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Abstract

The ligand (L) and halide effects of a series of iron complexes (FeX; or FeXs, X = Cl, Br)/L
supported by carbon (Cp,Fe,(I)(CO), > CpyFe > Fe(CO)s > (Ph,PCp),Fe), nitrogen (phthalocyanine
>> bpy > MeO-bpy >> PMDETA > phen), halide (FeX,Ys.n/BwuN, X, Y = CI >> Br > I), oxygen
(12-crown-4 >> 15-crown-5 > dibenzo-18-crown-6) and phosphorous (P[Ph(2,4,6-OMe);]; > P(t-
Bu); >> P(n-Bu);, PPh;, P[Ph(4-CF;)]5, P(CsFs);) ligands, as well as ligand-free FeXs;, were
evaluated in the normal, ICAR, and photo-ATRP of butadiene (BD) initiated from bromoesters,
o, a—dichloro-p-xylene, or FeX; in toluene at 110 °C.

Good polymerization control was observed in many cases, and two clear trends i.e.
P[Ph(OMe);]; >> BusNX > crown ethers > amines > C-ligands and FeCl,, FeCl; >> FeBr,, FeBr;
occur consistently across all polymerizations. These effects correlate with the higher stability of the
allyl PBD-CI vs. PBD-Br chain ends and with FeCl; likely being a better deactivator than FeBrs.
Conversely, while basic enough to reduce FeX;, P[Ph(OMe);]; is not nucleophilic enough to
quaternize PBD-X in the apolar toluene and successfully enables a faster activation/deactivation
equilibrium than all other ligands. As such, e.g. N-ATRP with [BD]/[R-Br]/[FeCl;]/P[Ph(OMe);]; =
100/1/2/3 affords a linear M,, vs. conversion profile with PDI as low as 1.15-1.2 and a halide chain
end functionality (CEF) = 0.65 at up to 50 % conversion. While controlled polymerizations occur in
photo-ATRP even without ligand and initiator, photoirradiation of catalytic N-ATRP with
BD/DB3/FeCl3/P[Ph(OMe);]; = 100/1/0.05/0.15 significantly improves the rate (x 10 vs. dark),
conversion (up to 70 %) and X-CEF (0.9) via the additional initiation afforded by FeX; photolysis,
albeit with a slight PDI increase to ~1.4.

Thus, Fe-mediated BD-ATRP is achievable, and the rational selection of the polymerization

variables enables minimization of side reactions and the successful synthesis of well-defined PBD
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with a wide range of molecular weights, narrow PDI and reasonably high X-CEF, suitable for the

preparation of e.g. block copolymers.

Introduction.

The scale of the industrial synthesis of homo, random and block copolymers containing
conjugated 1,3-dienes (butadiene, (BD), isoprene (ISO), dimethylbutadiene, (DMBD), and
chloroprene (CIP)) reaches up to billions of pounds/year, which testifies to their importance.'”
However, while radical emulsion polymerization can be used for the preparation of rubbers,
coatings, adhesives, and high impact materials based on random copolymers of dienes with
acrylonitrile (AN) or styrene (St),' the corresponding thermoplastic elastomer blocks are
prepared by expensive, air and water sensitive anionic or coordination’ polymerizations that
require strict reaction conditions, and offer only a limited selection of initiator and chain end
functionalities.'

As such, water tolerant, inexpensive controlled radical polymerizations (CRPs, which
proceed with a linear dependence of M, on conversion, narrow polydispersity (PDI) and high
chain end functionality (CEF)),*” would be desirable. Conversely, diene radical polymerizations

include a series of drawbacks such low monomer boiling points (bg® = 4.4 °C, by°= 34 °C),

Diels-Alder (DA) cycloadditions® (BD to 4-vinyl cyclohexene®'*'*

and ISO to limonene) as well
as chain transfer to the weak allylic Hs which leads to branching/crosslinking at high conversion.
Moreover, the characteristic diene radical propagation mode, entailing the equilibrium of the

prevailing primary 1,4-radical with other allylic delocalized resonance isomers,” leads to

mixtures of constitutionally isomeric 1,2-, 3,4- or 1,4-cis/trans main chain connectivities,1 and to

acrylates
1,49 (kp y >

the lowest radical propagation rate constants (kp) of typical radical monomers,
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10* > k0¥ ~ 180 > kB2 ~ 150 > KIS0 ~ 125 M s™)."* As such, high pressure and high

emperature10 metal reactors are typically required.

However, unlike St or MMA CRPs, which can be sampled conveniently from Schlenk
reaction tubes on a gram scale, diene kinetics are challenging experimentally and imply multiple
one data point experiments. As a result, unlike with the vast CRP literature on liquid
monomers,*” there is very little data on dienes, and most of it pertains to the higher boiling thus
more convenient, ISO. Example include CRPs mediated by ni‘[roxides,11 RAFT agents,12 Te,13
iodine degenerative transfer (IDT) telomerizations,'* and Co selective dimerizations."”” Here, our

Jre-t8 organometallic mediated reversible deactivation (OMRP),"”

earlier work on the Cp,TiC
CRPs of BD,'® 1SO,"” and DMBD'® initiated by the radical ring opening of epoxides,20 SET
reduction of aldehydes®' and halides™ remain the sole examples of transition metal mediated’
CRPs of dienes and of the synthesis diene block copolymers.'” However, while successful, the
Ti-mediated CRP remains a water-sensitive, organometallic protocol.

The advantages of ATRP*” (simplicity, inexpensive available reagents, catalytic nature,
rational ligand fine-tuning, water tolerance etc.),*’ vs. all other typical CRP methods and those
of emulsion (lower cost, water media, high rate)' vs. coordination/anionic polymerizations,
suggest that emulsion ATRP is quite suitable for industrial scale-up. However, over 20 years
and more than 10,000” articles since the inception of ATRP,” although the mechanistic
understanding®’*° has considerably developed for St and (meth)acrylates,”” its extension to
more reactive (vinyl acetate, (VAc),”’ vinylidene fluoride (VDF),”® ethylene) and as well as less

reactive monomers such as dienes remains challenging. To date, the few earlier diene-ATRP

efforts,”’ remain qualitative, without evidence of M, control, and missing specific details on the
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mechanism, kinetics, effect of reaction parameters, and especially on the complex correlation of
the side reactions with the polymerization variables.

To address this, we set up a research program intended to provide an in-depth,
quantitative evaluation of the scope and limitations of diene-ATRP, towards the synthesis of
complex dienes architectures.”®  After preliminary studies on CuX initiated diene free radical
polymerizations,’' we subsequently demonstrated®® that although the failure of diene-ATRP was

732 this has little bearing on the polymerization

blamed on BD/CuX catalyst coordination,
outcome. Thus, by contrast to polar AN.* the weak coordination®® of St, MA or MMA®™ to
Cu(DX complexes with open coordination sphere does not interfere with the corresponding
ATRPs. Moreover, CuX-p-(1,3-Diene)-CuX>® complexes can be prepared only below T < -78
°C. As such, 1,3-dienes are poor Lewis bases, and vastly inferior to typical Cu N-or P-ligands at
the relatively high temperatures (T > 100 °C) of BD-ATRP. In reality, the culprit is the weak
primary 1,4 P,-CH,-CH=CH-CH,-X or secondary 1,2 P,-CH,-CH(CH=CH,)-X allylic halide
chain ends, and BD-ATRP fails predominantly via decrease of its halide chain end functionality
(CEF) with conversion.

As a results of the P,-X bond dissociation energy (BDE) order of allyl < AN < MMA <

St < MA < VAc < VDF < Et*? the allyl-X termini are the weakest polymer chain ends,

regardless of the X CRP agent’’ and consequently, the weakest of a/l ATRP halide chain ends’

(BDESY. = 71.3 keal/mol, BDESL Y. ®" = 56.7 kcal/mol).*> While there is very little data on

he ATRP parameters of allyl halides (k‘:iltycl;g;: }2)1(34°DCETA = 38 x 107 Lmol's'*

Allyl-Br, 25°C _ 2 -1_-139 ,Allyl-Br, 22°C, _ -9 40 {,Allyl-Br, 22°C _
Kactcux, MesTREN = 3-20 X 107 Lmol™s™,™" Ky rpp by, bpy — 3 X 1077 Kyrrp cubr, TPMa = 1.7

- Allyl-Cl, 22°C
x 1075640 Al

ATRP CuCl. TPMA — 2-3 X 10° %9, they do suggested that polybutadiene halide chain

ends (PBD-X) and their corresponding propagating allyl radicals (PBD") likely have highest of

5
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k,e; and lowest k. values of all*” typical ATRP monomers. As a result, dienes would exhibit

the largest reversible dissociation equilibrium constants in CRPs mediated by the persistent

radical effect
Allyl-Br , ,CH3CH(CN)-Br , ,(CH3)2C(COOCH3)—Br, {,CH3CH(Ph)-Br, ,,CH3CH(COOCH3)-Br _
(Katrp  / Katrp / Katrp / Katrp / Katrp -

890/730/28/6/1, 90 °C, i.e. BD > AN > MMA > St > MA),*” and the fastest exchange rates in
CRPs mediated by degenerative transfer (DT).

On the downside, facile PBD-X activation but slow PBD" deactivation allows competing
processes to decrease halide CEF and broaden the PDL*’ As such, our study on the effect of the
initiator, halide, catalyst, ligand, solvent, temperature and ATRP method indicated®® that besides
a low bp,, DA monomer dimerization,® very low kp,9 allyl chain transfer and typical termination
by recombination,*' the allyl PBD-X/PBD" are the most susceptible all ATRP chain ends to side

reactions such as f-H elimina‘[ions,42 CuX/CuX,/L oxidations/reductions’*

or catalytic
termination** of propagating radicals and correspondingly, to thermal or base catalyzed PBD-X
dehydrohalogenation by quaternization45 with nucleophilic/basic N- or P-ligands in basic/polar
solvents, followed by thermal onium elimination/fragmentations*® which are driven by the
formation of terminal allenes or conjugated double bonds. Therefore, catalytic solution ATRP
procedures particularly ICAR with tertiary Br > Cl ester initiators in apolar solvents (toluene) are
preferred since they employ much less of a potentially nucleophilic ligand (bpy or MeO-bpy vs.
alkyl polyamines) and afford poly(butadiene) (PBD) with reasonably high Br chain end
functionality (Br-CEF) suitable for the synthesis PBD block copolymers.

However, in addition the well-studied Cu systems, other transition metals with variety of

ligand types mediate ATRP. Some of the other more effective ones for styrene and

(meth)acrylates are based on group 8 and group 10 complexes, especially Fe™*’ and are worth
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exploring for dienes as well. We have recently investigated Ni, Pd and Pt complexes®™ and we

are extending our studies below to iron.

Experimental

Materials. 2,2’-Bipyridiyl (bpy, 99%), iron(II) phthalocyanine (FePC, 95%), Dibenzo-
18-crown-6 (DB18C6, 98%) from Alfa Aesar, tetrabutylammonium bromide (BusNBr, 99%)
from Acros, 1,4,7,10,13-pentaoxacyclopentadecane (15C5, 98%) from Ark Pharm,
tetrahydrofuran (THF, 99.9%) HPLC grade from Fisher, bis(cyclopentadienyl)iron(II) (Cp,Fe,
99%), 1,1’-bis(diphenylphosphino) ferrocene (DPPF, FeCp(PPhy),), iron pentacarbonyl
(Fe(CO)s, 99.5%) all from Strem Chemicals, iron(II) chloride tetrahydrate (FeCl,, 99%), iron(11I)
chloride hexahydrate (FeCl;, 98%), iron(II) bromide (FeBr,, 98%), iron (III) bromide (FeBrs,
98%), 4-4'-dimethoxy-2-2'"-bipyridine (MeO-bpy, 97%), N,N,N’,N’’ N”’-
pentamethyldiethylenetriamine (PMDETA, 98%), 1,10-phenanthroline (Phen, 99%), toluene
anhydrous (99.9 %), 1,4,7,10-tetraoxacyclododecane (12C4, 98%), tetrabutylammonium chloride
(BusNCl, 97%), tetrabutylphosphonium bromide (BusPBr, 98%), tetrabutylammonium iodide
(BusNI, 99%), tris(2,4,6-trimethoxyphenyl) phosphine (TTMPP), Tri-tert-butylphosphine (P(t-
Bu)s, 98%), Tri-n-butylphosphine (P(n-Bu)s;, 98%), Tris(perfluorophenyl)phosphine (97%).
Tris(4-trifluoromethylphenyl)phosphine (97%), triphenylphosphine (TPP, 99%), ethyl 2-
bromoisobutyrate (EBiB), 1,3-butadiene (BD, 99%) all from Sigma-Aldrich, were used as
received. 1,1'-biphenylyl-1,4-bis(2-bromopropanoate) (Br-C(CHj3),-CO-O-C¢Hy-CsHy-O-CO-
C(CHjs),-Br, DB3) was synthesized as previously described.”” DAMAR H25SL/Black light bulb
from Lightbulb Depot (365 nm, 6 mW/cm? ) and blue 5050 LED strip light (Im strip, A = 450

nm, 4mW/cm?) from Solid Apollo LED were used for photomediated experiments.
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Techniques. |H NMR (500 MHz) spectra were obtained on a Bruker DRX-500 at 24° C
in chloroform-d. Gel Permeation Chromatography (GPC) was performed on a Waters GPC
system equipped with a PL-ELS1000 evaporative light scattering (ELS) detector and a Jordi
mixed bed two columns setup at 40 °C. THF (Fisher, 99.9% HPLC grade) was used as eluent at a
flow rate of 1 mL/min. Number-average (M,) and weight-average molecular weights (Mw) were
determined from calibration plots constructed with PS standards. Since low M, polydienes are
quite soluble, precipitation in MeOH artificially lowers PDI, and we are reporting herein the
values of raw samples. As seen for the Te-CRP' of isoprene, PSt calibrated GPC overestimates
M,. Thus, the initiator efficiency (IE = Mntheor/MnGPC) values are underestimated.

Butadiene Polymerization. As we have previously shown for the low boiling VDF?® as
well as for the szTiC12-medi:c1‘[ed16'18 diene OMRPs, the current BD-ATRPs were not performed
in metal reactors, but rather in low pressure glass tubes that enable faster optimization and
reproducible sampling under Ar after cooling the tube with dry ice/acetone to prevent BD
evaporation.

In a typical N-ATRP procedure, FeCl;e6H,0, (0.1917 g, 0.71 mmol), TTMPP ( 0.567 g,
1.06 mmol) and toluene (3mL) were added to a 35 mL Ace Glass pressure tube, which was
purged with Ar, and cooled to ~-80 °C in a dry ice/acetone bath. DB3 (0.1719 g, 0.36 mmol)
was then added. BD (1.92 g, 36 mmol) was condensed on top of the frozen reaction mixture
which was then degassed by a series of vacuum/Ar refill cycles. The tube was placed in an oil
bath at 110 [1C. Sampling was performed under Ar, after cooling in a dry ice/acetone bath, and
the system was degassed after each sampling. For photopolymerizations, the light source was

placed in the bath next to the tube.
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The monomer conversion was determined by integrating the alkene resonances of the
polymer vs. the methyl resonance of toluene, which was used both as internal standard and
solvent. The halide (Cl, Br) chain end functionality (CEF) was calculated by integrating the allyl

Br or Cl resonances at & ~ 4 ppm vs. the alkoxy resonance of EBIB at & ~ 4.2 ppm or vs. the

aromatic DB3 resonances at 6 ~ 7.1 or 7.6 ppm.

Results and Discussion

Initial Considerations. Widely used in organic and organometallic transformations,*®
Group 8 metals are likely the second most studied and preferred class of transition metal ATRP
catalysts besides Cu.’ Indeed, a wide variety of N-, P-, C-, O, S, CI and Br ligated Fe, Ru and Os
complexes are successful in the ATRP of styrenes and (meth)acrylates,S’47 and were also tested
for vinyl chloride® or vinylidene fluoride.”® The abundant Fe offers the additional advantages of
wide availability, lower cost, as well as biocompatibility and was studied with a variety of
stoichiometric and catalytic ATRP protocols’’ including ICAR or ARGET, as well as initiator-
free or ligand-free systems or photo’-ATRP. In the later cases, initiation occurs following in
situ 1,2-halogenation of the monomer double bond in the dark, or by radical addition of X*
derived from FeX; photolysis, and where strongly reducing phosphine ligands such as
P[Ph(2,4,6-MeO);]5°" (TTMPP) act as in-situ ARGET-like reducing agents for FeX3.

However, a clear comparison between Fe and Cu under similar conditions is not
available, and while the halide, ligand and solvent are very important polymerization parameters

which affect the Katrp of Cu mediated ATRP of St and (meth)acrylates, across 6-7 orders of
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magnitude,“'7 quantitative kacr, kgeact Or Katrp data for Fe remain limited primarily to high
pressure Fe-ATRP,> or to ammonium halide,” TTMPP** or porphyrin® ligands, and the rational
ranking of solvents, ligands and Cl vs. Br systems is lagging far behind the Cu systems.

While one may expect dienes to broadly parallel the slowly propagating St in ATRP
behavior, such trends are likely masked by high tendency of the weak allyl halide chain ends to
undergo side reactions such as basic solvent catalyzed dehydrohalogenations or quaternizations
with nucleophilic ligands, as well as by catalyst mediated oxidations/reductions and terminations
of the propagating radical.”** In addition, unlike the case of Cu mediated ATRP where diene
coordination is poor,”® both Fe and Ru neutral or cationic dienes complexes (e.g.
Fe/Ru(O)(CO)3(114-C4H6))56 are somewhat stable. Thus, while the in situ formation of BD
complexes with Fe or Ru halides in the presence of the better ligating phosphines or amines is
unlikely at the high (T > 100 °C) ATRP temperatures, transient coordination remains possible
and may influence the polymerization outcome.

The structures of the iron complexes tested in this work (Chart 1) include various FeX,/L
and FeXs/L combinations where X = Cl, Br and L = bpy, MeO-bpy, PMDETA, Phen, BusNCl,
BuNBr, BusPBr, BuyNI, 12C4, 15C5, DB-18C6, PPh; and P(CsH,(OMe)s)s, and well-defined
complexes such as Fe(CO)s, Cp,Fe(CO)s, FeCp,, Fe(CpPPh,), and FePC (phthalocyanine), as
well as ligand-free or initiator-free experiments in the dark or under irradiation. Here, due to the
TBPO, ligand or light assisted reduction of FeX3 or interconversion (con/disproportionation) of
various oxidation states, the starting valence of the metal may not be essential. The results are
summarized in Table 1 and Figures 1-11, and the mechanism is illustrated in Scheme 1.

Butadiene initiation produces relatively less reactive, allyl delocalized PBD*® radicals.

16-18,30

Thus, it occurs easily from all typical alkyl halide ATRP initiators, which all provide more

10
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reactive radicals.”® As our earlier studies with Cu indicated a clear Br >> CI preference,’’ the R-
Br tertiary bromoester initiators used here are the typical Ebib and a difunctional analog, DB3,
but a comparison with a,o-dichloro-p-xylene (DCPX) is also included. While in ICAR-ATRP
the halide chain end is predominantly (> 90%)° derived from the initiator, a halide exchange
process is expected in stoichiometric N-ATRP systems.

A typical "H NMR of polybutadiene (PBD) prepared by Fe-mediated ATRP is presented
in Fig. 1 and demonstrates the initiation by DB3 (aromatic resonances at 6 ~7-7.5 ppm), the
polymerization by a halide atom transfer (allyl Br/Cl chain ends, & ~ 4-4.5 ppm, which also
allow the calculation of the halide chain end functionality, Cl/Br-CEF), and the free radical
nature of the polymerization (by the classic' ~80/20 free radical distribution of the 1,4 and 1,2-
BD isomeric main chain units).

While the values of k. for most of these metal complexes and R-Br are not known, for
good polymerization control and narrow PDI, it is desirable that initiation is faster than
propagation. This aspect is also relevant in the Br/CI-CEF calculation from the integration of the
ally Br/Cl chain ends vs. initiator resonances. For Ebib, the kinetics of initiator activation can be
measured due to the different positions of the CH3-CH»-O- signal in the starting Br initiator (6 ~
4.2 ppm) vs. in the chain end (6 ~ 4.1 ppm), and are shown in some instances. Unfortunately, the
aromatic DB3 resonances are indistinguishable in the starting and polymer-bound initiator.
Here, the R-CH,-CH=CH-CH,- connectivity at 6 ~2.5 ppm could be used, but it overlaps with
the CHj; resonance of toluene, which is used as reference for BD conversion determination. As
such, the Br/CI-CEF values of unprecipitated, DB3 initiated PBD may be underestimated if the

initiation is slow.

11
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The polymerizations were carried out at 110 °C where < 10 % of the monomer dimerizes
by thermal Diels-Alder cycloaddition,”® and where the half lifetime of TBPO enables a
continuous radical supply in ICAR for over a week.'”’ The apolar toluene was used as a solvent
to  minimize base-catalyzed thermal dehydrohalogenation, halide chain end
alkylations/quaternizations and other side reactions. While FeBr, and other Fe complexes were
shown to mediate ATRP even in the absence of ligands,58 such polymerizations were only shown
for polar monomers (e.g. acrylates) in polar solvents (e.g. ACN) which help solubilize FeBr;.
Thus, for toluene ligands are likely needed, even if some diene/FeXs3 coordination occurs. As
excess ligand may alkylate the weak PBD-X chain ends,*® typical R-X/cat = 1/1 stoichiometric
N-ATRP ratios were not always tested, but comparisons of pseudo N-ATRP with low ratios and
ICAR (e.g. [BD]/[RBr]/[TBPO]/[Mt] = 100/1/0/0.2 vs. 100/1/0.2/0.05 or 100/1/0.2/0.2) are

provided in a few cases and illustrate the beneficial effect of TBPO, TTMPP or light.

12
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. . , . N,N,N’,N”*, N
2,2'-bipyridine 44'-dimethoxy-2,2'-  1,10-Phenanthroline ;¢ methyldiethylenetriamine  Iron(II) phthalocyanine
bpy bipyridine phen PMDETA FePC
MeO-bpy
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12-Crown-4 15-Crown-5 Dibenzo-18-Crown-6 Buy,NX, X=Cl, Br, I
\0
PR; FeCl,.4H,0 FeBr,
PBu; \\O (0) 00// Iron (II) chloride tetrahydrate Iron (II) bromide
R P'Bu, b
R'P\R P(CsHy); FeCl,.6H,0 FeBrs
P(C4Fs); No 00 o~ Iron (1) chloride hexahydrate  Iron (III) bromide

P(4-CcH4-CF3);3 I

P[2,4,6-CcH,(OCH3)3]3  Tris(2,4,6-trimethoxyphenyl)phosphine
(TTMPP)

Chart 1. Ligands and Fe complexes tested in BD-ATRP.
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Table 1. Fe Mediated BD-ATRP

< app 3
Exp Cat/L [TBPOJ/[Cat]/[L] M, PDI B};&‘i‘w Tzhm)e ((:f,;‘)‘)" K h’flm o X ff/fF’
1 CpaFe’ 0.20/0.15/0.00 77300 144 0.01/42 120 15 13 0
2 CpaFe® 0.00/0.50/0.00 11,300 157 0.01/35 144 10 0.8 0
3 (Ph,P-Cp)° 0.20/0.05/0.00 2,900 1.64 0.45/2.4 144 16 1.6 85
4 (Ph,P-Cp)° 0.00/0.20/0.00 4,000 117 0.30/0.42 144 13 13 75
5 Fe(CO)s’ 0.20/0.10/0.00 33,000 153 0.05/26 96 19 22 13
6 CpaFes(CO),® 0.20/0.05/0.00 25000  1.69 0.07/9.4 120 2 22 14
7 CpaFes(CO),> 0.00/0.10/0.00 1,970 150 0.45/0.46 54 6 2.4 29
8 CpaFex(CO),>* 0.00/1.00/0.00 16320 171 0.07/9.66 60 16 24 0
9 FeBry/Phen” 0.20/0.05/0.15 36,000  1.52 0.03/18 144 10 0.7 0
10 FeBry/Phen” 0.20/0.05/0.15 49,700 148 0.03/41 144 16 12 0
11 FeBr/bpy" 0.00/2.00/4.00 40200 146  0.05/0.43 96 15 1.7 11
12 FeBry/MeO-bpy* 0.20/0.05/0.15 79,100 1.6 0.02/23 96 25 3.0 0
13 FeBry/MeO-bpy” 0.00/2.00/4.00 37,700 181 0.03/0.47 96 11 12 5
14 FeBry/MeO-bpy” 0.20/0.05/0.15 32,800 150 0.05/0.48 96 15 2.0 5
15 FePC* 0.20/0.15/0.00 45000 211 0.03/2.7 144 20 2.0 47
16 FePC® 0.00/0.50/0.00 750 1.05 - 144 0 0.0 0
17 FeCly/PMDETA® 0.20/0.05/0.15 32000 1.6 0.09/10 196 46 3.0 12
18 FeBry/PMDETA® 0.20/0.05/0.15 26400  1.62 0.09/21 144 36 3.0 18
19 FeBry/Bu,NCI’ 0.00/2.00/3.00 4,170 1.18 033/13 144 17 0.4 69
20 FeBr,/Bu,NBr" 0.00/2.00/3.00 2,380 125 032/1.5 144 5 02 51
21 FeBry/BuNI® 0.00/2.00/3.00 3,560 1.33 0.22/1.8 144 5 0.2 53
22 FeBry/Bu;PBr® 0.00/2.00/3.00 1,100 106 0.27/0.92 144 6 0.4 21
23 FeBry/Bu,NCI’ 0.20/0.05/0.15 5,850 1.58 0.17/1.8 144 9 0.7 41
24 FeBry/Bu;NBr® 0.20/0.05/0.15 12,100 138 0.05/8.6 144 3 0.7 25
25 FeBry/Bu,;NCI>® 0.00/0.05/0.15 10,900 195  0.35/0.52 100 61 10 57
26 FeCly/Bu,NCI° 0.20/0.05/0.15 3,590 1.26 039/1.1 120 17 12 13
27 FeCly/Bu,NBr® 0.20/0.05/0.15 5,190 1.42 0.22/4.5 120 12 13 1
28 FeCly/Bu,NCI* 0.00/0.05/0.15 9,900 1.95 0.39/5.5 120 63 10 60
29 FeBr,/12C4° 0.00/2.00/3.00 670 1.04 - 60 4 - 0
30 FeBry/12C4° 0.20/0.05/0.15 7,940 1.56 0.16/4.7 144 15 05 35
31 FeBry/15C5° 0.20/0.05/0.15 4310 1.40 0.30/2.1 144 10 0.2 42
32 FeCly/12C4 0.00/2.00/3.00 540 1.04 - 60 2 - 0
33 FeCly/12C4° 0.20/0.05/0.15 7,510 1.57 0.27/1.8 80 28 42 22
34 FeCly/15C5" 0.20/0.05/0.15 30200  1.68 0.05/5.3 144 17 14 19
35 FeCly/DB18C6" 0.20/0.05/0.15 40,500 175 0.05/6.9 124 25 2.1 14
36 FeClLy/P(CoFs),” 0.00/2.00/3.00 920 1.07 - 96 0 - 0
37 FeClL/P[Ph(4-CF3)]"  0.00/2.00/3.00 870 1.07 - 96 0 - 0
38 FeCly/PPhy’ 0.00/2.00/3.00 700 1.03 - 96 0 - 0
39 FeCly/PPh;” 0.20/2.00/3.00 1690 12 0.60/0.32 96 11 0.6 83
40 FeBry/PPhy’ 0.00/2.00/3.00 840 1.06 - 96 0 - 0
41 FeBry/PPh;" 0.20/2.00/3.00 890 1.04  0.64/0.73 96 2 02 33
42 FeCly/P(n-Bu);® 0.00/2.00/3.00 840 1.06 - 96 0 - 0
43 FeClLy/P(t-Bu)y’ 0.00/2.00/3.00 2771 116 0.44/0.32 96 10 1.0- 76
44 none/TTMPP® 0.00/0.00/2.00 98,100 148 0.01/82 72 3 04 0
45 FeBry/TTMPP® 0.00/2.00/3.00 108300 230 0.01/71 120 11 0.9 40
46 FeBry/ TTMPP® 0.00/2.00/3.00 18,500 120 0.10/2.5 72 19 41 45
47 FeBry/ TTMPP 0.20/0.05/0.15 2,200 141 0.55/1.2 144 13 1.1 66
48 FeBry/ TTMPP® 0.00/0.05/0.15 1,560 106 0.46/0.34 96 4 0.4 33
49 FeBry/ TTMPP* 0.00/0.05/0.15 7,300 131 042/0.28 96 48 7.0 87
50 FeCly/TTMPP" 0.00/2.00/3.00 17,700 114 0.06/0.73 76 11 1.6 50
51 FeCly/ TTMPP" 0.00/2.00/3.00 19,700 118 0.20/2.1 150 46 41 63
52 FeCly/TTMPP 0.00/2.00/3.00 11070 1.14 0.20/0.2 92 32 41 65
53 FeCly/ TTMPP" 0.00/0.05/0.15 1,830 114 041/0.46 96 5 05 35
54 FeCly/ TTMPP" 0.20/0.05/0.15 4,030 157 044/0.15 144 24 1.9 72
51 FeCly/ TTMPP™ 0.00/0.05/0.15 9,920 141 0.41/0.89 144 66 78 88
52 FeCly/ TTMPP* 0.00/2.00/3.00 8,800 1.46 0.14/3.9 48 13 3.0 60
53 FeBr,® 0.00/1.00/0.00 25900 224 0.12/14 160 49 46 21
54 FeBry® 0.00/1.00/0.00 11,600  1.64 0.23/3.8 96 41 5.9 17
55 FeBr;" 1.00/0.05/0.00 39200  1.82 0.07/7.0 96 39 57 31
56 FeCly® 0.00/1.00/0.00 900 1.06 - 72 - - -
57 FeCly® 0.00/1.00/0.00 22900 157 0.17/2.0 160 64 6.6 23
58 FeCly® 0.00/1.00/0.00 28,000  1.68 0.15/2.8 144 69 7.9 31
59 FeCl,"® 1.00/0.05/0.00 5800 228 0.40/2.9 120 35 4.0 51

*All reaction ratios [BD]/[R-X] = 100/1 ¥ EBIB, ® DB3, © BLB irradiation, ¥ DCPX, © Blue-LED irradiation in toluene at T 110°C, M,," = M,
intercept at zero conversion. k,"" = initial apparent rate constant
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Scheme 1. Mechanism of Fe-mediated BD-ATRP
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Figure 1. '"H NMR of PBD from [BD}/[DB3]/[FeCls.6H,O]/[TTMPP] = 50/1/2/3. M,, = 6334,
PDI =1.15, X-CEF = 0.63. *TTMPP, **MeOH.
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C-ligands: Fe(CO)s, Cp;Fe, (Ph,PCp),Fe, Cp,Fe;(CO)4 and Photo-ATRP

By contrast to in-situ generated FeX,/L complexes where the nucleophilic ligand may
react with the PBD-X chain ends, well-defined Fe complexes with C-ligands are not expected to
dissociate L, and are thus of interest in BD-ATRP. A comparison of all ligands was performed
in ICAR, while Cp,Fe and (Ph,PCp),Fe were also tested in N-ATRP.

However, in all cases (Fig. 2), the polymerizations only proceed to < 20 %. For the
Fe(I) species, in both ICAR and pseudo N-ATRP, Cp,Fe presents some dependence of M,, on
conversion, but with a high M, intercept (M, ~ 40,000), and with ICAR having a slightly better
initiator efficiency, lower PDI (1.44 vs. 1.57) and faster rate (k, = 1.3 x 10° h™" vs. 8 x 10 h°
", than pseudo N-ATRP. However, both polymers are devoid of halide chain end functionality
(Br-CEF). This is consistent with the kinetics of Ebib activation which reveal that only trace
(~1%) Ebib reacted. The (Ph,PCp),Fe mediated polymerization displays a minor dependence of
M,, vs. conversion with an origin intercept, a much lower PDI of ~1.2 vs.1.6 for pseudo N-ATRP
vs. ICAR. However, while it exhibits a relatively high Br-CEF ~ 0.8 in both cases, and a fast
initial rate (k,"® = 6 x 10” h™"), it then progresses very little, especially for ICAR.

An in-between behavior is seen for Fe(CO)s and Cp,Fe,(CO)4, which present identically
fast ICAR kinetics (k, = 2.2 x 10 h) and similarly low Br-CEF ~ 0.1. However, while
Fe(CO)s has a relatively flat M,, profile with a high intercept (Mn0 ~26,000), Cp,Fe,(CO)4 shows
CRP features with higher initial PDI, which converge to ~1.6 for both. Similar CRP features
with lower initial PDIs and slightly faster rates are observed for Cp,Fey(CO)s using N-ATRP

conditions under black light bulb (BLB) irradiation, where the dimer splits to produce

h

CpFe(CO),” which can also activate alkyl halides.”® However, a similar experiment with

catalytic CpFe(CO), only affords low ( ~ 5 %) conversion. Thus, since (Ph,PCp),Fe affords

16
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high CEF, but remains kinetically stagnant, the following Cp,Fe;(CO)s > CpoFe > Fe(CO)s >

(Ph,PCp),Fe trend occurs in terms of ATRP control,
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Figure 2. Effect of Cp and CO ligands in BD-ATRP. (a) Dependence of Mn, PDI and Br-CEF
on conversion, (b) kinetics. [BD]/[R-Br]/[TBPO]/[Fe]=100/1/X/Y. R-Br = EBIiB, 0.2/0.15,
Cp,Fe (O); R-Br = DB3, X/Y = 0/0.5, Cp,Fe (@); 0.2/0.05 or 0/0.2, (Ph,PCp),Fe (O, ®);
0.2/0.1, Fe(CO)s (d); 0.2/0.05, Cp,Fe,CO4 (A) and BLB irradiation: 0.0/0.1 and 0.0/1
szFCzCO4 (, A)

N ligands: Bidentate (Bpy, MeO-bpy, Phen) and polydentate (PMDETA, PC)
amines:

A comparison of bpy vs. MeO-bpy is exemplified for N-ATRP with FeBr,, whereas a
comparison of MeO-bpy vs. Phen for both FeBr; and FeBrs is presented for ICAR in Figure 3.

In N-ATRP, FeBr; affords a CRP with a linear dependence of M,, on conversion for both

ligands. Here, consistent with the higher activity and nucleophilicity of MeO-bpy,” bpy affords
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In ICAR, for both FeBr, and FeBrs, MeO-bpy displays faster rates than phen (~ 3 x 107

18

better IE, lower initial PDI, higher Br-CEF (0.1 vs. 0.06) and slightly faster kinetics (k,"™" = 1.7 x

Time (h)

Figure 3. FeBr, and FeBr; mediated N- and ICAR BD-ATRP with bidentate bpy, MeO-bpy and
phen ligands, (a) Dependence of M,, PDI and Br-CEF on conversion, (b) kinetics.
[BD]/[DB;]/[FeBr,]/[L] = 100/1/2/4, MeO-Bpy (&), Bpy (*); [BD]/[DB;3]/[TBPO]/[FeBr; or
FeBr;]/[L] = 100/1/0.2/0.05/0.15, R-Br = Ebib, MeO-Bpy (¢, none); R-Br = DB3;, MeO-Bpy
(none, O), Phen ( +, A).

vs. ~1 x 107 h'l). For FeBr;, both ligands show the same linear M, vs conversion trend with an
intercept at ~ 20,000, but MeO-bpy proceeds to higher conversion (25 % vs. 10 %), and with
higher initial PDI, which converges to 1.5 for both. However, only trace Ebib activation is

observed. For FeBrs, phen leads to an FRP behavior with an intercept at ~ 40,000 and no Br-
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CEF, while a clear M, control (lower intercept and higher IE) is seen for MeO-bpy, with PDI ~
1.5-1.6 and Br-CEF of ~0.07. Finally, the use of MeO-bpy in N-ATRP/FeBr, and ICAR/FeBrs3,
shows M,, control in both, with similarly low Br-CEF ~ 0.07, but with a better IE, lower PDI, and
a faster rate for ICAR.

A comparison of multidentate N-ligands is provided by PMDETA with FeCl; and FeBr,
and by iron phthalocyanine in Figure 4. In ICAR, both FeCl; and FeBr, present identical
kinetics (k,™ ~3 x 10” h™") where a better M, vs. conversion trend is afforded by FeCls, while

FeBr; shows marginally better Br-CEF of 0.18 vs 0.1 and similar PDI ~ 1.5.
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Figure 4. Fe mediated BD-ATRP with multidentate PMDETA and Phtalocyanine ligands, (a)
Dependence of Mn, PDI and Br-CEF on conversion, (b) kinetics. [BD]/[DB3]/[TBPO]/[FeBr; or
FeCl;]/[PMDETA] = 100/1/0.2/0.05/0.15, (&, O); [BD]/[Ebib or DB3]/[TBPO]/[FePC] =
100/1/0.2/0.15 (A), 100/1/0/0.5 (A) and Ebib activation ().
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Interestingly, while Fe*” and various other metal porphyrins® were tested in the ATRP of
St and MMA, where they may also enable an additional OMRP,'’ Fe phthalocyanins inhibited
the OMRP of VAc.®' Similarly, no polymerization is seen here for N-ATRP, but ICAR shows a
clear linear dependence of M, on conversion and PDI ~ 2, and FePC is the only N-ligand that
presents a high Br-CEF ~ 0.5. This is consistent with a high and continuous activation of Ebib
throughout the polymerization (> 70 %, ko™ ~ 1.2 x 107 h™), albeit with an induction time of >
24 h for both Ebib and BD, but relatively fast thereafter (k,"™” =2 x 107).

Thus, in view of the very low Br-CEF, and by contrast to Cu systems with the same
ligands,”® Fe/bidentate aromatic as well as polydentate aliphatic amines may not be suitable for
good quality BD-ATRP. While in N-ATRP, amine chain end quaternization could be blamed for
low Br-CEF, due to the lower catalyst/ligand amount, ICAR ATRP is expected to provide better
Br-CEF and similar rate which should only be controlled by the TBPO amount.*’ However,
while MeO-bpy, PMDETA and FePC display identical ICAR rates, phen is much slower, and the
N-ATRP experiments are slower that the ICARs. Thus, the lack of Br-CEF, in conjunction with
the low initiator efficiency of these systems indicate that similarly to their behavior in the ATRP
of St and MMA,*® FeX,/N-ligands exhibit poor initiator and chain end halide activation, and as
seen here, poor deactivation of allyl halides. By contrast, tetradentate aromatic cyclic systems
appear far more promising, and although bpy was not tested in ICAR, the likely qualitatively
sequence in terms of ATRP control is FePC > bpy > MeO-bpy > PMDETA > Phen and FeCl; >
FeBrs.

Halide anions as ligands and Photo-ATRP

Here, by contrast to typical MtX,/L ATRP systems, the Fe “ligand” is in fact a halide,

and the anionic metal complexes are counterbalanced by ammonium cations. Thus, such

20
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systems are not nucleophilic and should not alkylate the PBD-X chain ends. However, the
additional halide from the ammonium salt*® also affects the overall halide exchange process, and
the mixed FeX,3/BwuNY ( X, Y = Cl, Br, I) systems afford a variety of Fe(II)X,Y4.n(NBuy),,
Fe(I1): X, Y6n(NBuy), or Fe(Ill)X,Y4n,(NBus), etc. derivatives with an ATRP reactivity
dependent on halide composition.”

As such, due to the excess R-Br initiator, the initiator halide will always dominate in
ICAR, with PBD-X and the Fe complexes equilibrating to predominantly Br. Indeed, for our R-
Br/FeX,/BusNY (X = Cl, Br) ICAR ratios, the overall CI mol fraction (vs. Br) for the
FeCls/NBuyCl, FeBr;/NBusCl, FeCl;/NBuyBr and FeBr;/NBuysBr combinations is 0.15, 0.09,
0.06 and 0. By contrast, for stoichiometric N-ATRP, a variety of mixed halide complexes can be
formed from the RBr/FeX, 3/BusNX = 2/(4,6)/3 mixtures, and for the combinations used here i.e.
FeBr, with NBusCl1/Br1/1, the Cl mole fractions are 0.33, 0 and 0.

Several trends are emerging in Figure 5 below from ATRP comparisons of BusNX (X =
Cl, Br, I) and BusPBr for FeBr,, followed by the FeX3/BusNX (X = Cl, Br) combinations in
ICAR, and finally by the effect of irradiation of a pseudo N-ATRP with BusNCl, at the same
ratios as ICAR, but in the absence of TBPO.

First, the comparison of all ammonium salts in N-ATRP with FeBr, reveals a clear
BusNCI >> BugyNBr >~ BusPBr > BuyNI trend with respect to polymerization control. Indeed,
while all other reactions are trace polymerizations to < 5 % conversion, BusNCI has a fast initial
rate (k,"™ ~ 5 x 10° h™) to ~ 20 % conversion, but progresses little after the first sample.
Nonetheless, it affords a remarkably high X-CEF ~ 0.7 and PDI ~ 1.2.

Likewise, the four FeX3/BusNX (X = Cl, Br) combinations of ICAR reconfirm the FeCls

> FeBr; and BusNCI > BusNBr above. Thus, while FeBrs/BusNBr barely affords trace (< 4%)
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conversion, while FeClj still affords ~12 % conversion, but as a FRP with PDI ~1.5 and CEF ~
0.1. By contrast, FeCl3/BusNClI allows for narrower PDI (~1.3 vs. ~1.7), higher X-CEF (0.3 vs.
~0.2), twice the conversion, twice as fast vs. FeBrs/BusNCl (i.e. 15 % and 1.5 x 10°h! vs. 8 %
and 7 x 10 h™"), and both present some elements of M, control.

While no comparison exists for the same catalyst in both ICAR and ATRP, BusNBr
provides oligomers (< 5 % conversion) in both FeBr;-ICAR and FeBr,-ATRP, whereas BusNCl
gives 10-20 % conversion and higher Br-CEF. Thus, for both FeCl; and FeBrs;, BuyNCI >>
BusNBr and for both BusNCI and BusNBr, FeCl; >> FeBrs, leading to FeCls/BusNCl >
FeBr;/BusNCI > FeCls/BusNBr > > FeBr;/BuyNBr trend in ATRP quality, which is consistent

with the decrease in the Cl mole fraction above.
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Figure 5. Iron mediated BD-ATRP with halide ligands derived from BusNCI, BusNBr, BusPBr,
and BwNI (a) Dependence of Mn, PDI and Br-CEF on conversion, (b) Kkinetics.
[BD])/[DB3]/[FeBr,]/[L] = 100/1/2/3: BusNCIl (&), BuuNBr (@), BusPBr (Vv), BusNI (@);
[BD]/[DB3]/[TBPO]/[FeCl; or FeBr;]/[L] = 100/1/0.2/0.05/0.15: BusNCl (O, O), BusNBr (A,
A), and 100/1/0.0/0.05/0.15, BLB irradiation, BuyNCI (%, %).

Finally, the effect of irradiation with a black light bulb (BLB) was also tested in photo-
ATRP using the more successful BusNCI with both FeCl; and FeBr; at ICAR ratios, but in the
absence of TBPO. Here, FeX; photolyzes to FeX, and X® which can reinitiate the
polyrnerization50 (Scheme 1), and light serves as a reducing agent surrogate for ICAR. However,
while high conversion could be promoted in ICAR by high TBPO levels, this would also lead to
loss of control. By contrast, light mediated X-initiation affords a dormant allyl-X halide chain
end, and is preferable to TBPO. Indeed, in both cases, the polymerizations show almost similar,
linear M,, vs. conversion profiles, but proceed to much higher conversions (~ 60 % vs. ~10-15% )
with rates that are about ten times faster than the corresponding ICARs (k,”™ =1 x 102 h™ vs. ~
=1 x 107 h™"), and with much higher Br-CEF (~ 0.6 vs. 0.1), but also with broader PDI of ~ 2.

Crown ethers.

Crown ethers are much less nucleophilic than amines, thus again of interest for BD-
ATRP. While Fe/crown ether complexes such as Fe(PFq),/12C4%* and FeClye6H,0/(15C5 or
18C6)® are known, both 15C5 and 18C6 were only previously used as polymerization solvents
(i.e. not in ligand amounts) in the Fe ATRP of MMA, and there is no ATRP data on
FeCl;#6H,0 complexes with 12C4. Interestingly, water is still retained as a coordinating ligand

65,64
1,

in the crysta and although in terms of Lewis acidity, Fe(IIl) > Fe(Il) and CI > Br, it may

dampen the Lewis acidity of FeCls for all ligands, not only crown ethers.

23



Polymer Chemistry

Here, a comparison of 12C4, 15C5 and DB18C6 and that of 12C4 and 15CS5 is provided
in ICAR for FeCl; and respectively FeBrs;, whereas a FeCl, vs. FeBr, comparison is shown for
12C4 in N-ATRP in Figure 6.

In ICAR with FeCls, all crown ethers enable CRPs with a linear dependence of M,, on
conversion, but 12C4 affords better initiator efficiency, lower PDI (1.3-1.6 vs. 1.45-1.75) and
twice faster rates (k,"™" = 4.2 x 10 vs. 2.1 x 10 h™") to higher conversions (~30 %), than both
15C5 and DB18C6, which are very similar. While the Br-CEF values are relatively close (0.14 -
0.22), the 12C4 > 15C5 > DB18C6 trend in polymerization control is still apparent. Likewise,
for FeBrs, although both polymerizations show much poorer control, and stop at ~10-15 %
conversion, 12C4 again affords ~ twice the conversion and the initial rate (3 x 107 vs. 1 x 10° i
1) of 15C5. As seen for BuysNCl, while FeBr; does afford a better Br-CEF ~ 0.3, the M,, control
is weak, and consistent with the nitrogen and halide ligands above, FeCl; again promotes faster,

narrower and more controlled polymerizations than FeBrj, for both 12C4 and 15CS5.
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Figure 6. Iron complexes with crown ether ligands (a) Dependence of Mn, PDI and Br-CEF on
conversion, (b) kinetics. [BD]/[DB3]/[FeCl, or FeBr,]/[12C4] = 100/1/2/4, (01,R);

[BD]/[DB3]/[TBPO]/[FeCl; or FeBr;]/[L] = 100/1/0.2/0.05/0.15; 12C4 (@, @), 15C5 (H, W),
DB18C6 (A, none).

By contrast, stoichiometric N-ATRPs with FeCl, or FeBr, and 12C4 lead only to trace
polymerization in both cases. This may be due to either early irreversible termination and
accumulation of FeXs; which cannot be reduced by crown ethers, or to the formation of

unreactive [FeX,'/12C4][FeXy] complexes65b analogue to the case of BusNX, or to an

irreversible Fe-OMRP contribution.
Phosphines and Photo-ATRP
Phosphines have been widely used in the Fe-ATRP of St and MMA,*" and their lower

nucleophilicity vs. amines should be beneficial in BD-ATRP. Of interest here is also the use of
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catalytic procedures with phosphines as reducing agents, especially in conjunction with light
irradiation.”!

The effect of TTMPP is demonstrated first for N-ATRP with FeCl,, FeCls, FeBr, and
FeBr; (Fig. 7) followed by a comparison of ICAR and catalytic regular and photo ATRP (Fig.
8.), control ligand-free polymerizations (Fig. 9) and N- and photo ATRP comparisons. (Fig. 10)

The evaluation of phosphines (PR3, R = n-Bu, t-Bu, C¢Hs, CcHy-4-CF3, CgFs, and C¢Hy-
2,4,6-(OCH3)3, i.e. TTMPP) in N-ATRP with FeCl,, FeCls, FeBr, and FeBr; (Fig. 7) reconfirms
the FeX; > FeX, and Cl >> Br trend in ATRP quality observed throughout this study. As seen
for styrene, °' consistent with the much lower ligand basicity, no polymerization occurs in N-
ATRP with FeX; for PPhs as well for phosphines with electron withdrawing P(CgH4-4-CF3);,
P(CgFs); or poorly donating (n-Bu) groups. By contrast, the more basic/reducing P(t-Bu);”
afford a linear M,, dependence on conversion for FeCls/P(t-Bu);, while TTMPP®! is efficient in
all cases except FeBr,. Here, although both FeCl, >> FeBr, polymerizations proceed to only ~
10 % conversion and present very similar linear kinetics (k,” = 1.6 x 10~ h™ vs. 9 x 10* h™")
and X-CEFs (0.5 vs. 0.45), FeBr; leads to a poor control with high M, (60-100,000) and PDI
(1.6-2.4) values, whereas FeCl, has much better initiator efficiency and remarkably low PDI ~
(1.3 - 1.15). The situation improves for FeXs;, but the FeCl; >> FeBr; persists. Both
polymerizations are now much faster (k,” = 4.1 x 10” h™) and both display linear M, vs.
conversion profiles, but with much higher conversion (50 % vs. 25 %), better initiator efficiency,
lower PDI (1.15 vs. 1.2) and higher X-CEF (0.65 vs. 0.45) for FeCls. Moreover, CRP features
are obtained even with a relatively poor initiator such a primary benzyl chloride (DCPX), and

FeCl;. The better results, especially the lower PDI, afforded by FeX; > FeX; stem from the
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immediate availability of the deactivator from the polymerization onset (i.e. not derived from

early termination).
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Figure 7. N-ATRP of BD with phosphine ligands. (a) Dependence of Mn, PDI and Br-CEF on
conversion, (b) kinetics. [BD]/[FeCl; or FeBr;]/[L] = 100/1/2 (A), [BD])/[DB3]/[FeCl, or

FeBr,)/[TTMPP] = 100/1/2/3, (&, &), [BD]/[DB3]/[FeCl; or FeBrs;]/[TTMPP] = 100/1/2/3

(4, duplications, A), [BD]/[DCPX]/[FeCL)/[TTMPP] =  100/1/2/3 (®),
[BD}/[DB3]/[FeCl;/[P(t-Bu);] = 100/1/2/3 (O),

Decreasing the FeX; concentration in N-ATRP to catalytic ICAR-like ratios (Fig. 8),
leads to much slower reactions (k, =4 x 10™* h™") and lower conversions (~5 %) and X-CEFs ~
0.35 for both, indicating that at low levels, TTMPP alone is not sufficient for a good
polymerization, and that in catalytic systems, TBPO or light are still needed to prevent FeX;

accumulation.
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Accordingly, TBPO promoted ICARs (Fig. 8) reinforce the FeCl; > FeBr; trend for both
PPh; and especially for TTMPP and are both faster CRPs than the corresponding catalytic N-
ATRPs (k, = 1.9 x 10° h' vs. 1.4 x 10” h™"), proceed to higher conversion (~ 13 % and ~ 25
%), and with a similar M,, slope, but with higher PDI (~1.5-1.6) and higher Br-CEF (0.65-0.7).
Yet, they remain inferior to regular N-ATRP in terms of conversion, rate and especially PDI.
Indeed, for FeCl; > FeBr3, both procedures afford control, but the IE and X-CEF (0.7 vs. 0.6) is
higher for ICAR and the PDI is lower (1.15 vs. 1.6) whereas the rate is twice as fast in N-ATRP

(4.1x 107 vs. 1.9 x 107).
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Figure 8. Light vs. TBPO vs. TTMPP or PPh; as reducing agents in the FeX; mediated BD-
ATRP at catalytic Fe levels. (a) Dependence of Mn, PDI and Br-CEF on conversion, (b)
kinetics.
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[BD]/[DB3]/[TBPO]/[FeCl; or FeBr;}/[TTMPP] = 100/1/0/0.05/0.15; dark: (@,2), BLB:
(%, %), and ICAR 100/1/0.2/0.05/0.15, L = TTMPP (O,0) and PPh; (<,$).

However, the situation is reversed upon photoirradiation of a catalytic N-ATRP (Fig. 8).
Here, for both FeX; systems, and similarly to BusNCI examples above, upon BLB (black light
bulb) irradiation, photo-ATRP provides much higher conversion (50 % and ~ 70 %), with the
fastest rates in this set (7 and 9 x 10~ h™"), which are about two, five and respectively twenty
times those of N-ATRP, ICAR and dark catalytic N-ATRP. The initiator efficiency remains the
same as in ICAR, and while the PDI values are initially high, they quickly drop to ~ 1.3 and 1.4
for FeBr; and respectively FeCl;. Most importantly, the X-CEF is very high in both cases, and
hovers between 0.85 and 0.9.

To further clarify the effect of the reaction variables, a set of control polymerizations
were carried out under irradiation without a ligand and with or without an R-X initiator (Fig. 9).
As seen above, TTMPP alone barely affords trace polymerization. Similarly, no polymer is
obtained in the dark from BD/FeCls. Interestingly, polymer is obtained in a CRP manner in
photo-ATRP under both BLB and blue LED (BLED) irradiation even in the absence of an R-X
alkyl halide or TBPO initiator and of a ligand, using only BD/FeX3 = 100/1. Thus, ligand-free

FeX; is capable of both BD initiation via photolysis to FeX, and X°, as well as of reversible
deactivation of the propagating PBD® radicals even in a non-polar toluene/BD media.

Indeed, for BLB, both FeCl; and FeBr; display an initial similar rate (k,"**~ 6.6 x 10~ h™'
which levels off for FeBr;), X-CEFs of ~ 0.2 and parallel M,, profiles which increase linearly
with conversion. Again, FeCl; produces higher conversion (65 vs. 50%) and a better CRP with a
lower M;, intercept (~origin vs. ~14,000) and narrower PDI (1.3-1.6) vs. (1.6 -2.3) than FeBrs.

Under BLED irradiation, the polymerization control improves especially for FeBrs,

where the conversions and rates increase somewhat vs. BLB, and FeCl; remains faster than FeBr;
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(k,*P~ 8 x 107 h™! vs. k,~ 6 x 107 h™"), proceeds to much higher conversion (~70 vs. 40 %) and
affords higher X-CEF (~0.4 vs. ~ 0.15). Both catalysts present similar M,, profiles with a very
low M, intercept, and the PDI decreases vs. BLB for FeBr; to ~1.4-1.65 and increases only
slightly to 1.45-1.7 for FeCl; and again increases with conversion from ~1.4 to ~ 1.7 for both. In
addition, while the Br-CEF is lower under BLED, CI-CEF is higher than for BLB (~0.4 vs. 0.2),
but does decrease with conversion (0.45-0.3). While BLB is higher energy, the glass tube does
filter out the UV component, which may explain while better results are obtained with blue LED.

Conversely, a comparison of the ligand-free catalytic photo-ATRP with
[BD]/[DB3]/[FeX3] = 100/1/0.05 with the corresponding catalytic [BD]/[DB3]/[FeX;]/[TTMPP]
= 100/1/0.05/0.15 in the dark reveals the clear superiority of light vs. catalytic TTMPP as a
reducing agent.

In all four BD/FeX3 photo-ATRP cases here, the PDIs increase with conversion and are
higher, while the X-CEFs are lower than in N-ATRP. This is a consequence of the continuously
decreasing FeX; deactivator concentration via X' initiation and corresponding continuous
increase in the concentration of the FeX, activator. The reaction is equivalent with the 1,4-
radical dihalogenation of BD, which through polymerization produces a difunctional X-PBD-X
by FeX; termination of the growing chain. Due to the continuous initiation of new chains,
irradiation thus substantially improves (doubles) the rates and conversions (30-60%) by
comparison with dark N-ATRP reactions. In addition, difunctional initiators afford better results
in CRPs due to the minimization of the effects of termination.”®

Furthermore, a comparison of all FeX3/BLB experiments with and without TTMPP and
with and without DB3 indicates that while rates are not significantly affected, better control, PDI

and X-CEF are obtained for Cl > Br and for BD/DB3/FeX5/TTMPP = 100/1/0.05/0.15 >
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BD/FeX; = 100/1 and BD/DB3/FeX3 = 100/1/0.05. However, BD/DB3/FeX; affords higher X-

CEF while BD/FeX; provides lower PDI likely due to the higher FeXs concentration.
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Figure 9. Ligand-free, photomediated Fe-BD-ATRP with and without R-X initiator. (a)
Dependence of Mn, PDI and Br-CEF on conversion, (b) kinetics. [BD]/[DB3]/[FeCl; or FeBr3]
= 100/0/1 (BLB: @,®; BLED: A ,A); 100/1/0.05 (BLB: O,0); [BD]/[DB3]/[FeCl; or
FeBr;])/[TTMPP] =100/1/0.05/0.15 dark ([,2).

Fig. 10 highlights the most successful polymerizations from this series, i.e. the N-ATRP
with [BD]/[DB3]/[FeX;3])/[TTMPP] = 100/1/2/3 and the corresponding catalytic photo-ATRP
with 100/1/0.05/0.15 under BLB. Here, again FeCl; >> FeBr; and higher conversions (65 % vs.
45 %) with faster rates (8 vs. 4 x 10 h™), better X-CEFs (0.9 vs. 0.65) and initiator efficiency
are afforded by photo-ATRP, while N-ATRP is superior in PDI (1.15-1.2 vs 1.3-1.4).
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Figure 10. N- and Photo- BD-ATRP with TTMPP with and without irradiation, (a) Dependence
of Mn, PDI and Br-CEF on conversion, (b) kinetics. [BD]/[DB3]/[FeCl; or FeBr;]/[TTMPP] =
100/1/0.05/0.15 BLB (*, %), 100/1/2/3 (®, @),

Halide Chain Ends Trends

Fig. 11 illustrates the dependence of all possible types of PBD-X chain ends (i.e. 1,2- and
1,4-cis and trans Cl and Br) during a stoichiometric N-ATRP ([BD]/[DB3]/[FeCl;]/[TTMPP] =
100/1/2/3) which proceeds with a Br initiator (DB3) and a Cl based catalyst (FeCls), where the
overall Br/CI mole ratio is 1/3. Unlike simple St or acrylate monomers which afford only two
types of halide chain ends in mixed halide ATRP systems, PBD will afford 6. Several interesting
macromolecular halogen exchange®® effects which support the superiority of FeCls vs. FeBrs are

observed.
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Remarkably, the total (Cl + Br) X-CEF values remain constant at ~ 65% with increasing
conversion, indicating that various side reactions do not progress during polymerization and are
minimized.

Here, the expected 1,4-trans > 1,4-cis > 1,2- trend in relative ratios in maintained not
only in the PBD microstructure, but also in the initiator addition to BD, as well as in allyl chain
halide stability and reactivity. More interestingly, within each set, the total (CI + Br)-CEF is also
almost constant, where a slight decrease for the total 1,4-cis X-CEF is compensated by a slight
increase for the 1,2-X-CEF. However, due to the stronger allyl-Cl vs. allyl-Br bond,** and
consistent with the mixed halide Cu-ATRP of other monomers,68 the CI-CEF increases and the
Br-CEF decreases with conversion in each category in an almost linear fashion and indicates that
complete Br to Cl exchange should occur at higher conversion.

A similar trend to the CI-CEF above was seen for the Br-CEFs in BD-ATRP with
bromine-only systems (e.g. ICAR, BD/R-Br/TBPO with either CuBr; or (PPh3)Ni(CO),),”
where in line with the higher stability of trans vs. cis chain ends, the total Br-CEF remained
constant, but the 1,4-trans Br-CEF increased and the 1,4-cis Br-CEF decreased with conversion.
Since the total X-CEF profiles are flat in these mixed halide systems, it is likely that the rate of
1,4-trans Br-CEF accumulation is closely matched by the rate of Br to Cl halogen exchange.
Thus, while the more stable 1,4-trans chain ends should accumulate to the detriment of the less
stable 1,4-cis chain ends for both halides, the concomitant Br to Cl halide exchange exactly
balances this effect and leads to flat X-CEF profiles. The overall patterns in the accumulation of
the more stable chain end are similar with the trends from the IDT of VDF.**

While comparing Fe and Cu homo- and mixed halide systems, it appears that for a better

BD-ATRP, Fe favors Cl where Cu favors Br chain ends. Since PBD-CI are more stable and less
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susceptible to side reactions than PBD-Br, this implies that the FeCl,/FeCl; (alone or with
TTMPP) is a better activator/deactivator than FeBr,/FeBr; and CuBr/CuBr,/bpy for PBD-

X/PBD".

65-._. ZC|:BI'.

Conversion, %

Figure 11. Dependence of the PBD-X (X = CI, Br) and total = CI + Br chain end functionality
(CEF) on conversion in N-ATRP with [BD]/[DB3]/[FeCl;]/[TTMPP] = 100/1/2/3. CEF: 1,2 (O,
O, @); 1 4-cis (A, A\, A); 1 4-trans (V, V, V), 1 4-cisttrans (O, O, #); (1,2 + 1,4-cis +1,4-
trans) (L1, O, M),

On the other hand, the high X-CEF values especially in the stoichiometric N-ATRP
above are also somewhat surprising, especially in view of how basic TTMPP is (pKa = 11.2),%

and that it easily quaternizes® even deactivated alkyl halides, albeit in the more polar EtOH. It

is thus likely that by contrast with amine ligands, the kinetics of the TTMPP reduction of FeX3
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are faster than those of chain end quaternization. This could result from the decrease in the
TTMPP nucleophilicity due to the steric effect of its very large cone angle (188° vs. 145° for
PPh;),”° and the steric crowding associated with the PBD-X polymer chain end. As such, the
excess Lewis basic TTMPP remaining after the formation of a very strong complex with the
highly Lewis acidic FeX3 in N-ATRP only serves as a reducing agent to form [TTMPPBr] Br™'
and apparently does not react with the chain ends especially in the nonpolar toluene, which
minimizes PBD-X reactions with nucleophiles.

Conversely, the higher stability of PBD-Cl vs. PBD-Br, in addition to the different
halophilicity*” of FeX,Ym (X, Y = Cl, Br, m+n = 2 or 3) explains the superiority of FeCl, over
FeBry across all systems investigated herein. However, while CuBr; is known to be a better
deactivator than CuClz,68 the Kgeaet values of FeCls vs. FeBr; have not been quantitatively
addressed in the ATRP literature.

Conclusions.

Owing to a low by, very low k;,, Diels-Alder cycloaddition and to the poor stability of the
labile allyl halide termini, the ATRP of dienes remains a significant polymer chemistry
challenge. In this study, the ligand (L) and halide effects of a series of iron complexes (FeX; or
FeXs, X = Cl, Br)/L supported by carbon (Cp,Fe,(I)(CO)4 > CpyFe > Fe(CO)s > (Ph,PCp),Fe),
nitrogen (phthalocyanine >> bpy > MeO-bpy >> PMDETA > phen), halide (FeX,,Y 4./BusN, X,
Y = CI >> Br > I), oxygen (12-crown-4 >> 15-crown-5 > dibenzo-18-crown-6) and phosphorous
(P[Ph(OMe)s]s >> PPhj) ligands, as well as ligand-free FeXs, were evaluated in the normal,
ICAR, and photo-ATRP of butadiene initiated from bromoesters, a,o—dichloro-p-xylene, or

FeXs in toluene at 110 °C.
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While a quantitative comparison across all ligands and procedures is incomplete as not all
possible FeX,3/L/(ATRP procedure) combinations are available, in addition to the qualitative
ligand order seen above in each class, the following TTMPP (0.3-0.7) > BusNX (0.1-0.7) >
crown ethers (0.15-0.35) > amines (0-0.18, except FePC ~0.45) and C-ligands (0-0.1, except
(Ph,PCp),Fe ~0.8) trend was seen in terms of X-CEF, and clear FeCl, >> FeBr, and respectively,
FeCl; >> FeBrj; trends were observed in terms of overall control. These overriding Cl >> Br and
TTMPP >> all L effects occur consistently across all ligands, ATRP protocols or reaction
conditions in terms of CRP quality (better initiator efficiency, lower PDI, faster kinetics, higher
conversion and X-CEF).

The Cl >> Br effect correlates with the higher stability of the allyl PBD-CI vs. PBD-Br
chain ends to side reactions such as thermal dehalogenation or ligand quaternization as
demonstrated by the PBD-CI preferential accumulation in mixed halide systems, and with FeCls
likely being a better deactivator than FeBrs; towards allyl radicals. Conversely, while basic
enough to reduce FeXs;, TTMPP is apparently not nucleophilic enough to quaternize PBD-X,
especially in nonpolar toluene and successfully enables a faster activation/deactivation
equilibrium than all other ligands.

As such, even in unoptimized experiments, Fe/TTMPP consistently outperforms all other
ligands or complexes regardless of the ATRP procedure in terms of PDI, rate and X-CEF and
enables e.g. N-ATRP with BD/DB3/FeCl;/TTMPP = 100/1/2/3 to afford a clean CRP profile
with PDI as low as 1.15-1.2 and CEF = 0.65 at up to 50 % conversion. Furthermore, while CRP
features are obtained in photo-ATRP even in the absence of ligand and initiator, BLB or BLED
irradiation of a catalytic N-ATRP with BD/DB3/FeCl;/TTMPP = 100/1/0.05/0.15 significantly

improve the polymerization rate (x 10 vs dark reactions), conversion (up to 70 %) and X-CEF

36

Page 36 of 46



Page 37 of 46

Polymer Chemistry

(0.9) via the additional initiation afforded by FeX; photolysis, albeit with a slight increase in PDI
to ~1.4. While it is not clear at this point what the ligand effect is on the rate of photolysis of Fe
complexes, it is expected that irradiation would significantly improve all other Fe/L
polymerizations, as seem for e.g. BuyNCL

Thus, Fe-mediated BD-ATRP is achievable, and the rational seclection of the
polymerization variables enables minimization of side reactions and the successful synthesis of
well-defined PBD with a wide range of molecular weights and narrow PDI, reasonably high X-
CEF, suitable for the preparation of e.g. block copolymers. As the conditions for successful BD-
ATRP are beginning to emerge for various transition metal or organic catalysts, they can guide
the optimization of the ATRP of other dienes and the elaboration of their industrially significant
emulsion (co)polymerizations. Indeed, whereas these solution polymerizations were performed
in glass tubes at about a few atm., which hardly affect rate constants,”’ better quality diene-
ATRPs are expected®””" in high pressure emulsion polymerizations due to both the large increase
in kp/kt,72 and the faster kinetics of emulsion polymerization. Research along these lines is in
progress and will be reported soon.
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