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ABSTRACT

Flow-IEG has emerged as a powerful platform for the production of sequence-defined
macromolecules and has demonstrated the utility of adapting continuous-flow methodologies to
the production of materials for structure/function analysis. Our Flow-IEG system has been
expanded to include both the ruthenium-catalyzed azide-alkyne cycloaddition (RuAAC), as well
as a more operationally simple version of the copper-catalyzed analogue (CuAAC). These
advances have enabled the rapid synthesis of a library of oligomers with systematic variations in
triazole connectivity, allowing us to probe the consequences of sequential connectivity on
material properties. In our investigation, we found that the crystallinity of the synthesized
materials increased with higher proportions of 1,4- to 1,5-triazoles, from which a set of
predictive design rules was developed and applied to a second library of diblock copolymers.
Furthermore, we discovered that the crystallization properties of these macromolecules were
highly dependent on both their monomer sequence and triazole substitution pattern. The results
of these studies are reported herein.
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Title: Department Head and Robert R. Taylor Professor of Chemistry
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1. Introduction

The synthesis of monodisperse macromolecules of intermediate size is inherently

challenging. Oligomers are too large for stepwise synthetic approaches, which can require days

to produce a single oligomer, and traditional polymerization techniques lack the fine control of

molecular structure necessary to produce unimolecular, sequence-defined materials. However,

the ability to control the molecular structure and assembly of sequence-defined synthetic

polymers holds significant potential in a number of applied areas and this demand has spurred

many creative approaches to this contemporary challenge.'-5

A valuable method for the synthesis of sequence-defined unimolecular polymers is

iterative exponential growth (IEG). First developed by Whiting6' 7 and expanded by Moore,''9

Tour,' Hawker,"" 2 and many others," IEG methods combine a series of orthogonal deprotection

and coupling methods to produce unimolecular, sequence-defined polymers. Fundamental to the

success of this iterative approach are high-yielding reactions. As a result, the azide-alkyne 1,3-

dipolar cycloaddition first developed by Huisgen" and made catalytic by both Sharpless et al."

and Meldal et al.,1 6 has found great utility in IEG.13 17-' 9 Despite its efficiency and long history,

IEG has not become a routine method in polymer synthesis due to its laborious and repetitive

nature which requires three reaction and purification steps for each doubling of molecular

weight.

Continuous-flow chemistry was recognized as a promising area to simplify the

redundancy of IEG due to its throughput, reproducibility, and ability to telescope reactions.- 22

Our group previously reported the application of flow chemistry to IEG to create a continuous-

flow system that performs one cycle of IEG (two deprotection steps, in-line purification, and one

coupling step) in an uninterrupted fashion (Figure 1).23 Referred to as Flow-LEG, the first
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generation continuous system demonstrated the utility of this hybrid approach through the

synthesis of an alternating polyester/oligo(ethylene glycol) hexadecamer with a molecular weight

of 4,023 g/mol in a 28% overall yield from the monomer in four cycles.

Previous work: 1 st generation Flow-IEG

0 3Challenges:
- Air-sensitive
-Limited run-time0 Byproduct formation

This work: 2nd generation Flow-IEG

LI Improvements:
- Expanded chemistry
- User-friendly system
- Versatile

Figure 1. The evolution of the Flow-IEG platform.

With the concept of Flow-IEG established, there exist significant opportunities to exploit

the molecular-level control over sequence and connectivity to synthesize materials with

systematic variations in structure and enable a semi-automated method to tune the thermal and

mechanical properties of soft materials. Herein we report an improved Flow-IEG platform which

incorporates new coupling chemistry and facilitates the rapid synthesis of libraries of structurally

isomeric oligomers with systematic variations in both sequence and connectivity. Using a

telescoped continuous-flow series of reactions, the structure-property relationships of these soft

materials were prepared for investigation in an expedited fashion, with the ultimate goal of

understanding the consequence of monomer sequence and connectivity on material function. The

second generation Flow-IEG system described here offers a number of inherent advantages in

pursuit of this goal, namely the plug-and-play nature of the platform and its expanded reactivity,

which enables facile variation in sequence (through the use of different starting monomers) and

connectivity (through the introduction of new chemical reactions).
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2. Results and Discussion

Design and Optimization of Flow-IEG Click Reactors. In pursuit of a more robust and

user-friendly system, we first sought to modify the copper-catalyzed azide-alkyne cycloaddition

(CuAAC) utilized in the first generation Flow-IEG platform. Despite its efficiency and utility,

the choice of copper(I) iodide as a catalyst for the CuAAC presented a number of challenges: the

iodide counterion participated in a Finkelstein reaction with the bromide functionality of the

growing polymer chain, the Cu(I)/ligand complex became increasingly insoluble over the course

of hours, and the system required oxygen-free conditions. We sought to develop a continuous

CuAAC that was homogeneous, chemoselective, tolerant to air, and could run uninterrupted.

There are a number of reports in the literature24" 5 of using copper(0) metal to generate an

active copper(I) catalytic species for the CuAAC reaction. In a typical batch procedure, the

coupling partners are introduced to a polar, aprotic solvent along with an elemental copper

catalyst and stirred for 12-48 h. 5 ,26 This procedure can be accelerated by a variety of techniques,

including: microwave heating,27-29 continuous flow,-' and even mechanochemical conditions.2

We initiated our studies under continuous-flow conditions employing copper tubing as both a

reactor and catalyst source. All reactions were conducted in a 1:1 mixture of toluene/polar

solvent with the temperature, time, and ligand identity noted in Table 1. The flow reactors were

pressurized to 100 psi using a Zaiput@ back pressure regulator (BPR) to allow the superheating

of solvents. Conducting the reaction in the absence of a multidentate amine ligand did not

generate the 1,4-disubstituted 1,2,3-triazole product (Table 1, entry 1) and the addition of trisj2-

(dimethylamino)ethyllamine (Me6TREN)33 as a ligand did not appreciably improve conversion

(entry 2). Changing the identity of the ligand to tris(2-benzimidazolylmethyl)amine I(Bim) 31, a

ligand reported to be highly effective in CuAAC reactions,34 was likewise ineffective (entry 3).
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To increase the concentration of active catalyst in solution, we supplied a soluble, external

copper(II) source. Previous work has demonstrated that the comproportionation of copper(II) and

copper(O) can generate a soluble and active copper(I) catalyst in solution. 1  Initial trials using

10 mol% of copper(II) bromide (CuBr2) passed through the copper tubing at 150 *C produced

85% conversion of starting material terminal alkyne (1) and aliphatic azide (2) into the 1,4-

disubstituted triazole (3), with no side products detected (entry 4). We discovered that the

substitution of dimethylsulfoxide (DMSO) with acetonitrile (ACN) resulted in a further increase

in conversion (entries 5-9). Moreover, we found that this method was tolerant of oxygen in

solution, negating the need to rigorously degas the reagents prior to use and thus making the

system operationally simpler. Subsequent optimization of temperature, solvent, residence time,

ligand amount, and catalyst loading allowed us to lower the amount of CuBr2 while still

achieving high conversion (Table 1, entries 5-7). Reagent concentration was varied from 0.1 to

0.5 M with no decrease in reactivity. Minimal conversion was obtained in the absence of copper

tubing (Table 1, entry 8). For practical utility in the telescoped sequence of reactions, we selected

the conditions in entry 9 for the CuAAC reaction. Our efforts in catalyst development have

significantly improved the Flow-IEG system. The air-stable nature of the catalyst system makes

setup more facile and substantially less time-consuming. The improved reaction conditions are

consistent enough to be run without any user interference for up to 11 hours, retaining high

conversion and yields throughout the length of the run.
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Table 1. Optimization table of the CuAAC reaction in flow with copper metal tubing.

0

O OBr O N

Br O + N 3  O Me N o+Cu0

1 2 3 Me

# CuBr2, Polar Ligand Ligand, Temperature, Residence Conversion,
mol% Solvent mol% 0C Time, min %

1 0 DMSO - 0 135 7.5 0
2 0 DMSO Me6TREN 25 150 7.5 10

3 0 DMSO (Bim) 3  25 150 7.5 3

4 10 DMSO Me6TREN 60 150 7.5 85
5 10 ACN Me6TREN 60 150 3.8 97

6 10 ACN Me6TREN 0 150 3.8 -*

7 5 ACN Me6TREN 15 150 2.5 96
8 10 ACN Me6TREN 60 150 5 8t

9 5 ACN Me6TREN 15 140 3.3 94

Conversion of starting material to product 3 was determined through 'H NMR. All reactions conducted in
1:1 toluene/polar solvent. *Although quantitative conversion of starting material was achieved, significant
byproduct formation occurred. Additionally, CuBr2 is less soluble in absence of the ligand. 'PFA tubing
of equal internal volume was used in lieu of copper tubing.

In order to synthesize designer materials with tunable thermal and mechanical properties,

we sought to develop a complementary coupling chemistry that alters the physical properties of

the synthesized oligomers while remaining isostructural in composition. The ruthenium-

catalyzed azide-alkyne cycloaddition (RuAAC), developed by Fokin et al.,36 held strong appeal

for this objective as the reaction utilizes the same starting materials but produces a 1,5-

disubstituted 1,2,3-triazole, which is a structural isomer of the CuAAC product. The

consequences of the structural differences between these linkages has been demonstrated in their

incorporation into proteins; the 1,5-triazole was utilized as a surrogate for cis-prolyl peptide

bonds, whereas installation of the 1,4-isomer was found to alter the native structure of the

protein.3 7 Therefore, we envisioned that incorporating one or more of the 1,5-triazole linkages in

an oligomer would lead to significant differences in physical properties.
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We elected to use Cp*RuCI(COD) (COD = 1,5-cyclooctadiene) as our catalyst due to the

reported regioselective generation of the 1,5-triazole from alkyl azides and terminal alkynes."

Optimization of catalyst loading, temperature, solvent, and reaction time under continuous-flow

conditions (Table 2, entries 1-4) led to a method that produced high conversion from 1 and 2 to

4 at 70 *C in only 1 min (Table 2, entry 5).

Table 2. Optimization table of the RuAAC reaction in flow.
Me

Br M

M oMe:M B.W 0  0 Me MO>Me -e

Br N3 me N OCl..Ru

N=N Cp*RUCI(COD)

1 2 4
# Cp*RuCl(COD), Temperature, Solvent Residence Time, Conversion, %

mol% 0C min
1 0.5 60 Toluene 2.5 59
2 2.5 60 Toluene 2.5 95
3 2.5 70 Toluene 1.5 97
4 2.5 80 Toluene 1.5 95
5 3 70 4:1 Toluene/THF 1 96
Conversion of starting material to product 4 was determined through 'H NMR.

The water sensitivity of the Cp*RuCI(COD) catalyst presented challenges that we did not

observe in the copper system. Although the RuAAC reaction functions with high conversion in

isolation, the telescoped Flow-IEG system necessitates that the coupling reaction be conducted

after an in-line liquid-liquid extraction. Initial experiments running the Flow-IEG system with

the RuAAC gave only low conversions (~10-15%) of starting material to the 1,5-triazole

product. We discovered that ~2500 ppm of water (quantified by Karl Fischer titration) remained

in the reaction stream after in-line liquid-liquid separation, which hindered reactivity in our

initial experiments. This challenge could be overcome by increasing the catalyst loading to 5

mol% in conjunction with the addition of a column of 3 A molecular sieves immediately after the

in-line separation which reduced the water content to <120 ppm and restored reactivity
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commensurate with Table 2, entry 5. Reactions were run under these conditions for up to 2 h

with no decrease in reactivity or yield.

Scheme 1. Flow-IEG three-reaction sequence to produce 1,4 or 1,5 alkyl ester dimer. Box: graphical
notation key.

0 R RI
B r-u -O T P SR ,N - R 2  

=N

TIPS R

Desilylati

H20

50 Umin IL

TBAA u

0.35 M
in THF

350 umin t A=5 min d

0.32 M in toluene

Umin 12OC

TBAA
0. 48 M 50_R pIUm in 'R=5 mn
in THF

Azidati

on

RuAAC

Cp*RuCI(COD) Sir

in in toluene

tn=1 min
172 70OCd-RUmin

Membrane 3 A mol sieveBSe arator'-...or

172 Cuo
H 20/THF pLmin

C 2 t,=3.3 min

Me6TREN
in ACN

CuAAC
on

Library Synthesis of Oligomers and Investigation of Structure-Property Relationships.

With two distinct modes of reactivity now amenable to Flow-IEG, we sought to systematically

vary connectivity in monodisperse oligomers in order to investigate its influence on material

properties. For the di-functional aliphatic ester depicted in Figure 2, its tetrameric species have

eight possible structural isomers derived solely from differences in triazole connectivity.

Incorporating the newly optimized coupling reactions into the Flow-IEG framework, we were

able to rapidly synthesize a library of oligoesters with a variety of 1,4- and 1,5-triazole linkages

(Figure 2).
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The first steps of triazole formation in flow are the same for both isomers. The reagents

are loaded into syringes, then pumped into two separate reactors. In the first, a triisopropylsilyl

ether (TIPS) protecting group is removed to reveal a free alkyne, while in the other reactor the

bromide end group is substituted by an azide (Scheme 1). Water is introduced directly after the

deprotection reactions to quench excess reagents and remove tetrabutylammonium salts. The

alkyne and azide streams are combined and passed through an in-line, membrane-based, liquid-

liquid separator.3 9 The aqueous stream containing excess tetrabutylammonium fluoride (TBAF)

and tetrabutylammonium azide (TBAA) is collected as waste. For the formation of the 1,4-

triazole, the organic stream containing the deprotected monomers then mix with the catalyst and

proceed directly into the copper CuAAC reactor. Alternatively, to form the 1,5-triazole, the

organic stream passes through a column of 3 A molecular sieves immediately after the in-line

separator to further reduce water content, and continues into a shorter PFA tubing reactor after

mixing with the ruthenium catalyst. In the final system, comprised of three reactions and one in-

line purification, 1,4- and 1,5-triazoles can be synthesized in just 10 and 15 minutes,

respectively. By combining three reactions into one cycle of this semi-automated system,

tetramers can be produced quickly and efficiently in two cycles. Using this divergent Flow-IEG

system, all eight aliphatic ester tetramers were synthesized, with yields averaging 86-94% per

step (Figure 2).
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0
Br O

TIPS

- = N-R 2  ,N=.) N

70% 84% 69% 55%

80% 76% 64%

76% 92% 53%

Figure 2. Top: graphical notation key for oligomers. Bottom: yields of oligoesters. Yields are given for
the three-step Flow-lEG cycle that directly produced the given oligomer.

We characterized all oligomers by gel-permeation chromatography (GPC), differential

scanning calorimetry (DSC), thermogravimetric analysis (TGA), high-resolution mass

spectrometry (HR-MS), and 'H and 3C nuclear magnetic resonance (NMR). We found GPC

traces and 'H NMR spectra particularly informative: the GPC traces of the 1,4-tetramers

displayed sharp, monomodal peaks that matched with previously determined values' and

confirmed the unimolecular nature of the oligomers, and the 'H NMR spectra revealed distinct

triazole and propargylic peaks that aided in confirming structures of the new oligomers and

synthetic intermediates. Concurrently with the method development and optimization of these

platforms, we wanted to explore the thermal properties of the oligoesters to examine the

variation in thermal properties as a function of both connectivity and structure.
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1,4 1,5

1,4-1,4-1,4

L 
II 1,5-1,5-1,5

23 24 25 26 27 28
retention time (min)

Figure 3. Overlaid GPC traces of alkyl ester 1,4 and 1,5 oligomers.

The properties of the all 1,4 series are distinct from those of the all 1,5 series. The 1,5

species adopt a smaller hydrodynamic radius than their 1,4 analogues as observed from the GPC

traces in Figure 3, most likely due to the change in chain conformation induced by the 1,5- vs.

1,4-triazole linkage. Although the eight structurally isomeric tetramers differ only in the

connectivity between monomers (Figure 4a), they displayed remarkably different physical

properties, namely glass transition temperature (T,), melting temperature (Tm), and crystallization

behavior (Figure 4b). The T of all materials increased proportionally to molecular weight, as

expected,40 and were similar across the series of tetramers. Crystallization behavior, however,

was significantly influenced by changes in connectivity between the monomers. The 1,4-1,4-1,4

tetramer displayed a melting point in the DSC, and is a waxy solid at room temperature (T,. =

69.0 *C, all DSC data reported from 3rd heating scan at a heating rate of 5 *C/min). All of the

species with two 1,4-triazoles and one 1,5-triazole exhibit melting transitions ranging from 48.9

to 58.0 'C, which are lower than those of the parent 1,4-1,4-1,4 tetramer. Only small differences

in thermal properties are observed between these three tetramers, indicating that the sequence of

triazole connectivity within these oligomers has only a moderate impact on properties. The

species with one 1,4-triazole and two 1,5-triazoles, as well as the 1,5-1,5-1,5 tetramer, only
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display a melting peak during the first heating cycle of the DSC, but do not recrystallize during

subsequent heating and cooling cycles. Further, the melting transitions observed during this slow

crystallization process range from 54.5-61.1 *C, all surprisingly lower than the slow

crystallization of the parent 1,5-1,5-1,5 tetramer (67.9 'C). Based on these data, we hypothesize

that the relatively linear 1,4-triazole linkages increase the compound's propensity to crystallize

due to greater ease in packing as compared to the distortion from linearity imparted by the 1,5-

triazole linkages.

a.

1,4-1,4-1,4 1,5-1,5-1,5

, - , ,, ,
1,4-1,5-1,5 1,5-1,4-1,5 1,5-1,5-1,4

1,4-1,4-1,5 1,4-1,5-1,4 1,5-1,4-1,4

16 18 20 22 24 26 28
retention time (min)

b.
1,4-1,4-1,4
1,5-1,5-1,5

1,4-1,5-1,5
1,5-1,4-1,5
1,5-1,5-1,4

1,4-1,4-1,5
1,4-1,5-1,4

L

-50 -25 0 25 50 75 100

exo down temperature (OC)

Figure 4. Physical properties vary with triazole connectivity. (a) Monomodal GPC traces of alkyl ester
tetramers. (b) DSC traces of alkyl ester tetramers grouped by triazole connectivity.

Having probed one parameter-the sequence of various triazole linkages-we sought to

further utilize the rapid library-synthesis capabilities of the Flow-IEG platform to produce a

more complex library of tetramers. We chose to construct an isomeric series of perfectly
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alternating alkyl ester/oligo(ethylene glycol) oligomers, with the hope that the added variable of

monomer sequence would result in more disparate properties between the ABAB tetramers and

furthermore, that our knowledge of the previous alkyl ester series would enable us to better

rationalize the thermal properties of the new ABAB tetramer series. We expected that tetramers

with a ratio of 1,4:1,5-triazoles <1 would not be crystalline, and that the T"'s of those species

would be lower than the T.s of tetramers with a ratio of 1,4:1,5-triazoles >1. Additionally, we

predicted that both the T.s and Ts would increase with molecular weight. With the Flow-LEG

system, we were able to quickly produce both AB dimers and all eight ABAB tetramers,

averaging 83-91% yield per step (Figure 5). Notably, the added complexity of the product

oligomers did not add complexity to the operation of the Flow-LEG platform-a syringe of the

alkyl ester monomer was merely exchanged with one of oligo(ethylene glycol) monomer. Again,

the Flow-LEG system produced unimolecular oligomers, as confirmed by GPC (Figure 6a).

0
i = Br -I 0 -

TIPS

CI TIPS

66% 77% 70% 44%

67% 68% 51%

68% 73% 54%

Figure 5. Top: graphical notation key for alternating oligomers. Bottom: yields of alternating oligomers.
Yields are given for the three-step Flow-lEG cycle that directly produced the given oligomer.
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We were pleased to discover that the properties of the ABAB tetramers followed similar

trends to the aliphatic ester series of oligomers (Figure 6b). In particular, the 1,4-1,4-1,4 ABAB

tetramer underwent a cold crystallization and was a waxy solid at room temperature with a T,. =

26.7 'C. All alternating oligomers containing two 1,4-triazoles and one 1,5-triazole exhibited

cold crystallizations and a melting transitions (T.s ranging from 0.3 to 16.6 'C) that were lower

than that of the 1,4-1,4-1,4 ABAB tetramer. Here, the sequence of monomer connectivity did

indeed appear to alter the thermal properties as the T.s are non-identical for the 1,4-1,4-1,5 and

the 1,5-1,4-1,4 ABAB tetramers. The species with one 1,4-triazole and two 1,5-triazoles did not

possess crystallization or melting transitions, even on the first DSC heating cycle. 1,5-1,5-1,5

ABAB tetramer did not crystallize under any of the conditions tested and was a viscous liquid

even at -70 'C. By changing the order of triazole linkages within these alternating oligomers, we

were able to tune the melting transitions of isomeric species.
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a.

1,4-1,4-1,4 1,5-1,5-1,5

1,4-1,5-1,5 1,5-1,4-1,5 1,5-1,5-1,4

1,4-1,4-1,5 1,4-1,5-1,4 1,5-1,4-1,4

16 18 20 22 24 26 28
retention time (min)

b.
1,4-1.4-1,4
1,5-1,5-1,5

1,4-1,5-1,5

1,5-1,5-1,4
1,5-1,4-1,5

1,4-1,4-1,5
1,4-1,5-1,4
1,5-1,4-1,4

-70 -50 -30 -10 10 30 50

exo down temperature (*C)

Figure 6. Physical properties vary with both triazole and monomer connectivity. (a) Monomodal GPC
traces of ABAB tetramers. (b) DSC traces of ABAB tetramers grouped by triazole connectivity.

From these data, we posit that it is not the absolute number of triazole linkages, but rather

the proportion of 1,4:1,5-triazole linkages that determines physical properties, and that the

sequence of monomers or triazole linkages can further tune those values. In simple

macromolecules such as the alkyl ester oligomers, it was predominantly the combination of

triazole linkages, more than the order in which they occurred, that governed the properties

discussed. However, in more complex systems like the alternating oligomers, the types of

triazoles and the order in which they occur can be combined to allow programmable control over

the physical properties of these soft materials.
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3. Conclusion

This work demonstrates the utility of the Flow-IEG system for making unimolecular,

defined macromolecules and the ability to diversify structure through the use of plug-and-play

reactors. Oligomers of >1000 g/mol were manufactured quickly, efficiently, and in a semi-

automated-manner. Production of monodisperse oligomers of this size is inherently challenging:

iterative synthetic approaches require days to produce a single oligomer, and polymer chemistry

approaches struggle to produce truly monodisperse products. By developing technology for the

rapid production of libraries of oligomers, we were able to isolate the variables of sequence and

connectivity and study how they independently influence the properties of soft materials.

Predictive rules emerged from these studies that can be used to synthesize materials with

programmable properties. This work validates Flow-IEG as a uniquely valuable tool in the

production of libraries of materials for structure/function analysis, and displays the benefits of

merging continuous processes and polymer chemistry to enable fundamental studies that are

inaccessible through traditional means.
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4. Experimental

Materials

All commercially obtained solvents and reagents were used without further purification, with the

exception of the TBAA, which was dissolved to in tetrahydrofuran (THF) and filtered through a

VWR 13 mm Syringe Filter with 0.2 im PTFE membrane prior to use. (3-Bromoprop-1-yn-l-

yl)triisopropylsilane 4 1, the oligo(ethylene glycol) monomer,' 9 and 3-(triisopropylsilyl)prop-2-yn-

1-yl 11-bromoundecanoate were prepared according to previously published procedures. The

TBAF deprotection and azide displacement reactions were conducted as previously described,

although higher equivalents of TBAA (1.5 eq) were used. Anhydrous THF, toluene, DMSO,

and ACN were purified in a SG Water USA solvent column system. Flash column

chromatography was performed using either Silicycle silica gel (230-400 mesh) or a Biotage

Isolera flash purification system on SNAP Ultra columns. Analytical TLC was performed on

TLC Silica gel 60 F2_ plates and visualized using a UV lamp (254 nm) and KMnO 4 stain.

Flow equipment

Harvard Apparatus syringe pumps, model PHD 2000, with 8 mL stainless-steel syringes (four

syringes in two pumps) were used to flow the substrate solutions and the TBAF and TBAA

solutions. VICI Model M6 Liquid Handling Pumps were used to flow the CuAAC or RuAAC

solution and the water utilized for separation. FloZF" software was used to control the flow

rates of the M6 pumps. Spring-based BPRs, PFA tubing, connectors, mixers, etc. were purchased

from IDEX Health & Science. PFA tubing with a 0.03 in inner diameter was used unless

otherwise noted. Copper-metal tubing of 0.0345 in inner diameter and 1/16 in outer diameter was

purchased from Small Parts, and activated by injection of 10 mL 1 M HCI through the reactor
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before use. Stainless-steel nuts, unions, and ferrules were purchased from Swagelok. T-mixers

with an internal diameter of 0.02 in were used for mixing all of the reagents. Heating the reactors

was accomplished by immersion in an oil bath with temperature regulation provided by an IKA

hot plate equipped with a thermocouple probe. The membrane-based liquid-liquid separator and

BPRs were purchased from Zaiput Flow Technologies.

Copper-catalyzed azide-alkyne cycloaddition optimization

The coupling partners were prepared and mixed in solution at a total concentration of 0.2 M in

toluene and loaded into an 8 mL stainless-steel syringe. A mixture of CuBr2, ligand, and solvent

was prepared and loaded into an 8 mL stainless-steel syringe. The two reagent streams were

allowed to mix in a T-mixer before continuing into a copper-metal tubing reactor. The residence

time was varied by adjusting the flow rate. The system was allowed to equilibrate for 3 residence

times to reach steady state before the product was collected for analysis. The results of the trials

are shown in Table 1.

Ruthenium-catalyzed azide-alkyne cycloaddition optimization

The coupling partners were prepared and mixed in solution at a total concentration of 0.2 M in

toluene. The Cp*RuCI(COD) catalyst was weighed out into a vial, capped, evacuated, and

backfilled with argon two times before the introduction of toluene. All solvent and reagent

solutions were degassed by sparging with argon for 20 min before being loaded into 8 mL

stainless-steel syringes. The reagent streams were allowed to mix in a T-mixer before continuing

into a PFA tubing reactor. The residence time was varied by adjusting the flow rate. The system
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was allowed to equilibrate for 3 residence times to reach steady state before the product was

collected for analysis. The results of the trials are shown in Table 2.

General notes for running the Flow-IEG reactions

The substrates of interest, TBAF, and TBAA solutions were all pumped using Harvard PHD

2000 pumps equipped with 8 mL stainless-steel syringes at 50 pL/min. The deionized water for

the separation was pumped at 300 [tL/min using an M6 pump. The organic stream exiting the

separator was recorded as flowing at 172 IL/min, and so the catalyst stream was also pumped at

172 [tL/min, using an M6 pump. The catalyst loading is calculated from the concentration of the

reagent stream post-separation in order to account for the concentrating effect of the separator.

The system was allowed to equilibrate for 3 residence times to reach steady state before product

was collected for anlaysis. Reactions generating alkyl ester tetramers were generally conducted

at monomer concentrations of 0.15 M in chlorobenzene to maintain solubility in the flow system.

For reactions involving the alkyl ester/oligo(ethylene glycol) series, a substrate concentration of

0.32 M in toluene was found to be necessary to ensure reactivity.

Example procedure for running the CuAAC Flow-IEG system

Two 0.32 M solutions of 3-(triisopropylsilyl)prop-2-yn-1-yl 11-bromoundecanoate were

prepared by dissolving 1.47 g of 3-(triisopropylsilyl)prop-2-yn- 1 -yl 11 -bromoundecanoate in 5

mL toluene per solution. A 0.35 M (1.1 eq) solution of TBAF was prepared by dissolving 0.55 g

TBAF93H 20 in a 2:1 THF/toluene solution for a total volume of 5 mL. A 0.48 M (1.5 eq)

solution of TBAA was prepared by dissolving 0.68 g TBAA in THF at a total volume of 5 mL,

then filtered to remove undissolved particles. A 5 mol% CuBr2/15 mol% Me6TREN solution was
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prepared by dissolving 42 mg of CuBr2 and 129 mg of Me6TREN in 20 mL ACN. The pumps

were turned on and the system was allowed to equilibrate for 3 residence times to reach steady

state. The product was collected for 2 h. The solvent was evaporated, and the product was loaded

directly on a column and run at 10% EtOAc/Hex to remove byproducts, and then ramped to 40%

EtOAc/Hex to yield the product as a waxy white solid (70% yield). A photograph of the setup

can be seen in Figure 7, and the diagram of the system can be viewed in Scheme 1.

*C 140 *C

Monomnero
'Separator

rvard pump Aq.
Ankak~MK~"Kwaste

Product
pump

CuBr2
Me6TREN

Figure 7. Photograph of CuAAC system with labeled components.

Example procedure for running the RuAAC Flow-IEG system

Two 0.15 M solutions of 3-(triisopropylsilyl)prop-2-yn-1-yl 11-bromoundecanoate were

prepared by dissolving 0.69 g of 3-(triisopropylsilyl)prop-2-yn-1-yl 11-bromoundecanoate in 5
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mL toluene for each. A 0.165 M (1.1 eq) solution of TBAF was prepared by dissolving 0.26 g

TBAF*3H20 in a 2:1 THF/toluene solution for a total volume of 5 mL. A 0.225 M (1.5 eq)

solution of TBAA was prepared by dissolving 0.32 g TBAA in THF at a total volume of 5 mL,

then filtered to remove undissolved particles. A 5 mol% solution of Cp*RuCl(COD) was

prepared as described above with 33 mg Cp*RuCI(COD) in 20 mL toluene. All reagent and

solvent solutions were degassed for 20 min before use. The pumps were turned on, and the

system was allowed to equilibrate for 3 residence times to reach steady state. The product was

collected for 2 h. The solvent was evaporated, and the product was loaded directly on a column

and run at 10% EtOAc/Hex to remove byproducts, and then ramped to 40% EtOAc/Hex to yield

the product as an amber viscous liquid (84% yield). A photograph of the setup can be seen in

Figure 8, and a diagram of the system can be viewed in Scheme 1.

*Y,

sieves
TBAF-

Monomer-

H20

- Cp*RuCI(COD)

Figure 8. Photograph of the RuA AC setup with labeled components.
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Characterization

'H NMR and 3C NMR spectra were recorded on a Bruker 400 or a JEOL 500 NMR

spectrometer. Chemical shifts are reported in 6, parts per million (ppm) relative to the residual

solvent peak of CDC 3. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =

doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, ddt = doublet of

doublet of triplets, dtd = doublet of triplet of doublets, m = multiplet), coupling constant (J) in

Hertz (Hz), and integration. GPC was performed in THF on an HP/Agilent series 1100 GPC

system and analyzed using a HP/Agilent refractive index detector. TGA was performed on a TA

Instruments Discovery TGA. Samples were run in platinum TGA pans at a ramp rate of 10

'C/min from 50 'C to 600 'C. DSC was performed on a TA Instruments Discovery DSC.

Samples were run in Tzero aluminum pans with hermetic lids. Data for the alkyl ester oligomers

were taken from the third heating cycle of a run where the sample was cycled at a rate of 5

'C/min from -70 'C to 150 'C; data for the alkyl ester/oligo(ethylene glycol) oligomers were

taken from the third heating cycle of a run where the sample was cycled at a rate of 5 'C/min

from -70 'C to 50 'C. High-resolution mass spectrometry data were acquired in the Department

of Chemistry Instrumentation Facility, Massachusetts Institute of Technology on a Bruker

Daltonics APEXIV 4.7 Tesla FT-ICR Mass Spectrometer. Water content was calculated with a

Mettler Toledo C20 Coulometric KF Titrator.
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0a a ~T I PS
Br O N$o

N=N'

1,4 alkyl ester dimer

'H NMR (500 MHz, CDC 3) 6 7.57 (s, IH), 5.21 (s, 2H), 4.70 (s, 2H), 4.33 (t, J = 7.4 Hz, 2H),

3.40 (t, J = 6.9 Hz, 2H), 2.37 - 2.28 (m, 4H), 1.93 - 1.80 (m, 4H), 1.65 - 1.58 (m, 4H), 1.44 -

1.37 (m, 2H), 1.34 - 1.22 (m, 22H), 1.06 (s, 21H). 13C NMR (126 MHz, CDC 3) 6 173.8, 173.0,

143.0, 123.6, 101.2, 88.1, 57.6, 52.7, 50.5, 34.2, 34.1, 32.8, 30.4, 29.41, 29.37, 29.2, 29.12,

29.07, 29.0, 28.8, 28.2, 26.5, 24.94, 24.88, 18.6, 11.2. G PC: Tret = 27.4 min, D = 1.007. HR-MS

(m/z) [M + Hl' calcd for C37H6BrN 304Si: 726.4082; found: 726.4055.

N

Br 0

TIPS

1,5 alkyl ester dimer

'H NMR (500 MHz, CDC 3) 6 7.69 (s, 1H), 5.16 (s, 2H), 4.70 (s, 2H), 4.33 (t, J= 7.4 Hz, 2H),

3.40 (t, J = 6.8 Hz, 2H), 2.36 - 2.29 (m, 4H), 1.93 - 1.80 (m, 4H), 1.64 - 1.60 (m, 4H), 1.44 -

1.37 (m, 2H), 1.34 - 1.24 (m, 22H), 1.06 (s, 21H). 3C NMR (126 MHz, CDC1 3) 6 173.00,

172.97, 134.8, 131.5, 101.2, 88.1, 53.4, 52.7, 48.5, 34.1, 34.0, 32.8, 30.3, 29.43, 29.40, 29.35,

29.3, 29.2,29.14, 29.09, 28.8, 28.2, 26.7,,24.9, 24.8, 18.6, 11.1. GPC: T,,= 27.5 min, D = 1.007.

HR-MS (m/z) IM + HI' caled for C37H.BrN304Si: 726.4082; found: 726.4053.
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Br 4,0
TIPS

0 0

N /0 0

0N-N 
0o

'_ 4 N O NN

1,4-1,4-1,4 alkyl ester tetramer

'H NMR (500 MHz, CDC 3) 6 7.57 (s, 3H), 5.21 (s, 6H), 4.70 (s, 2H), 4.33 (t, J = 7.3 Hz, 6H),

3.40 (t, J = 6.9 Hz, 2H), 2.36 - 2.28 (m, 8H), 1.92 - 1.81 (m, 8H), 1.65 - 1.58 (m, 8H), 1.44 -

1.37 (m, 2H), 1.32 - 1.23 (m, 46H), 1.06 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.73,

173.70, 172.9,142.89,142.86,123.6, 101.2,88.1,57.5,52.6,50.4,34.13,34.07,32.8,30.3,29.4,

29.3, 29.2, 29.14, 29.06, 29.04, 28.98, 28.9, 28.7, 28.2, 26.49, 26.46, 24.9, 24.8, 18.5, 11.1. GPC:

Tret = 26.4 min, D = 1.011. HR-MS (m/z) IM + HJ* caled for C65H 12 BrN9 08 Si: 1256.7673;

found: 1256.7712.

N
Br I N TIPS

ON 0
N N N

NN
NX

1,5-1,5-1,5 alkyl ester tetramer

'H NMR (500 MHz, CDC 3) 6 7.69 (s, 3H), 5.16 (s, 6H), 4.70 (s, 2H), 4.33 (t, J = 7.4 Hz, 6H),

3.40 (t, J = 6.8 Hz, 2H), 2.36 - 2.28 (m, 8H), 1.92 - 1.79 (m, 8H), 1.62 - 1.56 (m, 8H), 1.44 -

1.36 (m, 2H), 1.34 - 1.22 (m, 46H), 1.06 (s, 21 H). 3C NMR (126 MHz, CDC 3) 6 173.0, 134.8,

131.5, 101.2, 88.1, 53.4, 52.6, 48.4, 34.11, 34.08, 34.0, 32.8, 30.31, 30.28, 29.39, 29.36, 29.3,

29.24, 29.20, 29.10, 29.06, 28.7, 28.2, 26.62, 26.59, 24.9, 24.8, 18.6, 11.1. GPC: T,.,, = 26.5 min,

D = 1.009. HR-MS (m/z) IM + H I' caled for C65H 1 2BrNO.Si: 1256.7673; found: 1256.7705.
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N

0 0 <~0

0 O 0 -TIPS

Br N=:N -

N=NNzj

1,4-1,5-1,5 alkyl ester tetramer

'H NMR (400 MHz, CDC 3) 6 7.69 (s, 2H), 7.57 (s, I H), 5.23 - 5.14 (m, 6H), 4.70 (s, 2H), 4.34

(t, J = 7.6 Hz, 6H), 3.40 (t, J = 6.9 Hz, 2H), 2.37 - 2.28 (m, 8H), 1.95 - 1.80 (m, 8H), 1.67 -

1.57 (m, 8H), 1.45 - 1.16 (m, 48H), 1.07 (s, 21H). 3 C NMR (126 MHz, CDC1 3) 6 173.6, 172.9,

142.8, 134.7, 131.4, 123.5, 101.1, 88.0, 57.5, 53.4, 52.5, 50.3, 48.4, 34.1, 34.04, 33.99, 33.9,

32.8, 30.2, 29.3, 29.24, 29.21, 29.15, 29.1, 29.01, 28.96, 28.9, 28.7, 28.1, 26.53, 26.50, 26.4,

24.82, 24.76, 24.7, 18.5, 11.0. GPC: Tret = 26.5 min, D = 1.009. HR-MS (m/z) IM + H I calcd for

C65H 2BrN,Si: 1256.7673; found: 1256.7700.

N
I N
N 0

00?

Br 0 0 N-N TIPS

1,5-1,4-1,5 alkyl ester tetramer

'H NMR (400 MHz, CDCI3 ) 6 7.69 (s, 2H), 7.58 (s, 1H), 5.22 - 5.14 (m, 6H), 4.70 (s, 2H), 4.33

(t, J = 7.6 Hz, 6H), 3.40 (t, J = 6.8 Hz, 2H), 2.36 - 2.28 (m, 8H), 1.95 - 1.80 (m, 8H), 1.65 -

1.58 (m, 8H), 1.45 - 1.20 (m, 48H), 1.07 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.7, 172.97,

172.95, 142.9, 134.8, 131.5, 123.6, 101.2, 88.1, 57.5, 53.4, 52.6, 50.4, 48.5, 34.14, 34.10, 34.07,

34.0, 32.8, 30.3, 29.38, 29.35, 29.3, 29.23, 29.18, 29.1, 29.04, 28.96, 28.7, 28.1, 26.6, 26.5, 24.9,
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24.82, 24.78, 18.6, 11.1. GPC: Tret = 26.5 min, D = 1.010. HR-MS (m/z) IM + Hj* caled for

C 65H, 2BrN9O8 Si: 1256.7673; found: 1256.7637.

N
'N

Br 0 O N

'N 0
N N

N NN
TIPS

1,5-1,5-1,4 alkyl ester tetramer

'H NMR (500 MHz, CDC 3 ) 6 7.69 (s, 2H), 7.57 (s, 1H), 5.23 - 5.13 (m, 6H), 4.70 (s, 2H), 4.37

- 4.30 (m, 6H), 3.40 (t, J = 6.9 Hz, 2H), 2.37 - 2.27 (m, 8H), 1.93 - 1.80 (m, 8H), 1.66 - 1.61

(m, 8H), 1.44 - 1.21 (m, 48H), 1.06 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.8, 173.02,

172.99, 142.9, 134.8, 131.5, 123.6, 101.2, 88.2, 57.6, 53.5, 52.7, 50.5, 48.5, 34.2, 34.1, 34.0,

32.8, 30.33, 30.30, 29.4, 29.3, 29.2, 29.1, 29.0, 28.8, 28.2, 26.6, 26.5, 24.93, 24.86, 24.8, 18.6,

11.1. GPC: T,,t = 26.5 min, D = 1.012. HR-MS (m/z) IM + HI' caled for C65H, 2BrNgO.Si:

1256.7673; found: 1256.7691.

N
N N

Br 0 N 0

N N TIPS

1,4-1,4-1,5 alkyl ester tetramer

'H NMR (400 MHz, CDCl3) 6 7.69 (s, 1H), 7.57 (s, 2H), 5.23 - 5.14 (m, 6H), 4.70 (s, 2H), 4.33

(t, J = 7.4 Hz, 6H), 3.40 (t, J = 6.9 Hz, 2H), 2.37 - 2.27 (m, 8H), 1.94 - 1.80 (m, 8H), 1.66 -

1.56 (m, 8H), 1.45 - 1.20 (m, 48H), 1.07 (s, 21H). 3 C NMR (126 MHz, CDC 3 ) 6 173.68,
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173.66, 172.89, 172.87, 142.85, 142.83, 134.7, 131.4, 123.6, 101.1, 88.0, 57.5, 53.4, 52.6, 50.4,

48.4, 34.10, 34.09, 34.06, 34.0, 33.9, 32.8, 30.2, 29.7, 29.4, 29.32, 29.28, 29.27, 29.25, 29.24,

29.19, 29.15, 29.12, 29.05, 29.03, 28.99, 28.9, 28.7, 28.1, 26.6, 26.4, 24.9, 24.80, 24.78, 24.7,

18.5, 11.1. GPC: Tret = 26.5 min, D = 1.013. HR-MS (m/z) FM + HI' calcd for C65H 12BrN9 ,Si:

1256.7673; found: 1256.7679.

N
N

o-N N 0

S N NN.N TIPS

Br oT

1,4-1,5-1,4 alkyl ester tetramer

'H NMR (400 MHz, CDC 3) b 7.68 (s, 1H), 7.57 (d, J= 1.8 Hz, 2H), 5.21 (s, 4H), 5.16 (s, 2H),

4.70 (s, 2H), 4.38 - 4.29 (m, 6H), 3.40 (t, J = 6.9 Hz, 2H), 2.36 - 2.28 (m, 8H), 1.94 - 1.80 (i,

8H), 1.66 - 1.57 (m, 8H), 1.45 -1.22 (m, 48H), 1.06 (s, 21H). 3C NMR (126 MHz, CDCI3) o

173.7, 173.6, 172.9,142.84,142.80,134.7,131.4,123.5, 101.1,88.0, 57.5,53.4,52.6,50.4,48.4,

34.1, 34.0, 33.9, 32.8, 30.2, 29.3, 29.2, 29.1, 29.01, 28.97, 28.93, 28.90, 28.7, 28.1, 26.5, 26.44,

26.41, 24.85, 24.78, 24.7, 18.5, 11.0. GPC: Te = 26.5 min, D = 1.007. HR-MS (m/z) IM + HjI

caled for C6 H, 12BrNOSi: 1256.7673; found: 1256.7662.
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TIPS

0

Br

0 N 0

NO
N=N

1,5-1,4-1,4 alkyl ester tetramer

'H NMR (400 MHz, CDC 3) 6 7.69 (s, I H), 7.57 (s, 2H), 5.22 - 5.15 (m, 6H), 4.70 (s, 2H), 4.33

(t, J = 7.3 Hz, 6H), 3.40 (t, J = 6.9 Hz, 2H), 2.36 - 2.27 (m, 8H), 1.94 - 1.80 (m, 8H), 1.65 -

1.57 (m, 8H), 1.45 - 1.19 (m, 48H), 1.07 (s, 21 H). 3 C NMR (101 MHz, CDC1 3) 6 173.7, 172.93,

172.90, 142.9, 134.7, 131.5, 123.5, 101.2, 88.1, 57.6, 53.4, 52.6, 50.4, 48.5, 34.13, 34.07, 34.05,

34.0, 32.8, 30.3, 29.4, 29.33, 29.29, 29.27, 29.20, 29.17, 29.15, 29.05, 29.02, 28.98, 28.95, 28.7,

28.2, 26.6, 26.49, 26.47, 24.9, 24.82, 24.79, 18.6, 11.1. GPC: T,,,, = 26.5 min, D = 1.011. HR-MS

(m/z) IM + H I caled for C6 H,, 2BrN9 O.Si: 1256.7673; found: 1256.7699.

0
Br N

N 
----- TIPS

1,4 alkyl ester/oligo(ethylene glycol) dimer

'H NMR (500 MHz, CDC 3 ) 6 7.78 (s, I H), 5.21 (s, 2H), 4.54 (t, J = 5.1 Hz, 2H), 4.24 (s, 2H),

3.87 (t, J = 5.0 Hz, 2H), 3.73 - 3.70 (m, 2H), 3.67 - 3.64 (m, 2H), 3.64 - 3.60 (s, 4H), 3.40 (t, J

= 6.9 Hz, 2H), 2.31 (t, J= 7.6 Hz, 2H), 1.88 - 1.81 (m, 2H), 1.64 - 1.58 (m, 2H), 1.44 - 1.37 (m.,

2H), 1.33 - 1.23 (m, IOH), 1.06 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.7, 142.8, 125.0,

103.2, 87.9, 70.65, 70.58, 70.55, 69.5,68.8, 59.3, 57.5, 50.4, 34.23, 34.18, 32.9, 29.5, 29.4, 29.3,

33



29.2, 28.8, 28.3, 24.9, 18.7, 11.2. GPC: Tret = 27.6 min, D = 1.004. HR-MS (m/z) IM + HJI caled

for C3 2H,,BrN30 5 Si: 674.3403; found: 674.3407.

0

Br -,O - N
N-N

TIPS

1,5 alkyl ester/oligo(ethylene glycol) dimer

'H NMR (500 MHz, CDC 3) 6 7.66 (s, 1H), 5.26 (s, 2H), 4.59 (t, J = 5.1 Hz, 2H), 4.23 (s, 2H),

3.87 (t, J = 5.2 Hz, 2H), 3.70 - 3.66 (m, 2H), 3.62 - 3.58 (m, 2H), 3.55 (s, 4H), 3.40 (t, J = 6.9

Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 1.89 - 1.80 (m, 2H), 1.62 - 1.57 (m, 2H), 1.44 - 1.37 (m, 2H),

1.31 - 1.24 (m, 1OH), 1.07 (s, 21H). 3 C NMR (126 MHz, CDC 3) 6 173.1, 134.2, 133.6, 103.2,

87.8, 70.7, 70.5, 70.2, 68.7, 59.2, 54.1, 48.8, 34.2, 34.1, 32.9, 29.45, 29.40, 29.3, 29.1, 28.8, 28.2,

24.9, 18.7, 11.2. GPC: Tret = 27.7 min, D = 1.007. HR-MS (m/z) IM + Hj* calcd for

C3 2 H5 8BrN 30 5Si: 674.3403; found: 674.3397.

0
BrsN

0 N
N~N 0 N-N 0

NNN'

1,4-1,4-1,4 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.78 (s, 2H), 7.53 (s, 1 H), 5.20 (d, J = 3.0 Hz, 4H), 4.67 (s, 2H),

4.56 - 4.50 (m, 4H), 4.33 (t, J = 7.4 Hz, 2H), 4.23 (s, 2H), 3.87 (t, J = 5.0 Hz, 4H), 3.73 - 3.59

(m, 16H), 3.40 (t, J = 6.9 Hz, 2H), 2.31 (t, J = 7.5 Hz, 4H), 1.92 - 1.80 (m, 4H), 1.64 - 1.59 (m,

4H), 1.44 - 1.37 (m, 2H), 1.33 - 1.22 (m, 22H), 1.06 (s, 21H). 3 C NMR (126 MHz, CDC 3) 6
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173.7, 173.6, 144.9, 142.8, 125.0, 124.9, 122.5, 103.2, 87.8, 70.58, 70.55, 70.53, 70.49, 69.7,

69.5, 68.7, 64.6, 59.2, 57.5, 50.4, 50.3, 34.2, 32.9, 30.4, 29.40, 29.35, 29.2, 29.1, 29.0, 28.8, 28.2,

26.6, 24.9, 18.6, 11.2. T,., = 26.6 min, D = 1.009. HR-MS (m/z) IM + Nal caled for

C-5 H 6BrN, 0 jOSi: 1174.6135; found: 1174.6094.

Br0

B"N TIPS

'aOC N'ON 3

N'N

1,5-1,5-1,5 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDCI3 ) 6 7.65 (d, J = 4.0 Hz, 2H), 7.61 (s, 1H), 5.26 (s, 2H), 5.23 (s, 2H),

4.63 - 4.56 (m, 6H), 4.33 (t, J = 7.4 Hz, 2H), 4.22 (s, 2H), 3.87 (t, J = 5.2 Hz, 4H), 3.71 - 3.66

(m, 2H), 3.62 - 3.48 (m, 14H), 3.40 (t, J = 6.8 Hz, 2H), 2.34 - 2.28 (m, 4H), 1.92 - 1.80 (m,

4H), 1.62 - 1.57 (m, 4H), 1.44 - 1.37 (m, 2H), 1.32 - 1.22 (m, 22H), 1.06 (s, 21H). 3C NMR

(126 MHz, CDC1 3) 6 173.08, 173.05, 134.3, 134.1, 133.5, 133.3, 132.8, 103.2, 87.7, 70.60,

70.57, 70.5, 70.4, 70.11, 70.05, 69.5, 68.7, 61.1, 59.2, 54.00,53.96, 48.7, 48.6, 48.5, 34.1, 34.0,

32.8, 30.1, 29.4, 29.3, 29.2, 29.11, 29.06, 28.7, 28.2, 26.6, 24.8, 18.6, 11.2. G PC: T,et= 26.8 min,

D = 1.016. HR-MS (m/z) IM + H J+ calcd for C55HqBrNOjOSi: 1152.6316; found: 1152.6324.

0 N

Br o N=N a N
110 TIPS

0 N

N=N

1,4-1,5-1,5 alkyl ester/oligo(ethylene glycol) tetramer
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'H NMR (500 MHz, CDC 3) 6 7.74 (s, IH), 7.66 (s, 1H), 7.62 (s, 1H), 5.26 (s, 2H), 5.20 (s, 2H),

4.64 - 4.56 (m, 4H), 4.53 (t, J = 5.0 Hz, 2H), 4.34 (t, J = 7.3 Hz, 2H), 4.23 (s, 2H), 3.87 (q, J =

5.4 Hz, 4H), 3.70 - 3.65 (m, 2H), 3.61 - 3.53 (m, 14H), 3.40 (t, J = 6.7 Hz, 2H), 2.31 (t, J = 7.6

Hz, 4H), 1.93 - 1.80 (m, 4H), 1.63 - 1.58 (m, 4H), 1.43 - 1.37 (m, 2H), 1.34 - 1.22 (m, 22H),

1.06 (s, 21H). 13C NMR (126 MHz, CDC1 3) 6 173.7, 173.0, 142.8, 134.3, 134.2, 133.4, 132.7,

124.8, 103.2, 87.7, 70.6, 70.54, 70.47, 70.4, 70.1, 69.5, 69.4, 68.6, 61.1, 59.2, 57.4, 54.0, 50.3,

48.7, 48.5, 34.2, 34.0, 32.8, 30.1, 29.4, 29.3, 29.2, 29.10, 29.05, 28.7, 28.2, 26.6, 24.85, 24.79,

18.6, 11.2. GPC: Tret = 26.7 min, D = 1.015. HR-MS (m/z) [M + HI+ caled for C55HqBrN9OjOSi:

1152.6316; found: 1152.6321.

Br

NN=N 0

N kN N-N

'0

TIPS

1,5-1,4-1,5 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.65 (d, J = 6.3 Hz, 2H), 7.54 (s, 1H), 5.26 (d, J = 2.9 Hz, 4H),

4.67 (s, 2H), 4.61 - 4.57 (m, 4H), 4.33 (t, J= 7.3 Hz, 2H), 4.23 (s, 2H), 3.87 (t, J= 5.1 Hz, 4H),

3.69 - 3.64 (m, 4H), 3.61 - 3.52 (m, 12H), 3.40 (t, J= 6.8 Hz, 2H), 2.31 (t, J= 7.6 Hz, 4H), 1.93

- 1.80 (m, 4H), 1.62 - 1.57 (m, 4H), 1.43 - 1.38 (m, 2H), 1.34 - 1.23 (m, 22H), 1.06 (s, 21 H).

3C NMR (126 MHz, CDC 3) 6 173.01, 172.98, 144.9, 134.2, 133.41, 133.37, 122.4, 103.2, 87.7,

70.60, 70.58, 70.45, 70.42, 70.36, 70.3, 70.1, 69.6, 68.6, 64.6, 59.1, 54.0, 50.3, 48.6, 34.1, 33.9,

32.8, 30.3, 29.32, 29.26, 29.1, 29.00, 28.95, 28.7, 28.1, 26.5, 24.8, 18.6, 11.1. GPC: Tre, = 26.7
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min, D = 1.015. HR-MS (m/z) IM + Hj calcd for C55H%6BrNOIOSi: 1152.6316; found:

1152.6357.

NN- TIPS

-N=N

~N

1O N

Br O

1,5-1,5-1,4 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.78 (s, 1H), 7.65 (s, 1H), 7.61 (s, 1H), 5.23 (s, 2H), 5.20 (s, 2H),

4.61 (s, 2H), 4.58 (t, J = 5.1 Hz, 2H), 4.54 (t, J = 5.1 Hz, 2H), 4.34 (t, J = 7.4 Hz, 2H), 4.24 (s,

2H), 3.89 - 3.85 (m, 4H), 3.74 - 3.69 (m, 2H), 3.68 - 3.64 (m, 2H), 3.62 (s, 4H), 3.56 - 3.49 (m,

8H), 3.40 (t, J = 6.8 Hz, 2H), 2.31 (t, J = 7.6 Hz, 4H), 1.92 - 1.80 (m, 4H), 1.64 - 1.57 (m, 4H),

1.44 - 1.37 (m, 2H), 1.34 - 1.21 (m, 22H), 1.06 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.6,

173.0, 142.7, 134.3, 134.1, 133.2, 132.7, 124.8, 103.1, 87.7, 70.52, 70.45, 70.41, 70.35, 70.0,

69.5,69.4,68.6,61.0,59.1,57.5,53.9,50.3,48.6,48.4,34.1,33.9, 32.8, 30.0,29.4,29.31,29.27,

29.2, 29.14, 29.07, 29.0, 28.7, 28.1, 26.6, 24.80, 24.75, 18.6, 11.1. GPC: T,,, = 26.8 min, D =

1.015. HR-MS (m/z) IM + H l*calcd for C,,H 9 BrN9 ,0 Si: 1152.6316; found: 1152.6340.
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0 TIPS

Br,
10 NN

N~' 0 N ~ 0

10 "N
CN

1,4-1,4-1,5 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.78 (s, 1H), 7.66 (s, 1H), 7.53 (s, 1 H), 5.26 (s, 2H), 5.19 (s, 2H),

4.67 (s, 2H), 4.59 (t, J = 5.1 Hz, 2H), 4.53 (t, J = 5.0 Hz, 2H), 4.33 (t, J = 7.4 Hz, 2H), 4.22 (s,

2H), 3.87 (q, J= 4.7 Hz, 4H), 3.71 - 3.51 (m, 16H), 3.40 (t, J= 6.8 Hz, 2H), 2.31 (t, J= 7.5 Hz,

4H), 1.92 - 1.79 (m, 4H), 1.61 - 1.54 (m, 4H), 1.44 - 1.21 (m, 24H), 1.06 (s, 21 H). "C NMR

(126 MHz, CDC 3) 6 173.6, 173.0, 144.8, 142.7, 134.3, 133.4, 124.9, 122.4, 103.1, 87.7, 70.6,

70.50, 70.46, 70.3, 70.0, 69.6, 69.4, 68.60, 64.59, 59.1, 57.4, 54.0, 50.3, 50.2, 48.6, 34.1, 33.9,

32.8, 30.3, 29.31, 29.27, 29.24, 29.16, 29.1, 29.04, 28.98, 28.9, 28.7, 28.1, 26.5, 24.8,24.7, 18.6,

11.1. GPC: Tre, = 26.7 min, D = 1.010. HR-MS (m/z) IM + HI' caled for C55H 96BrN9 ,0 Si:

1152.6316; found: 1152.6314.

N'N
N N

N N0

N'N O TIPS

1,4-1,5-1,4 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.78 (s, 1 H), 7.74 (s, 1H), 7.62 (s, 1H), 5.20 (d, J = 2.2 H z, 4H),

4.63 (s, 2H), 4.55 - 4.51 (m, 4H), 4.34 (t, J= 7.4 Hz, 2H), 4.23 (s, 2H), 3.89 - 3.84 (m, 4H), 3.73

- 3.69 (m, 2H), 3.68 - 3.64 (m, 2H), 3.63 - 3.56 (m, 12H), 3.40 (t, J = 6.7 Hz, 2H), 2.31 (t, J =

7.6 Hz, 4H), 1.93 - 1.80 (m, 4H), 1.63 - 1.58 (m, 4H), 1.44 - 1.37 (m, 2H), 1.34 - 1.21 (m,

22H), 1.06 (s, 21H). 3C NMR (126 MHz, CDC 3) 6 173.6, 173.5, 142.8, 142.7, 134.1, 132.7,
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124.84, 124.80, 103.1, 87.7, 70.5, 70.43, 70.41, 69.5, 69.4, 68.6, 61.0, 59.1, 57.45, 57.40, 50.3,

50.2, 48.4, 34.1, 32.8, 30.0, 29.34, 29.32, 29.28, 29.2, 29.0, 28.7, 28.1, 26.6, 24.8, 18.6, 11.1.

GPC: T,, = 26.7 min, D = 1.013. HR-MS (m/z) IM + H J+ caled for C55Hq6BrNOjOSi: 1152.6316;

found: 1152.6352.

Br
/t, , 0 TIPS

0

NN0

NN NN

1,5-1,4-1,4 alkyl ester/oligo(ethylene glycol) tetramer

'H NMR (500 MHz, CDC 3) 6 7.78 (s, 1H), 7.65 (s, 1H), 7.54 (s, IH), 5.25 (s, 2H), 5.20 (s, 2H),

4.67 (s, 2H), 4.59 (t, J = 5.1 Hz, 2H), 4.54 (t, J = 5.0 Hz, 2H), 4.33 (t, J = 7.4 Hz, 2H), 4.24 (s,

2H), 3.90 - 3.84 (m, 4H), 3.74 - 3.69 (m, 2H), 3.68 - 3.52 (m, 14H), 3.40 (t, J = 6.8 Hz, 2H),

2.31 (t, J= 7.5 Hz, 4H), 1.92 - 1.81 (m, 4H), 1.64 - 1.59 (m, 4H), 1.44 - 1.21 (m, 24H), 1.06 (s,

21H). 3C NMR (126 MHz, CDC3) 6 173.6, 173.1, 145.0, 142.8, 134.4, 133.4, 124.9, 122.4,

103.2, 87.8, 70.65, 70.58, 70.52, 70.48, 70.1, 69.7, 69.5, 68.7, 64.7, 59.2, 57.5, 54.0, 50.4, 50.3,

48.7, 34.2, 34.0,32.8, 30.4, 29.4, 29.3, 29.2, 29.12, 29.08, 29.0, 28.8, 28.2, 26.6, 24.9, 24.8, 18.6,

11.2. GPC: Tret = 26.7 min, D = 1.010. HR-MS (m/z) IM + Na+ calcd for C55H96BrNOjOSi:

1174.6135; found: 1174.6125.
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1,5-1,4-1,5 alkyl ester tetramer
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1H NMR (400 MHz, CDC1 3)
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1,5-1,4-1,4 alkyl ester tetramer

o -TIPS

0

SN 0 N NlI N

o orN

N=N

| 
[I

| 0 \o \n L-

CDCI 3

I I I 'T I I I 1 1 | ' | ' i ' |
190 180 170 160 150 140 130 120 110 100 90 80 70

fi (ppm)
60 50 40 30 20 10 0 -10

'

i



N 0 0 M 0 1 . V' M N I OO Or-- M r W M V- O W I,Co

N

1H NMR (500 MHz, CDC 3)
1,4 alkyl ester/oligo(ethylene glycol) dimer

0

Br 

,10
, -- TIPS

I I [ I/Il I Il/I|

CDC 3

Cf) OOLOO-
C 00000

1- 6NNN4N

) 0 0 C\0 )O CtN
o) C);)0:
1- C-i V i- 04

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

I I I I

0.5 0.0 -0.5 -1.0

CO

ii LI
CD
0;

LO
0

CN

I A~AJ~i

C l

I



N N N r- - N CD CD
'-- - ' a o

N O le Ncr.- 0 q* 1, M D M N 0 W
OL() c)C')NNNNNNN'-

/n in t L 4cs c Jcs ci J cs si

CDC13

13C NMR (126 MHz, CDC1 3)
1,4 alkyl ester/oligo(ethylene glycol) dimer
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1H NMR (500 MHz, CDC1 3)
1,4-1,4-1,4 alkyl ester/oligo(ethylene glycol) tetramer
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13C NMR (126 MHz, CDC1 3)
1,4-1,4-1,4 alkyl ester/oligo(ethylene glycol) tetramer
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1H NMR (500 MHz, CDC1 3)
1,5-1,5-1,5 alkyl ester/oligo(ethylene glycol) tetramer
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1H NMR (500 MHz, CDC13 )
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1H NMR (500 MHz, CDC13)
1,5-1,5-1,4 alkyl ester/oligo(ethylene glycol) tetramer
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1H NMR (500 MHz, CDC 3)
1,4-1,4-1,5 alkyl ester/oligo(ethylene glycol) tetramer
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13C NMR (126 MHz, CDC 3)
1,4-1,4-1,5 alkyl ester/oligo(ethylene glycol) tetramer
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1H NMR (500 MHz, CDC13)
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1H NMR (500 MHz, CDCI 3)
1,5-1,4-1,4 alkyl ester/oligo(ethylene glycol) tetramer
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