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ABSTRACT. Controlled polymerization for the synthesis of structurally precise conjugated polymers
remains a challenging problem in polymer chemistry. Catalyst-transfer polymerization (CTP) based on
Pd-catalyzed Suzuki-Miyaura cross-coupling is one of the promising approaches toward solving this
challenge. Recent introduction of N-methyliminodiacetic acid (MIDA) boronates as monomers for
Suzuki-Miyaura CTP has extended this approach towards a broader variety of monomer structures and
led to improved control over the polymerization, particularly for heteroaromatic systems (such as

thiophenes). Previously, we found that MIDA-boronate monomers polymerization could be facilitated
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by Ag'-mediated reaction conditions due to shifting the Pd catalytic cycle toward a more efficient oxo-
Pd transmetalation pathway where MIDA-boronates could participate in transmetalation directly,
without prior hydrolysis to boronic acid. In this work, we continued studying this novel process, and
investigated the dual role of the MIDA-boronate functional group in the case of less reactive fluorenyl
(and potentially other all-carbon aromatic systems) monomers. With such monomers, MIDA-boronate
group enables the controlled polymerization but also produces a hydrolysis byproduct hindering the
polymerization. We also investigated the role of Ag" acting to counteract this hindering effect. Steric
bulkiness of the MIDA-boronate functional group may also slow down the Suzuki-Miyaura CTP
process. These complications could reduce the synthetic value of MIDA-boronate monomers in Suzuki-
Miyaura CTP, although better understanding of these implications and a proper choice of polymerization
conditions and catalytic initiators could to some extent mitigate such problems. As part of this work,
we also uncovered a “critical length” phenomenon which results in a dual molecular weight distribution
of the resulting conjugated polymer, both with MIDA-boronate and boronic acid monomers. This
phenomenon could account for the experimentally observed loss of polymerization control beyond
formation of the polymer chains of a certain “critical length”, even despite the formally “living” nature
of the polymer chains. The generality of this phenomenon and whether it is restricted to using Pd
catalytic systems based on Buchwald-type phosphine ligands remains to be studied. Overall, these new
findings paint a sophisticated picture of the Suzuki-Miyaura CTP process with MIDA-boronate
monomers where the mere presence of a Pd center on the polymer chain is not sufficient to sustain the
polymerization (even if a chain could be considered “living” in a sense of possessing a Pd center), and
the choice of phosphine ligand on the Pd center is an effective tool to overcome the “critical length”

restriction.



Introduction

Since the historic discovery of conductivity in extended m-conjugated polymers, the precise,
controllable, and reproducible synthesis of complex and novel m-conjugated organic polymers has
become a major milestone goal towards the advancement of organic electronic materials.'* New
efficient methods that reliably yield m-conjugated organic polymers are often hinged on adapting
conventional small-molecule bond forming cross-coupling reactions for living/controlled chain-growth
polymerization processes.” Not only has this reaction adaptation approach been successfully used in
polymer synthesis but it also has provided valuable information on the reaction mechanisms themselves.
For example, two recently published perspectives by McNeil and Luscombe discussed how the studies
of Suzuki-Miyaura catalyst-transfer polymerization and direct arylation polymerization enabled better
understanding of the underlying small-molecule cross-coupling processes and led toward enhanced
reaction designs.%’

After the first practical demonstration by Yokozawa for the synthesis of polyfluorenes,® the
controlled Suzuki-Miyaura catalyst-transfer polymerization (SCTP) has experienced much
advancement as a versatile method for the preparation of various n-conjugated organic polymers (CPs).”
13 In SCTP, monomer units are attached to the reactive end of the growing polymer chain via the
formation of a new carbon-carbon bond through Suzuki-Miyaura cross-coupling while the controlled
(or living) nature of the polymerization stems from catalyst migration across the m-system via a series
of Pd® m-complexes until oxidative addition occurs at a terminal carbon-halide bond (Figure 1a). When
using high-reactivity thiophene based monomers, initial issues of low yielding polymerizations paired
with poor control of polymer molecular weight and coupling defects caused by competitive reaction
pathways were addressed by Turner et al. via the use of N-methyliminodiacetic acid (MIDA) protected
boronates (Ar-BMIDA) as monomers for the synthesis of polythiophenes.!* At that time, it was
hypothesized that the MIDA-boronate group would slowly hydrolyze in the mildly basic conditions of

polymerization creating a steady small concentration of a reactive boronic acid monomer (Ar-B(OH)»),
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and hence would improve the polymerization outcome through the reduced probability of the side
reactions (e.g. protodeboronation). This approach was later implemented and further modified by Choi
et. al. through the use of Buchwald Pd pre-catalyst initiators to result in a more uniform initiation stage
leading to narrow dispersity and controlled molecular weight in the preparation of polythiophenes.'> !¢
Following that work, Choi and others later expanded the scope of this method to a wider variety of
heterocyclic monomers through structural modifications of the Ar-BMIDA unit to fine-tune the

1721 Recently, we investigated the possibility to expand using MIDA-

reactivity of the monomer.
boronate monomers in SCTP toward all-carbon aromatic monomers (such as fluorenes).?> While
fluorenyl MIDA-boronate monomers were inefficient in SCTP in the original set of reaction conditions,
we found that the presence of Ag" in reaction medium during polymerization helped to steer the Suzuki
cross-coupling step towards the more efficient oxo-Pd transmetalation pathway and away from the less
efficient boronate transmetalation pathway (Figure 1b). At the same time, through a kinetic study of
the polymerization process, we demonstrated that the Ar-BMIDA monomer was able to participate in a
direct transmetalation step under these Ag'-mediated conditions rather than to simply produce a steady

low concentration of the corresponding boronic acid monomer via a slow hydrolysis of the MIDA-

boronate group.
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Figure 1. (a) The accepted mechanism of Suzuki-Miyaura catalyst-transfer polymerization (SCTP).
(b) Two alternative pathways (boronate and oxo-Pd) for the transmetalation step in Suzuki-Miyaura
cross-coupling mechanism. The direct transmetalation route (in oxo-Pd pathway) available to MIDA-
boronates in Ag'-mediated conditions is also shown.

Our previous study concerning the finding of the direct Ar-BMIDA transmetalation in Suzuki-
Miyaura cross-coupling left some key mechanistic questions on the role of MIDA-boronates in SCTP
unanswered and hence they became the focus of this work. One observation of note was that the
presence of a Ag" source was a crucial requirement to facilitate polymerization of the Ar-BMIDA
monomer even though simultaneous hydrolysis of the BMIDA group to form Ar-B(OH), monomer was

occurring in the reaction conditions. Surprisingly, the thus formed Ar-B(OH), monomer was found to



be nearly unreactive in the Ag*-mediated polymerization conditions, and hence it accumulated in the
reaction mixture. This observation was baffling given that, in a separate run, when Ar-B(OH)> was used
as a monomer, we did observe efficient formation of the target polymer through SCTP. It also raised a
more general question on the role of the MIDA-boronate group in SCTP process. These issues are
addressed in this study where we demonstrate that the MIDA-boronate group hydrolysis by-product,
MIDA itself, can inhibit SCTP of an Ar-B(OH), monomer. We also found that added Ag" can
counteract the inhibitory effect of MIDA and thus allow the polymerization to proceed. In addition, in
this study we aimed at better understanding the direct Ar-BMIDA transmetalation process itself. In so
doing, the nature of the Pd catalytic initiator and how it relates to the direct Ar-BMIDA transmetalation
was further investigated. Lastly, based on study of the polymer chain composition, we introduced a
novel concept of “critical length” that enabled better mechanistic description of the SCTP with less

reactive monomers.

Results and Discussion

The detrimental role of MIDA on SCTP and mitigating effect of Ag*. Poly(9,9-
dioctylfluorene) (PF), which is a popular blue-emitting polymer material for designing organic LEDs,?*
26 was chosen as a model polymer system for the study. This polymer was the target of our previous
work,? so it was a natural choice for continuing the investigation. The fluorenyl monomers, like 1 and
2 (Figure 2a), are generally less efficient in SCTP (compared to analogous heterocyclic monomers, i.e.
thiophenes) due to the weaker Pd® binding in the m-complex (which is required to sustain a catalyst-
transfer process) as well as the requirement for an active Pd° center to ring-walk over two adjacent
phenylene units in the catalyst-transfer step.!! The overall lower efficiency of the fluorenyl monomers
in SCTP was considered desirable in mechanistic studies as the process would be more sensitive to

reaction conditions and the catalyst’s structure.
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Figure 2. (a) Reaction conditions for the preparation of polyfluorene (PF) using SCTP. (b) Synthesis
and structures of catalytic initiators 4-8 used in this study.

Two fluorenyl monomers were used in this study: monomer 1 was functionalized with a MIDA-
boronate group and monomer 2 bore an unprotected boronic acid group. The polymerization reaction
conditions are outlined in Figure 2a and Table 1. External catalytic initiators 4-8 were prepared starting
from a readily available COD-palladacycle 3 through a modular synthesis recently described by
Buchwald?’ (Figure 2b) which provided full control over both the ligand and aryl functionality of the
initiating catalyst without formation of undesired by-products. Using the pre-synthesized pure and
structurally homogeneous catalytic initiators (as opposed to in situ generated catalytic initiators
described in previous works) allowed for more accurate control over the monomer to catalytic initiator
feed ratio (Mo/lp). As a Ag" source, we used Ag>SOs due to its low solubility in the reaction media and
hence the ability to deliver steady low solution concentration of Ag", therefore preventing undesired

consumption of Ag" into insoluble Ag,O under the basic reaction conditions. Polymerizations with Ar-



BMIDA monomer 1 were done within reaction times that did not allow complete polymerizations in

order to explore comparative reaction efficiencies in various reaction conditions.

Table 1. Ag'-mediated SCTP of monomers 1 and 2. ¢

Entry Monomer Catalytic Ag:SOs Mo/lp  Yield? M ¢ My © D¢
initiator (%) (kDa) (kDa)

1 1 4 — 24:1 1 4.14 6.01 1.45
2 1 4 + 24:1 41 4.95 5.76 1.16
3 2 4 — 24:1 70 7.20 10.30 1.43
449 2 4 — 24:1 50 7.52 9.34 1.29
5¢ 2 4 — 24:1 33 4.58 5.60 1.22
6 2 4 + 24:1 74 12.05 16.11 1.34
74 2 4 + 24:1 70 11.21 17.85 1.60
8¢ 2 4 + 24:1 76 12.69 24.14 1.98
9 1 5 + 24:1 41 8.53 10.91 1.28
10 1 6 + 24:1 47 5.00 7.02 1.40
11 1 7 + 24:1 30 4.40 4.99 1.13
12 1 8 + 24:1 30 4.63 6.50 1.41
13/ 1 4 + 12:1 42 5.66 7.76 1.07
14/ 1 4 + 24:1 54 8.76 14.69 1.67
15/ 1 4 + 36:1 41 9.23 17.34 1.88
16/ 1 4 + 48:1 27 8.15 17.06 1.97
17 2 4 — 12:1 76 4.08 5.30 1.30
18 2 4 — 36:1 67 9.88 15.25 1.54
19 2 4 — 48:1 67 11.00 18.83 1.71

¢ Reaction conditions: 10 eq. K3POs4, 0.5 eq. Ag2SO4 (unless indicated otherwise), temperature 30 °C,
solvent THF with 5% v/v water, reaction time 24 h; ? Isolated polymer yield by weight; ¢ Determined
with GPC using THF as eluent and calibrated against polystyrene standards; ¢ Polymerization was
carried out in the presence of 1 eq. of added MIDA; ¢ Polymerization was carried out in the presence
of 3 eq. of added MIDA; / Reaction time 40 h.



The puzzling observation that MIDA-boronate monomer 1 can only polymerize in the presence
of equimolar amount of Ag" (i.e. 0.5 eq. of Ag2SQys) is illustrated by entries 1 and 2 in Table 1. Two
runs with Mo/Io feed ratio of 24 (theoretical M, 9.5 kDa) were done over 24 h reaction time in the absence
and presence of 0.5 eq. of AgxSO4. Although neither polymerization reached completion in the allocated
reaction time, the polymerization essentially did not occur without Ag" source as indicated by a
negligible PF isolated yield of 1%. In contrast, in the presence of Ag>SO4 a moderate yield of 41% of
the polymer with number average molecular weight M, 4.95 kDa and narrow dispersity (P 1.16) was
obtained. Similar polymerizations were carried out with boronic acid monomer 2. In this case,
polymerization readily occurred without added Ag>SOs4 producing PF with a near expected molecular
weight (M, 7.20 kDa, D 1.43) and good yield of 70% (entry 3 in Table 1). The addition of Ag>SO4
under the same conditions (entry 6 in Table 1) resulted in a similar yield of the polymer (74%) but with
a higher M, 12.05 kDa (P 1.34). Therefore, the boronic acid monomer 2 could polymerize in the
conditions with or without Ag>SO4 and in both cases more efficiently than the Ar-BMIDA monomer 1
under the same reaction conditions. This striking comparison led to an intriguing question of why there
was little-to-no polymerization observed when Ar-BMIDA monomer 1 was used in the absence of
Ag>SO4 even though slow hydrolysis of the MIDA-boronate to boronic acid group simultaneously

occurred in the reaction conditions to generate the boronic acid monomer 2?
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Figure 3. Processes occurring during polymerization of MIDA-boronate monomer 1.



To investigate this puzzling observation, we carried out a series of kinetic studies to better
understand the polymerization mechanism with both monomers. First, we re-examined the possibility
of direct MIDA-boronate transmetalation to occur in the Ag"-mediated conditions, given the change of
base to K3POq in this study (the previous study utilized Cs2COs3 as a base??). To obtain polymerization
kinetic data, small aliquots were withdrawn at various times during polymerization, and the polymer
product was analyzed by GPC (Figure 3, more experimental details are in the Supporting Information).
The polymerization of MIDA-boronate monomer 1 in the presence of Ag" displayed a pseudo first-order
kinetics, and from the linear dependence of In(M,) over time a rate constant kpolym 0.085 h™! was obtained
(Figure S1 in the Supporting Information). Polymerization kinetics were not examined for the
polymerization of 1 in conditions without Ag" given the inability to substantially produce polymer
product. We also studied the hydrolysis kinetics of monomer 1 under the employed polymerization
conditions (aqueous THF, milder base). MIDA-boronate was expected to undergo slow hydrolysis to
form boronic acid monomer 2 (Figure 3).2® The small aliquots were withdrawn during the reaction and
analyzed using '"H NMR spectroscopy. In the presence of Ag”, we obtained the first-order rate constant
knydrolysis 0.029 h™! (Figure S2 in the Supporting Information). A similar value of the hydrolysis rate
constant (knydrolysis 0.033 h™') was obtained in the conditions without added Ag" thus indicating that the
presence of Ag" did not influence hydrolysis of the MIDA-boronate group under the reaction conditions.
Since kpolym > Anydrolysis, one had to conclude that MIDA-boronate 1 was participating in the
polymerization directly, without preceding hydrolysis to boronic acid monomer 2, and therefore the
direct transmetalation pathway involving the MIDA-boronate group was operative under the given
reaction conditions using K3POs as a base. This followed our previous observations when using Cs>COs
as a base.”> When performing kinetic studies, we also noticed that there was a substantial delay in SCTP
initiation resulting in PF polymer formation with substantially high molecular weight only after 10 h of

reaction time. This initiation delay will be addressed later in the paper.
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In a similar vein, the polymerization kinetics was studied with the boronic acid monomer 2, both
in the conditions with and without the presence of Ag>SO4 (Figure S3 in the Supporting Information).
Without Ag>SOy4 in the reaction medium, we found the pseudo first-order polymerization rate constant
k'solym 0.73 h™!, whereas in the conditions with Ag>SOs the rate constant k'porym 2.07 h™! was obtained.
Both rate constants for the polymerization of boronic acid monomer 2 were found to be significantly
higher than the corresponding rate constants for polymerization of MIDA-boronate monomer 1. This
reflected high reactivity of the boronic acid monomer 2 to participate in SCTP thus further exacerbating
the shocking inability of the monomer 1 to polymerize in the absence of Ag>SO4. We also noticed the
beneficial effect of Ag"™ presence on the polymerization rate of the monomer 2, likely stemming from
Ag" enforcing the more efficient oxo-Pd transmetalation pathway (as was observed in our previous
work??).

To explain the inefficient polymerization of Ar-BMIDA monomer 1 in the absence of Ag>SO4,
we initially hypothesized that a protodeboronation process might be competing with polymerization for
the consumption of the slowly formed Ar-B(OH), monomer 2 (Figure 3).2%3° To better evaluate this
possibility, the composition of the reaction mixture was analyzed for the polymerization of 1 in the
absence of Ag>SOs4 (the reaction was carried out in the conditions of entry 1 in Table 1 for the total
reaction time 10 h). The mole fraction composition of the small-molecule fluorenyl components was
determined through 'H NMR analysis of the concentrated mother liquor obtained after polymer
precipitation in acetone. The analysis indicated that 72% of the Ar-BMIDA monomer 1 remained intact
while 24% hydrolyzed and accumulated as the Ar-B(OH), monomer 2. The obtained amount of boronic
acid 2 matched the amount that could be calculated based on the experimental value of pseudo first-
order kinetic rate constant Anydrolysis. The remaining 4% of monomer 1 converted to PF polymer (M,
3.21 kDa, P 1.13). Importantly, no protodeboronation product was observed in the 'H NMR spectra of
the isolated mother liquor. Therefore, given the accumulation of Ar-B(OH), monomer 2 and absence

of the protodeboronation product, we could conclude that protodeboronation was not a substantial
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factor, and some other factors must be preventing the polymerization of Ar-B(OH), monomer 2 from
occurring.

Until this point, N-methyliminodiacetic acid (MIDA) (or its dicarboxylate) that is formed as a
product of hydrolysis of MIDA-boronate monomer 1 in the SCTP reaction conditions had been
considered an inert spectator. Yet, the presence of this compound in an equimolar amount with boronic
acid 2 is a distinct difference between the polymerization of 2 formed through an in situ hydrolysis of
MIDA-boronate 1 and the polymerization of neatly taken 2, thus making MIDA the possible suspect for
inhibiting polymerization of 2. To evaluate this conjecture, we carried out polymerizations of Ar-
B(OH), monomer 2 in the absence of added Ag" in the identical reaction conditions but with added 1
eq. or 3 eq. of MIDA (compare entry 3 with entries 4 and 5 in Table 1). A clear detrimental impact of
added MIDA on the polymerization was observed as both M, and yield of the polymer were suppressed
with the increasing amount of MIDA. We also observed that the addition of Ag>SO4 could mitigate the
negative impact of MIDA on the polymerization (compare entry 6 with entries 7 and 8 in Table 1) as
both the yield and M, of the obtained polymers were not substantially affected by the MIDA presence.
Therefore, we concluded that the inefficient SCTP of MIDA-boronate monomer 1 in the conditions
without Ag>SO4 could be explained by a hindering effect imparted by the accumulation of free MIDA
through a slow hydrolysis of MIDA-boronate 1.

Mechanistic aspects of the MIDA interaction with Pd species participating in SCTP. We
first checked if the hindering effect of MIDA on polymerization of boronic acid monomer 2 could be
due to MIDA forming a stable complex with the catalytic aryl-Pd" species involved in the reaction
mechanism. MIDA’s ability to chelate with Pd" has been documented in the literature.?' 3> The Pd-
RuPhos catalytic initiator 4 was stirred with 30 eq. of K3PO4 and 30 eq. of MIDA in 10% v/v D2O-THF
for 16 h at 30 °C to mimic polymerization conditions. *'P NMR spectrum of the reaction mixture
showed an unchanged resonance signal at 25.1 ppm when compared to the neat catalytic initiator 4 and

no other signals in *'P NMR spectrum could be detected. This demonstrated that MIDA produced
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through hydrolysis of Ar-BMIDA monomer 1 did not appear to form any detectable complex with aryl-
Pd" species under these conditions. In a similar manner, MIDA’s ability to interact with Ar-B(OH)> was
also examined via '"H NMR spectroscopy and showed no interaction. The overall lack of interaction
between both prominent chemical species involved in Suzuki-Miyaura cross-coupling suggested that
MIDA could alternatively disrupt the SCTP catalytic cycle through interaction with an active Pd° species

formed by the reductive elimination step and responsible for robustness of the chain-growth mechanism.
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Figure 4. Effect of MIDA on small-molecule cross-coupling. The mixture composition (relative molar
fractions) was determined from relative intensities of the corresponding GC-MS signals after quenching
the reaction mixture with 1 M HCI and extracting with CH>Cl».

To test MIDA’s ability to interfere with the Pd°(RuPhos) species, a small-molecule cross-
coupling reaction between 1 eq. of the Pd-RuPhos catalytic initiator 4 and 1 eq. of phenylboronic acid
9 was investigated in both absence and presence of 3 eq. of MIDA (Figure 4). When performing the
reaction in the conditions without MIDA, the mixture rapidly developed a wine-red color upon adding
the reagents, and turned brown and turbid after stirring at 30 °C for 5 min. After the reaction mixture
was quenched with 1 M HCI, it was analyzed using GC-MS. In addition to formation of the expected
cross-coupling product 10 (relative molar fraction 65 mol%), we also detected biphenyl 11 (35 mol%)
(Figure S5 in the Supporting Information). Formation of biphenyl could be attributed to a competitive
homocoupling of phenylboronic acid 9. This side reaction is known to be catalyzed by Pd° species,*® 3

and hence indicates that free Pd°(RuPhos) species was available in the reaction medium following the

reductive elimination step. The same reaction was done in the presence of 3 eq. MIDA; the reaction
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mixture slowly turned orange over 30 min. A GC-MS analysis of the reaction mixture (after quenching
with 1 M HCI) revealed formation of the cross-coupling product 10 (40 mol%), along with ortho-
iodotoluene 12 (20 mol%) and unreacted boronic acid 9 (40 mol%, as a cyclic trimeric anhydride)
(Figure S6 in the Supporting Information). Formation of the cross-coupling product 10 indicated that
both transmetalation and reductive elimination steps were not affected by the presence of MIDA.
However, the effect of MIDA presence was noticeable and could be attributed to MIDA being able to
effectively intercept a Pd°(RuPhos) complex in solution. Such a “trapping” of Pd’ complex could
facilitate reverse reductive elimination in 4 leading to ortho-iodotoluene (Figure 4), and would decrease
the amount of 4 available for coupling with 9, leading to substantial amount of unreacted boronic acid
9. The absence of the free Pd’(RuPhos) complex in solution was responsible for no biphenyl formation
via homocoupling of boronic acid 9, despite its substantial presence in the reaction conditions. Although
all these findings indirectly pointed on the essential interaction between Pd’(RuPhos) complex and
MIDA, our attempts to directly observe such an interaction using >'P NMR spectroscopy, or to isolate a
complex formed between these two species proved unsuccessful. Therefore, we decided to evaluate the

effect of MIDA on the Pd° catalyst-transfer step.

CeHiry CeHir 4 (10 mol%)
BrBr MIDA (0, 1, or 3 eq.), KsPO, (10 q.) 14
THF - H,O (10% viv) *
13 (1eq.) 30°C,24 h
R - O~
@—B(OH)Q Molar fraction of coupling products: 15

MDAeq 10 14 15
4(18q) 0 007 0 034
1 007 0 025

3 0.07 0 0.08

N

10
Figure 5. Study of the effect of MIDA on catalyst-transfer efficiency. The product mixture composition

(relative amounts of products 10 and 15 and unreacted dibromofluorene 13) was determined using 'H
NMR spectroscopy after quenching the reaction mixture with 1 M HCI and extracting with CH2Cl,.
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To evaluate the effect of MIDA on the Pd°(RuPhos) n-complex in the catalyst-transfer step, we
performed a cross-coupling reaction between equimolar amounts of phenylboronic acid 9 and
dibromofluorene 13 (Figure 5). This is a common test used to study catalyst-transfer ability of various
aromatic monomers involved in catalyst-transfer polymerizations.*> 3* We carried out this reaction in
the absence of MIDA, and with 1 and 3 eq. of MIDA present. The mole fraction ratios for the mono-
coupling product 14 and the di-coupling product 15 were determined through '"H NMR analysis of the
crude reaction mixtures (after quenching with 1 M HCI) with respect to the dibromofluorene 13. A
larger fraction of 15, with a maximum of 0.5, would indicate a better Pd°(RuPhos) ring-walking
(catalyst-transfer) efficiency. The reaction with no MIDA gave the di-coupling product 15 only, with
no detectable mono-coupling product 14. Integration of the '"H NMR signals for 13 and 15 (Figure S7
in the Supporting Information) gave the molar fraction of 15 at 0.34. We also noticed presence of the
product 10 (molar fraction 0.07) from the initial coupling of 4 with phenylboronic acid 9 — a step
preceding the formation of the Pd°(RuPhos) species. These results demonstrated that in the absence of
MIDA, Pd°(RuPhos) species could be readily formed from the initial coupling event, successfully
perform oxidative addition with dibromofluorene 13 and effectively undergo catalyst migration across
the fluorenyl m-system to result in the di-coupling product 15.

The addition of MIDA, 1 and 3 eq., to the cross-coupling reaction also produced solely the di-
coupling product 15 albeit with diminishing molar fractions of 0.25 and 0.08, respectively (Figure 5).
Still, the lack of detectable mono-coupling product 14 implied that MIDA did not interfere with
Pd°(RuPhos) migration across the fluorenyl n-system. A substantial amount of unreacted boronic acid
9 was also observed, as well as unreacted dibromofluorene 13, especially in the case of 3 eq. of MIDA.
The amount of the initial coupling product 10 was unchanged by the presence of MIDA (molar fraction
about 0.07 in all the cases). Overall, this experiment indicated that presence of MIDA had no impact
on the transmetalation and reductive elimination steps nor it affected the catalyst-walking ability of

Pd°(RuPhos) n-complex species. Still, MIDA presence has resulted in the significant decrease of cross-

15



coupling efficiency toward product 15. It appears that the MIDA detrimental impact on cross-coupling
could be associated with effective intercepting a free Pd’°(RuPhos) species in solution. However,
expanding this conclusion from a small-molecule cross-coupling to the SCTP process is not that
straightforward given that once a polymer chain has been initiated, it should remain active provided that
the catalyst-transfer across a single fluorenyl unit is unaffected by MIDA presence and hence should
allow polymerization to potentially continue even in the presence of MIDA. Of course, a single
fluorenyl unit does not completely account for the structure of a growing PF chain in which Pd° z-
complexation may be more susceptible to MIDA presence given the increased chain length.’” With
some hints from small-molecule cross-coupling pointing on a possible reason, further additional

research will help in elucidating the exact mechanism of MIDA acting to disrupt SCTP.
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Figure 6. A fragment of a layered structure of the Ag-carboxylate polymer prepared upon AgBF4
reaction with MIDA. The structure was obtained from X-ray crystallographic data. Ellipsoid drawing
is shown at the 50% level for all atoms except hydrogens.

Since MIDA is capable of inhibiting the SCTP process through entrapment of the free Pd’

complex in solution, the beneficial effect of added Ag" in mitigating the negative impact of MIDA
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accumulation could be through the formation of an insoluble in the reaction conditions Ag-MIDA
complex that could effectively remove MIDA from the reaction medium. In order to confirm this, we
stirred a mixture of a THF-soluble salt AgBF4 with MIDA in THF at 30 °C. We observed quantitative
formation of a colorless precipitate. Although the precipitate was not soluble in THF, it was soluble in
water upon heating, and could be recrystallized from hot water. 'H NMR spectrum of the product
exhibited broad signals from MIDA CH; and CH3 groups indicating that the product was a MIDA
complex. Single-crystal X-ray crystallography revealed that this was a Ag-carboxylate supramolecular
polymer with a composition [Ag3(MIDA-H):]"BF4~, where MIDA-H refers to the MIDA-dicarboxylate
ligand protonated at N atom (Figure 6). The polymer had a layered structure with tightly packed Ag-
carboxylate two-dimensional polymer layers separated by the layers of BF4+ anions. A similar
polymeric Ag-carboxylate compound possibly forms in the basic reaction conditions of SCTP process
where its low solubility enables an effective removal of the free MIDA compound thus precluding its
accumulation in the active form. The role of Ag" as a MIDA “scavenger” is synergistic to the role of
Ag" as a facilitator of the more efficient oxo-Pd transmetalation pathway therefore further enhancing
the SCTP reactivity of the MIDA-boronate monomer 1.

Aryl moiety in the catalytic initiator and the polymerization rate. Studies of the Ag'-
mediated polymerization kinetics of the MIDA-boronate monomer 1 with the ortho-tolyl catalytic
initiator 4 produced a relatively low observed kinetic rate (characterized by a pseudo first-order rate
constant kpolym 0.085 h™'). Meanwhile, we noticed that there was almost no polymer produced in the
first 10 h of polymerization reaction but the polymer production would catch up in the subsequent period
between 11 and 24 h polymerization time. From the analysis of composition of the reaction mixture at
11 h polymerization time, we estimated a pseudo first-order polymerization rate constant kpolym 0.01 h™
!, which was substantially lower than the polymerization rate constant obtained for the longer
polymerization runs. Thus, this indicated a significant initiation delay in the earlier stage of the

polymerization of MIDA-boronate monomer 1.
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We hypothesized that the inefficient participation of Ar-BMIDA monomer 1 in the initial stage
of polymerization was due to the first cross-coupling event between the Pd catalytic initiator 4 and the
Ar-BMIDA monomer 1 being severely restricted. Given the steric bulk of the MIDA-boronate
functional group, we could assume its unfavorable steric repulsion with the ortho-tolyl moiety of 4 that
might hinder the direct transmetalation step between Ar-BMIDA monomer and the ortho-tolyl-Pd"!
center. Such steric encumberment would be partially relieved after the first cross-coupling event
following the Pd oxidative addition to the C—Br bond of the newly incorporated fluorenyl monomer
unit, thus allowing further chain propagation to occur via the less hindered direct Ar-BMIDA
transmetalation steps. To support this hypothesis, a phenyl catalytic initiator 5 was prepared and studied
in polymerization. A comparative Ag"-mediated polymerization was done with this less sterically
congested initiator system in similar reaction conditions (entry 9 in Table 1). A PF polymer with an
improved M, 8.53 kDa (P 1.28) and 41% yield was obtained suggesting a more rapid initiation.
Polymerization kinetic experiment yielded a pseudo first-order polymerization rate constant Apolym 0.17
h! therefore demonstrating a more rapid and uniform initiation (Figure S4 in the Supporting
Information). Still, the higher steric bulkiness of MIDA-boronate group would continue lingering over
the entire polymerization process as long as the direct BMIDA transmetalation is involved. This steric
reasoning could explain the generally lower rate of polymerization of MIDA-boronate monomer 1
compared to the less sterically encumbered boronic acid monomer 2. Overall, this small study suggested
that steric hindrance of the aryl moiety at Pd" center can lead to inefficient direct Ar-BMIDA
transmetalation resulting in delayed polymerization initiation and overall less efficient SCTP.

Impact of the ligand structure. In order to study the impact of phosphine ligand structure on
the direct MIDA-boronate transmetalation pathway, some other Pd" catalytic initiators with an ortho-
tolyl moiety and different Buchwald-type phosphine ligands were synthesized and compared in SCTP
conditions with RuPhos catalytic initiator 4 (entry 2 and entries 10-12 in Table 1). With MIDA-boronate

monomer 1, each catalytic initiator resulted in PF polymer with values of M, around 5 kDa but with
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noticeable differences in dispersity H. Both the RuPhos and XPhos catalytic initiators 4 and 7 produced
polymers with narrower P values between 1.13-1.16, whereas catalytic initiators with BrettPhos (6) and
EPhos (8) ligands produced polymers with broader P values ranging within 1.40-1.41. A major
structural difference between the two sets of ligands is in the presence of an alkoxy group attached in
the ortho position with respect to the Cy>P substituent in the latter two ligands. The alkoxy group
implies a mild electronic effect resulting in increasing overall electron density on the P center that could

impact SCTP leading to nonuniformity between growing chains and thus an observed increase in P.

Figure 7. Ellipsoid drawing at the 50% level, representing crystal structure of the O-isomer of
Pd'(BrettPhos) catalytic initiator 6. Hydrogen atoms are omitted for clarity; one of the isopropyl groups
was disordered over two positions, with only one position shown.

To gain insight into the mechanistic impact of varying phosphine ligand structure, we carried
out polymerization kinetics studies with different catalytic initiators (Figure S1 in the Supporting
Information). With BrettPhos catalytic initiator 6, a pseudo first-order polymerization rate constant
kpolym 0.068 h™! was obtained. This rate was slower than that obtained with the RuPhos catalytic initiator
4 but still faster than MIDA-boronate monomer 1 hydrolysis rate. Therefore, the direct Ar-BMIDA
transmetalation was still operative in SCTP but the overall process was somewhat hindered. Pd
complexes with BrettPhos ligand are known to readily isomerize between two coordination isomers: the

C-isomer similar to the one formed with the RuPhos ligand and O-isomer (formed through Pd
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coordination with O atom of the methoxy group in the ortho position with respect to P atom).*® A pure
O-isomer of 6 was isolated via recrystallization, and its structure was confirmed by single-crystal X-ray
crystallography (Figure 7). A *'P NMR signal at 38.4 ppm was observed after immediate dissolution of
this isomer. After 2 h at room temperature, a second signal at 29.5 ppm appeared that could be assigned
to the C-isomer, with an approximate isomer ratio of 1:1 (Figure S23 in the Supporting Information).
The rate of isomerization was found to be relatively fast compared to the rate of polymerization (an
estimated first-order rate constant for the conversion of O-coordinated isomer to C-coordinated isomer
was 0.11 h™!). Thus, this demonstrated that both C- and O-coordinated isomers of the Pd"(BrettPhos)
complex could likely coexist in equilibrium during SCTP. Previously, Buchwald has proposed that O-
isomer of Pd'(BrettPhos) complexes would act as an unreactive “off-cycle” reservoir of Pd catalyst due
to the decreased ability of O-isomers to perform reductive elimination.*

To learn more details about the functioning of RuPhos and BrettPhos ligands in SCTP, we carried
out a DFT computational study of the various Pd species involved in the process. All computations
were done at APFD/6-31G(d,p) level of theory (with def2tzvpp ECP basis set for Pd and I) with PCM
solvation treatment (THF); the energy values of the optimized geometries were ZPE and thermal
corrected. First, to check the accuracy of the computed geometries of the Pd complexes (and hence the
reliability of the obtained energies), we carried out an independent geometry optimization of the O-
isomer of BrettPhos catalytic initiator 6. As can be seen in Figure S8 in the Supporting Information, the
computed geometry matched nearly perfectly with the geometry obtained using X-ray crystallography.
Then, we proceeded with optimizing geometries of the two Pd’(RuPhos) m-complexes formed after
initial coupling of the ortho-tolyl unit with monomer 1 (and representing two discrete steps in the
process of Pd” catalyst migration), and the corresponding Pd" complex resulting from oxidative addition
of Pd° to the terminal C—Br bond (Figure 8a). We also carried out computations of the related Pd
intermediates with BrettPhos ligand; in this case, we optimized geometry of both C- and O-isomers

Figure 8b, ¢). In the case of RuPhos ligand, we found that the Pd° migration to the C—Br terminus was
g g g
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a slightly (1.6 kcal/mol) uphill process, whereas the formation of an oxidative addition Pd" complex
was a 19.5 kcal/mol exothermic process (Figure 8a). Overall, the ~20 kcal/mol difference between the
oxidative addition complex and the m-complex (which is formed in the reductive elimination step) would

put the overall polymerization process within the realm of the possible thermally activated reactions.

a) Pd(RuPhos)
Pd°(RuPhos)
Tol - —— Tolw& — Tol O.Q Pd"(RuPhos)
RR R<R RR Br
Rel. energy
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:PdO(C—BrettPhos)
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Figure 8. Computational studies of the Pd® and Pd" complexes with RuPhos (a) and BrettPhos (b)
ligands involved in the SCTP process. In the case of BrettPhos ligand, C-BrettPhos and O-BrettPhos
refer to C- and O-isomers, respectively. c¢) Optimized geometries of the C- and O-isomers of
Pd'(BrettPhos) oxidative addition complexes. All computations were performed at APFD/6-31G(d,p)
level of theory (with def2tzvpp ECP basis set for Pd) with PCM solvation treatment (THF); the energy
values of the optimized geometries were ZPE and thermal corrected. For better computational
efficiency, octyl side groups at the fluorenyl moiety were replaced with methyl groups.

The situation with BrettPhos ligand was more complicated. The energies of Pd!! complexes

resulting from oxidative addition to the terminal C—Br bond for C- and O-coordinated isomers were
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within 1.8 kcal/mol of each other, thus reflecting the existence of the equilibrium between these two
complexes (Figure 8c). In the case of C-isomer, the corresponding Pd° n-complexes were about 15
kcal/mol higher in energy than the C-isomer of Pd" oxidative addition complex (Figure 8b). This was
similar to the situation with Pd-RuPhos complexes. In contrast, the energy of the O-isomer Pd° n-
complexes was about 35 kcal/mol higher relative to the energy of the corresponding Pd" complex. Such
a high energy would make formation of the O-isomer m-complexes too prohibitive in the thermal
reaction conditions, and therefore would result in severely hindered reductive elimination step from the
O-isomer Pd"(BrettPhos) complexes. This confirmed that O-complexes would be unreactive in SCTP
conditions. Despite the unreactivity of the O-isomer, the fast equilibrium between the C- and O-
coordinated isomers would minimize the negative impact of the presence of O-isomer on the overall
polymerization rate, in agreement with our polymerization kinetic data.

We also addressed the higher dispersity of PF polymer produced in polymerization with
BrettPhos catalytic initiator 6. The broader D values could be due to more facile dissociation of the Pd°
center from the corresponding m-complexes during a catalyst-transfer step, resulting from the lower

binding energy in the n-complex. The bonding structure of a Pd® t-complex could be described in terms

of the Dewar-Chatt-Duncanson model,*°

where the two primary contributors are donor-acceptor
bonding interactions between Pd 4d lone pair and aromatic ©* MO, and aromatic 1 MO and Pd 5s vacant
orbital. To estimate the energies of these interactions, we carried out Natural Bond Orbital (NBO)
analysis on the geometry-optimized n-complexes (Table 2 and Figure S9 in the Supporting Information).
The NBO method transforms a delocalized many-electron molecular wavefunction into localized
electron-pair orbitals that could be assigned to specific MO interactions of interest.! The energies of
the contributing bonding MO interactions were estimated from the second-order perturbation theory
analysis of the Fock matrices in NBO basis. The results in Table 2 show about a 13 kcal/mol lower

binding energy in the reactive C-coordinated isomer of Pd’(BrettPhos) complex (as compared to the

corresponding Pd°(RuPhos) complex). The lower binding energy might be attributed to the elevated
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steric bulkiness of the BrettPhos ligand. This could explain the higher Pd’(BrettPhos) dissociation
propensity and hence higher P values in the case of SCTP catalyzed by the catalytic initiator 6. It is
also interesting to note a significantly higher Pd° binding energy of the unreactive O-coordinated
Pd’(BrettPhos) isomer. Such a high n-binding energy could additionally preclude Pd catalyst transfer
thus further contributing to the low reactivity of the O-coordinated Pd-BrettPhos complexes in SCTP

process.

Table 2. NBO analysis of the energy of bonding interactions in the Pd° n-complexes (in kcal/mol). ¢

MO interaction Pd’(RuPhos) Pd’(C-BrettPhos)  Pd°(O-BrettPhos)
4d lone pair Pd — arom. ©t* 40.2 31.9 51.1
Arom. T — 5s Pd 20.6 15.6 48.4
Total binding energy 60.8 47.5 99.5

“ NBO analysis was done on the structures geometry optimized at APFD/6-31G(d,p) level of theory
(def2tzvpp basis set for Pd) with PCM solvation treatment (THF).

To mitigate the negative effect of equilibrating C- and O-isomers on cross-coupling outcome,
the ligand EPhos has been introduced for the use in Buchwald-Hartwig amination.*>* Due to the added
steric bulk at the coordinating O atom, Pd-EPhos complexes exist predominantly in the form of C-
isomer. Therefore, using EPhos ligand could help to experimentally evaluate the role of equilibrating
C- and O-coordinated isomers in the case of BrettPhos complexes. For this purpose, we prepared EPhos
catalytic initiator 8 (Figure 2b). 3'P NMR spectrum of 8 at room temperature in a CD>Cl, solution
showed predominantly one resonance signal at 30.6 ppm with another low intensity signal at 37.2 ppm
(Figure S27 in the Supporting Information). The dominating 3!P resonance was attributed to the C-
isomer given its upfield NMR shift relative to the other signal; the integration of the two signals gave
about 95% of the C-isomer. A kinetic study (Figure S1 in the Supporting Information) found a pseudo

first-order polymerization rate similar to the BrettPhos systems (kpoym 0.065 h™!). Assuming the
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similarity in polymerization kinetics for EPhos and BrettPhos Pd complexes, the C-isomer was assigned
as the active catalytic species, thus confirming the results obtained in the computational study.
Therefore, the observed decrease in polymerization rate relative to Pd-RuPhos system was hypothesized
to be related to the sterically hindered direct MID A-boronate transmetalation step that should be a rate-
determining step in the SCTP process. The increased steric hindrance of BrettPhos and EPhos ligands
could stem from the three isopropyl groups on the second (“lower”) phenyl ring of these two ligands.
Polymerization “critical length” and ambivalence of the “living” character. Key
information on the SCTP of monomers 1 and 2 was obtained upon analysis of MALDI-TOF mass
spectral data for the resulting PF polymers. The mass spectral analysis is used to evaluate end-group
composition of the polymers and can provide some useful hints about the polymerization mechanism.
Assuming the controlled chain-growth mechanism, a living polymer chain should be terminated with an
ortho-tolyl group (from the catalytic initiator 4) on one chain end, and with a Pd(L)Br unit on the other
chain end (where L is a phosphine ligand, e.g. RuPhos in the case of catalytic initiator 4).>> The latter
unit could be replaced with H or Br as a result of an acidic post-polymerization workup. Such polymers
will be referred to as Tol—(PF),—Pd(L)Br, Tol-(PF),—H or Tol—-(PF),—Br, respectively. For our studies,
we used a relatively mild post-polymerization workup involving adding 6 M HCI to the reaction and
stirring the resulting mixture at 45 °C for 1 h. MALDI-TOF mass spectrum of a polymer prepared from
boronic acid monomer 2 using an Mo/lp feed ratio 24 (entry 3 in Table 1) displayed a dual molecular
weight distribution (Figure 9a). A component with lower molecular weight was characterized by Tol—
(PF),—H and Tol-(PF),—Br molecular compositions. A larger molecular weight component consisted
predominantly of Tol—(PF),~Pd(L)" along with matching Tol-(PF),~H or Tol—(PF),~Br molecular
compositions. Since MALDI ionization likely resulted in the loss of halide anion, the initial composition
of the Pd-terminated chains was Tol—(PF),—Pd(L)Br. The presence of these two distinct distributions
was responsible for a relatively high dispersity of this polymer sample (P 1.43). Detection of the Pd"

terminated chains reflects the relatively good stabilization by the Buchwald-type phosphine ligands of
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the Pd(L)Br end-groups in mild acidic conditions, and was observed previously by us.?> An acid-
promoted removal of the active Pd" center would result in Tol-(PF),—H chains (Figure 10). The
presence of a matching set of Tol-(PF),—Br polymer chains could be explained by an equilibrium
between the Pd’ m-complex and Pd" complex, with the former responsible for Br chain termination
(such an equilibrium would be feasible considering the ~20 kcal/mol calculated energy difference
between the oxidative addition Pd"(RuPhos) complex and the Pd’(RuPhos) m-complex, vide supra).
Thus, both smaller and larger molecular weight components detected in the MALDI-TOF mass spectra
originated from the formally living chains containing either Pd® or Pd" groups. Assuming that removal
of Pd during acidic post-polymerization treatment would be more facile from a Pd® n-complex, the
absence of detectable Pd-terminated chains in the lower molecular weight component might reflect the
predominance of Pd’ m-complex prior to the quenching. In contrast, the higher molecular weight

component was dominated by the active Pd"(L)Br end-group complex.
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Figure 9. MALDI-TOF mass spectra for the PF polymer produced in SCTP of boronic acid monomer
2 using Mo/l ratio 24:1 in the conditions of varying MIDA content: a) no MIDA (entry 3 in Table 1),

b) 1 eq. of MIDA (entry 4 in Table 1), and ¢) 3 eq. of MIDA (entry 5 in Table 1). The chain composition
corresponding to specific peaks is marked with colored symbols, L is RuPhos.
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Figure 10. Schematic interpretation of the experimentally found polymer end-group composition, and
illustration of the “critical length” concept. Blue rectangles indicate preferred structure at the polymer
“critical length”, and above the “critical length”. The reaction route shown in blue is facilitated in the
presence of MIDA.

The presence of the two distinct molecular weight distributions reflected two different kinetic
regimes of the polymerization. The lower molecular weight distribution resulted from a slow
polymerization which nearly stopped once the polymer chain reached a certain “critical length” (of about
12 fluorenyl repeat units). On the other hand, the larger molecular weight component resulted from an
active propagation which continued until consumption of all the available monomer 2. Further support
for the involvement of the two polymerization regimes was provided by analysis of the PF polymer
produced in the polymerization of monomer 2 using Mo/l ratio 36:1 (entry 18 in Table 1). MALDI-
TOF mass spectral data on this sample indicated a similar dual molecular weight distribution, with the
lower molecular weight domain displaying Tol-(PF),—H and Tol—(PF),—Br chain composition with a
similar molecular weight as in the case of PF obtained using the Mo/Ip ratio 24:1 (Figure S10 in the
Supporting Information). In contrast, the higher molecular weight domain displayed predominantly
Tol—+(PF),—Pd(L)Br chain composition (a rather small intensity of the higher molecular weight peaks
was not indicative of its smaller abundance but was due to a reduced sensitivity of the MALDI-TOF

spectrometer toward the higher molecular weight polymer chains). The larger difference between
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molecular weights of the two components resulted in the higher overall dispersity (P 1.54) compared to
the polymer obtained at a lower Mo/Ip ratio. The bimodal molecular weight distribution could be also
observed on the GPC traces from the polymers obtained at the varying Mo/l feed ratio (Figure S11 in
the Supporting Information). A lower molecular weight band, that was exclusively found at Mo/Ip 12:1,
was retained in the samples of the polymers obtained at the higher Mo/lp ratio values, whereas the
second, higher molecular weight band was shifting towards the higher molecular weights. Thus, it
appears that one component (consisting mostly of Pd" terminated chains) exhibited an efficient
controlled polymerization whereas the other, lower molecular weight component was characterized by
a stagnated polymerization below the “critical length”. Since weight average molecular weight My, is
more reflective of the higher molecular weight component, it exhibited an expected nearly linear
dependence on the Mo/Io ratio within the studied range (Figure 11). The M, on the other hand, exhibited
a more stagnated behavior upon an increasing Mo/ly ratio, leading to the increasing dispersity D of the

polymer samples obtained at the higher Mo/Io values.
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Figure 11. Control of polymer molecular weight via variation of the Mo/lp feed ratio. The
polymerizations were done using catalytic initiator 4, in Ag"-mediated conditions for monomer 1, and
without added Ag" for monomer 2.
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To explain the two distinct polymerization regimes simultaneously occurring in the SCTP of
boronic acid monomer 2, we hypothesized that since Pd® migration across the conjugated PF chain could
be a random walk process (by analogy with the previously demonstrated Ni® random walk in Kumada
catalyst-transfer polymerization** #°), it is limited by the “critical length” of about 12 fluorenyl repeat
units. Whether there are kinetic or thermodynamic stability factors responsible for this, the Pd° gets
essentially entrapped as a m-complex within a “critical length” fragment, which dramatically inhibits
further polymerization and results in the persistence of “living” (from the standpoint of possessing a Pd
center) but barely polymerizable chains. Such “critical length” chains are formed first in the
polymerization process. Upon acid post-polymerization quenching, they would yield the lower
molecular weight polymer distribution. In contrast, with extended polymerization time, once a Pd center
overcomes the favorable Pd® “critical length” complex, it would become predominantly a truly living
reactive Pd" end-group complex capable of efficient chain propagation and sustaining controlled
polymerization. Although this simple hypothesis can explain the experimental observation, further
investigations are needed to prove it (or support an alternative explanation).

Since we demonstrated that presence of MIDA hinders polymerization of boronic acid monomer
2, we studied MALDI-TOF mass spectra of the PF samples obtained upon polymerization of 2 in the
presence of 1 and 3 eq. of MIDA. The presence of the dual molecular weight distribution was still
noticeable in the case of polymerization with 1 eq. of MIDA (Figure 9b). One noticeable difference
was a clear presence of the Tol-(PF),—Cl chain composition in the higher molecular weight distribution
component. Formation of such chains would be possible in the process of HCI post-polymerization
quenching of the living polymer chains upon enforcing a reversible and energetically favorable
equilibrium between Pd" end-group complex and Pd°® n-complex (Figure 10). As we discussed above,
MIDA can possibly interact with a Pd° complex and hence facilitate the equilibrium shift toward a Pd’
n-complex. The MIDA-enforced higher prevalence of the unreactive Pd® n-complex would decrease

the availability of the reactive Pd" complex and therefore would interfere with subsequent

29



transmetalation and slow down the polymerization process (in agreement with the “critical length”
hypothesis above). The MALDI-TOF mass spectral data for the polymerization in the presence of 3 eq.
of MIDA (Figure 9¢) showed a single molecular weight distribution with even more intense signals
from the Tol—(PF),—Cl chain composition. This indicated a further MIDA-enforced Pd" — Pd° complex
equilibrium favoring a Pd’ n-complex leading to essential stagnation of the polymerization process once
the “critical length” has been reached.

A generally similar behavior was observed with the MIDA-boronate monomer 1 polymerization
in Ag'-mediated conditions. The polymerization using catalytic initiator 4 was carried out for 40 h (to
account for a slower polymerization rate with MIDA-boronate monomer 1) and afforded a reasonable
molecular weight control (with respect to My) up to Mo/Io feed ratio of 36 (Figure 11). MALDI-TOF
mass spectra of the PF polymer obtained using Mo/lo feed ratio of 24 (entry 14 in Table 1) also displayed
two molecular weight distributions with the dominating Tol-(PF),—H and Tol—(PF),—Br chain
compositions, along with Tol-(PF),~Pd(L)" (Figure 12a). These two molecular weight distributions
generally matched the two distributions obtained at the same Mo/l ratio using boronic acid monomer 2.
The lower molecular weight distribution corresponded to a similar “critical length” (of about 12
fluorenyl repeat units) and was likely formed first followed by the formation of a higher molecular
weight distribution component. The GPC traces of the polymers obtained upon the varying Mo/lo feed
ratios similarly exhibited dual band distribution (Figure S12 in the Supporting Information). Because
of the slower polymerization rate with monomer 1, the formation of the lower molecular weight
distribution happened within the first 24 h of polymerization. Indeed, a sample of the polymer obtained
after HCI quenching of the polymerization reaction after 24 h revealed a predominant lower molecular
weight distribution in the MALDI-TOF mass spectrum (Figure 12b). The less efficient molecular
weight control in the case of MIDA-boronate monomer 1 (as compared to boronic acid monomer 2)

could be related both to the slower rate of polymerization involving MIDA-boronate monomer and to
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the delayed reaction initiation due to elevated steric hindrance imposed by the bulky MIDA-boronate

moiety in monomer 1 at the direct transmetalation step.
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Figure 12. MALDI-TOF mass spectra for the PF polymer produced in SCTP of MIDA-boronate
monomer 2 using the Mo/lp feed ratio 24:1 in the Ag'-mediated conditions: a) sample after 40 h
polymerization time (entry 14 in Table 1), b) sample after 24 h polymerization time. The chain
composition corresponding to specific peaks is marked with colored symbols, L is RuPhos.

The “critical length” phenomenon was also observed for the Ag*-mediated polymerization of the
MIDA-boronate monomer 1 with the phenyl catalytic initiator 5 that demonstrated a more efficient
SCTP due to the more rapid and uniform initiation step (vide supra). When the polymerization was

done using Mo/l feed ratio of 24 (entry 9 in Table 1), the MALDI-TOF mass spectral data on a sample
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obtained early in the polymerization process (after 11 h polymerization time) showed a single molecular
weight distribution matching the “critical length” observed in the previous runs (Figure S14a in the
Supporting Information). The dominating chain compositions (Ph—(PF),—H, Ph—(PF),—Br, and Ph—
(PF),—Pd(L)", where L is RuPhos) reflected controlled character of the polymerization at this stage. A
sample obtained upon longer polymerization time (after 22 h polymerization) exhibited a bimodal
molecular weight distribution with a higher molecular weight component along with a lower molecular
weight “critical length” component (Figure S14b in the Supporting Information). Interestingly, the
lower molecular weight component was dominated by the Ph—(PF),—Br chain composition, whereas the
higher molecular weight component showed a predominant Ph—(PF),—H chain composition. This likely
reflected the “entrapment” of the Pd’ m-complex within a “critical length” fragment, hindering the
polymerization and yielding the dominating Ph—(PF),—Br chain composition upon acid post-
polymerization quenching. Overall, this provided an additional support for the “critical length” concept.

We also investigated ortho-tolyl Pd BrettPhos and XPhos catalytic initiators 6 and 7 in the
polymerization of MIDA-boronate monomer 1 in Ag'-mediated conditions. The polymerizations were
carried out at different Mo/l feed ratios for the total 40 h reaction time. We found that the BrettPhos
system displayed a linear increase of My with respect to increasing Mo/l ratio but the molecular weight
remained well below the theoretical values even with extended reaction time (Figure S13 in the
Supporting Information). The less effective polymerization control could be due to an essentially
suppressed ability of the active Pd center to overcome the “critical length” restriction. The MALDI-
TOF data of the polymer obtained at Mo/lo ratio of 24 indicated a dual molecular weight distribution
similar to the one obtained for the case with Pd-RuPhos catalytic initiator 4. The higher molecular
weight distribution, in addition to dominating Tol—(PF),~Pd(L)" chain composition, contained an
intense set of peaks corresponding to Tol-(PF),—Cl chain compositions (Figure S15 in the Supporting
Information). As such composition is indicative of the facile Pd"-Pd° equilibrium with the Pd° -

complex domination, it indeed pointed on the inefficient chain propagation beyond the “critical length”
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of the polymer chain. In addition, there was a prominent set of peaks corresponding to a BMIDA-
(PF),—Pd(L)" chain composition, which indicated a Pd intermolecular transfer to a monomer 1 with
subsequent oxidative addition to the C—Br bond of 1 and initiation of a new polymer chain. This
undesirable chain-transfer process stemmed from a lower binding energy in the Pd’(BrettPhos) m-
complex, in agreement with our computational NBO analysis described above.

The XPhos system showed even less control, with My nearly stagnating at around 4-5 kDa
independent on the Mo/Iy feed ratios (Figure S13 in the Supporting Information). The chain end-group
composition in that case was complex, with noticeable Tol-(PF),~Pd(L)", Tol~(PF),—Cl, Tol~(PF),—Br,
and Tol—-(PF),—H sets within a single molecular weight distribution corresponding to the “critical
length” (Figure S16 in the Supporting Information). As all the molecular compositions detected in the
mass spectral data reflected the exclusive presence of the “living” chains (in a sense of each chain having
an associated Pd center), the lack of molecular weight control reflected the inability of the Pd-XPhos
center (existing predominantly as a Pd® n-complex) to overcome the “critical length” restriction and
continue the polymerization. Overall, these results painted a sophisticated picture of the SCTP process
with MIDA-boronate monomers where the mere presence of a Pd center on the polymer chain was not
sufficient to sustain the polymerization (even if a chain could be considered “living” in the sense of
possessing a Pd center), and the choice of phosphine ligand on the Pd center was a critical tool to
overcome the “critical length” restriction. We assume that these findings can be applied to other cases
of monomers less reactive in SCTP, where broad dispersities and less efficient molecular weight control

were observed even with seemingly “living” character of the polymerization.*®

Conclusions
Aryl and heteroaryl MIDA-boronates remain a promising class of monomers for controlled
SCTP. They are particularly efficient for polymerizations involving heteroaromatic systems (such as

thiophenes). However, our work has uncovered a major limitation of MIDA-boronates in the case of
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less reactive fluorenyl (and potentially other all-carbon aromatic systems) monomers that is related to
the inhibiting effect of free MIDA byproduct formed in the polymerization. This inhibiting effect
originates from MIDA’s interaction with Pd® centers during the chain-growth polymerization. The
beneficial role of added Ag" is that it facilitates removal of free MIDA through the formation of an
insoluble precipitate. However, in Ag'-mediated polymerization conditions, a key mechanistic step —
transmetalation — occurs as a direct interaction between MIDA-boronate and the chain-end hydroxo-
Pd"! complex and therefore suffers from steric bulkiness of the MIDA-boronate group, especially at the
initiation step. These complications could diminish the synthetic value of MIDA-boronate monomers
in SCTP, although better understanding of these implications and a proper choice of polymerization
conditions and catalytic initiators could to some extent mitigate such problems. As part of this project,
we also uncovered a “critical length” phenomenon which results in a dual molecular weight distribution
of the produced PF polymer, both with MIDA-boronate and boronic acid monomers. The generality of
this phenomenon and whether it is restricted to using Pd catalytic systems based on Buchwald-type
phosphine ligands remains to be studied, however, a proper choice of the phosphine ligand could help

to overcome the “critical length” limitation.

Supporting Information Available. Detailed synthetic and experimental procedures, and additional

data and figures. This material is available free of charge via the Internet at http://pubs.acs.org.
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