.4
30
97.5
98.5
98.7
35
98.5
99.1
99.1
40
99.1
99.5
99.5
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Oligomer 2-12 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
1.8
1.7
1.3
5
30.7
28.9
27.1
10
52.6
50.0
48.9
15
67.3
64.6
63.5
20
77.4
74.5
73.7
25
84.1
81.6
80.7
30
88.4
86.3
85.4
35
91.6
89.7
88.8
40
93.4
92.3
91.2
45
94.8
94.2
92.9
50
95.4
95.3
94.1
55
95.9
96.1
95.2
60
96.8
96.9
95.9
65
97.0
97.3
96.5
70
97.4
97.8
97.0
75
97.5
98.1
97.4
80
98.0
98.3
97.7
85
98.5
98.6
98.1
90
98.7
98.8
98.5

	
  

Oligomer 2-12 (70% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.4
0.4
0.2
10
9.2
10.8
7.4
20
19.5
22.1
16.5
30
29.7
33.5
25.2
40
39.8
44.3
34.6
50
49.2
53.5
43.5
60
57.4
62.3
51.6
70
63.9
69.1
58.9
80
70.3
75.0
65.3
90
75.7
79.5
71.0
100
80.1
83.8
75.9
110
83.8
87.2
80.0
120
87.0
90.1
83.5
130
89.5
92.3
86.6
140
91.7
94.0
89.1
150
93.5
95.4
91.3
160
95.1
96.5
93.3
170
96.3
97.3
94.8
180
97.4
98.2
96.3
190
98.3
98.9
97.6
200
99.0
99.4
98.7
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Oligomer 2-13 (10% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.0
0.0
0.0
5
1.7
2.0
1.8
10
6.9
7.5
7.4
15
14.7
16.0
16.3
20
24.2
26.3
27.5
25
34.7
37.6
39.9
30
45.3
49.1
52.6
35
59.2
60.2
64.5
40
74.8
70.9
74.7
45
82.8
83.9
83.8
50
87.3
91.1
93.8
55
91.2
94.3
96.7
60
94.2
96.1
97.0
65
96.0
97.3
97.3
70
96.8
98.1
97.8
75
97.8
98.6
98.3

	
  

Oligomer 2-13 (30% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.3
0.2
0.3
5
8.3
6.4
7.3
10
30.5
26.3
28.1
15
51.5
47.6
52.2
20
67.9
64.4
68.8
25
78.9
76.9
80.0
30
86.0
84.6
86.7
35
90.4
89.7
91.1
40
93.1
92.9
93.6
45
94.8
94.8
95.9
50
95.9
96.2
96.8
55
96.5
97.0
97.5
60
97.1
97.4
98.4
65
98.0
98.0
98.3
70
98.4
98.4
98.9
75
98.5
98.5
98.8
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Oligomer 2-13 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.1
0.0
0.0
5
2.9
2.5
2.8
10
10.6
9.5
9.7
15
21.3
18.2
21.2
20
32.9
28.6
32.6
25
44.7
39.7
44.1
30
55.3
49.9
54.7
35
64.5
59.4
63.8
40
72.1
67.5
71.8
45
78.1
74.0
77.8
50
82.9
79.1
82.6
55
86.6
83.6
86.5
60
89.6
87.0
89.5
65
91.8
89.9
91.8
70
93.7
92.1
93.6
75
95.0
93.8
95.0
80
96.0
95.2
96.0
85
96.8
96.3
97.2
90
97.5
97.0
97.9
95
98.2
97.8
98.3
100
98.6
98.3
98.7

	
  

Oligomer 2-13 (70% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.1
0.1
0.1
20
3.7
3.3
3.9
40
11.9
11.5
13.0
60
22.3
21.5
24.3
80
33.4
32.2
35.9
100
44.1
43.1
47.1
120
54.1
53.5
57.0
140
63.0
62.8
65.7
160
70.6
70.9
72.8
180
76.9
77.5
78.7
200
82.0
82.7
83.4
220
86.3
86.6
87.1
240
89.7
89.8
90.0
260
92.3
92.3
92.2
280
94.4
94.4
94.2
300
96.0
96.0
95.6
320
97.2
97.3
96.8
340
98.2
98.3
97.8
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Oligomer 2-19 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.2
0.3
0.0
15
4.7
8.9
3.5
30
6.9
11.8
6.8
45
12.8
16.6
12.6
60
21.8
24.6
21.6
75
33.2
33.5
31.7
90
43.9
43.0
42.6
105
54.4
52.7
52.7
120
63.2
61.6
61.9
135
71.4
69.9
69.9
150
77.8
76.4
76.8
165
83.2
81.5
82.5
180
88.2
86.6
87.1
195
91.4
89.7
90.5
210
94.2
93.3
93.8
225
96.3
96.2
96.4
240
98.6
98.5
98.7

Oligomer 2-20 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
0.0
0.0
0.0
15
1.7
1.7
1.9
30
4.2
4.8
4.7
45
8.8
9.3
9.3
60
15.8
15.9
16.2
75
24.4
24.8
24.5
90
33.5
34.5
33.5
105
42.7
44.1
42.6
120
51.6
52.7
51.1
135
59.0
60.8
58.8
150
65.8
67.4
65.9
165
71.5
73.4
71.9
180
76.7
78.0
76.8
195
81.0
82.3
80.9
210
84.7
86.2
84.4
225
88.1
89.1
87.6
240
90.8
91.6
90.6
255
93.2
94.1
93.1
270
95.8
96.0
95.4

Compound 3-2 (50% dioxanes)
% p-nitroaniline released
time (min)
1
2
3
0
3.2
3.1
2.7
2.5
17.5
17.6
15.0
5
31.0
30.8
26.6
7.5
43.5
42.8
37.2
10
54.6
55.0
47.6
12.5
64.5
64.0
57.1
15
71.8
71.5
64.8
17.5
77.8
77.7
71.4
20
82.7
82.8
77.0
22.5
86.7
86.6
81.6
25
89.7
89.7
85.4
27.5
92.2
92.2
88.5
30
94.3
94.2
91.2
32.5
95.9
96.0
93.5
35
97.2
97.2
95.3
37.5
98.1
98.3
96.9
40
98.8
99.0
98.1
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