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Active In Sleep: Iron Guanidine Catalyst Performs ROP on Dormant

Side of ATRP

Ruth D. Rittinghaus, Aylin Karabulut, Alexander Hoffmann, and Sonja Herres-Pawlis*

Abstract: Copolymers are the answer to property limitations of
homopolymers. In order to use the full variety of monomers
available, catalysts active in more than one polymerization
mechanism are currently investigated. Iron guanidine catalysts
have shown to be extraordinarily active in ROP of lactide and
herein prove their versatility by also promoting ATRP of
styrene. The presented iron complex is the first polymerizing
lactide and styrene simultaneously to a defined block copoly-
mer in a convenient one-pot synthesis. Both mechanisms work
hand in hand with ROP using the dominantly present Fe"
species on the dormant side of the ATRP equilibrium. This
orthogonal copolymerization by a benign iron catalyst opens
up new pathways to biocompatible polymerization procedures
broadening the scope of ATRP applications.

P olymeric materials have revolutionized building, packaging
and products in the past century in a way they have become
irreplaceable in our everyday life.!! However, with the
innovation massive environmental problems came along.”
Therefore, the end-of-life options should be already consid-
ered during the design and, if possible, renewable resources
be used.’! A versatile polymer with extraordinary future
prospects is polylactide (PLA) since it comes from a renew-
able source and covers several end-of-life options: mechanical
and chemical recycling as well as biodegradation.! Next to
high-performing catalysts polymerizing in solution,”! alter-
native, biocompatible catalysts for the currently used toxic tin
compound in the industrial production of PLA have been
developed recently to make the polymers’ life cycle even
more sustainable.”) Besides impressive polymeric materials
already developed, a treasure yet to be fully understood lies in
the combination of different monomers to form copolymers.!”!
By adjusting monomer ratios and microstructures materials
with tailor-made physical and mechanical properties as well as
a defined durability can be synthesized.!'! Usually, monomers
can only be copolymerized if they possess the same function-
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ality and both respond to the same polymerization mecha-
nism, which limits the possible combinations dramatically.
Two strategies have been developed to be able to copoly-
merize orthogonally. In one approach, the first monomer is
polymerized and the end group of the produced polymer is
functionalized in order to initiate the polymerization of the
second monomer. This macroinitiator route enables many
combinations, but is quite work-intensive due to the work-up
between the polymerizations.”” In a second approach a bifunc-
tional initiator is used which can either promote a sequential
or simultaneous polymerization by delivering the initiator for
both polymerizations."” The main limitations for such an
orthogonal one-pot polymerization are the catalysts, which
have to tolerate all components present in the reaction
mixture and must not interfere with the other mechanism.
The solution to this is one catalyst being active in several
polymerization mechanisms. Such catalysts are rare in
literature but some examples are found in switch catalysis
combining the ring-opening polymerization of cyclic esters
(ROP) with ring-opening copolymerization of epoxides with
CO, or anhydrides (ROCOP) producing well-defined block
copolymers in a convenient one-pot procedure.'!! Further-
more, it was shown that redox-switches can be applied to
modify the monomer preference of a catalyst.'"”) Attempts
have been made to combine ROP with atom transfer radical
polymerization (ATRP), yet, to the best of our knowledge no
molecular metal catalyst was capable of performing this
orthogonal copolymerization in a one-pot synthesis until
today.!"®! There are reports about the copolymerization of
methyl methacrylate (MMA) with different lactones, how-
ever, an uncontrolled polymerization mechanism is followed
for the vinyl monomer.

ATRP is an efficient way to produce well defined
polymers of unsaturated monomers for numerous applica-
tions.'”] Additionally to the synthetically available monomers
like styrene or MMA, nature provides interesting substrates
containing the potential to replace conventional plastics or
conquer new property limitations as polymers.'® Typically,
Cu catalysts are applied due to their good performance,
anyhow, their toxic properties in biological systems rule out
a number of applications.!'”)

Iron complexes on the other hand have received more and
more attention in recent years as ATRP catalysts because iron
possesses the two oxidation states necessary for the ATRP
equilibrium, is inexpensive and abundant while it can be
metabolized and subsequently used by many living organ-
isms."”! Tron catalysts in ATRP allow the exploration of new
polymerization techniques in combination with biological
systems: Growth in or from cells has been reported as well as
naturally occurring iron compounds being active in ATRP.?"!
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Table 1: ROP of lactide with chloride and bromide complexes.

way corpbining ATRP monomers with PLA, amate-  caya)ysiid ¢ Ko ptl Mo MM pl
rial widely used for implants, generates new [min]  [x107°s™ [gmol™  [gmol™]

. [21] . . .
options. We r'ecently .présented iron guan}dlne - 65 0.44 056 80700 42200 16
catalysts belqg hlghly actlvg in the RQP of lactide— 4 45 036 055 77900 68800 16
even surpassing the industrially used tin(II) octoate [FeCl,(TMGasme)™ 30 0.72 0.66 95100 96700 1.3
under industrially relevant melt conditions."® Until  [FeCl,(TMGasme)]"® 40 0.61 0.64 92200 82500 1.5

today, only copper guanidine catalysts were applied
in ATRP? but herein we show that also iron
guanidine catalysts can catalyze ATRP. Its perform-
ances in both polymerization mechanisms confer
the unique property to the catalyst to copolymerize
styrene and lactide from a monomer mixture orthogonal at
the same time. The oil-derived and non-biodegradable
styrene is applied as well-investigated model monomer to
establish a method for orthogonal polymerization using
different functional groups. In future, biobased monomers,
potentially even containing both functionalities like itaconic
acid  derivatives!®®  or  a-methylene-y-butyrolactone
(MBL),'**?¥ are intended to be polymerized.

For the catalyst synthesis the ligand methyl 2-((bis(dime-
thylamino)methylene)amino)benzoate (TMGasme) was
obtained by reported procedures!® and crystallized with
FeBr, since it was shown that bromide complexes have better
polymerization properties than their chloride analogues in
ATRP.*! The molecular structure of [FeBr,(TMGasme)] (1)
is shown in Figure 1, crystallographic details are given in the
Supporting Information. 1 crystallizes in a ratio of 1:1 of
ligand and iron salt. The ligand has a bite angle of 86.4(1)° and
coordinates the iron atom with the guanidine nitrogen atom
N1 as well as the carbonyl oxygen atom O1 of the ester
function. The fourfold coordination is completed by two
bromide ligands which open an angle of 122.1(1)°. The bond
lengths and angles of 1 show a high similarity to those of the
analogous chloride complex [FeClL,(TMGasme)] leaving the
larger Brl-Fel-Br2 angle as a result of the bigger size of
bromide the main difference." Since the access to the metal
center of the catalyst is a major point of influence for the
polymerization activity, the different sizes of the halide
ligands become relevant when investigating the polymeri-
zation properties. 1 was tested under the same conditions as
the analogous chloride complex, bulk polymerization at
150°C with L-lactide recrystallized once, in an in situ
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Figure 1. Molecular structure of 1 in the solid state determined by
single crystal X-ray diffraction. Bond lengths: Fe1-Br1 2.393(1) A, Fel—
Br2 2.406(1) A, Fe1-N1 2.041(1) A, Fe1-O1 2.042(2) A; angles: N1-
Fel-O1 86.4(1)°, Br1-Fe1-Br2 122.1(1)°. Further bond lengths and
angles are listed in Table S2 in comparison with the analogous chloride
complex.

[a] Monomer-to-initiator (M/l) ratio 1000:1, 150°C, 260 rpm, solvent free. [b] Cal-
culated from '"H NMR spectrum. [c] Calculated by conversion x molar mass x M/
ratio. [d] Obtained from GPC measurement in THF.

Raman monitored reactor, to evaluate its features in the
ring-opening polymerization. Table 1 summarizes the details
of the polymerizations including the reaction rate constants
while Figure S2 shows the corresponding semilogarithmic
plot. In comparison with its chloride analogue, the polymer-
ization activity of 1 is found to be in the same order of
magnitude, nonetheless slightly lower. The reduction might
be the result of the sterically more demanding bromide
ligands hampering the access of the monomer to the active
chain end. The polymer produced by 1 shows high average
molar masses even though the degree of control, expressed by
stronger deviations from the theoretically expected molar
mass and a higher dispersity, is slightly reduced in comparison
with the chloride complex. Due to the very similar polymer-
ization behavior of the two complexes, we imply that
1 performs a living polymerization following the coordina-
tion-insertion mechanism as it was shown for the chloride
analogue."®

In comparison with other robust iron or zinc catalysts
applied in bulk polymerization, 1 still performs very well and
ranges among the most active robust catalysts for lactide
polymerization.[®<? 1 is therefore well suited to expand the
scope of iron guanidine complexes towards ATRP and
orthogonal copolymerizations.

The polymerization activity of 1 as catalyst in ATRP was
hence investigated. Styrene was polymerized in bulk with
a monomer to initiator to catalyst ratio (M/I/Cat ratio) of
100:1:1 at 110°C. The bifunctional initiator (4-(bromome-
thyl)phenyl)methanol (BrPhOH) was used to rule out effects
caused by the change of initiator when performing copoly-
merizations (vide supra). The polymerization was conducted
in a Schlenk tube and kinetic data were derived from
"H NMR spectra from aliquots removed after defined reac-
tion times. Figure2 shows the semilogarithmic plot of
conversion versus time and the development of the molar
masses and dispersities during the polymerization.

The polymerization of styrene follows a linear develop-
ment in the semilogarithmic plot showing a conversion of
25 % after 60 min. Therefore, a pseudo first order kinetic can
be assumed. The molar masses grow with the conversion in
good approximation to the theoretical values. With disper-
sities below 1.2 1 performs a highly controlled polymerization
producing defined polymer chains typical for a catalyst
establishing an ATRP equilibrium. To identify 1 as the
active catalytic system, polymerization experiments leaving
out one or several components were performed (see
Table S4). They confirm that the exact molar masses and
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0.4 Therefore, the polymerization behavior of 1in a monomer
mixture was investigated. A polymerization with a M/I/Cat
. ratio of 100+ 100:1:1 (lactide + styrene:BrPhOH:1) was
0.3 y =5.03E-3x+0.04 : conducted by mixing the components in the reactRaman
% e reactor. Toluene was added to prevent diffusion limitation.
2 | Figure 3 shows the collected Raman spectra during the
To2 . polymerization and the semilogarithmic plot of the integrated
= ,' monomer bands. For styrene, the band at 1630 cm™" referring
- * to the double bond stretching is integrated.”” For lactide, the
014 ey band at 655 cm™ reflecting the ring vibration is monitored for
the conversion. Furthermore, a band at 873 cm™ appears
1 during the polymerization which was identified as carbonyl
0 f . . . . . ‘ vibration of PLA. The experiment reveals the stunning
0 10 20 30 40 50 60 properties of 1 as catalyst: Both monomers are simultane-
t/min ously converted to polymer in a controlled manner. The
conversion of lactide via ROP proceeds significantly faster
_ o than the ATRP of styrene reaching nearly full conversion
7000 . " within the first hour. The polymerization of styrene shows in
1 . the beginning a linear growth with time" and reaches 38 %
6000 118 conversion after 270 min reflecting the deactivation observed
5000__ - before in the homopolymerization. Different monomer-to-
= ] = 116 monomer ratios were applied and in all cases the conversion
% 40004 . . 5‘ of both monomers was recorded (see Table 2). The changing
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Figure 2. Polymerization of styrene. M/l/Cat ratio 100:1:1, 110°C,
800 rpm, under solvent-free conditions. Top: semilogarithmic plot of
the conversion p vs. time (duplicate measurement, error bars partially
invisible due to too small variations. The values are displayed in
Table S3). Bottom: theoretical molar masses (black line), experimen-
tally found molar masses (black squares), and dispersities D (red
circles) in the course of the polymerization.

Raman intensity

narrow dispersities can only be reached when isolated 1 is
used. If the catalyst is added in situ, iron bromide promotes an
uncontrolled radical polymerization before an equilibrium is
established leading to broad dispersities (see Figure S37).

20
Despite the good control crystalline 1 exhibits, it struggles 8 e
with reaching high conversions since a deactivation can be j o Styrene
observed at longer reaction times (see Table S3 and Fig- 154 ]

ure S4). Iron catalysts are known for side reactions promoting
terminations like catalytic chain transfer (CCT) or catalytic ,‘;:
radical termination (CRT) mostly involving the accumulation 104
of Fe! and leading to a deactivation with time.””! Applying F
the principles of initiators for continuous activator regener-
ation (ICAR) or activators regenerated by electron transfer
(ARGET) ATRP sometimes leads to a better performance of
iron catalysts, which will be assessed in future.”*! For now,
1is one of the rare examples of iron complexes that are highly o 2 4 e 80

active in the ROP of lactide and perform a well-controlled t/min

ATRP of styrene. Hence, 1is a promising candidate to be the Figure 3. Simultaneous copolymerization of lactide and styrene. Top:
first metal catalyst accomplishing a simultaneous ROP and  regctRaman spectra of the polymerization. Bottom: semilogarithmic
ATRP in a one-pot reaction. plot of integrated monomer bands (see also Figure S7).

y=0.013 x-0.010
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Table 2: Details of orthogonal copolymerizations of lactide and styrene via ROP and ATRP.

Run M/1/Cat ratio® Monomerst! t p(S) p(LA) Incorp. Ratio M, theol® M, pif
[min] (S:LA) [gmol™] [gmol™]
1 100+100:1:1 S+LA 270 0.38 0.93 0.33:1.00 27100 31200 1.12
2 504150:1:1 S+LA 270 0.27 0.86 0.09:1.00 24200 33200 1.12
3 150+ 50:1:1 S+ LA 270 0.45 0.92 0.77:1.00 27600 22000 1.09
4 100(+ 100):1:11e! S 180 0.27 - - 2800 5300 1.11
S+ LA (seq.) 180+ 180 0.32 0.18 1.00:0.22 7800 7000 1.09

[a] Styrene + lactide:BrPhOH 1. Polymerizations performed at 110°C and 260 rpm. [b] S: styrene, LA: lactide. [c] Conversion p calculated from

'H NMR spectrum. [d] Calculated from the 'TH NMR spectrum of the isolated polymer. [e] Calculated by M, ., =p(S)x104.15 gmol ' xS/
ratio+p(LA) x 144.13 gmol ™' x LA/ ratio/0.56 to obtain the theoretical molar mass in styrene equivalents.?" [f] Obtained from GPC measurement.
[g] Sequential polymerization, styrene was homopolymerized for 180 min, afterwards an aliquot was removed, lactide was added and the

polymerization was run for additionally 180 min.

ratios correlate with the found incorporation ratios. The
dispersities of the produced polymers are with 1.1 very low,
which shows that the polymerization proceeds in a highly
controlled manner. The low dispersity is especially impressive
with regard to the dispersity of 1.6 of the polymer produced
by lactide homopolymerization (see Table 1) and expresses
that the conditions chosen for the copolymerization are
favorable for a high degree of control in the ROP of lactide. In
addition, a sequential approach was tested in which the ATRP
as the more sensitive polymerization mechanism was exe-
cuted first and the ROP of lactide afterwards. The catalyst
managed to convert the freshly added lactide, however, much
more slowly than expected for 1. Since the deactivation in
ATRP is accompanied by the accumulation of the Fe™
complex, it is possible that the catalytic system is no longer
as active for the ROP of lactide due to the change of oxidation
state of the dominantly present iron species. To assess if the
Fe' complex of 1 exhibits a lower activity in the ROP of
lactide than the Fe' complex, lactide was homopolymerized
under comparable conditions (volume of styrene replaced by
toluene in order to maintain the concentration) with 1 (Fe™
complex) or with the in situ generated analogous Fe™
complex, which could unfortunately not be characterized so
far, as catalyst (see Figure S29). The experiment clearly
showed that the Fe" complex polymerizes lactide significantly
faster than the in situ generated Fe™ complex, reaching
a polymerization activity matching the one of the simulta-
neous copolymerization. The Fe™ complex, on the other
hand, hardly converted lactide. Hence, the hindered activity
for the ROP of lactide when conducted after the ATRP of
styrene is explained. Additionally, the affinity for lactide
polymerization of the complexes differing in the oxidation
state allows a mechanistical proposal: If only the Fe" complex
can polymerize lactide with the observed activity, the ROP
must take place on the dormant side of the ATRP equilibrium
(see Scheme 1). The simultaneous conversion of styrene and
lactide becomes possible when ATRP and ROP do not hinder
each other but work hand in hand on the different sides of the
equilibrium. The ROP of lactide is performed on the mostly
“idle” Fe" complex, which only has to remain available for the
formation of the active ATRP species. Since 1 exhibits living
features in ROP as the analogue chloride complex does, an
interruption of the ROP does not have consequences.

Both polymerization mechanisms do not rely on a constant
connection to the active chain end. Therefore, a bifunctional

co-initiator can lead to the formation of a PLA-PS block
copolymer. All performed polymerizations containing lactide
and styrene (run 1-4, Table 2) show a monomodal molar mass
distribution when analyzed with gel permeation chromato-
graphy (GPC, see Figure S30). The molar masses of the
simultaneous polymerizations match the theoretical ones
well, independently of the monomer-to-monomer ratio
applied. If two unconnected homopolymers had formed,
significant deviations from the theoretical molar masses
should be found. Furthermore, the sequential polymerization
shows a significant growth in molar mass between the aliquot
taken before the lactide addition and after completion of the
full reaction time, which cannot be caused by the slight growth
of styrene conversion only (see Table 2, run4). 'HNMR
spectra confirmed that both functional groups of the co-
initiator are used in the simultaneous copolymerization (see
Figure S28). Diffusion-ordered NMR spectroscopy (DOSY)
revealed a single diffusion coefficient for the polymer product
produced by simultaneous copolymerization as well as by
sequential addition (see Figure S11-S26) supporting the
formation of block copolymers further. The mixture of the
two homopolymers shows in contrast two diffusion coeffi-
cients (see Figure S27). The absence of non-blocky segments
in the copolymer is validated by a defined single peak in the
carbonyl region of the *C NMR spectrum corresponding to
the carbonyl carbon atom of lactide which is very sensitive to
varying neighboring units.*? In addition to the spectroscopic
investigations, the copolymers as well as the homopolymers
and a mixture of the latter were analyzed with differential
scanning calorimetry (DSC, see Table S5 and Figure S31-
S36). The results show the difference of PLA as a semicrystal-
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Scheme 1. Proposed mechanism for combined ROP and ATRP.
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line polymer and PS as an amorphous polymer. The melting
of the PLA homopolymer is recorded with 174°C in a typical
range,” while no glass transition was observed. The degree of
crystallinity is determined with 61 %. PS on the other hand
only shows a glass transition at 79°C. The produced copoly-
mers as well as the pestled homopolymer mixture exhibit the
features of both polymers: a measurable glass transition as
well as a melting event which vary around the values of the
homopolymers. The occurrence of melting events in all
polymers suggests that the copolymers undergo microphase
separation with crystalline domains surrounded by amor-
phous ones. As expected, the degree of crystallinity rises with
the PLA content of the polymer.

The herein presented iron guanidine catalyst is the first to
polymerize lactide and styrene via ROP and ATRP simulta-
neously. It represents a breakthrough for orthogonal catalysts,
revolutionizing the synthesis of block copolymers of lactones
and vinylic monomers. By using the dormant side of ATRP
for ROP both mechanisms go hand in hand and a high degree
of control is maintained. This novel working principle will
pave the way to further orthogonal polymerization applica-
tions. The here reported one-pot synthesis approach allows
copolymerization in a facile way making extensive copoly-
merization procedures obsolete. Due to the biocompatible
character of iron, the catalyst fulfills the criteria for applica-
tions with biological contact and opens up new polymeri-
zation procedures combining biodegradable lactones with
vinylic monomers. The details of the polymerization mecha-
nisms as well as further monomer combinations are currently
under investigation.

Details on the molecular structure of 1 can be found at the
Cambridge Crystallographic Data Centre under deposition
number CCDC 2073861.
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