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ABSTRACT

The overarching theme of my work pertains to the development of catalytic systems to affect
the organocatalyzed ring-opening polymerization of cyclic esters and carbonates. Hydrogen
bond mediated organocatalysts provide a robust and controllable synthetic route to well defined
polyesters and polycarbonates. However, organocatalysts tend to be either highly selective or
highly active. This research includes several projects which delve into how changing the H-
bonding catalytic systems effects rates of polymerization; specifically, when applied to the
organocatalyzed ROP of ethiocaprolactone (tCL), &valerolactone (VL), and &-caprolactone
(CL).

The first manuscript, “Ring-Opening Polymerization of Thiol Containing Cyclic Carbonate and
Lactone Monomers: A Review”, brings together decades of work applied to the ROP of cyclic
carbonates and esters and is prepared for publication in Macromolecules. The background
presented in manuscript 1 serves to provide the reader with some historical pretext for the
following chapters included in this thesis.

The second manuscript, “Poly(thioester) by Organocatalytic Ring-Opening Polymerization”,
discusses the H-bond mediated organocatalytic ROP of tCL. Previous attempts to polymerize
tCL were successful but entailed harsh conditions and high temperatures. In an effort to
polymerize tCL utilizing milder synthetic routes and in a “living” manner, several H-bond
accepting bases were screened; leading to a broadening of Mw/Ma. However, it was discovered
when a H-bond donating thiourea co-catalyst was paired with a H-bond accepting base the
unwanted transesterification was suppressed; implicated by the decreased Mw/Mn of the
base/thiourea catalyzed polymerization of tCl versus the same reaction catalyzed by base
alone. All results and work were completed by the author and have been published in
Macromolecules in 2015.

The third manuscript, “Triclocarban: Commercial Antibacterial and Highly Effective H-Bond
Donating Catalyst for Ring-Opening Polymerization”, discusses the application of the recently
banned, antibacterial, and commercially available triclocarban (TCC) as a H-bond donating co-

catalyst in the base/TCC catalyzed ROP of VL and CL. TCC was shown to be a highly effective



urea co-catalyst when paired with a H-bond accepting base. When applied to the ROP of VL
and CL, the base/TCC mediated polymerizations proceeded in a “living” manner. This simple
change from a thiourea to a urea-based H-bond donating co-catalyst proved to be monumental
for our group. Additionally, two electronically similar H-bond donating ureas were synthesized
and evaluated, mono-CC and di-CC. The urea-based co-catalysts are shown to remain highly
active in hydrogen bonding solvents; unlike their thiourea based conjugates. This work was a
collaborative effort and the thesis author completed all work encompassing the MTBD/nCTU (n
= 2-6 and 12) catalyzed polymerization of VL in acetone-ds, MTBD/TCC catalyzed reaction of
CL in benzene-ds, MTBD/di-CC and MTBD/mono-CC catalyzed ROP polymerizations of VL in
benzene-ds, and the synthesis of both the di-CC and mono-CC urea co-catalysts. These results
were all published in ACS Macro Letters in 2017.

The fourth manuscript, “Bis-thiourea mediated organocatalyzed ROP of a cyclic lactone”,
investigates the effect that bis-thiourea H-bond donating cocatalysts have on the ROP of VL.
Several new thiourea H-bond donating catalysts were developed and applied to the base/nCTU

(n = 2-6 and 12) catalyzed ROP of VL in an attempt to increase control and rate of the

polymerization. Several bases were examined for their efficacy in the ROP of VL. The

application of Michaelis-Menten enzyme kinetics to the MTBD/5CTU catalyzed ROP of VL
coupled with the kie of the DBU/5CTU catalyzed ROP of VL led to the conclusion that competitive
inhibition exhibits itself. The observations and results were prepared for publication in ACS
Macro Letters.

The fifth manuscript, “Stilbene Synthesis by Olefin Metathesis Reaction”, changes gears a bit
and proposes a new sophomore organic chemistry laboratory. Used as a sequence, Wittig then
Metathesis, the student can compare and contrast not only a “non-green” and “green” synthetic
approach to stilbene, but also thermodynamic versus kinetic control. However, this work
specifically deals with the Gubbs 2 catalyzed metathesis of stilbene. The students conduct an
easy 1.5 — 2-hour experiment and characterize their results by 'HNMR, IR, and meting point.
This work was a collaborative effort. The thesis author and Partha Datta both optimized the

metathesis reaction catalyzed by Grubbs 2 for the laboratory. A class of Advanced Organic



Chemistry students, Partha Datta, and the thesis author shared in data collection and
characterization. Overall, the organic lab was a success and was submitted for publication in

the Journal of Chemical Education in 2018.
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CHAPTER 1
Prepared for publication in Macromolecules.
Ring-Opening Polymerization of Thiol Containing Cyclic Carbonate and Lactone Monomers: A

Review

Timothy J. Bannin

Chemistry, University of Rhode Island, Kingston, Rl USA



ABSTRACT
Organocatalytic mediated ring-opening polymerizations (ROP) are robust and controllable
pathways to well defined S-containing polyesters and polycarbonates. The following review
attempts to bring together the myriad of work completed on the ROP of thio(esters) and
thio(carbonates). The history entailing the ROP of thioesters and thiocarbonates is presented

along with the challenges and strengths.



INTRODUCTION
Polyesters and polycarbonates have become a highly sought-after source of renewable and
biodegradable materials over the last 60 -70 years. Much research has been done in this area,
however cyclic sulfur containing lactone and carbonate monomers have been virtually
neglected. The reason is twofold; the monomers tend to be difficult and costly to make and
obtaining a product that is well-controlled appears to be no easy feat. However, the advent of
ring-opening polymerization techniques has started to change our outlook on the controlled
polymerization of S-containing lactones and carbonates. S-containing polyesters/carbonates
exhibit excellent mechanical and thermal properties. Poly(thioester)s and poly(thiocarbonate)s
appear to be good candidates for anti-fouling/anti-bacterial coating, exhibit relatively high

refractive indexes, and possible biodegradable properties.



THIOESTERS
Fries and Mengel reported the first known synthesis of a thiolactone in 1912.%2 When treating
certain lactones with P4Si0 the authors found y-thiovalerolactone (1, Figure 1) and y-

thionovalerolactone (2, Figure 1) were synthesized in low yields. However,
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Figure 1. Monomers with abbreviations used in this paper.

because of the thermodynamic properties of the 5-membered lactones no homopolymers have
been made to date as far as the authors know; albeit not for a lack of trying. The four, six, and
seven membered rings are thermodynamically favored to open; meaning these species make
up the bulk of the research pertaining to the ROP of S-containing cyclic monomers, but it wasn’t
until 1958 that cyclic esters were looked at in closer detail.

B.F. Goodrich detailed the synthesis and properties of [3-thiopropiolactone (3) in a British patent
in 1958.2 The patent describes a process where R-chloro (or bromo) propionyl chloride was
mixed with sodium sulfide in order to incorporate the sulfur into the final product. Around the
same time, a Russian research group led by Knunyants and Lin’kova described the preparation
of several substituted R-thiolactones.**' Later, in 1965, the same Russian research group
reported the synthesis of an unsubstituted R-thiopropiolactone.? Knunyants et al. combined

hydrogen sulfide (H2S) and trimethylamine (TEA) in order to incorporate the sulfide into the final



product.’® These same authors suggested another synthetic approach utilizing R-mercapto
propionic acids.*® First, they treated the R-mercapto propionic acid with ethylchloroformate and
TEA at room temperature; of which yielded a mixed anhydride (Scheme 1). Being unstable, the

mixed anhydride quickly cyclized releasing a primary alcohol and CO: gas.

HS—CRIR2-CH, CO,H CICO,Et, Et;N Rlﬁ:Rz—ﬂ:Hz - CO,, HOEt Rl(fRz—Clez
Rl R2=H, Me EtzN « HCI SH CO-0-CO-OEt S—CO

Scheme 1. Synthesis of B-thiopropiolactone using R-mercapto propionic acid reacted with
ethylchloroformate and TEA at room temperature.

Although, R-thiolactones have been studied rather extensively,* 3 the polymerization of R-
thiopropiolactone was not. Several 3-thiolactones were polymerized using water as an initiator
and heating in a small sealed tube. The authors obtained low weight poly(B3-thiolactone)s, but
did not report the exact molecular weights or Tm’s.

Kricheldorf described a new synthetic approach to making 1,3-dithian-2,4-dione (4) via the
cyclization reaction of R-xanthogene propionylchloride.** Where the five-membered dithiolane-
dione (DTD) monomers are relatively easily formed, the six-membered conjugate tends to be
much more difficult. These monomers require high temperatures and long reaction times, which
lead to the decomposition and oligomerization of the monomer leading the authors to report a
16% vyield from the few trials completed. However, the six-membered DTD polymerizes much
more readily when tertiary amines are used as catalysts. When primary amines are used a
stoichiometric reaction took place. When Kricheldorf applied TEA as the catalyst in the ROP of
a six-membered DTD it yielded moderate weight poly(thioester)s. Remarkably, the
poly(thioester)s exhibited higher than normal chemical and thermal stability.

The author wishes to inform the reader the majority of the rest of this section is dedicated to the
ROP, properties, and comparisons to other lactones of both &-thiovalerolactone (5) and -
thiocaprolactone (6). Overberger and Weise (1968) reported the first ROP of 5, but not the
first synthesis. It appears the first synthesis was reported back in 19416 with a few other groups
reporting alternative approaches to the synthesis of monomer 5 over the next two decades.'’”"

1 To synthesize monomer 5, &-mercaptovaleric acid was cyclized via several different



approaches. One approach used thioacetic acid added to allylacetic acid followed by hydrolysis
of the acetyl group making methyl acetate a prime leaving group.'’” Another approach includes
reacting 5-chlorovaleric acid with sodium hydrosulfide (NaSH) or a thiourea.*® BASF patented
an approach that included reacting &-valerolactone (VL) with hydrogen sulfide (H2S) and a
stoichiometric amount of a basic reagent like potassium carbonate (K-CQOs3).1° Alternatively,
unsubstituted thiol acids can be spontaneously cyclized when heated to remove water.®
Cyclization was also obtained by reaction of the unsubstituted lactone with phosphorus
pentasulfide (P2Ss). Consequently, 6 may be synthesized in two different approaches; by either
cyclization of e-mercaptohexanoic acid?°-?2 or reacting eCL with H2S and a basic catalyst.1®

Overberger reported monomer 5 produces linear polymer when exposed to strong bases
(potassium t-butoxide (KOtBu)) and heat (155°C) in the absence of water.'> However, the yield
and intrinsic viscosities obtained were low. Further studies showed the monomer concentration
at equilibrium to be high; which accounts for the low yield and molecular weights obtained. The
polymer created from the ROP of 6 was obtained via several different methods. Notably, one
involves a catalytic amount of KOtBu in an inert atmosphere with heat applied (150°C).
However, the reaction will proceed rapidly and uncontrolled at room temperature if n-butyllithium
is utilized as the catalyst. Overberger applied other bases of varying strength to the ROP of 6
and ultimately showed strong bases served as the best catalysts. Cationic catalysts yield low
weight, colored polymers. Whereas the anionic catalyst, triethylaluminum, produced a robust
polymer in high yield. Overberger suggests the process takes place via anionic ROP where the
polymerization is initiated by nucleophilic attack at the carbonyl of the monomer. Propagation
occurs at the sulfur anion and termination takes place in the presence of water or a mild organic
acid, i.e. benzoic acid. This group also successfully polymerized both 5 and 6 in bulk. The bulk
polymerization of 5 resulted in low molecular weight polymers in low quantities. However, when
6 was polymerized in bulk the results were much different; high yield and high molecular weight
polymer was produced. It should be added that one other group patented three different
approaches to the synthesis and polymerization of 6.2-25 Fritze outlines a synthesis where £CL

is heated in the presence carbon disulfide (CSz) and sodium hydroxide (NaOH) at 200°C, of



which yielded low weight poly(thiocaprolactone)s. Via thermal depolymerization, the
monomeric 6 was synthesized and then homopolymerized and copolymerized with ¢CL.
Several other research groups worked with 6 as well.26-2 Notably, Matzner et al. used 6 as an
initiator in the ROP of caprolactam (CLa) with success.?® Using sodium hydride (NaH) as a
catalyst in the bulk polymerization of CPL, the authors obtained polymers with high molecular
weights and fast reaction times (~5 min.). Another research group synthesized a myriad of
cyclic lactones by reacting w-halo acid chlorides of various sizes (Table 1) with
benzyltriethylammonium tetrathiomolybdate as a catalyst and solvent (CHCIlz or CH3CN) in
moderate to good yields (11 - 77%).?” Bhar and Chandrasekaran paved the way to an easy
one pot synthesis of macrocyclic lactones through their method.?”

It was not until the last two decades that the organocatalytic ROP of cyclic lactones was studied.
The IBM Almaden Research Institute in San Jose, CA revolutionized the way we approach ring-
opening polymerizations.?® Until this work was published, most ROP procedures for S-
containing monomers included very strong bases, uncontrolled results, and low yields.
However, organocatalytic living ROP provides a mild yet robust, very controllable, high yielding
method capable of producing a myriad of polymers. Utilizing dimethylaminopyridine (DMAP)
and pyrrolidinopyridine (PPY) as catalysts Nederberg et al. successfully conducted the
organocatalytic living ROP of lactide. Throughout this work, the authors were able to control
polymer chain length by tailoring the monomer-to-initiator ([M]o/[l]o) feed ratios. Notably, it
should be mentioned that even at conversions up to 100% (by *H NMR) the molecular weight
distribution (B) remained low even at long reaction times; implying no substantial

transesterification of the polymer backbone taking place.

entry substrate product temp (°C) time (h) yield (%)
)
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Table 1. Reaction of w-halo acid chlorides with tetrathiomolybdate in solution. Solvent: 2CHCls.

Within the last decade the application of organocatalytic ROP has been directed toward S-
containing monomers. Our group reported the organocatalytic ROP of 6 .22 Strong imine bases
such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and octadecylthiol as an initiator in CDCls

This approach yielded

However, if the reaction was left to reach equilibrium, transesterification does take place as TBD
is a known transesterification agent.?°. Adding a thiourea (TU) co-catalyst into the polymerization

increased the livingness of the system, i.e. displayed a linear evolution of molecular weight as



percent conversion increased. A myriad of bases was applied to the organocatalytic ROP of 6,
including DMAP, tris[2-(dimethylamino)ethyllamine  (MesTREN), 2-tert-butylamino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP), 1,8-
diazabicyclo[5.4.0]undec-7-ene  (DBU), and 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD). This base screen showed only strong nucleophilic bases effect the organocatalyzed
ROP of 6, but the B of the polymer was high for a living polymerization when compared to
polyesters.?? The increased nucleophilicity of thiols compared to alcohols may contribute to the
increased . Notably the authors experimentally determined the thermodynamic data of 6
(Figure 2) via Van't Hoff analysis and found that 6 is more energetically akin to CPL than ¢CL

and VL because of the lack of ceiling temperature.
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Figure 2. Van't Hoff plot for the TBD catalyzed ROP of ¢-tCL.

Much research has been conducted into thiolactones and the polythioesters synthesized from
them; however, the thionolactones have not been as frequently reported. To the author’s best
knowledge, the first two reported synthetic routes to a thionolactone were reported by Kaloustian
and coworkers.3%3! Kaloustain and Nader first synthesized the N,N-dimethyliminolatonium salt

by treating the respective lactone with a tertiary amine (like dimethylamine) and thionylchloride



(SOCI2) resulting in the linear amide product. This was then treated with silver tetrafluoroborate
(AgBF4) of which produced the N,N-dimethyliminolactonium fluoroborate salt. The salt was then
reacted with NaSH in acetone at -78°C and then with acetylchloride (AcCl) in pyridine to produce
the respective thionolactone in good to moderate yields. Soon thereafter, Kaloustian and Khouri
reported a more convenient synthetic route to thionolactones from lactones.3! This new method
involved treating the respective cyclic lactone with Meerwein’s salts (R3O* BF4 , R = Me, or Et)
to yield the alkylated lactonium salt. Next, the lactonium salt was treated with anhydrous sodium
hydrosulfide at 0°C to produce the respective thionolactone moderate to good yields. The
authors noted as the ring size increased so did the by-products produced from the synthesis.
They also noted if the reaction is carried out at -78°C the byproducts are severely limited. A
number of substituted and unsubstituted five-, six-, and seven membered thionolactones were
successfully synthesized in this manner. However, the authors did not investigate the ROP of
these entities.

Following in the footsteps of Kaloustian and coworkers, Nicolau et al. synthesized a number of
substituted and unsubstituted seven-, nine-, ten-, and seventeen- membered thionolactones;
albeit through several different Lawesson’s reagents (LR).32-3* Nicolau et al. did not investigate
the ROP of their monomers either, but instead transformed them into cyclic ethers. Arguably
the easiest and most utilized thionation reaction was proposed®>-37 and patented®® by Curphey

out of Dartmouth. Curphey treated the respective lactone or ester (Figure 3) with dimeric
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Figure 3. Esters, thionoesters, lactones, and thionolactones.

phosphorus pentasulfide (P4sSi0) and hexamethyldisiloxane (HMDO).3” This new method
increased the vyield, eased the purification (hydrolytic workup or silica gel purification) of the
thionolactone or thionoester, and decreased the reaction time when compared to the traditional
LR’s, Table 2. However, Curphey did not inquire into the ROP of the thionolactones

synthesized.
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yield (%)

entry ester/lactone reagent solvent  time (h)®

HPLC Isolated®
1d Al P4S1o/HDMO xylene 10 92 79
2 Al LR xylene 8 92
3¢ Al P4S10 xylene 18 67
49 B! P4S10/HDMO xylene 8 81 73
5 B! LR xylene 8 81
6° B! P4S10 xylene 8 61
7d ct P4S10/HDMO xylene 8 95 83
8 c! LR xylene 8 92
9 E! P4S10/HDMO xylene 14 28 21
10 E! LR xylene 17 4
11 Ft P4S10/HDMO xylene 10 91 87
12 F! LR xylene 12 83
13 Gt P4S10/HDMO PhMe 4 75 72
14 G? LR PhMe 6 70
15 H? P4S10/HDMO xylene 16 51 42
16 H? LR xylene 30 59
17 I P4S10/HDMO PhEt 17 41 30
18 I LR PhEt 15 40
19 Jt P4S10/HDMO xylene 4 87 75
20 Jt LR xylene 8 76
21 NE P4S10 xylene 4 35
22 Lt P4S10/HDMO MeCN 15 87 78
23 L LR PhMe 3 85
24 Mm? P4S10/HDMO MeCN 0.75 82 65
25 Mm? LR MeCN 4 71
26 N? P4S10/HDMO MeCN 0.4 82 77

12



27 Nt LR PhMe 1 73

28 Nt P4S10 MeCN 0.25 31
29 ot P4S10/HDMO MeCN 0.5 77 73
30 ot LR PhMe 1 58
32 ot P4S10 MeCN 0.3 35
33 P! P4S1o/HDMO xylene 4 87 86
34 P! LR xylene 5 84

Table 2. Thionation of esters? and lactones® 2 Reactions were run at reflux in the indicated
solvent (1 mL/mmol of ester/lactone). P4Si0 = 0.25 mmol per mmol of ester/lactone. HMDO =
1.67 mmol per mmol of ester/lactone. For stoichiometry with respect to LR, see the

Experimental.3” ® Time when the yield of thionation product was judged to have reached a
maximum. ¢ Yield of isolated and purified material. ¢ P4Si0 = 0.33 mmol per mmol of
ester/lactone.

One alternative novel synthesis of thionolactones was completed by Filippi et al.3® Filippi and
co-workers utilized LR3334 in the presence of HDMO to perform a single sulfurization of a lactone
to yield the respective thionolactone utilizing microwave support. In fact, the authors succeed
in synthesizing several functionalized 5-membered y-thionolactones, in excellent to moderate
yields and extremely fast reaction times, Table 3. They even applied the procedure to a 6- and
7-membered cyclic lactone with moderate results.

The Endo laboratory appears to have conducted the first ROP of a thionolactone. Sanda et al.
conducted extensive studies on e-thionocaprolactone (7); applying both the anionic and cationic
ROP.%041 Poly(thionoester)s were obtained exclusively when lithium alkyls, lithium t-butoxide,
and Grignard reagents were applied. However, a copolymer that contained mostly thiol ester
groups was obtained when potassium-t-butoxide was applied. The authors did not address
whether the copolymer was a block copolymer or random sequence. A mechanism was
proposed for the anionic formation of the thionoester and thiolester groups and are shown in

Scheme 2. The authors achieved both high molecular weights and high reaction rates when
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Scheme 2. Anionic ROP of 7.

the temperatures were elevated (100°C) as seen in Table 4. However, the authors discovered
that only poly(thiolester)s were formed exclusively when cationic ROP conditions were applied
to 7, Scheme 3; implying the polymerization took place via an isomerization reaction. Reaction
rates and molecular weights increased with increased temperature between the temperatures
tested (-78 — 28°C), Table 5. The authors also found that Mn» increased with solvent polarity and

M/I. The authors suggested a plausible reaction scheme, Scheme 3.
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Scheme 3. Cationic ROP of 7.
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entry

10

11

0O

(@) _

R = alkyl, aryl
)5 Solvent free ) < ) < } Z R’:H'yMery
R r>  Microwave

irradiation

selectivity®
reaction cond.?  timeP yield®
substrate conv.c (%) (%)
(eq) (s) (%)
blc/d
66(b)
OM LR (0.5) 4x30 80 87/0/13
9(d)
m P4S10(0.25)/ 74(b)
oo 5x30 94 86/0/14
HDMO (1.67) 9(d)
M LR (0.5)/ HDMO
0o 4x30 85 99/0/1 76
(0.5)
o&D(\/y procedure A" 5x30 91 99/0/1 85
0 7
o@\ procedure A 3x30 94 95/0/5 80
O@\/ procedure A 3x30 95 99/0/1 92
OQ\/\ procedure A 4x30 98 95/0/5 88
O% procedure A 5x30 95 99/0/1 90
OM procedure A 5x30 91 99/0/L 89
OM procedure A 5x30 99 98/ 96
procedure A/
OM 2x30 93 96/0/4 88

multi-gram synth
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12 procedure A 5x30 91 94/0/6 85

13 procedure A 5x30 96 94/0/6 73

14

of[ZQV%
0%
17(b)
15 070 procedure A 5x30 84 29/10/61
37(c)
o%
S

procedure A 3x30 91 95/0/5 65

16 LR (1.0) 5x30 99 1/0/99 94

17 procedure A 3x30 81¢ - 44

18 procedure A 3x30 90°¢ - 15

Table 3. Synthesis of thionolactones (b) and dithiolactones (d) under microwave irradiation. 2
For conditions see citation #39. ° Number if irradiations for a given time; 3x30 indicates 3
irradiations of 30 seconds each. ¢ Determined by GC and calculated from hexadecane as
internal standard. 9 Determined by GC. © Isolated yield. T Procedure A: LR = HDMO = 0.75 eq.
€ Consumption of the initial lactone = conversion.

Toluene (1 M)

S
Q Init (2 molo) %ﬂ\/A\/A\/o%\\/«\/AW(s%
A B O
7

100 °C, 20 h
unit ratio?
entry initiator conv.” (%) vyield® (%) Mn° Muw/Mpd
A:B

1 MelLi 100 77 19,000 2.67 100:0
2 n-BuLi 100 65 8,200 1.75 100:0
3 sec-BulLi 100 65 8,500 1.55 100:0
4 t-BulLi 100 58 8,300 1.53 100:0
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5 PhLi 100 58 10,000 1.81 100:0

6 MeMgCl 100 58 10,500 2.05 100:0
7 t-BuMgCl 100 48 9,200 1.69 100:0
8 t-BuOLi 98 52 9,200 1.78 100:0
9 t-BuOK 30 17 3,800 154 37:63
10 DBU 25 10 4,500 1.54 11:89

Table 4.2 Anionic ROP of 7. 2 Conditions: initiator = 2 mol%; [M]o = 1M in toluene; 100 °C; and
20 h. b Determined by 'H NMR (400 MHz). ¢ n-Hexane-insoluble part. 9 Estimated by GPC on
the basis of polystyrene standards eluted by THF.

temp conv.  vyield®

entry [M]o/[llc  solvent [M] My¢ Mw/Mn?
(°C) (%) (%)

1 100 CHsNO2 1.0 28 99 80 12,900 1.88
2 100 CH2Clz 1.0 28 98 88 57,000 1.95
3 100 PhClI 1.0 28 96 88 49,800 2.36
4 100 CHCI3z 1.0 28 90 75 31,000 2.23
5 100 PhH 1.0 28 97 77 24,200 2.81
6 50 CH2Cl2 1.0 28 100 80 50,000 2.10
7 20 CH2Cl2 1.0 28 100 76 48,000 2.17
8 100 CH2Cl2 1.0 -78 0 --¢ --€ --€
9 100 CH2Cl2 1.0 -48 0 --¢ --€ --€
10 100 CH2Cl2 1.0 -30 0 --€ --€ --€
11 100 CH2Cl2 1.0 -15 2 --€ --€ --€
12 100 CH2Cl2 1.0 0 51 22 8,600 1.60
13 100 CH2Cl2 1.0 10 70 49 20,600 1.72
14 100 CH2Cl2 0.1 28 23 10 9,000 1.58
15 100 CH:Cl2 0.5 28 80 73 48,000 2.85
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Table 5. Cationic polymerization of 7 initiated with BF3 - OEt2.2 2 Polymerization time =5 h. P
Determined by 'H NMR (400 MHz). ¢ Methanol-insoluble part. ¢ Estimated by GPC based on
polystyrene standards eluted by THF. © Not determined.

The Endo lab also compared the ROP of y-thiobutyrolactone (8) and y-thionobutyrolactone (9).42
Monomer 9 was synthesized using the LR method.® Cationic initiators, lanthanide triflates,

were utilized as the initiators on their study into the ROP of 9, Table 6. Initially, the bulk

polymerization was attempted of 8 at 100°C.

entry initiator conv.” (%) yield® (%) Mn(Mw/Mn)¢
1 Sc(OTf)s 78 50 3,400 (2.2)
2 Y(OTf)s 79 42 4,500 (2.7)
3 Yb(OTf)3 84 45 3,600 (2.9)
4 La(OTf)s 53 30 6.300 (2.2)

Table 6. ROP of 9.

However, the authors reported that this polymerization did not take place; presumably because
of the thermodynamic properties. The ROP of 9 was conducted in bulk utilizing scandium
trifluoromethane-sulfonate (Sc(OTf)s), yttrium trifluoromethane-sulfonate (Y(OTf)s), ytterbium
trifluoromethane-sulfonate (Yb(OTf)s), and lanthanum trifluoromethane-sulfonate (La(OTf)s).
The authors obtained moderate conversions, molecular weights, and broad B. However, the
polymerization appears to proceed through an isomerization pathway yielding polymer with
carbonyls instead of thionocarbonyls. The authors also proposed a reaction mechanism to aid

in the explanation of this behavior, Scheme 4.
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Scheme 4. Proposed mechanism for the cationic ROP of 9.
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The latest entry into the ROP of thionoesters was published by Datta and Kiesewetter.*® Datta
synthesized e-thionocaprolactone (10) following Curphey’s method mentioned earlier, except
added a distillation via Kugelrohr to obtain extremely pure monomer. Applying the imine bases
MTBD, TBD, and DBU to the organocatalyzed ROP of 10 the authors obtained
poly(thionoester)s with quantitative conversion and moderate molecular weights. However, the
moderately high molecular weight distribution implies some transesterification of the polymer
backbone. Datta found when adding a thiourea (TU) cocatalyst into the system, as in the ROP
of 6,22 the polymerization was much more controlled, and the reaction did not take place with
the non-nucleophilic base, BEMP, implying the mechanisms below for the DBU catalyzed and

the BEMP/TU cocatalyzed ROP of 10, Scheme 5. Notably, the

{

; SOR = %D
Q s5mol% bBU 9 o

" CSDG

r.t.

10

S

SH

M{
N

M b= NIy

g

Scheme 5. Proposed mechanism for the DBU catalyzed ROP of 10.

authors discovered the ring strain of 10 is akin to that of ¢-CL and therefore decided to
copolymerize the two monomers to create the first copolymer featuring both carbonyl and
thiocarbonyl moieties in the polymer structure, Table 7.

Of all the polymerization techniques available to the modern chemist, organocatalytic mediated
living ROP appears to be one of the most robust and controlled synthetic routes to obtaining
poly(thioester)s. Strong nucleophilic bases paired with a H-bond donating thiourea co-catalyst

provides molecular weight control via M/l feed ratio, narrow to moderate B, allows
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polymerizations to be conducted at ambient temperature (depending on ring size), and is

applicable to a wide range of cyclic thio- and thionoesters.

C /

f’?‘ —
1 OGEC
Oy R
2.5 mol% CyTU 25 mold% BEMP poly(VL-co-10)
0.5 mol% 10, gD rt. random copolymer
1 equw
10 VL time  conv.P Tl TS Tdeg®
entry Mn° Mw/Mn®
(% feed) (% feed) (h) (%) (°C) (°C) (°C)
1 0 100 5 0:93 12,300 1.06 53 27 380
2 5 95 4 56:90 19,600 1.02 49 22 440
3 10 90 5 73:93 19,200 1.02 43 22 360
4 20 80 4 56:90 19,200 1.03 40 8 340
5 30 70 5 79:96 18,200 1.05 31 -8 320
6 50 50 5 95:92 29,800 1.25 18 n/a 310
7t 100 0 7 89:0 20,900 1.10 9 n/a 260

Table 7. Copolymers of 10 and VL with varying monomer feeds.? 2 Polymerization conditions:
4 M ([vl] =[10]) (2 mmol total), 2.5 mol % CyTU/BEMP (each), 0.5 mol % benzyl alcohol in CeDse.
b Percent conversion to polymer obtained by H NMR. ¢ Determined by GPC (CH:Cly) vs
polystyrene standards. 9 Determined by DSC (N2); no Ty were observed > -70 °C, the limit of
our DSC. ¢ Determined by TGA (N2).  Polymerization conditions: 10 (2M, 1 mmol), 5 mol %
CyTU/BEMP (each), 1 mol % benzyl alcohol in CsDe. n/a = not observed above -70 °C, the limit
of our DSC.
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THIOCARBONATES

Cyclic carbonates are another group of monomers that provide robust polymers with unique
characteristics. Much like cyclic ester monomers, if a sulfur atom is substituted for one or more
of the oxygens in the carbonate monomer the properties change drastically; providing significant
optical and tunable properties when copolymerized with other monomers. There exist three
versions of the cyclic thiocarbonate monomer; tri-, di-, and monothiocarbonates with isomeric
variations amongst the aforementioned groups.

Braun and Kissel appear to have reported the first synthesis of a cyclic trithiocarbonate; albeit
accidently.24* Through the polycondensation of an o,o-dithiol with CS2 and catalyzed via
tertiary amines Braun and Kissel synthesized a myriad of poly(alkylene trithiocarbonate)s.?4*
While analyzing the polycondensation reactions, the authors discovered the major byproducts
to be the 5- and 6-membered cyclic trithiocarbonates. While studying the synthesis of a
poly(trithiocarbonate) Leung et al. also synthesized the 5- and 6- membered cyclic
trithiocarbonates as a byproduct.#® Sometime later the Endo group successfully synthesized
various cyclic trithiocarbonates in excellent yields.*¢ Motokucho et al. treated the respective
cyclic ether with CS: catalyzed by a titanium complex.*® After varying the feed ratio
(CS2/oxetane/catalyst) the authors optimized reaction conditions that yielded product in
excellent yields (~90%). Noteably, Motokucho et al. applied these conditions to various cyclic
ethers to obtain a small library of functionalized cyclic trithiocarbonates. Most recently (2014),
Soleiman-Beigi and Taherinia synthesized the 5-, 6-, and 7-membered cyclic trithiocarbonates
by treating dialkyl halides with CS2 and catalyzing the reaction with imidazole at 45°C in
atmospheric conditions. Of all the synthetic routes to cyclic trithiocarbonates mentioned above,
none probe the ROP of their monomers. It appears only one group has studied the ROP of a
trithiocarbonate; ethylenetrithiocarbonate (ETTC).#” Soga et al. synthesized ETTC via the
Braun and Kissel method.** The authors examined the reaction solvent free and with the same
catalysts applied to the copolymerization of CS2 and ethylenesulfide mentioned in their paper.

However, they found only sulfuric acid (H2SO4) effected the ROP of ETTC and yielded a brown,
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viscous, low weight material.*” Unlike the cyclic trithiocarbonates there appears to be
significantly more research done into the ROP of di- and monothiocarbonates.

One lab appears to have conducted all published research on the ROP of dithiocarbonates.
The Endo lab has done extensive work with the synthesis and polymerization of mono-, di-, and
trithiocarbonates. Kihara et al. successfully synthesized a functionalized 5-membered cyclic
dithiocarbonate, 5-(phenoxymethyl)-1,3-oxathiolane-2-thione (11), by treating the respective
oxirane with CS2 catalyzed by sodium iodide (Nal) at ambient temperature in THF to afford 11
in moderate yields.*® This reaction also afforded a symmetrical cyclic trithiocarbonate as a
byproduct; 5-(phenoxymethyl)-1,3-dithiolane-2-thione (12). In an effort to maximize the yield of
11, the authors applied a myriad of solvents and catalysts to the synthesis. Less polar solvents
yield more of 11. However, it was found that protic solvents, like methanol, decrease the
selectivity for 11. The authors also discovered Lewis acidic lithium salts (LiBr, LiCl, Lil) showed
higher catalytic activity than non-Lewis acidic quaternary ammonium salts; of which afforded no
catalytic activity. Notably, the authors also synthesized a small library of functionalized cyclic
dithiocarbonates as seen in Table 8. Choi et al. successfully synthesized 11 and completed the
cationic ROP.#%%1 By reacting glycidyl phenyl ether and CS: in the presence of LiBr 11 was
synthesized in excellent yields.*® By treating 11 with several cationic catalysts (ZnClz, TfOH,
TfOMe, TfOELt) the authors synthesized isomers of 11 and poly(dithiocarbonate) with excellent
yields, moderate molecular weights, and low to moderate b, Table 9. When ZnCl; and TfOH
were applied as cationic initiators the reaction yielded 4-(phenoxymethyl)-1,3-dithiolane-2-one
as the major product. However, the ROP of 11 proceeded when TfOMe and TfOEt were used
as initiators, albeit with isomerization. Unfortunately, the thiocarbonyl isomerized to the carbonyl
during polymerization and the authors provided a plausible mechanistic explanation, Scheme

6.49
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entry

10

11

N R2 . 2 c 2
R? R? R3 time (h) product yield (%)
PhOCH: H H 4.5 Al 97
CsHu H H 19 A2 67
CeHas H H 19 A3 67
Ph H H 18 A4+B4+C42 84 (67:12:21)°
PhCOOCH: H H 19 A5 95
CH2=C(CH3)COOCH
H H 17 A6 93
2
Me H Me 17 A7 45
BnOCHz3 H Me 19 A8 89
-(CH2)a- H 17 A9 83
H -(CH2)10- 21 no rxn 0
H Ph Ph 25 no rxn 0

Table 8. Reaction of various oxiranes and carbon disulfide. 2 The isomers were not separable.
b A4:B4:C4 estimated by *H NMR spectra.

entry

S 0]
OJ< catalyst 5//< )k
Pho\)\/S solvent, A Pho\)\/S ' +S BS/\K%

11 A OPh
product
temp. time conv.’ yield Mn(Mw/Mn)¢ of
catalyst  solvent ratio® B:A
(°C) (h) (%) (%) A
(%)
ZnCl2 PhCI 80 2 43 --d 0:100 --
ZnCl2 PhCI 80 12 100 87¢ 0:100 --
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3 TfOH

4 TfOH

5 TfOMe
6 TfOEt
7 TfOEt
8 TfOEt
9 TfOEt
10 TfOEt
11 TfOEt

Table 9. Cationic isomerization and polymerization of 11.2

Isolated by preparative HPLC. fn-Hexane-insoluble part.

CDCls
CDCls
bulk
bulk
bulk
PhCI
PhCI
PhCI

PhCI

60

60

60

60

60

60

60

60

60

19

67

55

100

100

73

100

46

100

100

100

86°
92
68"
98
48

941

d

d

1:99

2:98

96:4

98:2

98:2

97:3

94:6

70:30

56:44

11,000 (1.25)
9,000 (1.23)
10,500 (1.25)
6,700 (1.25)
8,700 (1.46)
8,000 (1.81)

5,900 (1.57)

a Catalyst; 2 mol % vs. 11.
Concentration of 11 in solution polymerization; 3M (runs 1-4 and 8-11). ° Estimated by *H NMR.
¢ Estimated by GPC (elutent, THF, based on polystyrene standards).

Path A

d Not determined. ¢

0
A
PhO_ S~

>‘< Path D

Path C

Scheme 6. Proposed mechanism for the cationic isomerization and polymerization of 11.

Choi and coworkers continued their work into the cationic ROP of cyclic dithiocarbonates by

expanding their monomer library®®5! and determining the dependence® of the ring-opening

polymerization of dithiocarbonate monomers on cationic catalysts. Mechanistic studies lead the

authors to propose a mechanism for the cationic ROP of several dithiocabonates seen in

Scheme 7.%° To follow up the aforementioned work the Endo group studied the
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Scheme 7. Proposed mechanism for the cationic isomerization and polymerization of 11 using
TfOEt or TfOH as catalysts supported by mechanistic studies.

depolymerization of certain dithiocarbonates.>>°3 The authors applied TfOH, TfOMe, Et3N, and

tert-BuOK as catalysts in chlorobenzene (PhCI) and tetrahydrofuran (THF) at various

temperatures (20-60°C) and reaction times (24-96 hours); Table 10. Cationic depolymerization

initiator®
entry

(mol %)
1 TfOMe (5)
2 TfOMe (20)

Cationic depolymerization

®
R 0 © R 0 E
ws\g/sy\s)ks/\gsﬁorsﬂm — ws\n/sQ\SiJ\_S//v\R(%Ysm
0

% —_— s
\g/ R)\/S T R)\/
Anionic depolymerization
N@
u 0 o}
o e
L 3(3m~ B — @5 + Nu S T sA
ms” g ¥) \ﬂ/ — S
/\Rru\g/ R o R)\/
isomer
solvent® temp. (°C)  time (h) Mn (Mw/Mn)®
yieldd
PhCI 60 96 38 8,000 (1.7)
PhCI 60 96 83 3,000 (1.4)
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3 TfOH (5) PhCI 60 96 34 5,000 (1.9)

4 TfOH (20) PhCl 60 96 35 2,000 (1.6)
5 EtN (5) PhCl 20 24 85 4,000 (1.3)
6 EtN (5) THF 20 24 92 4,000 (1.5)
7 t-BUOK (5) PhCl 20 24 100 -
8 t-BUOK (5) THF 20 24 100 -

Table 10. The depolymerization of a polythiodicarbonate (Mn = 11,000, Mw/M, = 1.2).2 2
Polymer synthesized by cationic polymerization of A with 2 mol% TfOMe at 60 °C for 3 h in 93%
yield. ® Calculated from mol % vs repeating unit of polydithiocarbonate. ¢ Concentration of the
repeating unit of polydithiocarbonate: 3M. ¢ Determined by 'H NMR. ¢ Determined by GPC,
polystyrene calibration, eluted with THF.

conditions with high loadings of TFOMe (20 mol%) yielded the respective monomer(s) whereas
lower loadings produced oligomers and monomer. When studying the anionic depolymerization

the authors found 5 mol% EtsN and t-BuOK yielded 1,3-dithiolane-2-one derivitives; the latter

being quantitative, Table 10, entries 6-8.

S

(0] o) o 0o O/l(
R—{ + Et;N (1 eq) R—< CSZ LiBr (5 mol%) _< S
CH,Cl,, 0°C, 2 h f THF, rt, 24 h J\/
cl HO thenrt, 24 h 0 20 - 85 %
- 0
< >7 ‘< >—’ ‘< >—’ ’< >7 <~_< >7 HsC—
anis nitro butyl methyl

naph

Scheme 8. Reaction conditions for the formation of a functionalized dithiocarbonate.

Through the work of Steblyanko et al., the Endo lab furthered their work in the cationic ROP of
5-membered dithiocarbonates by reacting CS2 with benzoic, p-anisic, p-chlorobenzoic, 1-
naphthalenecarboxylic, p-nitrobenzoic, and p-(tert-butyl)benzoic glycidyl esters in the presence
of LiBr (Scheme 8); further expanding the monomer library.>* The polymers were synthesized
in the presence of TfOH and TfOMe at 80°C in good yields, moderate molecular weights, and

fairly narrow D, Table 11. Throughout the course of this study, the authors, through
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experimentation and theoretical calculations, reported a dependence on the substituent in the
reactivity of the monomers and found the rate of polymerization decreased in the order of p-

chlorobenzoic = benzoic > 1-naphthalenecarboxylic > p-nitro-benzoic > p-tert-butylbenzoic > p-

anisic.?*
£
o O EGN(ed CSy, LiBr (5 mol%) O 07 %g
R_/< * C"?zdz 0°C,2h _/< f THF, r.t, 24 h _< J\/
c HO thenrt, 24 h 0
70 -85 %
OO O Qo O O
anis nitro butyl methyl
naph
monomer initiator (mol T time conv. yield
entry Mpd Muw/Mn?
R) %) ccp M )
1 ph TfOH (2.0) rt 4 60 58 24,900 1.29
2 ph TfOMe (3.3) rt 35 100 <99 7,700 1.19
3 ph TfOH (2.0) 60 1 100 98 16,700 1.27
4 anis TfOMe (2.6) 60 11 100 100 9,200 1.24
5 anis TfOMe (1.8) rt 72 65 62 8,900 1.08
6 anis TfOMe (8.0) rt 28 98 <98 3,600 1.11
7 anis TfOMe (2.6) 45 12 94 92 9,600 1.08
8 anis TfOMe (2.6) 60 3 90 86 11,000 1.08
9 anis TfOMe (3.3) 60 10 100 <100 8,400 1.20
10 anis TfOMe (4.0) 80 3 100 <99 6,900 1.17
11 Cl TfOMe (2.5) rt 120 97 96 14,800 1.25
12 Cl TfOMe (2.5) 45 6 100 100 12,900 1.17
13 Cl TfOMe (3.3) 60 2 100 100 8,500 1.22
14 naph TfOMe (8.8) 60 2 100 100 3,400 1.08
15 nitro TfOMe (4.0) 60 4 100 88 1,200 1.40
16 butyl TfOMe (4.0) 60 2 53 <50 3,600 1.20
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17 methyl TfOH (2.0) 60 6 100 59 4,600 1.60
18 methyl TfOMe (2.0) 60 12 100 61 4,800 1.61

Table 11. Cationic ROP?2 of 5-membered cyclic ditjiocarbonates. 2 1 M solution in PhCI for ph
and methyl; 0.5 M for anis; and 0.25 M for Cl, naph, nitro, and butyl. ® Estimated by *H NMR. ¢
n-Hexane insoluble part. ¢ Estimated by GPC based on polystyrene standards with THF as
eluent. ¢ Temperature with 5% weight loss estimated by TGA under N2; ND = not determined.

Although the ROP work for tri- and dithiocarbonates is somewhat limited, monothiocarbonates
appear to have been extensively researched. Soga et al. reported the first ROP of a
monothiocarbonate, ethylene monothiocarbonate (EMTC).%® Treating diethyl carbonate with 2-
mercapto ethanol in the presence of thorium nitrate the cyclic ethylene monothiocarbonate was
produced in good yields.>> Polymerizations were carried out in a stainless steel reactor with
several different catalysts at 80°C to yield a mostly white solid, Table 12. The authors did not
conduct mechanistic studies or provide any detailed results; leaving it for another paper that
does not appear to have materialized. Kricheldorf and Damrau synthesized and applied the
cationic ROP conditions to 1,3-dioxolane-2-thione, 12.5 Their cationic ROP conditions were all
conducted in chloroform at ambient temperatures. Utilizing several different catalysts (TfOMe,
BF3OEt2, SnCls, BuSnCls, Bu2SnCl), the authors reported what looks like erratic data, Table
13. However, upon further study it was found that the “thermal history”, or how the monomer
was stored prior to use, played a large part in affecting the molecular weights of the
poly(thiocarbonate)s produced. Unfortunately, the authors also noted that only

poly(mercaptopropanol carbonate)s were formed.
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EMTC o

run catalyst® T (°C) yield (mg) Mp (°C) "% (di/g)c
1 none 80 0 -- --

2 Al(C2Hs)s 80 0 - -

3 Al(OC4Ho)z 80 100 160 0.13
4 AICIs 80 0 -- --

5 Zn(CzHs)2 80 25 175 -

6 Cd(CzHs)2 80 30 130 -

7 Ti(OCaHo)s 40 35 150 -

8 Ti(OCaHo)s 80 255 90 -

9 Ti(OCaHo)s 110 410 135 0.074

Mg(OCHs3) 80
10 15 195 --
2

11 NaOCHs 80 40 150 --
12 N(C2Hs)s 80 510 205 0.068
13 P(CeHs)s 80 430 205 -
14 HCI 80 0 - --

Table 12. Analytical data of polymers made from EMTC.? 2 Polymerizations carried out for 70
h with 0.97 g (9.3 mmol) of EMTC. ® 0.1 mmol. ¢ 6 mg/mL in p-chlorophenol at 160 °C.
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L 0
O~ ~O catalyst
L CHCL it Wo*s—)m
13 Polyl
entry catalyst mol ratio (mon/cat) T (h) yield (%)
12 TfOMe 100/1 4 49
28 TfOMe 100/1 8 60
3 TfOMe 200/1 8 68
40 TfOMe 100/1 4 95
5b TfOMe 100/1 8 95
62 BFs - OEt2 100/1 4 83
72 BFs - OEt2 100/1 8 80
82 BFs - OEt: 200/1 8 68
9b BFs - OEt2 100/1 4 88
10 BFs - OEt: 100/1 8 82
118 SnCla 100/1 4 50
122 SnCla 100/1 8 63
132 BuSnCls 100/1 4 47
142 BuSnCls 100/1 8 64
152 Bu2SnCl; 100/1 4 60
162 Bu2SnCl: 100/1 8 87

Table 13. Polymerizations of 13 initiated by acidic catalysts. @ Freshly recrystallized monomer
(1 day before polymerization). ® Monomer stored in refrigerator prior to polymerization (2
months).

The Endo lab has conducted significant research on the ROP of monothiocarbonates to include
5,5-dimethyl-1,3-dioxan-2-thione (14),5-%° 4-benzoyloxymethyl-1,3-dioxolane-2-thione (15),606!
5-benzoyloxymethyl-5-methyl-1,3-dioxane-2-thione (16),%° 4-phenoxymethyl-1,3-dioxolane-2-

thione (a7),8t 4,6-dioxatetracyclo-[6.3.1.1.31°0% tridecane-5-thione (18),62
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tricyclo[3.3.1.137]decane-2-spiro-4-(1,3-dioxolane-2-thione) (19),82 5,5-(bicyclo[2.2.1]hept-2-
en-5,5-ylidene)-1,3-dioxane-2-thione  (20),5%¢ 5,5-( bicycle[2.2.1]heptan-5,5-ylidene)-1,3-
dioxane-2-thione (21),%* and 1,3-dioxepan-2-thione (22).5>%¢ All monomers were synthesized by

reacting the respective diol with CS:z in the presence of either EtsN or antipyrine. The
polymerization of 14 was catalyzed by TfOH, TfOMe, Et:OBF4, or BF3:OEt: at elevated

temperatures (30-80°C) under a nitrogen atmosphere.>”%° In all cases the polymerizations

exhibited narrow molecular weight distribution (Table 14) and good solubility in typical organic

X
o~ o o
% g:,t\l,c;:tc initiator %AS\”/O\KV%
14 0
entry solvent initiator T (h) T (°C) conv.? (%) Mn° Muw/Mn®
1 CHxClz  EtsOBF4 24 30 > 99 13,200 1.04
2 CHCls Et:OBF4 20 40 > 99 16,800 1.04
3 PhClI TFOMe 12 80 > 99 11,200 1.15
4 PhCI TfOH 12 80 > 99 13,900 1.13
5 PhCI BFsOEt2 12 80 > 99 31,000 1.08

Table 14. Cationic ROP of 14.2 @ Monomer, 0.25 mmol; solvent, 0.25 mL; catalyst (initiator),
0.005 mmol. ® Determined by 'H NMR spectroscopy measured in CDCls. ¢ Estimated from GPC
eluted with THF based on polystyrene standards.

solvents. However, the authors noted erratic Mn’'s amongst the catalysts presumably due to the
difference in initiation efficiencies. While interpreting spectra, the authors noted a scrambling

of the thionocarbonyl group to a carbonyl group and proposed a mechanism to explain their

results, Scheme 9. The authors also studied the photo-initiated

S S

UJ U8, = e X
O)J\O
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v y]
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Scheme 9. Proposed isomerization mechanism for the cationic ROP of 14.

ROP of 14 in the presence of onium salts initiated by 2.5 hours of irradiation at A =300 nm>®
The authors reported moderate Mn’'s, moderate conversions, and broad molecular weight
distributions. Notably, the reactions were conducted at ambient temperature in the presence of
air.

To further probe the cationic ROP of monothiocarbonates the Endo group studied how
neighboring groups effected the ROP of 5- (15 and 17) and 6-membered monothiocarbonates
(16).5961 By comparing the reactivity of neighboring ester groups to neighboring phenoxy groups
attached to 17 the authors, again, observed isomerization of the thiocarbonyl to a carbonyl in
the polymer. The reactivity of the 17 almost equaled that of 15. However, the phenoxy
substituted poly(thiocarbonate)s had a broader distribution of molecular weights than the ester
substituted poly(thiocarbonate)s. When comparing the neighboring group participation of the
cationic ROP of the 6-membered thiocarbonates (14, 15, 16) the authors discovered the fastest
rates occurred when the ester group was alpha to the oxygen.®® Although, the cationic ROP of
all monomers produced poly(thiocarbonate)s that exhibited living characteristics; i.e., narrow
molecular weight distribution and controlled molecular weights. However, the polymerization
was accompanied by isomerization of the thiocarbonate group.®°

The Endo group also studied the anionic ROP of cyclic thiocarbonates containing spiro linked
norborane and norborene functional groups.®* Kakimoto et al. noted when DBU was applied to
the anionic ROP of 5,5-(bicyclo[2.2.1]hept-2-en-5,5-yildene)-1,3-dioxane-2-thione (20) and 5,5-
(bicyclo[2.2.1]heptan-5,5-yildene)-1,3-dioxane-2-thione (21) afforded polymer in all cases

except run 4 (Table 15) with mildly broad molecular weight distributions, low yields, and

S S
00w S, &
DBU (4 mol%) oS oS
é o é bulk or solvent \ﬂ/ o \ﬂ/ ng
o} (6]
P20 P21
20 21

120°C

entry monomer T (h) solvent yield (%) Mn° Mw/Mn®
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1 20 1 -- 25 15,200 1.48

2 20 12 toluene 38 8,800 1.44
3 20 12 DMF 38 8,600 1.47
4 21 1 - no reaction

5 21 12 toluene 8 7,100 1.43
6 21 12 DMF 22 11,800 1.40

Table 15. Anionic ROP of 20 and 21.2 2 Temperature, 120 °C; monomer, 1.00 mmol; solvent,
0.20 mL; DBU, 0.040 mmol.  Calculated from products isolated with HPLC eluted with CHCls.
¢ Estimated from GPC eluted with THF at 40 °C based on polystyrene standards.
isomerization of the thiocarbonyl to its respective carbonyl. Notably, the authors observed
volume expansion of the polymer when the densities were determined. When compared to the
density of the respective poly(carbonate)s the poly(thiocarbonate)s yielded polymer with a
volume change greater than that of poly(carbonate), Table 16.

The same group compared the cationic ROP of a five-membered thionocarbonate containing
adamantane moieties.5263  4,6-dioxatetracyclo[6.3.1.1.31°03"tridecane-5-thione%? (18) was
initiated by BFsOBF4, TTOMe, TfOH, or H2O/BF3;OEt: to afford poly(thiocarbonate)s in moderate

yields, Table 17. Kameshima et al. noted the propagation rate to be slow; possibly due to

o\[( S OY Sy om/o&»
o] o] o]
P20 P21 poly(spiro)carbonate
entry polymer Volume change? (%) T4 (°C) Ta10° (°C)
1 P20 +12.3 82 258
2 P21 +12.6 82 261
3 poly(spiro)carbonate +8.2 108 207
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Table 16. Properties of P20, P21, and poly(spiro)carbonate. @ Calculated by the densities of the
monomer and polymer. ® Determined by DSC. ¢ Determined by TGA.

entry initiator
1 TfOH
2 TfOH
3 TfOMe
4 TfOMe
5 EtsOBF4
6 EtsOBF4
7 BFsOEt2
8 BFsOEt2

T (°C)

0

30

0

30

0

30

0

30

@ O
18

conv.? (%)

45

>99

44

95

28

45

74

cationic initiator
CH,CI,

Mn®
1,600
3,600
2,100
3,600
1,100
2,800
trace

10,600

457

ar
Mw/Mn°®
1.60
1.49
1.46
1.48

1.58

1.81

1.44

Table 17. Cationic ROP of 18.2 2 Solvent, CH2Cl2; monomer, 1 M; reaction time, 24 h; initiator,
2 mol%. ° Determined by *H NMR; comparison of the residual monomer at 4.67 ppm with the
adamantyl protons of the monomer and polymer found around 1.2 — 2.8 ppm. The authors note
that they considered the polymer yield equal to the monomer conversion, because no low
molecular weight compound other than monomer was detected by SEC and NMR. ¢ Determined

from GPC eluted with THF based on polystyrene standards.

competing backbiting or transesterification reactions taking place. Utilizing NMR, IR, and ab

initio computational methods, the authors showed the polymerization to be selective in its

scission of the ring-opening direction, Scheme 10. Notably, the polymerization proceeded with

Scheme 10. Proposed mechanism for the cationic ROP of 18.
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up to a 14% volume expansion. The spiro-linked tricycle[3.3.1.1%7]decane-2-spiro-4’-(1.3-

dioxolane-2’-thione)®® (19) was subjected to the same initiators as 17 along with p-TsOH, TiCla,
and CHsl. However, 19 did not undergo ROP with cationic initiators; most likely due to the steric
bulk of the spiro-linked admantane moiety. The authors did notice when 19 was added to the
polymerization of certain 5- and 6-membered thiocarbonates (1,3-dioxolane-2-thione, 5-methyl-
1,3-dioxane-2-thione, 13, 14) a copolymer was synthesized. However, the copolymer resulted
in low molecular weight co-poly(thiocarbonate)s with broad molecular weight distributions
(Table 18) and other unidentified products. Molecular orbital calculations utilizing the ab initio
method were conducted to identify the ring-opening direction, Scheme 11.
A % ey Py
g s mm

19 oo 5.0 s o>k

0

R R,

13 R;=R,=H

CM2: Ry = H, R, = CH,
\_14 Ry=R,=CH;

m:n unit ratiod

entry comonomer initiator yield® (%) Mn° Muw/Mn®

(mol %)
1 CM1 EtsOBF4 22 2,100 1.40 37:63
2 CM1 BFsOEt: 26 2,100 1.40 38:62
3 13 EtsOBF4 30 2,200 1.40 11:89
4 13 BFsOEt 17 2,700 1.32 15:85
5 CM2 EtsOBF4 10 3,000 1.57 25:75
6 CM2 BF3OEt: 11 3,700 1.34 27:73
7 14 Et:OBF4 52 2,700 1.73 32:68
8 14 BFsOEt: 30 2,500 1.74 37:63

Table 18. Cationic ring-opening copolymerization of 19 with CM1, CM2, 13, and 14.2 2 Feed
ratio of 19 with CM1, CM2, 13, and 14, 1:1; solvent, CHCI3; monomer, 1M; initiator, 2 mol%;
temperature, 60 °C. ® Methanol insoluble portion. ¢ Estimated by GPC eluted with THF and
based on polystyrene standards. ¢ The values of m and n were estimated from *H NMR (CDCls).
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To further the work of the Endo lab, Ochiai et al. studied the cationic® and anionic®® ROP of a
seven-membered cyclic monothiocarbonate, 1,3-dioxepan-2-thione (22). The authors
successfully obtained polythiocarbonate by applying cationic catalysts such as TfOH, TfOMe,
BF3OEtz, and BF4OEts, Table 19. The cationic polymerization proceeded in a linear fashion
with respect to the feed ratio of initiator to monomer and the molecular weight distribution was

moderate (< 1.30). Upon analysis of the products the authors suggest an isomerization

®
[ F e
03—, — = > 8)
S 0 S path A
14 %o \\//
g o]
v
o o path B/S_j/Z:><
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Scheme 11. Proposed mechanism for the copolymerization of 14 and 19.

S 0
QK)L/O) cationic initiator (2 mol%) %S)J\O/\/\N?"

CH,Cl, (1 M), 24 h h
2
entry initiator T (°C) conv.P (%)  yield® (%) Mp? Muw/Mp?
1 TfOH 0 71 60 9,200 1.37
2 TfOH 30 >99 98 12,200 1.41
3 TfOMe 0 87 81 8,300 1.42
4 TfOMe 30 > 99 98 13,900 1.37
5 BF3OEt2 0 >99 88 43,700 1.24
6 BF3OEt: 30 >99 92 29,100 1.29

36



7 BF4OEts 0 >99 93 21,700 1.19

8 BF4OEts 30 > 99 98 17,100 1.37

Table 19. Catalyst screen for the cationic ROP of 22.2 2 Solvent, CH2Clz; [22], 1M; [initiator]/[22],
0.02; time, 24 h. ° Determined by *H NMR (CDCls). ° Isolated yield after precipitation with n-
hexane. ¢ Determined by GPC eluted with THF based on polystyrene standards.
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Scheme 12. Proposed isomerization mechanism for the cationic ROP of 22.

mechanism where the thiocarbonyl becomes a carbonyl species in the final product, Scheme
12. Ochiai et al. also applied anionic catalysts to the polymerization of 22, Table 20. When the
authors utilized lithium catalysts the polythiocarbonate products precipitated out of THF in a
timely manner, Table 20 runs 1-4. Upon analysis of the THF insoluble products produced from
the lithium catalyzed anionic ROP the authors found 22 proceeds via a mechanism absent of
isomerization and retains the thiocarbonyl functionality in the backbone of the polymer.
However, when t-BuOK, TEA, pyridine, and DBU (Table 20 runs 5-8) were applied to the anionic
ROP of 22 the authors noticed the products were soluble in THF. Through analysis, the
polymers obtained from t-BuOK, TEA, and pyridine all appear to proceed via an isomerization
pathway where the sulfur and oxygen switch places to yield a carbonyl species in the final
product. In contrast, the DBU catalyzed anionic ROP of 22 appears to proceed either via
isomerization of the thiocarbonyl to a carbonyl or through nucleophilic addition where the active
species is the thiocarbonate anion; the authors suggest further studies in order to solidify which
pathway is favored. The anionic ROP of 22 exhibits living characteristics; linear evolution of Mx
with respect to the feed ratio, [22]o/[t-BuOK]o.

The future of ROP of thiol containing cyclic carbonates proves promising and exciting. With

many possibilities, these monomers could prove extremely useful as copolymerization
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additives; increase tensile strength and optical properties. However, the work described in this

manuscript is comprehensive, which means that there is much room to grow and many new

discoveries to be made. When applied to S-containing carbonates, ROP proves to produce

robust polymers in moderate to excellent yields, moderate molecular weights, and can even

exhibit living characteristics. By adjusting the M/I feed ratio, polymers of exact molecular weight

are able to be synthesized.

entry initiator
1 n-BuLi
2 s-BuLi
3 t-BuLi
4 t-BuOLi
5 t-BuOK
6 TEA

7 pyridine
8 DBU

I

THF (1 M), 30°C, 24 h

U anionic initiator

22

conv.? (%)

>99

68

>99

yield® (%)

55¢
574
429
56¢
94¢
91¢
72¢

98¢

o} 0
AQSJ\/\AOWOJ\SQE
xly
unit ratio
Mp? Mw/Mp?
(dy)°
2,400 1.08 100:0
1,500 1.53 100:0
n.d.f 100:0
n.d.f 100:0
8,800 1.07 0:100
50,400 1.56 0:100
38,300 1.96 0:100
9,600 1.10 42:58

Table 20. The anionic ROP of 22.2 2 Solvent, THF; [22], 1 M; [initiator])/[22], 0.02 (runs 1-5) or
0.04 (runs 6-8); 30 °C; 24 h. ° Determined by *H NMR (CDCls). Determined from GPC eluted
with THF based on polystyrene standards. ¢ Isolated yield after Soxhlet extraction with THF. ¢
Isolated yield after precipitation with n-hexane. f Not determined. Dimer or trimer.
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ABSTRACT
Organocatalysts typically used for the ring-opening polymerization (ROP) of cyclic ester
monomers are applied to a thiolactone, e-thiocaprolactone (tCL). In the absence of an H-bond
donor, a nucleophilic polymerization mechanism is proposed. Despite the decreased ability of
thioesters and thiols (versus esters and alcohols) to H-bond, H-bonding organocatalysts a
thiourea in combination with an H-bond accepting base are also effective for the ROP of tCL.
The increased nucleophilicity of thiols (versus alcohols) is implicated in the increased Mw/Mn of
the poly(thiocaprolactone) versus poly(caprolactone), but deleterious transesterification is
suppressed in the presence of a thiourea. The thioester monomer, tCL, is shown to be

thermodynamically similar to e-caprolactam but kinetically similar to e-caprolactone.
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INTRODUCTION
Organic catalysts for polymerization have provided efficient methods for the synthesis of well-
defined, functionalized polymers.t? Cyclic esters and carbonates have been the most common
monomers for organocatalytic ring-opening polymerization (ROP) methods; acrylates have also
been employed.>® Expanding the scope of monomers available for organocatalytic ROP
increases the diversity of materials and their applications.”® The increased nucleophilicity of
thiols and altered electrophilicity of thioesters versus alcohols/esters make poly(thioester)s
potentially attractive synthons for materials and a challenge for controlled ROP chemistry. The
mild conditions of organocatalytic ROP provide a route to well defined poly(thioester)s.
Sporadic entries to the literature concerning the ROP of tCL have appeared since the initial
report in 1968.%1° Many reports feature late metal alkoxide (Sn, Cd, Mn, etc.) catalyzed ROP
of tCL from alcohol or thiol initiators in solvent or bulk,**? and a ring-expansion polymerization
technique has also been demonstrated.'® A recent report of the ROP of ¢ -thiocaprolactone,
tCL, used a lipase typically employed in esterification'#*® to yield poly(e-thionocaprolactone)
(PtCL) with higher Mw /Mn than poly(e-caprolactone) (PCL) generated under identical
conditions. This report demonstrates the extension of mild techniques for the ROP of esters to
thioesters. Herein, we disclose the “living” ROP of tCL using organocatalysts; the application

of thiourea H-bond donors is discussed and a polymerization mechanism is proposed.
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RESULTS AND DISCUSSION

Polymerization Thermodynamics. The first reports by Overberger and Weise in 1968°%°
suggested that strong base organocatalysts may be effective for the ROP of tCL; these reports
demonstrated that strong alkoxide and alkyl-lithium bases effect the ROP of tCL in the bulk.®
The reported polymerizations were uncontrolled, and access to molecular weight/dispersity
information was limited. The effectiveness of strong alkoxide bases for ROP of tCL suggested
that the strong base and potent transesterification agent, 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD),*® might also be effective for the ROP of tCL. Indeed, the introduction of TBD (5 mol%)
into a CDCls solution of tCL (1 M) and octadecylthiol (2 mol %) results in full conversion to
polymer in 30 s (Mn = 6000 g/mol; Mw /Mn = 1.7). If the reaction is not quenched, the Mw /Mn
rapidly broadens post polymerization, and timing the quench of this rapid reaction is difficult.

As opposed to cyclic lactones, only the 7-membered thiolactone, ¢-thiocaprolactone (tCL), is
thought to be thermodynamically favored to undergo ROP.® However, the magnitude of the
thermodynamic driving force has not been reported, but we were able to employ the rapid TBD-
catalyzed ROP of tCL to measure the thermodynamics of polymerization. The equilibrium
monomer concentration of a solution of tCL (1 M), octadecylthiol (2 mol %) and TBD (20 mol %)
in CDClz was measured versus temperature,'” and the resulting Van' t Hoff analysis yielded the
thermodynamics of ROP for tCL: AH% = - 2.43 + 0.69 kcal/mol; AS% =-0.35+ 0.22 cal/mol-
K; [M]eq = 0.018 at 293 K and Tc = 7,000 K. This data describes a polymerization reaction that
highly favors polymer and suggests that tCL is energetically more similar to caprolactam (no
ceiling temperature) than it is e-caprolactone (CL) or 6-valerolactone (VL) (Tc ~ 534 K and Tc ~

422 K, respectively).t’
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s 5 mol% BASE (0]
Noem ¢ 1 —— ~yrgfis),
16

chloroform 16 n

tCL

time % conv. Mn Mw/Mn
entry  catalyst [M]o/1]o

(min) (NMR) (GPC) (GPC)
1 DMAP 50 24 h 0 N/A N/A
2 MesTREN 50 24 h 0 N/A N/A
3 TBD 50 0.5 97 6,000 1.70
4 BEMP 50 24 h 0 N/A N/A
5 DBU 50 240 89 9,000 1.67
6 MTBD 50 80 88 10,000 1.63
7 MTBD 100 1,440 92 25,000 1.40
8 MTBD 200 1,440 89 32,000 151

Table 1. Catalyst Screen for the Ring-Opening Polymerization if tCL. Reaction conditions: 100
mg (0.77 mmol, 1M) tCL; 0.015 mmol octadecylthiol, 0.038 mmol base catalyst in CHCIlz (BEMP
reaction was attempted in both CDCIls and CeDs).

Organic Base Catalyzed ROP. A screen of base catalysts revealed that only strong,
nucleophilic bases are active for the ROP of tCL. The addition of 5 mol % (to monomer) base
catalyst to a CDCls solution of tCL (1 M) and octadecylthiol (2 mol %) resulted in ROP only for
amidine bases. MTBD (7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene; MTBD-H* pKMeCN =
25.4)*® and DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene; DBU-H* pKaMeCN = 24.3)18 resulted in full
consumption of monomer in a reasonable time scale, while tris[2-(dimethylamino)ethyl]-amine
(MesTREN), BEMP (2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine; BEMP—- H* pK:MeCN = 27.6)!° and DMAP (4-(dimethylamino)pyridine;
DMAP-H* pKa = 18.2)%° resulted in no observable conversion to polymer, Table 1.
Poly(thiocaprolactone) exhibits good solubility in chlorinated solvents but is minimally soluble in

THF.
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The high activity of DBU and MTBD for the ROP of tCL combined with the observation that the
considerably more basic but non-nucleophilic BEMP did not form polymer suggests a
nucleophilic ROP mechanism. As shown in Table 1, both amidine bases provided rapid but
controllable ROP and moderate Mw/Mn (DBU, Mw/Mn = 1.67; MTBD, Mw/Mn = 1.63). For the
MTBD and DBU catalyzed ROPs, the evolution of Mn versus conversion was linear (Figure 1),
Mw/Mn remained low but broadened with increased reaction time, and My is predictable from
[M]o/[1]o, Table 1 entries 6-8. Poly tCL becomes insoluble in chlorinated solvents at high degree
of polymerization (DP = 200). Kinetic analyses reveal first order consumption of monomer
versus time for the MTBD or DBU catalyzed ROPs (see Supporting Information Figures S1 and

S2). These data suggest that MTBD and DBU exhibit the characteristics of a “living”
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Figure 1. Evolution of percent conversion vs Mn (blue) and Mw/Mn (red) for the ROP of tCL (1M)
from octadecylthiol (0.02 M) in chloroform catalyzed by (upper) 0.05 M MTBD; and (lower) 0.05
M MTBD and 0.05 M 1. Conversion determined by NMR.
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polymerization while the relatively high Mw/Mn (vs polyesters) may be attributable to the
increased nucleophilicity of thiols versus alcohols. The surprising observation that the strongest
and bulkiest Brgnsted base examined (BEMP) is inoperative for ROP suggests that DBU and
MTBD are not acting as general bases but rather are effecting ROP via nucleophilic attack at

the thioester moiety, Scheme 1. Under basic conditions, thioesters are expected to

O o] X
2o éo 35

1 AP

Scheme 1. Nucleophilic Mechanism for the ROP of tCL with DBU.

be better electrophiles than esters,® which may account for the different reactivity vs
organocatalytic ROP of esters, but nucleophilic modes of action have previously been
suggested for these amidine bases.?

Effect of Thiourea upon Catalysis. The perturbation to ring geometry that occurs upon the
change from caprolactone to thiocaprolactone was expected to render thiourea H-bond donors

ineffective for the activation of tCL. An NMR titration study in CeDs was conducted to determine

CF3

,)\:L — - LA
H H
CSDS Q

Equation 1. Binding between tCL and 1.

the binding constant between 1 (in eq 1) and tCL, eq 1, Keq = 2.7 £ 0.5. The analogous binding
constant between CL and 1 was reported to be Keq = 42.16 DFT-predicted geometries for CL

and tCL (see Supporting Information Figure S3) support the NMR binding studies. The dipole
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of CL, which is activated by 1,6 is aligned with the carbonyl whereas that of tCL is off set, which
corroborates the observed minimal activation of tCL by 1. Despite the small binding constant
between tCL and 1, the H-bond donor exhibits a marked effect upon the ROP. The addition of
an equimolar amount of 1 (to base) in the DBU catalyzed ROP of tCL from octadecylthiol
decreases the reaction time (240 min versus 120 min) and lowers Mw/Mn (1.67 versus 1.47).
For the analogous MTBD catalyzed experiment, the addition of TU has no effect on the rate,
but the Mw/Mn is lower in the presence of 1 (1.83 versus 1.63). These results corroborate a
previous report from our laboratory which suggested that the selectivity of 1/base cocatalyzed
ROP is due, in part, to favorable interactions between base and 1.22 The increased rate of the
DBU experiment in the presence of 1 suggests that some monomer activation by TU may be
operative despite the low binding constant, eq 1. The evolution of Mn vs conversion plots for
the MTBD or DBU plus 1 catalyzed ROP of tCL are linear which suggests a “living” ROP, Figure
1 and Supporting Information Figure S4, respectively. The Mw/Mn versus conversion plots
demonstrate that transesterification at high conversion (especially past 50% conversion) leads
to broadened Mw/Mn, but this broadening is suppressed versus those ROPs in the absence of
TU (see Supporting Information Figures S1 and S2). When initiated from 1-pyrenebutanol (2
mol %), the ROP of tCL (1 M) catalyzed by MTBD/1 (5 mol % each) in CHCIs exhibits similar
ring-opening kinetics as when initiated from octadecylthiol, and the resulting polymer exhibits
overlapping Rl and UV GPC traces (Mn = 21 000 g/mol; Mw/Mn = 2.11), see Supporting

Information Figure S5. These observations suggest end group fidelity and “living” ROP

behavior.
CF3
5 mol%/@ S /O
O  FsC NXN
s H H o)
5 mol% BASE S
\(\/)1/6\3"' . ‘qu.@ \MTG\SM >5|8
1 mol% tCL chloroform
% conv. Mw/Mn
entry cocatalyst time (min) Mn (GPC)
(NMR) (GPC)
12 DMAP 1,440 0 N/A N/A
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22 MesTREN 1,440 0 N/A N/A

3 BEMP 960 100 10,000 1.45
4 DBU 120 88 9,000 1.47
5 MTBD 80 88 10,000 1.63

Table 2. Base Catalyzed ROP of tCL in the Presence of Thiourea 1. Reaction conditions: 100
mg (0.77 mmol, 1 M) of tCL, 0.015 mmol of octadecylthiol, 0.038 mmol of base, 0.038 mmol of
1in CHCIs. 2Reaction did not convert in 24 hours.

The mechanism of ROP (Table 2) is altered in the presence of 1. Though inactive when alone,
BEMP is observed to co-catalyze the formation of polymer when applied with 1 in the ROP of
tCL. Concentration dependent *H NMR spectra of BEMP and octadecylthiol implicate a chain-
end activating role for BEMP in a bifunctional BEMP/1 catalyzed ROP of tCL. In an equimolar
mixture of BEMP and octadecylthiol (10 mM each) in CsDs, the chemical shifts of all resonances
are negligibly altered in the presence vs absence of the other species, which suggests that
quantitative deprotonation of the thiol is not occurring despite the strong basicity of BEMP.
However, concentrating the mixture results in thiol proton exchange as evidenced by the
broadening of the thiol H and a-methylene resonances due to increased decoherence of this
coupling constant at high concentration. The J% coupling between those protons is eventually
lost at 100 mM in each species. The same phenomena are observed when MTBD or DBU are
used instead of BEMP, but this phenomenon is not observed in a solution of octadecylthiol
alone. Thiols are generally weaker H-bond donors than alcohols,?® and while BEMP cannot be
observed to H-bond to the thiol (no chemical shift), its presence is sufficient to cause rapid
chemical exchange. These observations are consistent with a chain-end activation mode of
action where BEMP is activating the thiol proton for nucleophilic attack, Scheme 2. This is in
contrast to traditional poly(ester) organocatalysis wherein the chain-end is activated through

strong H-bonding.
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Scheme 2. Proposed Bifunctional Mechanism for the ROP of tCL by BEMP/1 Cocatalysts.

Thiocaprolactone vs Lactone Monomers. The kinetic behavior of tCL is unusual vis-a-vis
ester monomers which demonstrate relative ring-opening kinetics: kia > kv » kci, where LA is
lactide. Typically, those monomers which are kinetically reluctant to open (CL) require strong
bases (higher pKa) in conjunction with an H-bond donor (1) to effect ROP.121¢ Kinetically facile
ROPs (like those with LA) will require only strong bases (MTBD, DBU, TBD, etc.), but these
ROPs are generally far more controlled upon the application of a weak base (e.g., MesTREN)
in conjunction with 1.242% In this broader context of ester monomers, tCL occupies an unusual
space in that it demonstrates ROP behavior that is both more and less reactive than VL. The
thiolactone is more reactive in that it opens upon the application of strong base (i.e., DBU,
MTBD) alone, which may be attributed to the increased nucleophilicity of thiols vs alcohols. It
is less reactive in that upon the application of strong base and 1, its rate of ROP is slower when
compared to the same reaction with VL.??> This observation could be due to the decreased

ability of 1 to activate thioesters vs esters or the reduced electrophilicity of the thioester moiety.
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CONCLUSION
The organocatalytic ROP of tCL exhibits the characteristics of a “living” polymerization. Typical
ester organocatalytic ROP results in extremely narrow Mw/Mn which is eroded in the case of the
ROP of tCL late in the reaction. This phenomenon may be attributable to the increased
nucleophilicity of thiols (versus alcohols). The extremely rapid rate of the TBD-catalyzed ROP
and the rate acceleration observed upon the addition of H-bond donor 1 to the base (DBU,
MTBD or BEMP) catalyzed ROP suggest that thioester activation of tCL may contribute to the
accelerated ROP of tCL. If this is the case, the binding between tCL and 1 would be among the
weakest observed to effect catalysis. The suppression of Mw/Mn broadening upon the addition
of TU may be attributable to the strong interaction of 1 and amine base catalysts, as previously
described.?? The decreased H-bonding ability of thiols (vs alcohols) and the altered
electrophilicity of thioesters (vs esters) dominates the ROP of poly(thiocaprolactone), but the
collective effects of extraordinarily weak bifunctional activation by 1 and strong base serve to
effect the ROP of tCL. We expect that the incorporation of this new polymer backbone into the

lexicon of organocatalytic ROP will facilitate the generation of new materials and applications.
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EXPERIMENTAL SECTION

General Considerations. All chemicals were purchased from Fisher Scientific except where
indicated: 6-Bromohexanoic acid (Chem-Impex International, Inc.), sodium hydrosulfide
monohydrate (Sigma-Aldrich), 1-octadecanethiol (Sigma-Aldrich). All chemicals were used as
received except where indicated. HPLC grade methylene chloride (DCM) and tetrahydrofuran
(THF) were dried on an Innovative Technology solvent system featuring alumina columns.
Chloroform and chloroform-d (Cambridge Isotopes) were distilled from calcium hydride (CaH2)
under vacuum (10 mTorr), stored over 4 A molecular sieves, and passed through a plug of
activated basic alumina just before use. Benzene-ds (Cambridge) was distilled from CaH2 under
nitrogen atmosphere and stored over 3 A sieves. 1-[3,5-Bis(trifluoromethyl)phenyl]-3-
cyclohexylthiourea (1) was prepared according to literature procedures.'® All reactions were
performed in a glovebox or by standard Schlenk techniques under N2 atmosphere and at room
temperature, unless stated otherwise. 'H and *3C NMR spectra were obtained utilizing a Bruker
Avance Il 300 instrument at 300 and 75 MHz, respectively. Gel permeation chromatography
(GPC) was performed in DCM utilizing an Agilent Technologies 1260 Infinity fitted with three 5
um Agilent analytical columns connected in series with increasing pore size (10°, 104, 103 A),
an Agilent Infinity 1260 refractive index detector, and an Agilent Infinity 1260 UV/vis detector
(250 and 300 nm), calibrated with polystyrene standards. DFT calculations were run with
Spartan 14 at the DFT B3LYP/6-31G* level of theory, gas phase.

Preparation of 6-Mercaptohexanoic Acid. A 1 L round-bottom flask was charged with 6-
bromohexanioc acid (10 g, 51.3 mmol), MeOH (500 mL), and a magnetic stir bar. After the 6-
bromohexanoic acid dissolved, sodium hydrosulfide monohydrate (11.4 g, 154 mmol) was
added, placed onto a hot/stir plate, and refluxed under a stream of N2z for 24 h. After 24 h, the
reaction was removed from the heat and cooled to room temperature under N2. The reaction
mixture was then acidified with H2SO4 (pH = 5). Next, DI water was added to mixture (~50 mL)
and extracted three times with DCM. Organics were dried with MgSOa, and all volatiles were
removed in vacuo to yield a colorless oil (6.67 g, 88% yield). Crude material was carried forward

without purification; characterization matched the literature.?® 'H NMR (CDClz): 6 = 2.57-2.49

54



(9, 2H; —CH2SH), 2.39-2.34 (t, 2H; -CH2COOQOH), 1.70-1.59 (m, 2H; —CH2CH2SH), 1.50-1.42
(m, 2H; CH2CH2COO0OH), 1.37-1.31 (m, 2H; ~CH2(CHz)2SH).

Preparation of -tCL. A dried 25 mL round-bottom flask was charged with 6-mercaptohexanoic
acid (7.00 g, 0.0472 mmol), phosphorus pentoxide (4.022 g, 0.0283 mmol), and a stir bar. The
flask was attached to a short path distillation head fitted with a receiving flask which had both
been baked overnight at 140 °C, and the apparatus was allowed to cool under N2 for
approximately 20 min. Once cooled, the apparatus was subjected to high active vacuum. After
5 min, the pressure had reached 10 mm Hg, and the distilling flask was heated to 200 °C. The
receiving flask was placed into an ice bath. After approximately 1 h, the distillation head was at
room temperature, and the temperature of the reaction flask was increased (210 °C) and left to
react until the distillation head was again at room temperature. This process was repeated once
more at 220 °C. The apparatus was removed from the heat and allowed to cool under N2 until
it reached room temperature. The yellow-orange oil was then purified via silica gel column
chromatography (90:10 hexanes:ethyl acetate) and further purified via Kugelrohr distillation (50
°C, 200 mTorr) which yielded a colorless, odorless oil (1.5 g). The characterization matched
the literature (see Supporting Information Figure S6 — S8).° 'H NMR (CDCls): 6 = 3.05-3.01 {(t,
2H; —-CH2SC(0)-), 2.88-2.84 (t, 2H; —CH2C(0O)S-), 2.16-2.09 (m, 2H; ~CH2CH2S-), 1.88-1.74
(m, 4H; —CH2)2CH2C(0)-). *CNMR (CDCls): 6 = 207.11 (s, 1C, -SC(O)CH:-), 45.87 (s, 1C,
-C(O)CH2) 31.76 (s, 1C, -SCH:-), 31.50 (s, 1C, -SCH:CH2-), 30.90 (s, 1C,
—C(O)CH2CH2CH2-), 23.42 (s, 1C, —C(O)CH2CH2-). GC-MS (electron ionization): m/z = 130.1
g molt; mass = 130.05 g mol.

Representative Polymerization of e-tCL with DBU and 1. &-tCL (100 mg, 0.768 mmol, [1M])
was dissolved in half of the total CHCIs (0.77 mL) used in the reaction and added to a solution
of 1-octadecanethiol (4.4 mg, 0.015 mmol), 1 (14.2 mg, 0.038 mmol), and DBU (5.9 mg, 0.038
mmol) made with the remaining CHCls. The reaction was left to stir for 180 min, quenched with
benzoic acid (3.0 mg), and solvent removed in vacuo to yield a white film. Conversion was
determined by NMR and polymer purified by precipitation from DCM with hexanes. 'H NMR

(CDCls): & = 3.53-3.49 (t, 2H; (CH2)16CH2S), 2.87-2.82 (t, ~66H; PB CH:S), 2.55-2.50 (t, ~58H:;

55



PB C(O)CH2), 1.71-1.52 (m, ~128H; PB CH2), 1.43-1.33 (m, ~61H; PB CH>), 0.89-0.85 (t, 3H;
CH3CHz). 13C NMR (CDClz): 6= 199.29 (s, 50C, C(O)CHz-), 43.86 (s, 50C, -C(O)CHz) 29.29
(s, 50C, —SCH2-), 28.53 (s, 50C, —SCH2CH2-), 28.11 (s, 50C, —C(O)CH2CH2CH2-), 25.12 (s,
50C, -C(O)CH2CH2-). GPC (UV-vis): Mn(Mw/Mn) = 8300 g mol™ (1.8). 80% yield.
Representative Polymerization of €-tCL with MTBD. ¢-tCL (100 mg, 0.768 mmol, [1M]) was
dissolved in half of the total CHCIs (0.77 mL) used in the reaction and added to a solution of 1-
octadecanethiol (4.4 mg, 0.015 mmol) and MTBD (5.9 mg, 0.039 mmol) made with the
remaining CHCls. Reaction was left to stir for 80 min, quenched with benzoic acid (3.0 mg), and
solvent removed in vacuo to yield a white film. Conversion was determined by NMR and purified
by precipitation from DCM with hexanes. *H NMR (CDCls): 6 = 3.53-3.49 (t, 2H; (CH2)16CH2S),
2.87-2.82 (t, ~66H; PB CH:S), 2.55-2.50 (t, ~58H; PB C(O)CHz), 1.71-1.52 (m, ~128H; PB
CHz), 1.43-1.33 (m, ~61H; PB CHz2), 0.89-0.85 (t, 3H; CHsCHz). GPC (UV-vis): Mn (Mw/Mn) =
8400 g mol™ (1.62). 85% yield.

Binding Study Procedure. The titration method and the linear forms of the binding equations
were used as previously described.?? Briefly, two stock solutions were made for this experiment:
solution A was 533.3 mM ¢-tCL (78.12 mg, 0.6 mmol) dissolved in CsDs (1.5 mL, 16.93 mmol).
Solution B was 20 mM 1 (7.4 mg, 0.20 mmol) dissolved in CeDs (1.0 mL, 11.29 mmol). Several
NMR samples were made from the above solutions using a calibrated volumetric pipet and dried
NMR tubes. The binding constant was determined by monitoring the chemical shift of the ortho-
aromatic protons of the thiourea and error was determined by linear regression at the 95%
confidence interval. Plot of the data using the Lineweaver—-Burke form of the binding equation
is given in the Supporting Information Figure S11.2-2°

Determining Thermodynamics of tCL ROP. In a variable temperature NMR probe, a sample
of 100 mg (0.77 mmol) of e-tCL was reacted with 0.015 mmol initiator and 0.19 mmol TBD and
the concentration of monomer was determined at multiple temperatures from 293 to 333 K. The
concentrations were recorded twice, once upon heating and once upon cooling; the values at
each temperature were within error of each other. These concentrations are the equilibrium

monomer concentration ([M]eq = 1/Keg)'” at each temperature. The thermodynamic values were
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extracted from a van’'t Hoff plot of the data, see Supporting Information Figure S12, and error

was determined by linear regression at the 95% confidence interval.
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SUPPORTING INFORMATION: Poly(thioester) by Organocatalytic Ring-Opening

Polymerization
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Figure S1. Mn (blue) and Mw/Mn (red) vs. % Conversion for the MTBD catalyzed ROP of ¢-tCL;
[M]o/[1]o = 100.
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Figure S2. Mn (blue) and Mw/Mn (orange) vs. % Conversion for the DBU catalyzed ROP of ¢-
tCL.
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Figure S3. Two views of a calculated equilibrium geometry (Spartan ’14, DFT B3LYP 6-31G*,
gas phase) with calculated dipole moment vector of (upper) CL and, (lower) &-tCL.
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Figure S4. Mn (blue) and Mw/Mn (orange) vs. % Conversion for the DBU/1 catalyzed ROP of ¢-
tCL.
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Figure S5. GPC Trace of MTBD/1 initiated by octadecylthiol; RI detector (above) and MTBD/1
initiated by 1-pyrenebutanol; Rl in grey and UV (300 nm) orange (below).
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Adl[base] = -KeqA0 + Keq &c

Where:

Ad is the difference between the chemical shift of the observed ortho-protons in the TU-Base
mixture and of pure TU;

& is the chemical shift of the ortho-protons of TU in the complex, TU-Base;

Keq is the binding constant between 1 and a Base.
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Figure S11. Equation?27-2° and plot used to determine the binding constant, Keq, between &-
tCLand 1.
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Figure S12. Van't Hoff plot for the TBD catalyzed ROP of ¢-tCL.
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Figure S13. First order evolution of [tCL] with time. Reaction conditions: 100 mg (0.77 mmol,
[1M]) tCL in CHCIs; 0.015 mmol octadecylthiol; 0.038 mmol MTBD.
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Figure S14. First order evolution of [tCL] with time. Reaction conditions: 100 mg (0.77 mmol,
[1M]) tCL in CHCIs; 0.015 mmol octadecylthiol; 0.038 mmol each MTBD and 1.

_ 25
—
®) 2
<15
= 1
=205 y=0.0061x - 0.1407
= ‘ ‘ R?=0.9925
0 100 200 300 400
Time (min)

Figure S15. First order evolution of [tCL] with time. Reaction conditions: 100 mg (0.77 mmol,
[1M]) tCL in CHCIz; 0.015 mmol 1-pyrenebutanol; 0.038 mmol each MTBD and 1.
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Figure S16. First order evolution of [tCL] with time. Reaction conditions: 100 mg (0.77 mmol,
[1M]) tCL in CHCIs; 0.015 mmol octadecylthiol; 0.038 mmol DBU.
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Figure S17. First order evolution of [tCL] with time. Reaction conditions: 100 mg (0.77 mmol,
[1M]) tCL in CHCIs; 0.015 mmol octadecylthiol; 0.038 mmol each DBU and 1.
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73



CHAPTER 3
Published in ACS Macro Letters, March 2017
Triclocarban: Commercial Antibacterial and Highly Effective H-Bond Donating Catalyst for

Ring-Opening Polymerization

Nayanthara U. Dharmaratne, Jinal U. Pothupitiya, Timothy J. Bannin, Oleg |. Kazakov, and

Matthew Kiesewetter.

Chemistry, University of Rhode Island, Kingston, Rl USA

Corresponding Author: Matthew Kiesewetter, Ph.D.
Chemistry
University of Rhode Island
325C, Beaupre Hall, 140 Flagg Rd.
Kingston, RI, 02881, USA
Phone: +1-401-874-2619

Email address: mkiesewetter@chm.uri.edu

74


mailto:mkiesewetter@chm.uri.edu

CHAPTER 3

ABSTRACT

The antibacterial compound, triclocarban (TCC), is shown to be a highly effective H-bond

donating catalyst for ring-opening polymerization (ROP) when applied with an H-bond accepting

base cocatalyst. These ROPs exhibit the characteristics of “living” polymerizations. TCC is

shown to possess the high activity characteristic of urea (vs thiourea) H-bond donors. The urea
class of H-bond donors is shown to remain highly active in H-bonding solvents, a trait that is not

displayed by the corresponding thiourea H-bond donors. Two H-bond donating ureas that are

electronically similar to TCC are evaluated for their efficacy in ROP, and a mechanism of action

is proposed. This “off -the-shelf” H-bond donor is among the most active and most controlled

organocatalysts for the ROP of lactones.
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RESULTS AND DISCUSSION
H-bond mediated ring-opening polymerization (ROP) has attracted interest due to the highly
controlled nature of these transformations."™ These mild, highly functional group tolerant
catalysts, especially the bimolecular systems consisting of a (thio)urea H-bond donor plus H-
bond accepting base, have facilitated the construction of precise polymer architectures,
multiblocks, and well-defined systems.®5® Targeted efforts by several groups toward rate-
accelerated, H-bond mediated ROP seek to address a critical shortcoming of the field: low
activity.®'2 For example, our group has recently disclosed the utility of urea H-bond donors for
rate accelerated ROP;*® thiourea H-bond donors have been used in organocatalytic ROP for
more than a decade, but are less active.® Another barrier to the wide implementation of this
chemistry is the paucity of commercially available H-bond donors. Most (thio)urea catalysts are
synthesized via a “click” reaction of an appropriate amine and iso(thio)cyanate.>415> While
simple, this stands in contrast to the wide array of readily available H-bond accepting base
cocatalysts and adds a synthetic step prior to conducting polymerization chemistry. Certainly,
the ready availability of chemical reagents and catalysts facilitates the wide implementation of
chemical transformations. In this context, the antibacterial compound, triclocarban (TCC, Figure
1), recently banned as a hand soap additive by the FDA, captured our attention.® It is an
electron-deficient biaryl urea, similar to the slate of urea and multiurea H-bond donating

catalysts that we recently showed to be highly
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Figure 1. Base and (thio)urea cocatalysts evaluated for ROP.

active for ROP.® While TCC has attracted considerable scientific interest as an antibacterial
compound, possible bioaccumulate, and possible environmental toxin, we believe that this

readily available compound has not previously been employed as a catalyst.'"~'°

O

0 OoH TCC and MTBD Q
+ (5 mol% each) ©/\OM/\O>H
g == - i n
i
VL, i=1 CeDe, r.t.
CL, i=2
1 equiv. (2M)

entry mon. [M]/[llo time (min)  conv.®(%) M (g/mol) Muw/Mn°

Table

1.
1° VL 100 81 90 18 900 1.06
2 100 22 91 19 900 1.05
3 50 14 90 8 500 1.08
4 200 46 90 35900 1.09
5 500 125 90 72 900 1.02
6 CL 100 132 90 21 200 1.06

MTBD and TCC Catalyzed ROP of VL and CL. Reaction conditions: VL or CL (1.0 mmol, 1
equiv, 2M), benzyl alcohol, CsDs. @) monomer conversion was monitored via *H NMR. b) Mn
and Mw/Mn were determined by GPC (CH2Cl2) vs polystyrene standards. ¢) DBU (5 mol%,
0.05 mmol) cocatalyst was employed (no MTBD).

The efficacy of TCC/amidine base combinations for the ROP of lactone monomers was
evaluated, Table 1. All reactions were conducted in C6D6 and conversion monitored by 1H
NMR. The guanidine base, MTBD, exhibited faster rates than the imine base, DBU, and it was
used for further experimentation. The ROP of d-valerolactone (VL) from benzyl alcohol is highly
controlled, exhibiting the characteristics of a living polymerization: linear evolution of Mn vs
conversion, first order consumption of monomer and Mn predictable from [M]O /[I]O, (see

Supporting Information Figures S1 and S2). This behavior is typical among organocatalysts for

ROP.1,3 Initiation of a VL (1.0 mmol) ROP catalyzed by TCC/MTBD (0.05 mmol each) from 1-
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pyrenebutanol (0.02 mmol) and subsequent addition of a second monomer portion (1.0 mmol)
exhibits overlapping UV and refractive index traces in the gel permeation chromatogram (GPC)
of the resulting polymer (see Supporting Information Figure S3), suggesting end group fidelity
and a chain end that is susceptible to chain-extension. The TCC/MTBD (5 mol %) cocatalysts
are also effective for the ROP of ¢-caprolactone (CL), producing a similarly well-behaved ROP.
The ROP rates exhibited by TCC/MTBD represent a significant advance over those exhibited
by 1-S/MTBD, yet the reactions remain highly controlled. By comparison, for [M]o/[IJo = 50 from
benzyl alcohol in CeDs, the 1-S/MTBD-catalyzed ROPs of VL and CL achieve full conversion in
110 min and 45 h, respectively (c.f. Table 1).1* Entry 2 (Table 1) was attempted on a 200 mg
scale, producing nearly identical polyvalerolactone (24 min, 90% conv, Mn = 18100, Mw/Mn =
1.04), which suggests that scale-up is feasible.

We have embarked on a research program aimed at mitigating the low activity of H-bond
mediated transformations without sacrificing the precise control typical of these catalysts. In
this vein, electron deficient aryl ureas have proved to be particularly efficacious; our lab
previously disclosed the rapid rates exhibited by mono-, bis-, and tris-urea H-bond donors for
the ROP of lactones.*® In general, urea H-bond donors are more active for ROP than their
corresponding thioureas. This trend extends to the urea anions which, besides being
remarkably active and controlled catalysts for ROP, are much more active than the
corresponding thiourea anions.'®'?2 The uncharged H-bond donor 3-O, in combination with
MTBD (0.017 mmol each), effects the ROP of VL (1.0 mmol) from benzyl alcohol (0.02 mmol)
in CeDs in 3 min.*®* While the analogous reaction with TCC/MTBD (0.05 mmol each) achieves
full conversion in a slower 14 min, the commercial availability of the TCC catalyst is expected
to be a boon to the wider application of this and similar systems. Additionally, the TCC/MTBD
cocatalysts exhibit high selectivity for monomer (vs polymer). When a fully converted PVL
reaction solution remains unquenched, the Mn and Mw/Mn are minimally altered over an hour:
20 min, Mn = 22300, Mw/Mn = 1.02; 60 min, Mn = 23900, Mw/Mn = 1.03 (c.f. Table 1, entry 2),

which may constitute an advantage versus other highly active systems for ROP.10:12-13
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Urea H-bond donors remain active in polar, H-bond accepting solvent. A long-standing
limitation of H-bond mediated catalysis is the often narrow window of nonpolar solvents in which
these catalysts are operable.?>2* We had previously observed that the urea H-bond donor 3-O
remains active in THF and hypothesized that TCC would exhibit similar behavior, and a solvent
screen was conducted for the TCC/MTBD catalyzed ROP of VL (see Supporting Information
Table S2). In DMF, the reaction time is extremely attenuated, and the reaction does not achieve
>83% conversion. In THF, the ROP remains highly active (90% conv in 30 min), but Mw/Mn
(=1.23) broadens. The result in acetone is surprising in that the reaction rate does not slow
versus CeDs, and the Mw/Mn remains narrow, Table 2. The ROP rates for all thiourea H-bond
donors drop considerably versus their rates in CeDs,*® Table 2. The TCC/MTBD catalyzed ROP
of VL in acetone-ds remains controlled and exhibits the characteristics of a “living”
polymerization (see Supporting Information Figures S6 and S7). The polymer samples resulting
from the initiation of a VL (1.0 mmol, 2 M) ROP from 1-pyrenebutanol (0.02 mmol) catalyzed by
TCC/MTBD (0.05 mmol each) and subsequent chain extension show overlapping UV and RI
traces in the GPC (see Supporting Information Figure S8), which suggests end-group fidelity

and that there is no initiation from the enol form of acetone-de.

o} 0

0, H
@ . ©A0H MTBD/TCC (5 mol %) @owot
2M

solvent

1 mol%
1 equiv.

entry solvent time (min) conv. (%) MnP Muw/Mn°
1 benzene-de 22 91 19,900 1.06
2 acetone-de 22 89 19,400 1.11
3 chloroform-d 273 89 19,100 1.08
4 THF 30 89 14,700 1.23
5 DMF 600 83 9,000 1.41

Table 2. Solvent Screen of TCC/MTBD cocatalyzed ROP of VL. a. Conversion determined
by 'H NMR. b. M, and Mw were obtained by GPC.
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When TCC and MesTREN cocatalysts (5 mol % each) are applied for the ROP of L-lactide (1.0
mmol) from benzyl alcohol (0.01 mmol) in acetone-ds, the ROP reaction exhibits “living” behavior
(see Supporting Information Figures S11 and S12). In contrast to the ROP of VL, CL, or
carbonate monomers, mild base cocatalysts are required for the ROP of lactide.?'"?* The
poly(lactide) was isolated and analyzed by selectively decoupled *H NMR, revealing the
polylactide (PLA) to be ~ 90% isotactic (see Supporting Information Figure S16), which
suggests minor epimerization. The MALDITOF analysis of the same PLA sample shows the
presence of = 72 m/z repeat units, indicating that postpolymerization transesterification is
occurring to a minor extent. This latter observation is in contrast to 2-S H-bond donating catalyst,
which effects the ROP of LA in the virtual absence of postpolymerization transesterifiation.?®

H-bond donating biaryl ureas were synthesized and applied in catalytic ROP to determine the
origin of the enhanced rates of TCC (vs 1-O). These catalysts, here dubbed monoclocarban
(mono-CC)?>2¢ and diclocarban (di-CC)?® in Figure 1, were applied to the ROP of VL in CeDs;
we believe these molecules have not previously been used as catalysts. The TCC/MTBD (5
mol % each) cocatalyzed ROP of VL (1.0 mmol, 2 M) from benzyl alcohol (0.01 mmol) in CeDs
reaches 91% conversion in 22 min (Table 1). The H-bond donors di-CC or mono-CC plus MTBD
(5 mol % each) exhibit similar activity to TCC, but di-CC is the most active of the three H-bond
donors (88% conversion in 15 min for di-CC and 37 min for mono-CC). The ROP of VL
catalyzed by di-CC/MTBD exhibits the characteristics of a ‘“living” polymerization (see
Supporting Information Figure S17). The similar rates exhibited by TCC and di-CC toward ROP
may suggest that the additional chlorine atom in TCC (vs di-CC) is not essential for catalysis or
that the additional electron withdrawing effects from the “extra” chlorine atom in TCC versus di-
CC are inhibitory to catalysis. The latter possibility recalls similar effects that have been
observed for extremely electron deficient thioureas,?”:?% and these observations suggest that the
augmented activity of the biaryl TCC (vs 1-O) can be approximated by functionalization at a
single aryl ring. Certainly, the increased efficacy of TCC (vs 1-O) for ROP calls into question
the primacy of the bis(trifluoromethyl)aryl group, at least for urea H-bond donors.?” While the

commercial availability of TCC may be a boon to the application of H-bond mediated
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transformations in polymer synthesis laboratories, we expect that the development of advanced
catalysts architectures will benefit from the more synthetically modular catalyst scaffold of di-
CC.

The enhanced efficacy of TCC and all urea H-bond donors in CsDs could be attributed to the
stronger binding of ureas vs thioureas to monomer.?° The limited solubility of TCC and n-O in
nonpolar solvent in the absence of base cocatalyst limits the extent to which we can
quantitatively probe this hypothesis by measuring binding constants to monomer. For example,
TCC is insoluble in benzene in the absence of H-bond acceptor, and binding constants for this
compound could not be measured. However, the binding constants of 1-O and 1-S to CL were
independently measured in CsDes and are consistent with the long-held hypothesis: for 1-O, Keq
=41 + 1 (300 K) and for 1-S, Keg = 28 + 1 (300 K).?* However, a binding constant rationale
cannot be used to explain the ROP activity observed in acetone. As expected, when the 1-
O/monomer binding study is repeated in acetone-ds, there is no observed change in chemical
shift of 1-O up to ~ 1000 equiv of monomer, which suggests very weak (Keq ~ 1) or no binding
in acetone-de. While we have previously observed 1-S to exhibit a marked effect on a ROP
reaction in the near absence of binding to monomer,2°3° these questions collectively reinforce
a recently proposed mechanism.*?

While this study was ongoing, “hyperactive” urea anions for ROP, generated by the action of
alkoxides upon aryl and alkyl ureas, were disclosed; these systems are incredibly active yet
controlled, exhibiting rates that rival traditional metal-based systems.'’? The proposed
mechanism of action whereby an active urea anion catalyst is generated by the deprotonation
of a urea by alkoxide is distinct from traditional H-bond mediated ROP by neutral catalysts, and
we sought to investigate the feasibility of this mechanism for TCC/imine bases. As opposed to
the quantitative deprotonation of TCC by potassium methoxide, one could envisage an
equilibrium established between urea plus base and the corresponding salt, eq 1. *H NMR

spectra in acetone-ds of TCC and TCC
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cl Base-H® O
cl cl
o Cl O@ Cl
I +BASE ~—> A
N” N N” N
H H H
TCC TCC imidate

Equation 1. TCC-imidate equilibrium.

plus MTBD or DBU (5 mM each species) show an upfield shift of the TCC resonances upon
treatment with base that would be associated with the formation of an anionic character at the
urea (see Supporting Information Figure S20). Repeating this experiment with highly basic
BEMP (Figure 1, BEMP-H* pKaMeCN = 27.6)3! establishes a pattern of increased upfield shift with
increasing pKa (MTBD-H* pKaVetN = 25.4; DBU-H* pKMeCN = 24.3).32 Repeating the
TCC/BEMP H NMR experiment with a deficient amount of BEMP (2.5 mM) shows only one set
of resonances for TCC, suggesting that the equilibrium in eq 1 is dynamic on the *H NMR time
scale.

The 'H NMR experiments suggest that TCC/BEMP would be the most imidate-like species (i.e.,
eq 1 further to the right) and presumably the most active TCC/organic base catalyst pair yet
examined herein. Indeed, the BEMP/TCC (0.05 mmol) catalyzed ROP of VL (1 M, 1 mmol)
from benzyl alcohol (0.01 mmol) in benzene achieves full conversion in 3 min (Table 3). Higher
reaction concentrations can be employed, but the reaction becomes difficult to monitor, fully

converting within seconds at 2 M VL. The same ROP of VL fails to reach

o
(o) OH (thio)urea Q
+ and MTBD oej\/\/\o)H
~ 50
VL

=S

2 mol% acetone-dg, r.t.
1 equiv. (2M)
entry TU or U (mol%) time (min) conv.? (%) M:P (g/mol)  M./M,°
1 TCC (5%) 13 89 10 000 1.09
2 1-S (5%) 1200 89 9500 1.21
3 1-0 (5%) 60 91 11 900 1.08
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4 2-5 (2.5%) 1020 90 11 400 1.28

5 2-0 (2.5%) 20 90 10 800 1.15
6 3-5 (1.7%) 7440 89 12 100 1.16
7 3-0 (1.7%) 20 89 10 300 1.13

Table 3. Urea or Thiourea Plus MTBD Cocatalyzed ROP of VL in Acetone. Reaction
conditions: VL (1.0 mmol, 1 equiv, 2M), benzyl alcohol (2 mol%), and MTBD (same mol% as
U/TU), acetone-ds. a) monomer conversion was monitored via *H NMR. b) M» and Mw/Mn» were
determined by GPC (CH2Cl2) vs polystyrene standards.

full conversion in THF or acetone-d6 within 30 min. In CsDe, the ROP is highly controlled and
exhibits the characteristics of a “living” polymerization (see supporting Information Figure S9),
and the [M]o/[l]o series (Table 3) is notable for the high predictability of Mn even when considered
against other organocatalytic systems. Further, Mw/Mn broadens slowly postpolymerization
(Table 3, entry 2: 3 min, Mn = 22400, Mw/Mn = 1.04; 6 min, Mn = 24100, Mw/Mn = 1.07; 15 min,
Mn = 24700, Mw/Mn = 1.15; 90% conv. for all aliquots). TCC/BEMP is ineffective for the ROP of
B-butyrolactone, consistent with other urea and thiourea H-bond donors.132°

We propose that the TCC/base cocatalyzed ROP of ester monomers proceeds through a mixed
mechanism where the identity of the dominate catalyst largely depends on the pKa of the
cocatalysts. The *H NMR spectrum of TCC plus MesTREN shows very slight downfield shift of
the TCC resonances and broadening of the N-H resonances which could be attributed to H-
bonding; there is no evidence to suggest the formation of imidate character at the urea for this
cocatalyst pair (c.f. TCC/BEMP, see Supporting Information Figure S20). Accordingly, we
propose that TCC/base cocatalyzed ROP is capable of effecting ROP through a classic dual H-
bond mechanism mediated by neutral catalysts or an imidate mediated mechanism, the primary
determination of which mode is dominate rests with the pKa of the base. In the case of TCC
plus MesTREN, we proposed a primarily neutral catalyst mechanism versus BEMP, which may
proceed primarily through an imidate mechanism, Scheme 1. Certainly, the rate of the

TCC/BEMP ROP recalls that of the alkoxide-generated urea anions.*? This mechanistic
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Scheme 1. Proposed mechanism for TCC/base cocatalyzed ROP.

proposal is an extension of the recent work with “hyperactive” urea anion catalysts for ROP,
taking into account weakly basic cocatalysts.!?> For the present system, it is unclear if the
conjugate acid of the base serves as a H-bond donor or primarily serves to deprotonate the
urea. The complicated and sensitive interplay of cocatalyst/reagent interactions requires more
study to be thoroughly understood.

The antibacterial TCC has been shown to be a highly effective cocatalyst for ring-opening
polymerization. The commercially available H-bond donor, when applied with an H-bond
accepting base cocatalyst, is among the most active organic catalysts for the ROP of esters,
yet it exhibits the characteristics of a “living” polymerization, producing well defined polymers.
The activity of this catalyst can be approximated by other mono- and dichloro biaryl urea H-
bond donor(s), which adds synthetic flexibility for the generation of future H-bond donating
ureas. We suspect that the ROP of lactone monomers is just one application that can offer new

roles to old reagents, in this case, the antibacterial compound now banned in hand soap, TCC.
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EXPERIMENTAL SECTION
General Considerations. All chemicals were purchased from Fisher Scientific and used as
received unless stated otherwise. Triclocarban (TCC), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-
5-ene (MTBD) and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) were purchased from TCI. Tris[2-
(dimethylamino)ethyllamine (MesTREN) and 2-tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine (BEMP) were purchased from Alfa Aesar. Benzyl
alcohol and 1,2-dichlorobenzene were distilled under high vacuum from calcium hydride. THF
was dried on an Innovative Technology solvent purification system. DMF was dried over 4 A
molecular sieves for 48 h prior to use. 1-pyrenebutanol was purchased from Sigma Aldrich. 6-
valerolactone (VL), e-caprolactone (CL) and B-butyrolactone (BL) were distilled from calcium
hydride under high vacuum. L-Lactide (L-LA) was purchased from Acros Organics and
recrystallized from dry toluene. Benzene-ds and chloroform-d were purchased from Cambridge
Isotope Laboratories and distilled from calcium hydride. Acetone-de was purchased from
Cambridge Isotope Laboratories and stored over 4 A molecular sieves for 48 h prior to use.
Experiments were conducted using pre-dried glassware in an MBRAUN or INERT stainless
steel glovebox or using a Schlenk line under nitrogen atmosphere. NMR experiments were
conducted on a Bruker Avance Ill 300 MHz or 400 MHz spectrometer or a Varian 500 MHz
spectrometer. Gel Permeation Chromatography (GPC) was performed at 40 °C using HPLC
grade dichloromethane eluent on an Agilent Infinity GPC system equipped with three Agilent
PLGel columns 7.5 mm x 300 mm (5 um, pore sizes: 103, 104 50 A). M, and Mw/Mn were
determined versus polystyrene standards (500 g/mol-3150 kg/mol, Polymer Laboratories).
Mass spectrometry was performed using a Thermo Scientific (San Jose, CA, USA) LTQ Orbitrap
XL mass spectrometer affixed with either an atmospheric-pressure chemical ionization (APCI)
or electrospray ionization (ESI) interface, positive ions were produced and introduced into the
S2 instrument. Tune conditions for infusion experiments (5 uL/min flow, sample concentration
5 pg/mL in 50/50 v/v water/methanol) were as follows: ionspray voltage, 5 kV; capillary
temperature, 275 °C; sheath gas (N2, arbitrary units), 8; auxiliary gas (N2, arbitrary units), 2;

capillary voltage, 35 V; and tube lens, 90 V. Prior to analysis, the instrument was calibrated for
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positive ions using Pierce LTQ ESI positive ion calibration solution (lot #PC197784). lon trap
experiments used N2 as a collision gas with normalized collision energies (NCE) between 10-
25 eV for multistage fragmentation. High-energy collision (HCD) experiments were performed
with He as the collision gas with a NCE of 25 eV.

Example ring-opening polymerization of VL. To a 7 mL vial, TCC (15.7 mg, 0.05 mmol), VL
(100 mg, 1.0 mmol) and benzene-ds (250 pL) were added. The contents were stirred until the
solution became homogenous. To a second 7 ml vial, benzyl alcohol (4.3 mg, 0.04 mmol),
MTBD (7.6 mg, 0.05 mmol) and benzene-ds (250 uL) were added. The contents in the second
vial were transferred to the first vial via Pasteur pipette, and the contents were agitated to mix.
The reaction solution was then transferred to an NMR tube, and the progress of the reaction
monitored by *H NMR. The reaction was quenched by the addition of benzoic acid (6.1 mg,
0.05 mmol). Polymer isolated by precipitation with hexanes contains residual TCC that can be
removed by repeated precipitation or washing with methanol. PVL was removed of volatiles
under high vacuum prior to characterization. Yield 89%, Mn (GPC)= 5,400, Mw/Mn = 1.09, Mn
(NMR) = 2,700.

Example post-polymerization transesterification. To a7 mL vial, TCC (15.7 mg, 0.05 mmaol),
VL (100 mg, 1.0 mmol) and benzene-ds (250 pL) were added. The contents were stirred until
the solution became homogenous. To a second 7 ml vial, benzyl alcohol (1.1 mg, 0.01 mmol),
MTBD (7.6 mg, 0.05 mmol) and benzene-ds (250 uL) were added. The contents in the second
vial were transferred to the first vial via Pasteur pipette, and the contents were agitated to mix.
Three 50 pL aliquots from the reaction were quenched at 20 min, 45 min and 60 min using
benzoic acid (6.2 mg, 0.05 mmol). Polymer in each aliquot was then isolated by precipitation
with hexanes. PVL was removed of volatiles under high vacuum prior to characterization by
GPC: Mn = 22,300, 23,900, 23,900, Mw/Mn = 1.02, 1.03, 1.03 respectively.

Example chain extension experiment. To a 7 mL vial, TCC (15.7 mg, 0.05 mmol), VL (100
mg, 1.0 mmol) and benzene-ds (250 pL) were added. The contents were agitated until the
solution became homogenous. To a second 7 ml vial, 1-pyrenebutanol (5.5 mg, 0.02 mmol),

MTBD (7.6 mg, 0.05 mmol) and benzene-ds (250 pL) were added. The contents of the second
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vial were transferred to the first vial via Pasteur pipette, and the contents were agitated to mixed.
After 13 min, a 100 uL aliquot from the reaction was quenched using benzoic acid (6.2 mg, 0.05
mmol), and VL (100 mg, 1.0 mmol) was added to the reaction vial. A second 100 uL aliquot
from the reaction vial was quenched in 27 min using benzoic acid (6.2 mg, 0.05 mmol).
Conversion of VL in the two aliquots were then determined by *H NMR, followed by the isolation
of PVL and characterization by GPC.

Example ring-opening polymerization of L-Lactide. A first 7 mL vial was charged with TCC
(15.8 mg, 0.05 mmol), MesTREN (13.4 pL, 0.05 mmol) and benzyl alcohol (1.0 pL, 0.01 mmol).
A second 7 mL vial was charged with L-LA (144.1 mg, 1 mmol) and acetone-ds (1000 pL). The
contents of the second vial were added to the first vial, and the resulting mixture was vigorously
shaken until homogenous. The reaction mixture was transferred to an NMR tube via pipette,
and the reaction progress was monitored by *H NMR. The reaction was quenched with benzoic
acid (0.1 mmol). The reaction mixture was removed of volatiles under reduced pressure,
dissolved in minimal dichloromethane, and the polylactide (PLA) was precipitated with the
addition of hexanes. The supernatant was decanted, and the precipitate was subjected to high
vacuum to remove volatiles.

Example binding experiment. For the titration of 1-O with CL, stock solutions of 1-O and CL
were prepared in benzene-ds. Into several NMR tubes, varying amounts of each solution were
added to each tube along with neat benzene-ds such that the final volume of each sample was
0.4 mL. The final concentrations were [1-O] = 0.005M and 0.25M < [CL] < 2.25 M. H-NMR
spectra (referenced to residual benzene-H) were acquired for each tube at 300 K and the
chemical shift of the ortho-protons of 1-O was noted. Binding constants were determined by
the curve fitting method,33 and these values match those determined from the Lineweaver-
Burke method.®¢3” Binding curves are shown below (see Supporting Information Figures S.
Example synthesis of 1-(4-chlorophenyl)-3-phenylurea (mono-CC). A dried Schlenk flask
was charged with 4-chlorophenylisocyanate (598.2 mg, 3.90 mmol) and ~10 mL dried DCM.
Next, aniline (0.36 mL, 3.95 mmol) was added via syringe. Immediately upon addition of aniline,

a white precipitate formed. The reaction mixture was filtered and rinsed 3 times with cold DCM
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to provide a pure white powder (846.1 mg, 3.43 mmol, 88.1 % yield). Characterization matches
literature;* NMR spectra below; *C NMR (CD3OD, 100 MHz): § = 155.2, 140.3, 139.5, 129.5,
129.4, 128.5, 124.0, 121.6, 120.5.

Example synthesis of 1-(3,4-dichlorophenyl)-3-phenylurea (di-CC). A dried Schlenk flask
was charged with 3,4-dichlorophenylisocyanate (731.8 mg, 3.89 mmol) and ~10 mL dried DCM.
Next, aniline (0.36 mL, 3.95 mmol) was added via syringe. Immediately upon addition of aniline
a white precipitate formed. The reaction mixture was filtered and rinsed 3 times with cold DCM
to provide a pure white powder (1.01 g, 3.59 mmol, 92.7 % yield). Characterization matches
literature;*® NMR spectra below; 3C NMR (CDsOD, 100 MHz): & = 154.87, 140.81, 140.16,

133.32, 131.48, 129.89, 126.14, 124.12, 121.39, 120.53, 119.60.
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SUPPORTING INFORMATION: Triclocarban: Commercial Antibacterial and Highly

Effective H-Bond Donating Catalyst for Ring-Opening Polymerization
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Figure 2. First order evolution of VL vs time for the TCC/MTBD catalyzed ring-opening
polymerization of VL. Conditions: VL (2 M, 1 mmol), benzyl alcohol (1mol%, 0.01 mmol), TCC
(5mol%, 0.05 mmol), MTBD (5 mol%, 0.05 mmol) in benzene-de.
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Figure 3. Mn (blue) and Mw/Mn (orange) vs conversion for the TCC/MTBD catalyzed ring-
opening polymerization of VL. Conditions: VL (2 M, 1 mmol), benzyl alcohol (1mol%, 0.01
mmol), TCC (5mol%, 0.05 mmol), MTBD (5 mol%, 0.05 mmol) in benzene-ds.
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Figure 4. GPC traces of the polymers resulting from the chain extension experiment of VL.
Conditions: VL (2 M, 1mmol), 1-pyrenebutanol (2mol%, 0.02mmol), TCC (5mol%, 0.05 mmol),
MTBD (5 mol%, 0.05 mmol) in benzene-ds, and subsequent chain extension by the addition of
VL (Immol).
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Figure 5. Approach to equilibrium evolution of [VL] vs time for the TCC/MTBD catalyzed ring-
opening polymerization of VL. Conditions: VL (2.1 M, 2mmol, 1 equiv.), benzyl alcohol
(Amol%, 0.02 mmol), TCC (5mol%, 0.1 mmol), MTBD (5 mol%, 0.1 mmol) in acetone-ds.
[VL]eg = 0.22 M.
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Figure 6. Mn (blue) and Mw/Mn (orange) vs conversion for the TCC/MTBD catalyzed ring-
opening polymerization of VL. Conditions: VL (2.1 M, 2 mmol, 1 equiv.), benzyl alcohol (1
mol. %, 0.02 mmol), TCC (5 mol. %, 0.1 mmol), MTBD (5 mol. %, 0.1 mmol) in acetone-de.
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Figure 7. GPC traces of the polymers resulting from the chain extension of PVL in acetone.
Conditions: VL (2 M, 1 mmol), 1-pyrenebutanol (2 mol%, 0.02mmol), TCC (5 mol%, 0.05
mmol), MTBD (5 mol%, 0.05 mmol) in acetone-ds, and subsequent chain extension by the

addition of VL (1 mmol).
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Figure 8. First order evolution of [L-LA] vs time for the TCC/MesTREN catalyzed ring-opening
polymerization. Conditions: L-LA (1 M, 1 mmol), benzyl alcohol (1 mol %, 0.01 mmol), TCC (5
mol %, 0.05 mmol), MesTREN (5 mol %, 0.05 mmol) in acetone-de.
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Figure 9. Mn (blue) and Mw/Mn (orange) vs conversion for the TCC/Me6TREN catalyzed ring-
opening polymerization of L -LA. Conditions: L-LA (1 M, 1 mmol), benzyl alcohol (1 mol. %, 0.01

mmol), TCC (5 mol. %, 0.05 mmol), MesTREN (5 mol. %, 0.05 mmol) in acetone-ds.
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Figure 10. Methine region of the methyl-decoupled *H NMR spectrum of PLLA obtained via
TCC/MesTREN cocatalyzed ROP of L-LA (500 MHz, 25 °C).
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Figure 11. (upper) First order evolution of [VL] vs time for the di-CC/MTBD catalyzed ROP of
VL. (lower) The ROP displays a linear evolution of Mn (blue) vs conversion and narrow Mw/Mn
(orange). Conditions:. VL (2 M, 1.0 mmol), benzyl alcohol (2.0 mol%, 0.02mmol), di-CC (5.0
mol%, 0.05 mmol), MTBD (5 mol%, 0.05 mmol) in benzene-ds.
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Figure 12. Downfield portion of the 'H NMR spectra of TCC plus base ([TCC] = [base] = 5

mM) in acetone-de.
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| =
VL, i=1 CeDeg, 1t
CL, i=2

1 equiv. (1M)

(o) oH TCC and BEMP o
+ (5 mol% each) ©/\OWO>H
f - i n

entry mon. [Mlo/[llo time (min) conv.2 (%) Mn® (g/mol) Muw/Mn?

1 VL 50 1 87 11 900 1.04
2 100 3 90 22 400 1.04
3 200 6 90 47 900 1.06
4 500 10 90 108800  1.05
5¢ CL 100 6 90 16 500 1.04

Triclocarban Plus BEMP Cocatalyzed ROP of VL and CL. Reaction conditions: VL or CL (1.0
mmol, 1 equiv, 1M), benzyl alcohol, CéDs. @) monomer conversion was monitored via 'H
NMR. b) Mn and Mw/Mn were determined by GPC (CH2Cl2) vs polystyrene standards. d) CL
(2.0 mmol, 1 equiv, 2M).
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Figure 13. Mn (blue) and Mw/Mn (orange) vs conversion for the TCC/BEMP catalyzed ring-
opening polymerization of VL. Conditions: VL (1 M, 1 mmol), benzyl alcohol (1 mol%, 0.01

mmol), TCC (5 mol%, 0.05 mmol), BEMP (5 mol%, 0.05 mmol) in benzene-ds.
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Figure 14. Titration binding curve for the CL/1-O binding in benzene-ds. Chemical shift of the
o-phenyl protons vs [CL]; solid line is the fit from the binding equation.
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Figure 15. Titration binding curve for the CL/1-S binding in benzene-ds. Chemical shift of the
o-phenyl protons vs [CL]; solid line is the fit from the binding equation.
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Figure 16. 'H NMR (CD30D, 400 MHz) spectrum of mono-CC.
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Figure 17. ¥C NMR (CD3z0D, 100 MHz) spectrum of mono-CC.
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Figure 18. *H NMR (CDs0D, 400 MHz) spectrum of di-CC.

106

1L

Foot

Fuer

Feve

< E660

0.5

1.0

1.5

2.0

25

3.0

35

4.0

45

5.0

5.5

6.0

6.5

ppm



N

,. All .lnb

Figure 19. ¥C NMR (CD30D, 100 MHz) spectrum of di-CC.
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(0]
(0]
(o) OH urea
ij ' ©/\ and MTBD ©/\0€WO>H
n
VL

CeDs, r't.
1 equiv. (2M)

entry urea [M]o/[llo  time (min) conv. (%) MpP Mw/M;?
1 TCC 50 14 90 8500 1.08
2 100 22 91 19900 1.05
3 200 46 90 35900 1.0
4 500 125 90 72900 1.02
5 di-CC 50 15 88 6000 1.04
6 100 20 89 12000 1.04
7 200 78 94 25000 1.03
8 500 180 89 64000 1.06

Table 5. Chain Length Variation for the TCC or di-CC plus MTBD cocatalyzed ROP of VL. a.
Conversion determined by *H NMR. b. M, and My were obtained by GPC.
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entry

TCC

(0]
+
VL

1 equiv.
(1 mmol, 2M)
[M]o/[1]o time (min)
50 13
100 20
200 32
500 45

and MTBD ©/\

acetone-dg, r.t.

conv. (%)?
88
88
89

89

MnP

7400

14100

22600

44700

oej\/\/\c,} H

n

Mw/MnP

111

1.10

1.09

1.08

Table 6. Chain Length Variation for the TCC/MTBD cocatalyzed ROP of VL in acetone-ds. a.
Conversion determined by *H NMR. b. M, and Mw were obtained by GPC.
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Figure 20. First order evolution of CL vs time for the TCC/MTBD catalyzed ring-opening
polymerization of CL. Conditions: CL (2 M, 1 mmol), benzyl alcohol (1mol%, 0.01mmol), TCC
(5mol%, 0.04 mmol), MTBD (5 mol%, 0.04 mmol) in benzene-de.
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Figure 21. Mn (blue) and Mw/Mn (orange) catalyzed ring-opening polymerization of CL.

Conditions: CL (2 M, Immaol), benzyl alcohol (1mol%, 0.01 mmol), TCC (5mol%, 0.04 mmol),
MTBD (5 mol%, 0.04 mmol) in benzene-ds.
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Figure 22. GPC traces of the polymers resulting from the chain extension experiment of VL.
Conditions: VL (1 M, 1 mmol), 1-pyrenebutanol (2 mol%, 0.02mmol), TCC (5 mol%, 0.05

mmol), BEMP (5 mol%, 0.05 mmol) in benzene-ds, and subsequent chain extension by the
addition of VL (1 mmol).
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Figure 23. MALDI-TOF of the PLLA resulting from TCC/MesTREN cocatalyzed ROP of L-
lactide. The major pattern (blue line) is due to whole repeat units m/z = (Na* + benzyl alcohol
+ n*LA) while the minor pattern (red line) is due to half repeat units generated by post-
polymerization transesterification m/z = (Na* + benzyl alcohol + (n+1/2)*LA). All m/z bear a
benzyl alcohol initiator.
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Bis-thiourea mediated organocatalyzed ROP of a cyclic lactone
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ABSTRACT
Highly efficient, selective, and expeditious rates are qualities desired when developing
organocatalysts that effect the ring-opening polymerization of cyclic esters. The polymerization
of &-valerolactone is conducted employing several new bis-thiourea co-catalysts. These
thiourea co-catalysts employ two active binding sites; successfully increasing the rate of
polymerization. The MTBD/5CTU, MTBD/DBU, and MTBD/BEMP organocatalytic systems
were tested and several kinetic observations were made. Calculating the kie of the DBU/5CTU
system led yielded a mechanistic insight. Several interesting trends were observed when
comparing the initial rates of polymerization. The bis-thiourea/base system remains a

controlled, quick, and selective way to polymerize cyclic esters and carbonates.
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H-bonding catalysts for ring-opening polymerizations (ROP) provide efficient and highly
controllable (i.e. molecular weight and polydispersity) pathways to a myriad of polyesters and
polycarbonates.*® The ability to control and tailor these systems by exploiting a “living” pathway
is tenaciously sought after. The H-bond mediated ROP of esters is traditionally thought to
proceed via a “living” pathway where the monomer, typically a H-bond donor (thiourea or urea),
is activated simultaneously with the alcohol chain end, usually a H-bond accepting base.”®
Traditionally, metal catalyzed polymerizations (e.g. olefin metathesis) exhibit better control and
rates of reaction than organocatalyzed ROP. Expanding the scope of organocatalytic systems
available for application is a major focus of research. Compared to metal catalysts,
organocatalysts appear to fall under one of two categories, highly selective or highly active.
Our lab has recently disclosed organocatalyzed ROP conditions that can rival the rate and
control of metal catalyzed ROP conditions.®*~*1 However, stereoselectivity is still a beast
polymer chemists have yet to completely tame when conducting the organocatalyzed H-bond
mediated ROP. The development of H-bonding catalyst systems to affect the organocatalyzed
ROP of cyclic lactones and carbonates has been a cornerstone of research in our lab. The
following is a comparison of several thiourea based catalysts developed to increase both the
“livingness” and rate of reaction.

After employing traditional ROP organocatalysts towards the polymerization of several
monomers, our lab sought to expand the library of ROP H-bond catalytic systems. These co-
catalysts were fashioned after the thiourea/base mediated co-catalytic systems originally
developed at IBM Almaden and Stanford university by Hedrick and Waymouth, respectively,
Figure 1.2 These catalytic systems employ H-bond activation of the monomer and initiator to
affect the ROP of certain cyclic monomers. The typical scope of monomers employed includes
cyclic carbonates, lactones, and lactams. IBM employed both a single catalyst that mutually
houses the H-bond donating and accepting moieties and a system that splits the active sites
into two molecules. Our lab has focused on the activity of the catalytic systems when

independent of each other.
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N, N-dimethylcyclohexanamine
1-(3,5- bls(trlfluoromethyl)phenyl) 3. 1-(3.5-bis( trlﬂuoromethyl)phenyl) yiey

((1R,2R)-2-(dimethylamino) 3-cyclohexylthiourea
cyclohexyl)thiourea

Figure 1. Catalytic systems employed by Hedrick and Waymouth.

Specifically, we have employed bis-thioureas where the carbon chain linker varies in length,
Figure 2 (nCTU). We believe this will not only increase the rate of polymerization but also affect
the selectivity (i.e. proclivity towards monomer compared to polymer) and increase the scope of
monomers that are capable of being polymerized by these systems.

Our first bis-thiourea co-catalyst, 1,1'-(propane-1,3-diyl)bis(3-(3,5-

bis(trifluoromethyl)phenyl)thiourea) (3CTU, Figure 2) was synthesized via an adopted method

o
o o
o o)
o
p-BL VL &CL
CF4 CFy CFs
o0 JoB I
FsC N"ON FsC N ONECINT N CF
8 H 8 H H nH H ¢
X=$, CyTU X=$8,nCTU
X =0, CyU X =0, nCU
n =2-6,

Figure 2. Structures and identifying abbreviations for compounds mentioned.

published by Bertucci et al and screened with several monomers, Table 1. Previously in our
lab, we have shown when compared to the base/CyTU system, the base/3CTU system
exhibited an accelerated rate of polymerization when applied to the organocatalyzed ROP of I-

lactide.’* When initiated from benzyl alcohol (2.0 mol%) in benzene-ds, the 3SCTU/MTBD (2.5
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mol% each) catalyzed ROP of VL (100 mg, 2 M) increased in rate compared to the CyTU/MTBD
(2.5 and 5 mol% each) catalyzed ROP of VL, Table 1 entries 2 and 4. The new 3CTU/MTBD
system proceeded with the first-order consumption of monomer, Figure 3. Success with 3CTU
led our lab to develop several more thiourea based co-catalysts and evaluate them when

applied to the organocatalyzed ROP of VL.

CF3

CFs
SSloN PN Ne!
NS
N™ °N” FiC NJ\NHNJ&N CFy
@ﬂm | H H 3H H
monomer + polymer
CeDs

entry monomer [M]o/[1]0® time (min) conv® (%)
1 &e-CL 50 763 90

2 0-VL 50 20 91

3 B-BL 50 1440 0

4¢ o-VL 50 249 90

Table 1. MTBD/3CTU catalyzed ROP of CL, VL, and BL. Reaction conditions: monomer (100
mg, 2 M each); initiated by benzyl alcohol (2.0 mol %); catalyzed by MTBD/3CTU (2.5 mol %
each); in benzene-ds. 2 Conversion tracked by *HNMR. P Calculated by GPC on the basis of
polystyrene standards eluted by CH2Cl.. € MTBD/CyTU (2.5 mol %) for comparison.

CF3 CF3

[e) OH N\ /©\ /ﬁ\ -~ j\ /©\ i
L
CeDg

...... y =0.0286x + 0.0457
.......... R2 =0.9954

0 10 20 30 40 50 60 70 80 90
t (min)

Figure 3. First-order evolution of [VL] vs. time for the 3CTU/MTBD catalyzed ROP of VL.
Reaction conditions: VL (100 mg, 2 M), benzyl alcohol (2.00 mol %), MTBD/3CTU (2.50 mol %
each), in benzene-de.

Variation of the carbon chain length between the two thiourea moieties led to varied reaction

rates when applied to the polymerization of VL, Table 2. When catalyzed by nCTU/MTBD (2.5

mol % each), the polymerization of VL (100 mg, 2 M) in benzene-ds, initiated from benzyl alcohol
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(2.0 mol %) exhibited increased rate characteristics in all thiourea co-catalysts except 12CTU
when compared to the CyTU/MTBD catalyzed polymerization of VL, Table 2. When the different
catalyst systems were compared to each other, it was noticed that 122CTU/MTBD is slower than

N
oO ©AOH CITIJ\\/Nj TU ©ﬂo QOW .

CeDe
entry TU M1o/[1]o time (min) conv? (%) MnP Muw/M:°
1° CyTU 50 98 85 2400 1.11
2 CyTU 50 249 90 2500 1.10
3 2CTU 50 58 86 4400 1.11
4 3CTU 50 84 91 6100 1.10
5 4CTU 50 36 90 7800 1.10
6 5CTU 50 37 90 5900 1.10
7 6CTU 50 58 89 6100 1.10
8 12CTU 50 329 90 2000 1.11

Table 2. Variation of the thiourea co-catalyst in the MTBD/nCTU catalyzed ROP of VL.
Reaction conditions: VL (100 mg, 2 M), benzyl alcohol (2.0 mol %), MTBD/TU (2.5 mol % each),
benzene-ds. 2 Conversion tracked by *HNMR. P Calculated by GPC on the basis of polystyrene
standards eluted by CH2Cl>. ¢ MTBD/CyTU (5.0 mol %) for comparison.

CyTU/MTBD. The longer carbon chain connecting the dual active sites in the 12CTU appears
to mimic a single moiety catalyst (CyTU). Conversely, the 2CTU and 6CTU appear to be closely
related in rate, both reaching 87-90 % completion in ~ 58 minutes. The two fastest thiourea co-
catalysts tested were the 4CTU and 5CTU. In an attempt to increase the rate of polymerization,
a thiourea with two methyl substituents attached to the center carbon of the linker between the
TU moieties of 3CTU; Me23CTU (Figure 2), was synthesized. The addition of the two methyl
groups in the carbon backbone was hypothesized to increase the rate of polymerization by
taking advantage of the Thorpe-Ingold effect; opening up the active sites and causing them to
interact with each other instead of adopting a more linear configuration. Ingold showed when
two methyl substituents are added to a carbon, the groups attached to said carbon are in closer

proximity when compared to the same, or similar, groups attached to a carbon bearing

hydrogens, Figure 4.2 However, when tested, the Thorpe-Ingold TU was not soluble in
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benzene-ds and the ROP was extremely attenuated in acetone-de, Table 4 entry 4. The Thorpe-

Ingold effect appears to be counterproductive to the ROP. When applied to the TU catalyst, the

H H;C.

/
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C HsC

’C1095
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Figure 4. Angles determined by Ingold.12

Thorpe-Ingold effect may force the Me23CTU to adopt a more rigid conformation thereby lending
to the inability to naturally flex while in the transition state; severely hindering the activation of
the monomer. Several other nCTU catalysts were tested in acetone-des for comparison, Table
3. However, all nCTU’s tested exhibited extremely attenuated rates of polymerization when
compared to polymerizations preformed in benzene-ds, Table 3 entries 1-3 and Table 2 entries
2,4, and 6. The slower rates are thought to be affected by the competitive hydrogen bonding
of acetone with the active sites of the nCTU catalyst, of which typically activates the monomer.
However, binding studies have proven difficult due to the lack of solubility of the nCTU catalysts.
H-bond donors 5CTU and 4CTU exhibit approximately the same rate of polymerization, and

5CTU was chosen for further analysis.

n

{L}O gOH q‘i\'? " ©/\OJ\/\/\O’)H

acetone-dg
entry TU time (h) conv.2 (%)
1 CyTU 20.1 89
2 3CTU 17.4 90
3 5CTU 12.3 91
4 Me23CTU 16.2 54
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Table 3. MTBD/nCTU catalyzed ROP of VL in acetone-de. Reaction conditions: VL (2 M),
benzyl alcohol (2.0 mol %) in acetone-ds catalyzed by MTBD/nCTU (2.5 mol % each). 2
Conversion tracked by HNMR.

The reaction conditions for the 5CTU/base catalyzed ROP of VL were varied in an attempt to
not only increase control and rate, but also in an attempt to learn more about the mechanistic
properties. Several H-bond accepting bases were tested to see how the co-catalytic systems
(nCTU/base) affect the organocatalyzed ROP of VL. Using TBD (Figure 2), a well-known
transesterification catalyst employed in the ROP of cyclic lactones,”# as a basic scaffold for an
H-bond accepting co-catalyst, several functionalized catalysts were synthesized and tested (bn-
TBD and bn-bis-TBD) with the ROP of VL,. The imine base, DBU, amidine bases, TBD, MTBD,
bn-TBD, bn-bis-TBD, and phosphazine base, BEMP, (Figure 2) were all active co-catalysts in
the ROP of VL. When the percent loading of base was varied, the rate of the polymerization
became more attenuated as the base increased in bulkiness, except in the case of BEMP. The
MTBD/nCTU and DBU/nCTU systems both exhibit narrow molecular weight distributions, a
linear evolution of Mn versus conversion, and molecular weight controlled by adjusting the

[M]o/[1]o ratio (see Supplemental Information Figures S1-S2 and Tables S1-S2).
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CFy CF3

entry base time (min) conv.2 (%)
1 MTBD 37 90
2 DBU 36 90
3 BEMP 25 90
4 bn-TBD 85 91
5 bn-bis-TBD 100 90

Table 4. Base screen for the base/5CTU catalyzed ROP of VL. Reaction conditions: VL (2 M),
benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by base/5CTU (2.5 mol % each). 2
Conversion tracked by 'HNMR.

Several kinetic studies were completed in an effort to learn something about the transition state;
the binding of monomer and subsequent propagation. Several theories have arisen in our lab;
the most prolific being a bis-thiourea used as a co-catalyst in the ROP of VL can theoretically
bind two monomers as it contains two active sites to which monomer can bind. However,
binding is most likely competitive between the solvent, monomer, and base. Binding studies
were attempted, unfortunately solubility of the thiourea catalysts have made traditional NMR
binding studies difficult. Our lab is currently addressing this problem.

Michaelis-Menten (M-M) kinetics test for inhibitory, competitive, or uncompetitive binding
events, see Supplemental Information Figure S3. Our lab exploited M-M kinetics to test the
MTBD/5CTU catalyst system for such events. The MTBD/5CTU system appeared to exhibit
competitive inhibition; where the base competitively binds to the thiourea, see Supplemental
Information Figures S4. However, an oddity manifest when graphing the 0™, 1%t, and 2" order
plots of the consumption of monomer versus time.

Traditionally, it is thought these polymerizations proceed in a “living” manner; first-order

consumption of monomer, controlled molecular weight by varying the [M]o/[l]o, narrow Mn/Muw,
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the linear conversion of Mn with respect to time, and a living chain-end. However, with certain
base/nCTU combinations we have noticed some catalyst pairs graphically exhibit the 2"-order
evolution of 1/[VL] versus time. Initially, this trend was noticed while comparing the 15-order
evolution of [VL] versus time for the MTBD/nCTU catalyzed ROP of VL. When the alkyl chain
is short (CyTU, n = 2 — 4), the MTBD/nCTU (2.5 mol % each) catalyzed polymerization of VL
(100 mg, 1.00 mmol, 2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds exhibit first-
order evolution of monomer, see Supporting Information Figures S5-S8. However, when the
alkyl chain increased to n = 5, 6, and 12, holding all other conditions the same, the
polymerization graphically exhibits a second-order evolution of monomer, see Supporting
Information Figures S9-S11. MTBD was not the only base to graphically exhibit the second-
order consumption of monomer. Both DBU and BEMP also exhibited second-order
consumption of monomer when paired with 4-6CTU and 2-6 and 12CTU, respectively, see
Supporting Information Figures S12-21. Further testing is being conducted to unequivocally
prove this trend; e.g. binding studies. While conducting these studies several kinetic trends
were observed.

When conducting the polymerization of VL (100 mg, 2 M), initiated by benzyl alcohol (2.0 mol
%) in the presence of base/nCTU (2.5 mol % each), certain kinetic trends were discovered. The
initial rate and comparative relative rate were extracted from the linear portion of the data, up to
~50% conversion of the first-order evolution of [VL] vs time. Of the base/nCTU combinations
studied the BEMP/nCTU catalyzed ROP of VL exhibited the fastest initial rates, except for the
6- and 12CTU co-catalysts, see Supplemental Information Tables S3. BEMP also exhibited the
greatest difference in relative initial rates when compared. More work is being completed with
the BEMP/nCTU system to further investigate this trend. When the base co-catalysts were
compared, all three (MTBD, DBU, BEMP) exhibit similar trends; 1) As chain length increases
from n = 2-5 initial rate increases (except in the case of DBU) and 2) 4-, 5-, and 6CTU exhibit
the fastest initial rates. In all three cases the CyTU/base catalyzed ROP of VL exhibited the
slowest initial rate. The kie was also examined for the 5CTU/DBU catalytic system, kie = 2.42,

see Supporting Information Figure S22; exhibiting a normal-primary isotope effect. An
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observation into the transition state can be glimpsed from this data; the O-H/O-D bond is broken
in the rate determining step. This implies the alcoholic proton on the benzyl alcohol (initiator)
can be readily exchanged with deuterium during polymerization theoretically impeding initiation,
further implication of competitive inhibitory effects taking place. Further testing must be
completed to identify the extent of inhibition, the species that acts as the inhibitor, and the kie of
the other base/nTCU catalytic systems.

In conclusion, it has been shown that a bis-thiourea co-catalyst not only increases the rate of
polymerization, but also increases control of polymerization (narrow dispersion of molecular
weights). When compared, 4- and 5CTU exhibited the fastest initial rates when applied to the
base/nCTU catalyzed ROP of VL. The MTBD, DBU, and BEMP co-catalysts all graphically
exhibited second-order evolution of monomer versus time when paired with certain nCTU co-
catalysts. However, the reactions did exhibit other aspects of “living” polymerizations; e.g. a
linear evolution of Mn versus conversion and controlled molecular weight by altering [M]o/[l]o.
Overall, the scope of H-bond organocatalytic systems has been increased. However, more
work is being conducted to further prove/disprove the second-order evolution of monomer with
respect to time and in order to gain more insight into the mechanistic characteristics of the

base/nCTU catalytic system for the polymerization of cyclic lactones.
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EXPERIMENTAL SECTION
General Considerations. All chemicals were purchased from Fisher Scientific and used as
received. 6-Valerolactone and e-caprolactone were distilled from calcium hydride (CaH:) under
vacuum (10 mTorr) and stored over 3A molecular sieves. L-Lactide was recrystallized in toluene
and dried under vacuum overnight. HPLC grade methylene chloride (CH:Cl2) and
tetrahydrofuran (THF) were purchased from Fisher Scientific and dried on an Innovative
Technology solvent system featuring alumina columns. Chloroform, chloroform-d (Cambridge
Isotopes), and o-dichlorobenzene (0-DCB) were distilled from CaH2 under vacuum (10 mTorr),
stored over 4A molecular sieves, and passed through a plug of activated alumina just before
use (except 0-DCB). Benzene and benzene-des (Cambridge) were distilled from CaHz under
nitrogen atmosphere and stored over 4A sieves.  1-[3,5-Bis(trifluoromethyl)phenyl]-3-
cyclohexylthiourea (CyTU) was made by following literature procedures.” 2CTU, 3CTU, 4CTU,
5CTU, 6CTU, and 12CTU were all made by following a modified procedure.'* All reactions were
performed in a glove box or by standard Schlenk technigues under N2 atmosphere. 'H and *C
NMR’s were obtained utilizing a Bruker Avance Ill 300 and 400 MHz instruments. Gel
permeation chromatography (GPC) was performed in CH2Clz utilizing an Agilent Technologies
1260 Infinity fitted with three 5 ym Agilent analytical columns connected in series with increasing
pore size (10%, 103, 50 A), an Agilent Infinity 1260 refractive index detector, and an Agilent Infinity
1260 UV/Vis detector (250 nm and 300 nm). Mn and Mw/Mn were determined versus polystyrene
standards (500 g/mol-3150 kg/mol, Polymer Laboratories). DFT calculations were run with
Spartan ’14 at the DFT B3LYP/6-31G* level of theory, gas phase. High pressure liquid
chromatography mass spec (HPLCMS) masses were obtained utilizing a Thermo Electron (San
Jose, CA, USA) LTQ Orbitrap XL mass spectrometer affixed with an electrospray ionization
(ESI) interface, positive ions were produced and introduced into the instrument. Tune conditions
for infusion experiments (10 pyL/min flow, sample concentration <20 pg/mL in 50/50 v/v
water/acetonitrile) were as follows: ionspray voltage, 5000 V; capillary temperature, 275 °C;
sheath gas (N2, arbitrary units), 8; auxiliary gas (N2, arbitrary units), O; capillary voltage, 35 V;

and tube lens, 110 V. Prior to analysis, instrument was calibrated for positive ions using Pierce
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LTQ ESI positive ion calibration solution (lot #PC197784). lon trap experiments used N2 as a
collision gas with normalized collision energies (NCE) between 10-25 eV for multistage
fragmentation. High-energy collision (HCD) experiments were performed with He as the

collision gas with a NCE of 25 eV.

Example preparation of bisthioureas (2CTU, 3CTU, 4CTU, 5CTU, 6CTU, 12CTU).
(Procedure adapted from Bertucci et al., Chem. Commun., 2013, 49, 2055-2057.)*3 Under a N2
atmosphere a dried 50 mL Schlenk flask was charged with 3,5-bis(trifluoromethyl)phenyl
isothiocyanate (1.4 mL, 7.7 mmol), CH2Clz (20 mL), and a stir bar. Next, ethylenediamine (0.26
mL, 3.9 mmol) was added drop wise via syringe over a 2-3 minute period and left to stir for 3-
24 hours; a white solid will precipitate out of solution. After the reaction was completed, the
solvent was removed by vacuum filtration (4CTU, 5CTU, 6CTU, 12CTU) or in vacuo to yield a
white solid. The solid was purified by either rinsing the white solid with cold CH2Cl> while
filtration was taking place or via silica gel column chromatography (97:3 CH2Cl2:Methanol) and
dried in a vacuum oven to remove solvent and residual water which yielded a white solid in all

cases.
2CTU and 3CTU previously reported in Bertucci et al., Chem. Commun., 2013, 49, 2055-2057.

1,1’-(butane-1,4-diyDbis(trifluoromethyl)phenyl)thiourea) (4CTU)
CFs3 CF3
e
'H NMR (Acetone-ds, 300 MHz): 6 = 9.34 (2H, s), 8.30 (4H, s), 7.77 (2H, s), 7.70 (2H, s), 3.70
(4H, d), 1.76 (4H, m). 13C NMR (Acetone-ds, 75 MHz): 5 = 182.31, 142.88, 131.95 (q, Jcr = 33
Hz), 124.37 (g, Jcr = 270 Hz), 123.48, 117.49, 44.73, 26.86. LCMS (ESI+) calcd for

C22H19F12N4S2: 631.08, found: 631.0825 (M + H).
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1,1’-(pentane-1,5-diyl)bis(trifluoromethyl)phenyl)thiourea) (5CTU)

CF3 CF3
oS PN Nl

IH NMR (Acetone-ds, 300 MHz): & = 9.34 (s, 2H), 8.30 (s, 4H), 7.77 (s, 2H), 7.68 (s, 2H), 3.65
(m, 4H), 1.73 (m, 4H), 1.48 (m, 2H). *C NMR (Acetone-ds, 75 MHz): 6 = 182.04, 142.81, 131.90
(@, Jcr = 33 Hz), 124.33 (q, Jcr = 270 Hz), 123.21, 117.33, 44.89, 29.07, 24.90. LCMS (ESI+)

calcd for C2sH21F12N4S2: 645.09, found: 645.1016 (M + H).

1,1’-(hexane-1,6-diyl)bis(trifluoromethyl)phenyl)thiourea) (6CTU)

CF3 CF3
D 5O

IH NMR (Acetone-ds, 300 MHz): & = 9.29 (s, 2H), 8.30 (s, 4H), 7.73 (s, 2H), 7.69 (s, 2H), 3.64
(M, 4H), 1.70 (m, 4H), 1.45 (m, 4H). 3C NMR (Acetone-ds, 75 MHz): & = 182.18, 142.90, 131.92
(@, Jer = 33 Hz), 124.36 (q, Jcr = 270 Hz), 123.35, 117.38, 45.07, 27.31. LCMS (ESI+) calcd

for CaaH23F12N4S2: 659.11, found: 659.1148 (M + H).

1,1’-(dodecane-1,12-diyl)bis(trifluoromethyl)phenyl)thiourea) (12CTU)

CFs CF3
Dt 50

IH NMR (Acetone-ds, 300 MHz): & = 9.28 (s, 2H), 8.30 (s, 4H), 7.72 (s, 2H), 7.69 (s, 2H), 3.63
(m, 4H), 1.66 (m, 4H), 1.36 (m, 18H). 3C NMR (Acetone-ds, 75 MHz): & = 182.12, 142.90,
131.92 (g, Jcr = 33 Hz), 124.36 (q, Jcr = 270 Hz), 123.29, 117.34, 45.19, 30.29, 30.06, 29.41,

27.65. LCMS (ESI+) calcd for CaoHasF12N4S2: 743.20, found: 743.2086 (M + H).
Preparation of trisTU. Under a N2 atmosphere a dried 100 mL Schlenk flask was charged with

3,5-bis(trifluoromethyl)phenyl isothiocyanate (3.9 mL, 21.2 mmol), THF (50 mL), and a stir bar.

Next, 2,2’,2"-triaminotriethylamine (1.05 mL, 6.8 mmol) was added drop wise via syringe over a
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2-3 minute period and left to stir overnight. After the reaction was completed, the solvent was
removed in vacuo to yield a white solid. The product was purified via silica gel column
chromatography (100% ethyl acetate), rinsed with CH2Clz, solvent removed in vacuo, and dried

in a vacuum oven to remove residual water; which yielded a white solid.?

Example Polymerization of VL with MTBD and bisTU. VL (100 mg, 1.00 mmol, 2M) was
mixed with one of the bisTU (0.025 mmol) and dissolved in 90% of the total 0-DCB (449 uL)
used in the reaction and added to a solution of benzyl alcohol (bnOH, 2.08 pL, 0.020 mmol) and
MTBD (3.59 pL, 0.025) made with the remaining o-DCB. Reaction was left to stir for 10 min,
quenched with benzoic acid (7.0 mg), and solvent removed in vacuo to yield a white film.

Conversion determined by NMR.

Example Michaelis-Menten Kinetics Study of the Polymerization of VL with MTBD (10
mM) and 5CTU (5 mM). Four stock solutions were made; one each for VL (benzene-ds), benzyl
alcohol (benzene-ds), MTBD (benzene-ds), and 5CTU (solvated in 100 mg VL), by weight.
Enough stock solution was made to track 3 sets of 6 reactions; tracking one concentration of
MTBD (10 mM, 100 mM, and 500 mM) at varying concentrations of VL (6 M, 4 M, 2 M, 1 M, 0.5
M, and 0.25 M), holding the concentration of initiator (benzyl alcohol, 5 mM, 1 mol %) and 5CTU
(5 mM, 1 mol %) constant in all reactions. The volume of all components together was held
constant at 499.40 wL. All aliquots were measured by auto pipette. Twelve 7 mL scintillation
vials were charged with stir bars. Then, six vials received the calculated volume of stock solution
for MTBD (10 mM) and benzyl alcohol (5 mM). Next, the remaining six vials received the
calculated volume of stock solution for 5CTU (5 mM) and VL (6 M, 4 M, 2 M, 1 M, 0.5 M, and
0.25 M). Then, the remaining amount of benzene-ds was weighed into the vial containing the
MTBD/benzyl alcohol solution. Next, the MTBD/benzyl alcohol solution was pipetted into the
vials containing the VL/5CTU solution. After these two solutions were mixed, each vial was
pipetted into an NMR tube, capped, and tracked conversion overnight by *HNMR (acquiring

spectra every 30 min for each sample for 12 hours).
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SUPPORTING INFORMATION: Bis-thiourea mediated organocatalyzed ROP of a cyclic

lactone

CF; CF3
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Figure S1. Linear conversion of M versus percent conversion (circles) and Mw/Mn versus
conversion (squares) for the MTBD/5CTU catalyzed ROP of VL. Reaction conditions: VL (2
M), benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by MTBD/5CTU (2.5 mol % each).
Conversion tracked by NMR.
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CeDs
entry M]o/[1]o time (min) conv.2 (%) MpP Muw/MpP
1 50 10 92 5,100 1.10
2 100 20 94 9,900 1.09
3 200 30 94 16,000 1.09

Table S1. [M]o/[l]o screen for the MTBD/5CTU catalyzed ROP of VL. Reaction conditions: VL
(2 M), benzylalcohol (0.5, 1.0, 2.0 mol %) in benzene-ds catalyzed by MTBD/5CTU (2.5 mol %
each). @ Conversion tracked by *HNMR. P Calculated by GPC on the basis of polystyrene
standards eluted by CH2Cl>.
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Figure S2. Linear conversion of Mn versus percent conversion (circles) and Mw/Mn versus
percent conversion (squares) of the DBU/5CTU catalyzed ROP of VL. Reaction conditions:
VL (2 M), benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by DBU/5CTU (2.5 mol %
each). Conversion tracked by NMR. Mn and Mw/Mn calculated by GPC on the basis of
polystyrene standards eluted by CH2Cl..
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entry [M]o/[1]o conv? (%)
1 50 91
2 100 90
3 200 90

CFs ©ﬂogok/\/\o’):'

M Muw/M?
8800 1.07
15500 1.04
26000 1.03

Table S2. [M]d/[l]o screen for the DBU/5CTU catalyzed ROP of VL. Reaction conditions: VL (2
M), benzyl alcohol (2.0 mol %) in benzene-des catalyzed by DBU/5CTU (2.5 mol % each). 2
Conversion tracked by *HNMR. P Calculated by GPC on the basis of polystyrene standards

eluted by CH2Cl>.
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Figure S3. Types of Michaelis-Menten enzyme kinetics inhibition displayed as Linweaver-

Burke plots.
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Figure S4. Linweaver-Burke plot of the MTBD (10 mM, squares; 100 mM, diamonds; 500 mM,
circles) and 5CTU catalyzed polymerization of VL. Reaction conditions: VL (0.25, 0.5, 1.0, 2.0,
4.0 M), benzyl alcohol (5 mM) in benzene-ds catalyzed by MTBD (10, 100, 500 mM) 5CTU (5
mM). Conversion tracked by NMR.
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Figure S5. First-order evolution of [VL] versus time for the MTBD/CyTU catalyzed ROP of VL.
Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed
by MTBD/CyTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S6. First-order evolution of [VL] versus time for the MTBD/2CTU catalyzed ROP of VL.
Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed
by MTBD/2CTU (2.5 mol % each). Conversion tracked by *HNMR.

CF3 CF3

2.50

.......... °

2.00 0
': ........
21501 e
; 1.00 o y = 0.0286x + 0.0457
S e Rz =10.9954

650+ .. o

0.00 &~

0 20 4Qmin) 60 80

Figure S7. First-order evolution of [VL] versus time for the MTBD/3CTU catalyzed ROP of VL.
Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed
by MTBD/3CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S8. First-order evolution of [VL] versus time for the MTBD/4CTU catalyzed ROP of VL.
Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed
by MTBD/4CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S9. Second-order evolution of [VL] versus time for the MTBD/5CTU catalyzed ROP of
VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by MTBD/5CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S10. Second-order evolution of [VL] versus time for the MTBD/6CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by MTBD/6CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S11. Second-order evolution of [VL] versus time for the MTBD/12CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by MTBD/12CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S12. Second-order evolution of [VL] versus time for the DBU/4CTU catalyzed ROP of
VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by DBU/4CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S13. Second-order evolution of [VL] versus time for the DBU/5CTU catalyzed ROP of
VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by DBU/5CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S14. Second-order evolution of [VL] versus time for the DBU/6CTU catalyzed ROP of
VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-des
catalyzed by DBU/6CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S15. Second-order evolution of [VL] versus time for the DBU/12CTU catalyzed ROP of
VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by DBU/12CTU (2.5 mol % each). Conversion tracked by HNMR.
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Figure S16. Second-order evolution of [VL] versus time for the BEMP/2CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/2CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S17. Second-order evolution of [VL] versus time for the BEMP/3CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/3CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S18. Second-order evolution of [VL] versus time for the BEMP/4CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/4CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S19. Second-order evolution of [VL] versus time for the BEMP/5CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/5CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S20. Second-order evolution of [VL] versus time for the BEMP/6CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/6CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S21. Second-order evolution of [VL] versus time for the BEMP/12CTU catalyzed ROP
of VL. Reaction conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds
catalyzed by BEMP/12CTU (2.5 mol % each). Conversion tracked by 'HNMR.
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entry nCTU initial rate relative initial rate

1 CyTU 1.55E-02 1.00
2 2CTU 9.35E-02 6.03
3 3CTU 9.53E-02 6.15
4 4ACTU 1.78E-01 11.50
5 5CTU 2.00E-01 12.92
6 6CTU 1.79E-01 11.52
7 12CTU 2.98E-02 1.92

Table S3. Initial rate and relative initial rate of the BEMP/nCTU catalyzed ROP of VL. Reaction
conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by
BEMP/nCTU (2.5 mol % each).

entry TU initial rate (M/min) relative initial rate
1 CyTU 1.33E-02 1.00
2 2CTU 5.54E-02 4.17
3 3CTU 3.92E-02 2.95
4 4CTU 1.22E-01 9.16
5 5CTU 1.24E-01 9.32
6 6CTU 5.65E-02 4.25
7 12CTU 2.50E-02 1.88

Table S4. Initial rate and relative initial rate of the MTBD/nCTU catalyzed ROP of VL. Reaction
conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by
MTBD/nCTU (2.5 mol % each).

entry TU initial rate (M/min) relative initial rate
1 CyTU 1.47E-02 1.00
2 2CTU 4.37E-02 2.97
3 3CTU 6.24E-02 4.24
4 4ACTU 1.66E-01 11.29
5 5CTU 1.23E-01 8.38
6 6CTU 8.77E-02 5.97
7 12CTU 4.90E-02 3.33

Table S5. Initial rate and relative initial rate of the DBU/nCTU catalyzed ROP of VL. Reaction
conditions: VL (2 M), initiated by benzyl alcohol (2.0 mol %) in benzene-ds catalyzed by
DBU/NCTU (2.5 mol % each).
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Figure S22. kie of the DBU/5CTU catalyzed ROP of VL. Reaction conditions: VL (2 M),
initiated by benzyl alcohol (2.0 mol %) in chloroform and chloroform-d by varying ratio of
solvent (100% CDCls, 75%/25% CDCIs/CHCls, 50%/50% CDClIs/CHCIs) catalyzed by
DBU/5CTU (2.5 mol % each). Conversion tracked by *HNMR.
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Figure S23. Top) 'H NMR of 2CTU in acetone-ds. Bottom) *C NMR of 2CTU in acetone-de.
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Figure S24. Top) '*H NMR of 4CTU in acetone-ds. Bottom) *C NMR of 4CTU in acetone-de.
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Figure S25. Top) 'H NMR of 5CTU in acetone-ds. Bottom) 3C NMR of 5CTU in acetone-de.
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Figure S26. Top) 'H NMR of 6CTU in acetone-ds. Bottom) *C NMR of 6CTU in acetone-de.
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Figure S27. Top) *H NMR of 12CTU in acetone-ds. Bottom) 3C NMR of 12CTU in acetone-
de.
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CHAPTER 5

ABSTRACT
In this experiment, students are asked to compare catalytic-cross metathesis and the Wittig
reaction within the confines of ‘Green’ chemistry and atom economy. Students synthesize
stilbene from styrene using Grubbs second generation catalyst. Products can be minimally
characterized by IR spectroscopy and melting point but using *H NMR spectroscopy is
preferred. Students find that the Wittig reaction is selective for cis-stilbene while the metathesis
reaction produces >98% trans-stilbene. Students determine the cis/trans selectivity, turnover
number (TON) and maximum turnover frequency (TOF) of the reaction. The experiment is
conducted alongside the synthesis of stilbene using Wittig chemistry from a published

procedure.
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The 2005 Nobel Prize in Chemistry was awarded to Robert Grubbs, Yves Chauvin and Richard
Schrock for the development of the metathesis reaction in organic synthesis.! Development of
metathesis chemistry continues apace, with new catalysts and abilities being reported more
than a decade after the Nobel Prize.? Indeed, the reaction has revolutionized several branches
of chemistry and found applications in polymer, medicinal and organic chemistry.®>> The olefin
metathesis reaction is an intra- or inter-molecular rearrangement reaction where one or more
carbon-carbon double bonds are broken and reformed. Intramolecular metathesis is generally
called ring-closing metathesis, while intermolecular reactions are cross-metathesis or,
sometimes, homo-cross-metathesis (homodimerization) to emphasize the use of only one
reagent. Polymers can also be constructed via metathesis using acyclic diene metathesis
(ADMET) or ring-opening metathesis polymerization (ROMP) methods. The process must be
catalyzed, and olefin metathesis catalysts contain a metal center®’ — usually Ru or Mo —
although organocatalytic methods for carbonyl-olefin metathesis have been reported.® In an
uncontrolled olefin metathesis reaction, a thermodynamic mixture of products is generated. The
development of advanced (asymmetric)

’ 1 mol% Grubbs 2 O X L PR ©ACH2 + H,C=CH,

CH,Cl, Ph y
n ©/\ tra£7~s1- (s)t(i)l;)e)ne ci?;s:i:tz/f)ne volatile si;gproducts

Scheme 1. The homo-cross-metathesis reaction of stilbene produces one non-volatile product.
Stilbene does not reenter the catalytic cycle.

catalysts and inherent (substrate driven) kinetic or thermodynamic control often provides fewer
products. In the present experiment, the sole metathesis partner, styrene, gives trans-stilbene
as the only non-volatile product, Scheme 1.

The Wittig reaction, a classic means of preparing olefins, serves as a natural foil for the
metathesis experiment. In the Wittig reaction, an aldehyde or ketone is reacted with a

phosphonium salt in the presence of base to yield an olefin, Scheme 2. The
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Scheme 2. Example Wittig reaction to synthesize stilbene.

Wittig reaction is a robust, widely known organic reaction that undergraduates normally learn
during sophomore organic chemistry. A host of phosphonium salts is available which provides
a massive diversity of alkene products. These reactions can be performed on large or small
scale, are often high yielding and can easily be performed by student chemists.® The Wittig
Reaction was awarded a Nobel Prize in Chemistry.’® This reaction also is a hallmark example
of a non-‘Green’ reaction,!* and it displays poor atom economy,'? meaning a considerable
fraction of reagent mass is waste product (the triphenylphosphine oxide) which must be
separated from the desired products. In contrast, metathesis catalysts are often used
catalytically and can constitute a very small fraction of the reagent mass. However, the ‘green-
ness’ of a catalytic reaction often depends on the catalyst loading and metal toxicity. Metathesis
catalysts are also operative in a variety of solvents and can be used heterogeneously, which
facilitates catalyst removal. While the recycling of catalyst is feasible, it is often unpracticed.*?
In our Advanced Organic Laboratory course, students are asked in two consecutive laboratory
experiments to synthesize stilbene, first using Wittig chemistry and second by the cross-
metathesis of styrene. The Wittig synthesis of stilbene,® which reacts benzaldehyde with
benzyltriphenylphosphonium chloride in the presence of base, yields predominately the cis-
product (~60% cis-stilbene). This selectivity contrasts markedly with that of metathesis reaction,
which produces >98% trans-stilbene. This notable difference starts the students on a journey

of ‘unpacking’ the differences, virtues and deficits of the two methods.
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EXPERIMENTAL OVERVIEW

This experiment was accomplished in an advanced organic chemistry course with 16 students.
Conducting the experiment with larger numbers of students (e.g. a non-majors sophomore
organic course) is feasible, but the cost of Grubbs 2 reagent should be considered. Lab sections
met twice weekly for 3-hour sessions. In the lab session prior to conducting the present
experiment, students synthesize stilbene in a Wittig experiment. The published Wittig procedure
requires a single 3-hour lab period to complete.® The metathesis experiment is performed over
two lab sessions. On the first day, students are asked to follow a procedure to make stilbene
without a partner. The metathesis experiment can easily be finished in a 3-hour lab period. On
day two, students were asked to form a hypothesis and work in small groups to build a series
of data to reach a conclusion. In the lab report, students are asked to compare and contrast
the synthesis of stilbene with metathesis versus the Wittig reaction.

In this experiment, we employ a Ru-centered catalyst (Grubbs 2nd generation catalyst) — (1,3-
Bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)dichloro(phenylmethylene)(tricyclohexyl-
phosphine)ruthenium — which will perform the metathesis® of styrene to make a single
detectable product, trans-stilbene.!* In this transformation, the diastereoselectivity of the
reaction is entirely substrate driven, producing the thermodynamic ratio of stilbene, >98% trans-

stilbene.
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EXPERIMENTAL PROCEDURE

Since commercial styrene contains an inhibitor from the manufacturer which may disrupt the
metathesis reaction, we removed the inhibitor in bulk before the lab period began. This was
achieved by stirring a mixture of 3 g of alumina for every 20 mL of styrene for 5 minutes. Then
the slurry was gravimetrically filtered through a qualitative filter paper to obtain pure styrene.
The students can perform the purification individually on a reduced scale. Then a 20 mL
scintillation vial was charged with a magnetic stir bar, Grubbs 2 (14.80 mg, 0.017 mmol) and
dichloromethane (10 mL). Next, styrene (0.2 mL, 1.74 mmol) was added to the vial. The
scintillation vial was then fitted with a polymer cone or foil backed cap and placed on a stir plate
to stir for about 1 hour. After 1 hour, the solvent was removed under reduced pressure.

A miniature silica column was prepared. First, a pipette (8 x 142 mm) was plugged with a piece
of cotton or glass wool on one end. The pipet was then filled with dry silica from %2 to % of its
volume. The crude product was dissolved in about 0.5 mL of dichloromethane. The silica plug
was then wetted with hexanes and subsequently flushed with the solution of product in hexanes.
An additional 20 - 25 mL of hexanes was used to flush the product through the silica. The
solvent was then removed of volatiles in vacuo and 'H-NMR, IR and a melting point were
obtained. Students use chemical shift in the 'H NMR spectrum to identify cis- versus trans-

stilbene, but melting point can also be used to identify which diastereomer is made.
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HAZARDS
All synthesized products and intermediates should be handled with caution. Appropriate
personal protective equipment should be used at all times, and the reagents should only be
handled in a well-ventilated fume hood. Avoid contact with skin, and in the event of accidental
exposure, wash the afflicted area with copious amounts of water. Styrene is flammable, may
cause skin irritation, is a serious eye irritant, a suspected carcinogen and suspected of
damaging fertility or the unborn child. Grubbs 2 is a flammable solid. CH2Cl. can cause skin
irritation, is a serious eye irritant, may cause respiratory irritation, may cause
drowsiness/dizziness, suspected of causing cancer, if swallowed it may cause damage to the
liver, blood and if inhaled it may cause damage to the central nervous system. Hexanes is
highly flammable, may be fatal if swallowed and enters the airways, can cause skin irritation,
may cause drowsiness/dizziness, is suspected of damaging fertility or the unborn child, may
cause damage to the nervous system and is toxic to aquatic life. CDCls is harmful if swallowed,
causes skin and serious eye irritation, toxic if inhaled, suspected of causing cancer and of

damaging fertility or the unborn child and can cause damage to organs.

155



RESULTS AND DISCUSSION

This laboratory experiment was designed with two goals in mind: to give students experience
with popular and versatile metathesis chemistry and to contrast this chemistry with the
complementary Wittig reaction, which students performed previously in the semester from a
published procedure.® Students observe several differences in the two reactions. The Wittig
produces mostly cis-stilbene while metathesis makes trans-stilbene; the Wittig requires
stoichiometric reagents while metathesis is catalytic; both reactions require purification to
remove catalyst or phosphine oxide, but different methods of purification are required. This
experiment also employs common and advanced organic chemistry concepts and techniques
that students will find useful in industrial or academic setting: rotary evaporation, filtration, flash
chromatography on small scale, spectroscopic identification, thermodynamic versus kinetic
selectivity, properties of diastereomers and catalysis.

The purification of the reaction is facile. Students generally obtained 80-90% vyield after the
column chromatography purification. Because the reaction is highly selective, melting point can
also be used to identify the isomer (m.p. cis-stilbene = -5 °C, m.p. trans-stilbene = 122-126
°C),1>1¢ and students find values of 120-124 °C. This and IR spectroscopy provide reasonable
proof of compound identity and purity; however, we asked students to use *H NMR spectroscopy
to identify the product. The chemical literature indicates that the olefinic resonances for trans-
stilbene (7.15 ppm) appear markedly downfield of those for cis-stilbene (6.57 ppm) in the *H
NMR spectrum.’ Further, close examination of the 6.1-8.0 ppm region of the spectrum reveals
no spectroscopic indication of cis-product, indicating nearly perfect diastereoselectivity. The
reaction is under thermodynamic control and produces a minor amount (0.2%) of the cis-isomer,
but this small amount cannot be detected by *H NMR or melting point analysis. We were not
equipped in our lab; however, HPLC or GC could be performed to detect cis-stilbene; a very
small amount is expected to be present.

On the second day of experimentation, students are asked to form a hypothesis and work in
teams to come to a conclusion. Common variations included testing the turnover number and

frequency limits of the reaction (within a lab period). These values are bookended by raising
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and lowering the catalyst concentration and conducting the workup (quenching the reaction) at
various time points. Students measured turnover numbers (TON) of TON = 67 — 92 and
turnover frequency of TOF = 0.96 — 1.5 min'l. Students were also able to construct a crude first
order plot (styrene) by quenching identical reactions at different time points and determining
conversion by *H NMR. Quenching the reaction at various time points allowed some students
to observe that the cis/trans ratio does not change as a function of conversion. From this, they
concluded that the reaction was under thermodynamic control. Some students asked if the
stabilizer slows down the reaction; the students were not able to discern a difference in TON or
TOF with or without stabilizer in the styrene.

Students were graded based on the purity of their product (NMR and melting point) in addition
to the post lab questions. The main objective the questions is to get the students to compare
Wittig and metathesis methodologies. The obvious difference in cis/trans ratios between the
methods was universally identified. After literature searching (or conducting cis/trans ratio
versus reaction time experiments), most students identified that the metathesis reaction was

under thermodynamic control and the Wittig exhibits a kinetic preference for the cis- isomer.
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CONCLUSION
At its core, this laboratory experiment is not about stilbene or metathesis, but rather it is about
introducing the students to the unclear nature behind the concepts of Green chemistry!® and
atom economy*? by comparing two robust and complementary synthetic approaches. Students
were able to understand the concept of atom economy by stating that the metathesis reaction
produced less reagent waste product than the Wittig. However, some students insist the Wittig
is more utilitarian due to the facile nature of separation in that lab experiment. To us, there is
no clear answer as to which process is ‘Greener’ or less wasteful (atom economic plus
purification waste), but some students were able to present nuanced arguments for both sides.
We feel that being able to see the big picture — even if it does not contain any clear answer(s)

—is a primary goal of comparing these two reactions.
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Materials and Methods

Styrene was purchased from Acros Organics, Grubbs 2" generation catalyst from Sigma-
Aldrich, ACS reagent grade dichloromethane and hexanes from Fisher Scientific. Silica gel
(60A/200-425 mesh) was purchased from Silicycle. CDCls was purchased from Cambridge
Isotope Laboratories. NMR experiments were performed on a Bruker Avance Ill 300 MHz
spectrometer in CDCls. IR spectra were obtained on a Thermo Nicolet 380 FT-IR equipped with
a Smart Orbit attachment. Melting points were obtained on a Stuart SMP10 melting point

apparatus.

Required Reagents (CAS number)
1. (1,3-Bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)dichloro(phenylmethylene)(tricyclohexyl-phosphine)ruthenium(ll)  (Grubbs

Catalyst 2" Generation, CAS 246047-72-3)

2. styrene (CAS 100-42-5)

3. dichloromethane (CAS 75-09-2)

4, hexanes (CAS 110-54-3)

5. silica gel (60A/200-425 mesh, CAS 7631-86-9)
6. CDCls (CAS 865-49-6)

Apparatus and Lab Materials

Students will each require:

1. 20 mL scintillation vial with a polypropylene screw cap
2. magnetic stir bar (0.5x0.125 in.)

3. glass wool

4. volumetric pipette bulb

5. 8 x 142 mm glass pipettes

6. 9-inch Pasteur pipettes

7. 3 cc pipette bulb
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8. 3-pronged clamp

9. clamp stand with base

10. 3 x 3 inch weighing paper (for loading silica into pipette)

11. vial-to-rotavap adapter (we use a 24/40 septa, 1 — 1 ¥ in 22 G needle)

12. magnetic stir plate

Students need access to shared:

1. Rotary evaporator

2. IR spectrometer

3. Melting point apparatus

4, (optional) *H NMR spectrometer
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Design of Experiment

This experiment can fill one or two 3-hour lab periods. The main experiment, designed to take
one day, takes the student through the synthesis of stilbene. The second day is freeform, and
the students are encouraged to pair with one or more students to gather additional information
about the reaction.

Common kinetics-type experiments on the second day include: Finding the order of the reaction
in a reagent by collecting conversion versus time data (the order in Grubbs 2 requires at least
two observed rate constants (Kobs) from the first order plot of [styrene] vs time), determining the
turnover number and limits thereof for the reaction. The reaction is first order in [Grubbs 2], and
first order in [styrene].

Other experiments include varying the reagents. Students can also attempt the reaction with
Grubbs catalyst, 15t Generation (Grubbs 1), but this catalyst produces no conversion even at
high catalyst loadings. This is related to the olefin type.? Students can also run the reaction
in the presence of inhibitor; no change in the reaction versus the uninhibited reaction is

observed.
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Special Hazards

All synthesized products and intermediates should be handled with caution. Avoid contact with
skin and in the event of accidental exposure, wash the afflicted area with copious amounts of
water. Styrene is flammable, may cause skin irritation, is a serious eye irritant, a suspected
carcinogen and suspected of damaging fertility or the unborn child. Grubbs 2 is a flammable
solid. CH2Cl2 can cause skin irritation, is a serious eye irritant, may cause respiratory irritation,
may cause drowsiness/dizziness, suspected of causing cancer, if swallowed it may cause
damage to the liver, blood and if inhaled it may cause damage to the central nervous system.
Hexanes is highly flammable, may be fatal if swallowed and enters the airways, can cause skin
irritation, may cause drowsiness/dizziness, is suspected of damaging fertility or the unborn child,
may cause damage to the nervous system and is toxic to aquatic life. CDCIs is harmful if
swallowed, causes skin and serious eye irritation, toxic if inhaled, suspected of causing cancer
and of damaging fertility or the unborn child and can cause damage to organs. Appropriate
personal protective equipment should be used at all times, and the reagents should only be

handled in a well-ventilated fume hood.
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Notes to Instructors

Removal of Inhibitor. Styrene from a chemical supplier contains an inhibitor. The inhibitor may
not be disruptive to the metathesis reaction, but it was removed prior to the lab period by stirring
a mixture of 3 g of alumina for every 20 mL of styrene for 5 min. Then, the slurry was filtered
gravimetrically through qualitative filter paper. Uninhibited styrene will undergo auto
polymerization over several days; this inhibitor-free styrene should be disposed of after the lab
period, and the glassware cleaned.

Solvent Removal from a Vial by Rotovap. To remove solvent by rotovap from a 20 mL
scintillation vial requires a specialized adapter (Chemglass CG-1318-10 Glass Rotary
Evaporator Vial Adapter, 24/40 Joint). However, we employ 24/40 septa and needles which are
usually readily available in an organic chemistry lab. To attach the vial to the rotovap, the septa
must be inverted so the opening of the vial fits into the 40 mm side of the septa. Then, insert
the needle through the 24 mm side which fits as a slip joint on a 14/20 bump trap or 14/20
adapter.

Metathesis Reaction. Our students ran reactions in disposable 20 mL scintillation vials, but a
conventional 10 mL round bottom flask is acceptable. The students should notice a dark purple
color upon the addition of the Grubbs 2 catalyst. The Grubbs 2 catalyst can be dispensed in a
stock solution of CH2Clz, but this stock solution has a finite lifetime. Students were asked to
syringe styrene directly from the dispensing area (in a hood) and transport the capped syringe
back to their workspace. This greatly minimized exposure to styrene, which has a potent odor.
Purification by Silica Gel Chromatography. Our students purified their stilbene with a
microscale, Pasteur pipette silica gel column. A glass wool/cotton plug was loaded into the
column (8 x 142 mm glass pipette) using a 9 inch Pasteur pipette push rod, see Figure 1A in
the student handout section. Then silica was loaded into the 8 x 142 mm pipette using weigh
paper folded in half diagonally. A volumetric pipette bulb was used to force hexanes through
the column with slight, constant pressure. The silica bed can crack if abrupt pressure changes
are applied. A traditional silica gel column can also be employed, but once practiced, we find

that the pipette column becomes a favorite tool for easy separations. Students achieved the
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best and most facile separations when the product was loaded onto the column in a minimal
volume of CH2Cl2 (< 0.5 mL) and eluted with hexanes (~25 mL). Students should be reminded
to load the product solution entirely onto the silica before eluting with hexanes. Our students
typically get an isolated yield of ~70-90 %. Students who do not obtain a yield of at least 60%
may be able to flush their column with more hexanes to obtain residual product on the silica gel.
Identification of cis- versus trans-stilbene. Students will observe that the metathesis reaction
produces ~100% trans-stilbene. The cis/trans ratio is most conveniently determined from *H
NMR, where the chemical shift of the ethylene resonance is isomer-dependent; cis-stilbene at
6.6 ppm and trans-stilbene at 7.15 ppm?3 With Grubbs 2, the metathesis reaction should
produce the approximate thermodynamic ratio of products. For stilbene, the thermodynamic
ratio is ~0.2% cis-isomer, Keq = 0.002, OG° = 3.7 kcal/mol. In our experimentation, we do not
observe any cis-stilbene in the *H NMR spectrum. Alternatively, the melting points of the two
isomers are drastically different (cis- m.p. = -5°C and trans- m.p. = 122-126°C).*®> Potential

post-lab questions are apparent:
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Example Post Lab Questions and Answers

We select 4-5 of the questions below as post lab questions to be answered in the lab report.

1. What are the advantages of synthesizing stilbene with metathesis vs Wittig?

Disadvantages?

Answer: Wittig processes confer high selectivity for the cis-isomer, which can be difficult to
access using metathesis. Wittig reagents and methods are robust, structurally diverse and are
often easy to separate from the product, but they must be used stoichiometrically. Metathesis
catalysts are highly functional group tolerant, readily available and general (i.e. one can apply
a SINGLE metathesis catalyst to many syntheses, but a new Wittig reagent is needed for every
product). The Grubbs reagents (we use the common term ‘catalyst’ in this document are really
pre-catalysts or initiators)® are usually applied catalytically which minimized waste. However,
the metathesis products can re-enter the catalytic cycle, eroding yield and stereocontrol (if
present), depending on what type of olefin describe the product and reagent.® Stilbene is a
Type Il olefin with respect to Grubbs 15t generation catalyst,® and it will not readily undergo
subsequent metathesis. However, if the product is symmetric (as with stilbene), these

processes are not evident even if they occur.

2. What is the cis/trans ratio produced by metathesis and how does it compare to the

Wittig reaction?
Answer: According to Warner et al., the Wittig reaction produced cis- and trans-stilbene in a
60:40 ratio while the present metathesis reaction produces ~100% trans- product.® The Wittig

reaction is selective for cis-product while Grubbs 2 is not selective.

3. Draw the catalytic cycle that produces stilbene. Where is the stereochemistry set (i.e.

at what point does the product become cis- or trans-?
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Answer: A full answer will include the catalytic cycle above which shows the generation of the

active catalyst (middle to top), formation of the ruthenium metallocycle butane (right) where the
stereochemistry of the product is set, and the regeneration of the catalytically productive

ruthenium benzylidene (top) via evolution of an equivalent of ethylene (left).

4. A properly-designed catalyst can produce non-thermodynamic distributions of products
(i.e. a kinetic or Curtin-Hammett distribution of products). Is this metathesis reaction
thermodynamically or kinetically controlled? Can you design an experiment to test your

answer?

Answer: The product distribution in the present metathesis reaction is under thermodynamic
control; the achiral catalyst imparts no kinetic preference for one isomer over another. However,
asymmetric metathesis catalysts are available.

To test the possibility of thermodynamic versus kinetic control, a group of students can perform
reactions where the reactions are stopped at different intervals: from 20 min up to days.

Students will observe only trans-product at all time points. If the reaction were under
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measurable kinetic control, cis/trans ratio would be a function of reaction time. This requires

stilbene to undergo metathesis, which as a Type Il olefin,* it does so only sparingly.

5. Is this catalyst a good choice for olefin metathesis? (hint: take a look at your TON and

TOF). Hit the literature, what other catalyst might you suggest for metathesis?

Answer: Grubbs-type catalysts are widely used because they are long-lived (decent TON) and
tolerant to a wide variety of functional groups and reaction conditions.%” A host of metathesis
catalysts is available. Various specialized catalysts are available for rapid initiation,® ring-
closing metathesis,® and densely-functionalized substrates.’® Catalysts employing other
metals, particularly molybdenum, are capable of effecting rapid and selective metathesis

reactions.1?

6. If you produced the thermodynamic ratio of stilbene (trans-stilbene & cis-stilbene; Keq

= 0.002), why is none observed in the *H NMR?

Answer: The thermodynamic ratio suggests 0.2% cis- product (Keq = 0.002 = (100-x)/x; x =99.8).

This value is far below the detection limits of NMR spectroscopy.

7. What factors influence cis/trans ratios?

Answer: Catalysts and reagents (e.g. Wittig) can be stereoselective, but the Grubbs 2-catalyzed

formation of stilbene from styrene is not. This experiment produces the thermodynamic ratio of

products. This ratio is determined by the relative stability of the two products where the bulky

phenyl rings strongly favor a trans-isomer for steric reasons.!

8. Why is the cis/trans ratio of stilbene so small? For comparison, the thermodynamic

distribution of isomers for 2-butene is about 30% cis-isomer.2
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Answer; The phenyl rings in stilbene are much bulkier than the methyl groups in 2-butene,
which makes the reaction far more selective for the trans-product in the case of stilbene versus
2-butene. The effect is augmented because the phenyl rings in stilbene prefer to be coplanar

for n-delocalization.

9. Convert cis/trans ratio into Keq and/or AG°.

Answer: The values are ~0.2% cis-isomer, Keq = 0.002, AG° = 3.7 kcal/mol. This can be found
using the standard equations:

_ [trans — stilbene],,
eq —

[cis — stilbene],,

AG® = —RT InK,,
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Characterization Data and Spectra of Stilbene Products

trans-stilbene
oh

'H-NMR (300 MHz, CDCl3): 6 7.57 — 7.47 (d, J = 7.6 Hz, 2H), 7.43 - 7.32 (t, J = 14.8,7.9, 7.0

Hz, 2H), 7.32 - 7.21 (t, J = 14.8, 8.5, 6.0 Hz, 1H), 7.15 - 7.09 (s, 1H).
IR: A =3058.69 cm™ (=C-H); B = 3020.13 cm™ (=C-H); C = 1596.85 cm™*, 1577.56 cm™ (C=C,
aromatic); D = 1494.64 cm™* (C=C, aromatic); E = 1450.28 cm™ (C=C, aromatic) (see spectra

below)

MP: 122-125°C.

Yield: About 92% (determined by NMR).

cis-stilbene (for comparison, none observed)

IH NMR (89.56 MHz, CDCls):13 & 7.38 — 6.98 (m, 10H), 6.57 (s, 2H)

MP:4-5°C
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Example Grading Rubric

1. Descriptive Title/Purpose (5 pts): Title should be concise yet describe the experiment

completely. A sentence or two should be devoted to the purpose of the experiment.

2. Reaction Scheme (10 pts): A reaction scheme should be provided after the title and purpose.
The scheme should pertain to this specific experiment including reagents, reaction conditions
and product. A complete mechanism for the reaction should follow with proper arrow pushing

and formal charges.

3. Data Analysis and Characterization (20 pts): All the spectra should be provided, including IR
and NMR data. These should be properly labeled with assignments of relevant peaks. A table

or lists of peaks could be used for this instance.

4. Yield (5 pts): Theoretical and percent yield should be provided with all step-by-step

calculations.

5. Post-Lab Questions (30 pts): All the questions should be answered fully but succinctly. If

drawings or mechanisms can help in the answer, they should be provided.

6. Lab Notebook (20 pts): Students should provide signed (by TA or instructor) carbon copies
of their lab notebook where they should have a completed data table and any relevant

observations.

7. Lab Technique/citizenship (10 pts): The lab should be returned to the condition in which you

found it. Violations that are not attributable will be assessed to the whole class. Improper

handling or use of equipment/chemicals will also cause deduction in points.
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Stilbene Synthesis by Olefin Metathesis Reaction

In a previous laboratory experiment,® stilbene was synthesized via a Wittig reaction. The Wittig
reaction is robust and widely-used in industrial and academic research labs. It is also a hallmark
counterexample of a ‘Green’? process, and the reaction exhibits poor atom economy.® That is,
the mass of product divided by mass of ‘wasted’ Wittig reagent byproduct is low and can be less
than unity, depending on the reaction.! Catalytic methods offer an alternative. The primary
advantage of a catalytic approach is the ability to generate many moles of product for each mole
of catalyst (i.e. a good catalyst will have a high turnover number, TON = mols substrate/mols
catalyst) and keep waste to a minimum. The multitude of synthetic possibilities and advantages
rendered by tuning ligand structure — to change regiochemistry, stereochemistry, rate, and
substrate scope — makes catalysis an attractive field of research. Stoichiometric (e.g. Wittig)
and catalytic (e.g. metathesis) reactions have concomitant benefits and drawbacks. An
overarching goal of the two stilbene synthesis experiments is to directly compare and contrast
the two approaches.

Catalysts for olefin metathesis, particularly ruthenium (Ru)-containing catalysts, have
revolutionized synthetic chemistry.* These catalysts have impacted pharmaceutical,® natural
products® and polymer chemistry.” The development of olefin metathesis catalysts was
awarded the 2005 Nobel Prize in Chemistry.® In this experiment, you will be using a Ru olefin
metathesis catalyst — commonly called Grubbs Catalyst, Second Generation or ‘Grubbs 2’ — to
perform the homodimerization (or cross-metathesis) of styrene. The diastereoselectivity

(cisftrans selectivity) of the metathesis transformation is different than the Wittig process.*
I

7y Py

N 5 :
) X 1 mol% Grubbs 2 + H,C=CH, | CI(R’luaPh
CH,Cl, ! PCys;

stilbene Grubbs 2™ Generation
Catalyst

Scheme 1.
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Experimental - Day 1

Charge a 20 mL scintillation vial with a magnetic stir bar, Grubbs 2 (14.80 mg, 0.017 mmol) and
dichloromethane (CH2Cl2) (10 mL, 0.157 mmol). Next, add the styrene* (0.2 mL, 1.74 mmol),
fit the scintillation vial with a polymer cone or foil backed cap and place on stir plate. Let the
reaction stir for 1 hour, and then remove the solvent in vacuo.

Prepare a mini silica column, Figure 1. First, loosely plug one end of a pipet (8 x 142 mm) with
a piece of cotton or glass wool. Next, fill pipet with silica to a height of ~5 cm. Add the hexanes
mobile phase to the top of the mini column and use a volumetric pipette bulb to push the mobile
phase onto the column. Use gradual pressure changes to move the solvent without cracking
the silica gel stationary phase; this can take practice and patience.

Re-dissolve the vial contents in minimal CH2Cl2 (0.5-1.0 mL). Pipet this solution onto the silica
plug, trying not to disturb the wet silica. After loading the reaction solution onto the column,
flush the plug with excess hexanes (~25 mL) to remove the stilbene, collecting in a 100 mL
round bottom flask. A shorter column (~2 cm) can be eluted with a smaller amount (~10 mL) of
hexanes, but loading in minimal CH2Cl. is critical. Remove the solvent in vacuo and collect *H
NMR, IR spectra and melting point. Determine the cis-/trans- ratio of the product, turnover

number (TON) and maximum turnover frequency (TOF) of the reaction.

*Styrene from a chemical supplier contains an inhibitor. The inhibitor may not be disruptive to
the metathesis reaction, but it was removed prior to the lab period. The inhibitor was removed
by stirring for 5 min a mixture of 3 g of alumina for every 20 mL of styrene and gravimetrically

filtering the slurry through qualitative filter paper.
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Figure 1: (a) Insertion of a glass wool into a glass pipette (8 x 142 mm) with a 9 inch Pasteur
pipette; (b) Loading of dry silica into the glass pipette with weigh paper; (c) Wetting of the silica
with hexanes; (d) Application of pressure with a volumetric pipette bulb to elute the solvent; (e)
Loading the product mixture on to the wet silica column; (f) Elution of product with firm, constant

pressure from pipette bulb.

Day 2

Form a hypothesis, design a modification of the experiment and reach a conclusion
supported by your data. Possible modifications may be to test the turnover limits of the reaction
by reducing the catalyst loading, or by changing the reaction time, temperature and/or
concentration of reagents. A more complex study of reaction conditions may be screened if you

pair with your presentation partner(s) to design your experiments.
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Questions

1.

What are the advantages of synthesizing stilbene with metathesis vs Wittig?
Disadvantages?

What is the cis/trans ratio produced by metathesis and how does it compare to the
Wittig reaction?

Draw the catalytic cycle that produces stilbene. Where is the stereochemistry set (i.e.
at what point does the product become cis- or trans-?

A properly-designed catalyst can produce non-thermodynamic distributions of products
(i.e. a kinetic or Curtin-Hammett distribution of products). Is this metathesis reaction
thermodynamically or kinetically controlled? Can you design an experiment to test your
answer?

Is this catalyst a good choice for olefin metathesis? (hint: take a look at your TON and
TOF). Hit the literature, what other catalyst might you suggest for the metathesis of

styrene?
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