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The amino-pyridine ligand scaffold has achieved widespread use for base metal catalysis. Atom Trans-
fer Radical Polymerization (ATRP) is one realm where base metals have achieved success in catalysis, in
particular copper and iron. Herein, the synthesis and characterization of two amino-pyridine iron(Il) com-
plexes is described where the amino carbon substitution is the point of differentiation. We hypothesized
that a sterically hindered, electron rich t-butyl substituent in this position might improve the propensity
Keywords: of said complex to achieve ATRP since inductive electron donation from the t-butyl group may improve
Amino-pyridine ligand catalyst activity and shift the ATRP equilibrium towards the active polymer species and corresponding
Iron Fe(Ill) complex. Dimeric 1 and 2 ([2-[(2,6-Me;-CgH3)NHCH(R)]CsH4N]FeCl,), (R = t-butyl or ethyl, re-
X-ray structure spectively) were identified by single crystal X-ray diffraction. Both complexes favor a high-spin iron(II)
/C\I‘}r{P state, as evidenced by Evans NMR magnetic susceptibility measurements and suggested by gas-phase

computations at the MO6-L level of theory. Complexes 1 and 2 catalyze styrene polymerization at el-
evated temperatures (120 °C) and polymerization data suggests that ATRP operates and catalytic chain
transfer (CCT) competes at extended reaction times. Complex 1 with its t-butyl substituted amino car-
bon displays a slightly higher ATRP activity as compared to 2 [kops(1) = 0.31 h™1; kops(2) = 0.10 h™1],

suggesting the importance of ligand optimization for future iron ATRP catalyst development.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Base metal homogeneous catalysis is a fertile research area that
is growing rapidly as chemists embrace this approach to minimize
costs and move into new catalytic space [1-4]. Atom transfer rad-
ical polymerization (ATRP) is a catalytic application where base
metal catalysts have played a major role at both the inception of
the field and development of catalysis [5-14]. Base metal copper
[15] and precious metal ruthenium [16] were both part of ATRP’s
discovery in the mid-1990’s and have continued to dominate this
chemistry. The homogeneous metal catalyst serves as a halogen
atom donor and acceptor towards the active and dormant poly-
mer species, respectively, that are necessary for the equilibrium
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that characterizes ATRP (Fig. 1). Catalytic chain transfer (CCT) is
a common competing mechanism that operates concurrently with
ATRP, leading to premature polymer chain termination with an
alkene polymer end group and polymer molecular weights that are
lower than expected My(theoretical) values for a pure ATRP process
(Fig. 1) [17].

Imino-pyridine and amino-pyridine ligands are two examples
of nitrogenous ligands that have been employed widely in base
metal catalysis, with the benefit of readily tunable N-aryl or N-
alkyl substituents. Installation of substituents at other positions
of the ligand, such as the 6-position of the pyridyl ring (R;) or
the imino/amino carbon position (R;/R3), typically requires ad-
ditional synthetic steps [18] and hence their impact on poly-
merization metrics such as catalyst activity, polymer molecular
weight, and polymer dispersity are not fully understood for co-
ordination polymerization or ATRP. Our group [19] and others
[20-22] have incorporated sterically bulky imino/amino carbon
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Fig. 1. ATRP equilibrium between active and dormant polymer chains mediated by a metal complex in oxidized and reduced form, respectively. CCT leads to polymer chain

termination that may occur via direct hydrogen atom transfer.
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Chart 1. Reported imino- and amino-pyridine Ni(Il) complexes where variations in R; and R3 were explored. All substituent options presented.

substituents (R;/R3) in nickel(Il) bromide catalysts for coordina-
tion polymerization of ethylene, yielding improvements in cata-
lyst activity, polymer molecular weight and dispersity when com-
pared to the more typical option of Ry = H or Me and R; = H
(Chart 1).

Base metal iron is an attractive metal for ATRP due to its
high natural abundance, low cost, and biocompatibility. Homoge-
neous iron catalysts have achieved success for ATRP as first re-
ported in 1997 [23-24], and more recently described by excel-
lent reviews [25-27], yet ligand design principles are not fully
developed for this chemistry. Four-coordinate, high-spin iron(Il)
complexes with electron-donating nitrogenous ligands have been
successful (selected examples presented in Chart 2, blue font)
[28-30], though they have not achieved the high activities and
low catalyst loadings observed for state-of-the art copper cata-
lysts [31]. Gibson’s tridentate salicylaldiminato iron(Il) catalysts
[32], Grubbs’ bis(N-heterocyclic carbene) iron(Il) catalysts [33],
Shaver’s amine bis(phenolate) iron(Ill) complexes [34-35] and Gar-
den and Shaver’s half salen iron(Ill) complexes [36] further demon-
strate the scope of ligand substitution patterns that favor ATRP
(or reverse ATRP for the Fe(Ill) examples). Despite these exam-
ples, many ATRP catalysts are prepared in-situ, adding to the
challenge of discerning ligand design principles for ATRP when
the nature of the operating iron complexes is not the focus of
investigation.

Since amino-pyridine ligands are most often synthesized
through reduction of the corresponding imino-pyridines, it is use-
ful to reflect on the scope of reported imino- and amino-pyridine
iron(Il) complexes to help extend this chemistry in new directions.
Reported examples of imino- and amino-pyridine Fe(Il) catalysts
appear in Chart 2; aside from Gibson’s report [28] for ATRP catal-
ysis of styrene and methyl methacrylate, others have used these

imino- [37-40] and amino- [41] pyridine Fe(Il) catalysts for coordi-
nation polymerization of isoprene.

Herein, we describe the synthesis and characterization of two
amino-pyridine iron(Il) complexes where the amino-carbon sub-
stituent is varied and describe how this subtle difference corre-
lates with changes in styrene polymerization outcomes. Computa-
tional analysis helps us explore the energetics of the ATRP and CCT
equilibria for our catalysts. These experimental and computational
results help inform our ongoing pursuit of rationally designed iron
ATRP catalysts.

2. Results and discussion
2.1. Synthesis and characterization of iron(ll) complexes

Metalation of the alkyl-substituted amino-pyridine ligands, [2-
[(2,6-Me,-CgH3 )NHC(R)]CsH4N| (where R = t-Bu or Et), with
FeCl,(THF);5 in toluene solvent gives complexes with the desired
one to one ratio of chelating ligand to iron (Fig. 2). Complex 1
(R = t-Bu) was isolated as a tan solid with a diagnostic v(N-H)
IR stretching frequency at 3340 cm~!; complex 2 (R = Et) was
isolated as a tan solid with a diagnostic v(N-H) IR stretching fre-
quency of 3326 cm~!; both of these stretching frequencies are
lower in energy than the corresponding uncomplexed ligand N-
H stretching frequencies, (3386 and 3414 cm~! for R = t-Bu and
3362 cm~! for R = Et). Complexes 1 and 2 were tested by Evans’
NMR method for magnetic susceptibility [42] and the data sup-
ports a high spin Fe(Il) designation for both 1 and 2: complex 1
Mer = 5.71 B.M.,, and complex 2 pqg = 5.51 B.M.. Complexes 1 and
2 were also examined by 'H NMR (CD,Cl,) and spectra are con-
sistent with their paramagnetic nature (see Supplemental Material,
Figures S6 and S7).
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Chart 2. Reported imino- and amino-pyridine Fe(Il) complexes. All substituent options presented. Examples in blue font were tested by Gibson and coworkers for ATRP

catalysis of styrene and methyl methacrylate [28].
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Fig. 2. Metalation of amino-pyridine ligands in toluene yields {[2-[(2,6-Me;-
Ce¢H3)NHC(R)]-CsH4N]FeCl,}, (R = t-Bu 1; R = Et 2). Conditions for 1: 80 °C, 18 h
then 100 °C, 23 h; conditions for 2: 80 °C, 21 h.

Single crystals of 1 and 2 were evaluated by X-ray diffrac-
tion studies and revealed dimeric solid-state structures. Each Fe(II)
atom adopts a distorted trigonal bipyramid geometry with a 75
value of 0.69 for 1 and a 75 value of 0.82 for 2 (Fig. 3) [43]. Crys-
tals of 1 were obtained by slow cooling of an acetonitrile solution
to —30 ©°C, and crystals of 2 were obtained by vapor diffusion
of pentane into a dichloromethane solution at room temperature.
Other crystallization conditions, including slow evaporation from
a tetrahydrofuran solution and vapor diffusion of pentane into a

dichloromethane solution, produced single crystals of 1 with the
same unit cell as above.

A dimeric structure can be commonplace for an amino-
pyridine ligand scaffold, as reported by Gao and Wu for a related
nickel(Il) example {[2-[(2,6-i-Pry-CgH3)NHC(Me)H]CsH4N]NiBr; },
[21] and J.-T. Chen for another nickel(Il) example {[(2,6-i-Pr,-
CgH3)NHCH, |CsH4NINiBry}, [22]. We anticipate the dimeric
structure is in equilibrium with a closely related monomeric
structure in solution, especially under polymerization condi-
tions at elevated temperature. X. Wang, Q. Wang, and cowork-
ers [41] also made this argument based on the observation
of multiple crystal structures of amino-pyridine iron(IlI) chlo-
ride complexes with only subtle ligand modifications; for
example, {2-Me,6-[(CHPh;)NCH,]CsHy4N}FeCl, and {2-Me,6-
[(CH,Ph)NCH,]CsH4N}FeCl, crystallized as monomers, {[2-
[(CHMePh)NCH; |CsH4N]FeCl,}, crystallized as a dimer, and
{[2-[(c-CgH11)NCH, |CsH4N]FeCly}5 crystallized as a trimer with
two terminal iron atoms, one central iron atom, and bridging
chloride ligands. All four of these iron complexes are competent
for isoprene polymerization upon activation with MAO cocatalyst
at room temperature, suggesting potential equilibration of these
monomeric, dimeric, and trimeric forms under reaction conditions.

Bond angles and distances are typical in complexes 1 and 2,
with the t-butyl substituent influencing the Npyr-Fe-N,pine bite an-

Fig. 3. ORTEP diagrams for {[2-[(2,6-Me,-C¢H3)NHC(R)]CsH4N]FeCl,}, (left, R = t-Bu 1; right, R = Et 2). Thermal ellipsoids are shown at the 50% probability level.
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Fig. 4. Styrene ATRP screening conditions for catalysts 1 and 2 [Fe]: [styrene]:[Fe]:[1-phenylethyl chloride] = 300 : 1.0 : 1.0, 120 °C, 10-11 h.

Table 1
Selected bond distances (A) and angles (deg)
for 1 and 2.

Bond distances (A) and angles (deg)

C-N (A) N-Fe-N (deg)
1 1.494 75.89
2 1493 77.53
Fe‘prridine (A) Fe-Namine (A)
1 2.1168(7) 2.3176(6)
2 2.1097(10) 2.2945(9)

gle to a larger extent than other bond angles and distances (bite
angle of 75.89° for t-butyl substituted 1 versus 77.53° for ethyl
substituted 2). The C-N amine bond lengths for both 1 and 2 are
consistent with C-N single bond character as anticipated, and the
Fe-Npyr bond lengths are shorter than the Fe-N,n,;,. bond lengths,
consistent with the relative donor ability of these nitrogen atoms.
Further, the Fe-N,ne bond distances for 1 and 2 are up to 0.18 A
longer than those reported by X. Wang, Q. Wang, and coworkers
[41] for amino-pyridine iron(Il) chloride complexes with N-alkyl
substituents, suggesting a slightly weaker amino-N donor interac-
tion for 1 and 2 as may be expected for an N-aryl substituted
donor atom. Selected bond distances and angles for 1 and 2 are
given in Table 1.

2.2. Styrene polymerization

Complexes 1 and 2 were tested for bulk polymerization of
styrene at 120 °C using 1-phenylethyl chloride as initiator (In) for a
reaction time of 10-11 h and terminated based on reaction mixture
viscosity (Fig. 4). Elevated reaction temperatures can be common
in this field, particularly for bulk styrene polymerizations [26].
Aliquots were removed at regular intervals, quenched by passage
over basic alumina, eluted with chloroform-d, and then analyzed

by 'H NMR spectroscopy to calculate percent monomer conversion.
This monomer conversion data was plotted versus time (see Fig. 5),
and used to prepare semilogarithmic plots of In([M]y/[M]) versus
time (see Fig. 6). Given the pseudo first order conditions of ATRP
reactions, both of these plots are expected to be linear under an
operative ATRP mechanism.

Controlled radical polymerization is suggested by the linearity
of the data presented in Figs. 5 and 6, yet one cannot distinguish
ATRP versus CCT behavior from these plots alone (vide infra). Oth-
ers have reported that the ATRP mechanism can operate along-
side competing CCT, and turned to polymer end-group analysis
and examination of Mjy(theoretical) values to probe the preferred
polymerization mechanism for a given family of catalysts [17,44-
45]. Fig. 6 may be used to calculate experimental polymerization
rate constants, ks, for catalysts 1 and 2. Catalyst 1 presents a
markedly faster polymerization rate than catalyst 2 [k,s(1) = 0.31
h=1; k,ps(2) = 0.10 h—1]. This data suggests that catalyst 1, with its
t-butyl amino carbon substituent, helps stabilize the Fe(Ill) form
of the complex thereby favoring the left side of the ATRP propa-
gation equilibrium (Fig. 1). Catalyst 1 may also accommodate the
three chloride ligands of the Fe(Ill) complex more easily than cat-
alyst 2 due to its smaller Npy-Fe-N,ipe bite angle. The rate con-
stants for catalysts 1 and 2 are on the same order of magnitude as
the family of a-diimine iron(Il) and iron(Ill) complexes reported by
Gibson and Shaver, with {Cy-N=C(p-NMe,-Ph)-C(p-NMe,-Ph)=N-
Cy} including an electron donating dimethylamino substituent that
is the most active of the series with a k., value of 0.72 h-!
[44]. Catalysts 1 and 2 are not as active for styrene polymerization
as Shaver’s most active amine bis(phenolate) iron(Ill) complexes
[34-35] which are the fastest reported iron complexes to date for
styrene ATRP with k,p, values of 1.02 h~1 and 2.20 h~! for their
two fastest examples.

Polymer molecular weight and dispersity (P) data also lend in-
sight for the operating polymerization mechanism. The aliquots

100 -
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Fig. 5. Plot of conversion (%) vs. time (h) for 1 and 2.
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Fig. 6. Kinetic plot for styrene polymerization: In([M]o/[M]) vs. time (h) for 1 and 2.

Table 2

Styrene ATRP screening for catalysts 1 and 2.2
Entry  Complex Time (h) Conv.(%)® M, %< Myeoc P
1 1 2 14.6 4710 4250 1.55
2 4 40.6 13,110 4930 1.85
3 8 87.7 28,310 3940 2.48
4 10 91.3 29,470 3630 2.52
5 2 2 1.3 400 2750 1.56
6 4 5.1 1540 3360 1.82
7 8 40.3 12,180 4740 2.10

3Conditions: [styrene]:[Fe]:[1-phenylethyl chloride] = 300 : 1.0 : 1.0, 120 °C.
bConversion (%) determined by "H NMR spectroscopy.
My, o = ([M]o/[1]o) x MW (styrene) x conversion.

used for 'H NMR spectroscopy, as described above, were also
used to conduct GPC analysis of precipitated polymer to mea-
sure M, and D for representative samples. Percent monomer con-
version, M,(GPC), M, (theoretical), and D values at representa-
tive time points are reported in Table 2. Styrene oligomers are
formed by both catalysts, with D values that exceed the ideal value
of 1.0 for living polymerization. For catalyst 1, M, values slowly
decrease over time; slowly increasing P values may account for
this phenomenon, as supported by GPC traces that approach a bi-
modal form with a growing low-molecular weight fraction concur-
rent with the slowing of polymer growth for the higher molecular
weight chains (see Supplemental Material, Figure S10). This obser-
vation suggests the higher rate constant, k., for catalyst 1 is ac-
companied by some loss of polymerization control. Catalyst 2 op-
erates more slowly, as reflected by its modest % conversion val-
ues, and both M, and P slowly increase over time. GPC traces for
these polymer samples (Figure S10) also reflect a low-molecular
weight fraction though it appears less pronounced than for poly-
mers formed by catalyst 1. Lastly, values for M,(GPC) and My (the-
oretical) diverge as a function of time, consistent with a transition
from an ATRP mechanism at early time points to a CCT mechanism
at later time points. Overall, the M, and P data for representative
samples suggests competing polymerization mechanisms.

Under the reaction conditions described in Fig. 4, propagating
polystyrene may terminate through a variety of means as revealed
by NMR spectroscopic analysis of the polymer end groups (see
Fig. 7). ATRP gives halide-terminated polymer chain ends as shown
in Fig. 7; a CICH(Ph)CH,-(polymer) chain end has a diagnostic pro-

H
C Hd He
Cl ~

00 Qd

CCT ATRP CCT

Fig. 7. Diagnostic protons for CCT and ATRP end groups.

Ha

ton at 4.35 ppm (Hy) [36]. Catalytic chain transfer (CCT) often com-
petes with ATRP and theoretical models suggest it occurs via direct
H-atom transfer from the growing polymer chain to the metal [17],
yielding a LyFeCl,H species and alkene terminated polymer chain
end. The H,C=CH(Ph)CH,-(polymer) chain end has characteristic
doublets at 5.27 and 5.78 ppm (H, and Hy, for the alkene protons,
and a signal located between 6.05 and 6.35 ppm for the vinyli-
dene C-H (Hc) [36,46]. Similarly, an alkene terminated chain end
with a phenyl substituent at the terminus, H(Ph)C=CHC(Ph)HCH,-
(polymer) has a characteristic allylic signal at 4.12 ppm (He). Other
polymerization mechanisms such as organometallic mediated rad-
ical polymerization (OMRP) [47-48], catalyzed radical termination
(CRT), and reductive radical termination (RRT) have also come to
light more recently, yielding saturated chain ends derived from
the reactive radical [49]. And finally, conventional free-radical poly-
merization may terminate via combination (doubling the observed
polymer molecular weight and leaving both end groups with the
functionality introduced through initiation) or disproportionation
(providing one alkyl and one alkene terminated chain end) al-
though combination is strongly favored over disproportionation at
higher temperatures [50]. Atactic polystyrene is expected for radi-
cal polymerization mechanisms such as ATRP and CCT, as described
elsewhere [51].

End group analysis of isolated polymer samples produced by
catalysts 1 and 2 reveals evidence for both ATRP and CCT polymer-
ization mechanisms. TH NMR spectra of polymer samples from the
8-hour aliquot are presented in the Supplemental Material (Figures
S11 and S12, respectively). For polystyrene generated by catalyst 1,
protons that correspond to a CICH(Ph)CH, ATRP chain end (Hy),
H,C=CH(Ph)CH, CCT chain end (H, and H;), CCT vinylidene signal
(Hc), and CCT allylic signal (He) are all detected. For polystyrene
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generated by catalyst 2, protons that correspond to a CICH(Ph)CH,
ATRP chain end (Hq), CCT vinylidene signal (H¢), and CCT allylic
signal (He) are detected. At this later phase in the polymerization,
CCT is more prominent than at earlier time points (see Supple-
mental Material, Figure S13). There are a large number of peaks
in this region of the spectrum due to the oligomeric, atactic na-
ture of these polystyrene samples; representing many subtly dis-
tinct chemical shift environments.

2.3. Computational analysis of iron complexes and competing
polymerization mechanisms

Poli and Shaver published an elegant study in 2014 describ-
ing the power of DFT methods to evaluate the balance between
ATRP, CCT, and OMRP (Organometallic Mediated Radical Polymer-
ization) mechanisms for «-diimine iron(Il) catalysts [17]. Earlier
work by Gibson and Shaver suggested that ligand substituents in-
fluenced the spin state of a-diimine iron(Ill) (reverse ATRP) cat-
alysts, and that iron(Ill) complexes with intermediate spin (quar-
tet) favored CCT while iron(Ill) complexes with high spin (sextet)
favored ATRP [29-30,52]. The 2014 Poli and Shaver study [17] re-
vises this claim and suggests that iron complex spin state does not
dictate polymerization mechanistic preferences. Instead, they pro-
pose the barrier to ATRP radical propagation is ligand-independent
for o-diimine iron(Il) complexes and the influence the ligand has
on the relative thermodynamics of ATRP, CCT, and OMRP dictates
which of these mechanisms is favored under experimental condi-
tions.

Accordingly, we completed geometry optimizations and gas-
phase energy calculations on the monomeric forms of iron(Il) com-
plexes 1 and 2 (3a and 3b from Fig. 8, respectively) using DFT
(MO06-L) with a double-zeta quality basis set. In both cases, gas-
phase MO6-L electronic energy calculations predict the high spin
quintet state is the ground state; the intermediate spin triplet state
is 26.0 kcal/mol higher in energy for 3a and 25.2 kcal/mol higher
in energy for 3b (see Supplemental Material). Next, all chemi-
cal structures that appear in Fig. 8 were evaluated computation-

Table 3

Relative Gibbs free energy differences (AG*) at 400 K in kcal/mol for
monomeric complexes 3a and 3b (reactants) versus the ATRP kg,
CCT, and OMRP reaction products (5a/5b, 4a/4b, and 6a/6b, respec-

tively).
Reaction Path AG* for R = t-Bu AG* for R = Et
ATRP (3a/3b — 5a/5b) 1.9 -0.3
CCT (3a/3b — 4a/4b) 27.2 24.6
OMRP (3a/3b — 6a/6b) 11.9 13.0

ally to determine the relative thermodynamics for the CCT, ATRP,
and OMRP mechanisms; relative Gibbs free energy differences at
400 K (AG*) are presented in Table 3. The free-radical fragment,
PhCH3HCe, is used as a model for the growing polystyrene chain.
The ATRP equilibrium products (5a/5b) are approximately the same
Gibbs free energy at 400 K as reactants, suggesting ATRP of styrene
will occur readily at 120 °C. The OMRP equilibrium products
(6a/6b) are higher in Gibbs free energy at 400 K than reactants
by approximately 12-13 kcal/mol. This suggests the OMRP mech-
anism may compete with ATRP yet will not sequester 3a/3b from
the system to a large extent. Finally, the CCT equilibrium products
are substantially higher in Gibbs free energy at 400 K with val-
ues of 27.2 kcal/mol for 4a (R = t-Bu) and 24.6 kcal/mol for 4b
(R = Et). This data implies that CCT will compete more effectively
with ATRP using the ethyl substituted catalyst 2 than for the t-
butyl substituted catalyst 1, though the higher relative energy of
the CCT equilibrium products also suggests CCT will be a lesser
contributor than ATRP (or OMRP) for either catalyst. In summary,
this analysis reflects the relative ground state energies of ATRP,
CCT, and OMRP reactants and products in the equilibria that de-
fine each mechanism as presented in Fig. 8. The thermodynamic
treatment presented here may help account for our experimental
polymerization data for styrene at 120 °C with evidence for both
ATRP and CCT pathways at this elevated temperature.

| HH i |
! . H | ;
! H ' ' |
7 | . Z 0
' X, R X R + R |
N "\‘ H N" TH \"\‘ H |
; Clu,, N T N’ MRP . N’ :
+ /‘Fe/ L_ Fe ﬁ 0 c “Fe !
; a | —t— o - c” :
3 H H H _ClsaB . :
1 4a/ab poH ) |
3 ATRP | | ATRP _ 6a/6b !
| — kdeact kact 3
: cl cl 3

' + i

i G |

: N R T

| N TH |

! Cl.. N !

3 /'Fe/ + !

; o] ] !

: Cl 5a/5b !

Fig. 8. Competing mechanistic equilibria for CCT (3a/3b — 4a/4b), ATRP (3a/3b — 5a/5b), and OMRP (3a/3b — 6a/6b). Compound numbers labeled “a” have R = t-Bu and

compounds numbers labeled “b” have R = Et.
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3. Conclusions

Reported herein are two new iron amino pyridine complexes
with a novel modification to the amino carbon. This study demon-
strates the utility of these amino-pyridine iron(Il) complexes for
controlled radical polymerization. Subtle variation in the amino-
carbon substituent from ethyl to t-butyl increases the observed
rate of styrene polymerization. We propose that catalyst 1 dis-
plays a higher observed polymerization rate than catalyst 2 due
to enhanced electron donation from its t-butyl amino carbon sub-
stituent and its smaller Npyr-Fe-N e bite angle that are both
compatible with the requisite Fe(Ill) complex on the left side of
the ATRP propagation equilibrium (Fig. 1). Polymer characterization
data including end group analysis suggests ATRP and CCT act as
competing polymerization mechanisms for catalysts 1 and 2 under
the conditions evaluated here. The elevated polymerization tem-
peratures in this study may increase the prevalence of CCT as a
competing pathway, however the k., values for styrene polymer-
ization indicate these examples of amino-pyridine iron(Il) catalysts
may be less practical under lower temperature conditions. Work is
underway to optimize the electronic features of new ligands for
iron ATRP catalysts using computational thermodynamic ground
state energies for ATRP and CCT equilibria to aid in catalyst design.

4. Experimental section
4.1. General considerations

All chemical reactions were carried out under an atmosphere of
argon using standard Schlenk techniques unless otherwise noted.
Argon gas was purified by passage over Drierite™. All chemi-
cals were purchased from Sigma Aldrich and used as received un-
less otherwise noted. Chloroform-d, benzene-ds and acetonitrile-
d; were purchased from Sigma Aldrich and dried over molecular
sieves (8-12 mesh, 4 A, activated) before use. An MBraun Man-
ual Solvent Purification System (MB-SPS) was used to obtain the
following anhydrous solvents: toluene, pentane, dichloromethane,
acetonitrile, tetrahydrofuran, diethyl ether; when used in a glove
box, solvents were submitted to three freeze-pump-thaw cycles
before use. Anhydrous tetrahydrofuran for all purposes was addi-
tionally dried over molecular sieves (8-12 mesh, 4 A, activated) be-
fore use. Anhydrous diethyl ether used in ligand synthesis (LiAlH,4
reduction reactions) was purchased from J.T. Baker in 250 mL bot-
tles, and a fresh bottle was used for each synthetic trial. Molecular
sieves (8-12 Mesh, 4 A) were purchased from J.T. Baker and acti-
vated before use. Silica gel used for flash chromatography was pur-
chased from Aldrich (200-425 mesh) [53]. n-BuLi was purchased
from Sigma Aldrich as a 1.6 M solution in hexanes (Sure/Seal
bottle™). Tron(Il) dichloride (99.9%, Sigma Aldrich) was complexed
with anhydrous THF to give FeCl,(THF);5 using reported proce-
dures [54]. Ligand A, [2-[(2,6-Me;,-CgH3)NHCH(t-Bu)]CsH4N], and
Ligand B, 2-{(2,6-Me,-CgH3)NC(Et)}CsH4N, were prepared as de-
scribed previously [19].

4.2. Characterization

NMR spectra were recorded on a Varian Mercury 300 Plus
spectrometer at 300 MHz ('H) and 75 MHz (13C) at 293 K and
JEOL 400 MHz spectrometer at 400 MHz ('H); all chemical shifts
were referenced relative to the NMR solvent (either residual pro-
tio or 13C signals for the solvent peak(s)). The following abbre-
viations are used for NMR splitting patterns: pt (pseudo triplet)
and br s (broad singlet). A stock solution of acetonitrile-d3 : anhy-
drous dichloromethane : anhydrous THF (1:2:7, v/v) was used for
Evans’ NMR magnetic susceptibility measurements [42,55-56] for
complexes 1 and 2. Five different concentrations were tested for

each complex and average jt.s values are reported. Infrared spec-
tra were recorded using a Perkin-Elmer Spectrum One FTIR Sys-
tem; samples were prepared by placing the compounds on a dia-
mond attenuated total reflectance (ATR) plate in either solid or lig-
uid form. Elemental analyses were performed at Atlantic Microlab,
Inc. in Norcross, Georgia.

4.3. Crystallography

A single crystal was mounted using NVH immersion oil onto
a plastic fiber and run at a data collection temperature of 100 K.
Data were collected on a Briiker-AXS Kappa APEX II CCD diffrac-
tometer with 0.71073 A MoKa radiation. Unit cell parameters were
obtained from 60 data frames, 0.5° @, from three different sec-
tions of the Ewald sphere. The data set was treated with SADABS
absorption corrections based on redundant multi-scan data. Struc-
tures were solved by direct methods using XL or XT and refined by
full-matrix least-squares on F2 using XL interfaced through APEX2
or OLEX2. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were treated as ide-
alized contribution. Details of the refinements for each structure
are as follows: Complex 1: Refinement proceeded normally with
one half of the inversion related dimer per asymmetric unit. Com-
plex 2: Refinement proceeded normally with one half of the inver-
sion related dimer per asymmetric unit. Crystal data and structure
refinement details for complexes 1 and 2 appear in Table 4.

4.4. Computational studies

All calculations were performed using Gaussian09 Rev. D.01
[57]. All structures were optimized in the gas-phase at the unre-
stricted MOG6-L level of theory using the Opt=Tight keyword. The
6-31G** basis set was used for all main group elements and the
SDD basis set was used for Fe, with the first 10 electrons repre-
sented by an effective core potential. All stationary points were
determined to be minima (no imaginary frequencies) through vi-
brational analysis. Harmonic frequencies were calculated from an-
alytic second derivatives of the energy with respect to nuclear co-
ordinates. All DFT calculations utilized a finer grid for integration
using the Integral=UltraFine option.

Determination of more reliable reaction energies was achieved
by performing additional calculations at the previously mentioned
optimized geometries. This was accomplished by performing sin-
gle point energy calculations with a larger basis set and inclusion
of solvent effects. Gibbs free energies were determined for each
species and are the sum of four terms: Ey, Ggopyy Georr, and GO—+,
Ep is the electronic energy, Gy, is the Gibbs free energy of sol-
vation, Georr i the thermal correction to the Gibbs free energy,
and G%* is the correction required in going from the standard
state in the gas phase (1 atm) to solution phase (1 M). G0~* is
a fixed value at a given temperature and was determined to be
2.8 kcal/mol at 400 K (close to experimental polymerization tem-
perature). Georr Was calculated at 400 K as well, using the struc-
tural and vibrational quantities determined from the gas-phase ge-
ometry optimizations. The electronic energies and Gibbs free ener-
gies of solvation were calculated at the MO6-L level of theory using
the SMD solvation model, with toluene as the chosen solvent. The
6-311+G(2d,p) basis set was used for main group atoms and the
all-electron def2TZVP basis set for Fe. In this approach, the value
of G,y does not include the effect of geometry relaxation due to
solvent.

4.5. Polymerization

Styrene was purchased from Sigma Aldrich, and before use in-
hibitor was removed by passing through a bed of aluminum ox-
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Crystal data and structure refinement for complexes 1 and 2.

1

2

Empirical formula
Formula weight
Temperature

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Data | restraints / parameters
Goodness-of-fit on F?

Cy5H,4ClyFeN,

395.14

100 K

Monoclinic

P21/C

a=8.89400(10)A; o = 90° b=15.0669(2)A; f=105.0390(10)°
c=14.2424(2) A; y = 90°

1843.18(4) A3

4

1.428 Mg/m?3

1.108 mm!

828

0.3 x 0.25 x 0.2 mm?

2.005 to 34.338°

-14<=h <=14, -23<= k <=23, -22<=1 <=22
76,550

7710 [R(int)= 0.0275, R(sigma)=0.0134]

7710 / 0 | 216

1.035

C16H30Cl;FeN,

367.09

100 K

Orthorhombic

Pbca

a=15.231(3)A; @ = 90°b=13.717(3)A; B = 90°c=16.404(3)A;
y = 90°

3427.2(13) A3
8

1.423 Mg/m?3

1.186 mm!

1520

0.25 x 0.25 x 0.13 mm?3

4.704 to 72.628°

25 <h <25 -22<k<22-27<1<27
74,577

8307 [R(int)= 0.0612, R(sigma)=0.0316]
11,384/ 1/ 385

1.031

Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

R; = 0.0221, wR, = 0.0563
R; = 0.0264, wR; = 0.0590
0.577 and -0.258 e - A3

R; = 0.0326, WR, = 0.0784
R; = 0.0476, wR, = 0.0869
0.78 and -029 e - A3

ide (activated, basic), subjected to two freeze/pump thaw cycles,
and then bubbled with argon for 2 h. 1-phenylethyl chloride (-
1-chloroethyl benzene, 1-PECI) initiator was purchased from Sigma
Aldrich and used as received for polymerization trials with cata-
lyst 1. 1-phenylethyl chloride was synthesized as described else-
where [58] and used for polymerization trials with catalyst 2. Hy-
drochloric acid and methanol used for polymerization quenching
were purchased from Fisher Scientific.

4.6. Syntheses

4.6.1. Preparation of [2-[(2,6-Me,-CgH3)NHCH(Et)]CsH4N], ligand C
Lithium aluminum hydride (0.54 g, 14 mmol, 2.5 equiv) was
weighed into an oven dried, 50 mL 2-neck round bottom flask that
had been purged with argon. Anhydrous diethyl ether (4 mL) was
added to the reaction flask dropwise via syringe and the mixture
stirred to yield a slurry. Ligand B (1.4 g, 5.9 mmol, 1.0 equiv) was
dissolved in anhydrous diethyl ether (6 mL) and this solution was
added dropwise to the reaction flask containing the LiAlH4 slurry.
The reaction mixture was stirred at 22 °C for 23 h. To quench ex-
cess LiAlHy, the reaction flask was cooled to 0 °C with an ice-water
bath. An aliquot of cold anhydrous diethyl ether (11 mL) was added
to the reaction flask, followed by cautious, dropwise addition of
alternating aliquots of distilled water (4 x 0.25 mL) and diethyl
ether (4 x 1 mL) with a 10-minute wait between each aliquot. Af-
ter the final water and diethyl ether addition the reaction mixture
was a yellow solution with suspended white solid. Cold ethyl ac-
etate (3 mL) was added to assure quenching was complete and to
help extract the desired product. The reaction mixture was stirred
at 22 °C for 30 min, and then filtered through a bed of Celite and
washed with diethyl ether (50 mL). This filtrate was washed with
saturated aqueous sodium chloride (1 x 10 mL) and dried with
sodium sulfate before removal of solvent in vacuo to yield a yellow
oil. The crude product was purified via flash silica gel chromatog-
raphy using 15% ethyl acetate, 1% triethyl amine - hexanes (v/v/v)
and dried in vacuo to give a yellow oil. Final purification was com-
pleted by adding 10 mL pentane to the aforementioned yellow oil,
filtering through a pipet fitted with a Kimwipe to remove final
solid impurities and the filtrate dried in vacuo to yield the final
product as a yellow oil (0.81 g, 60% yield). (Found: C 79.90, H 8.44,
N 11.49%. Calculated for C1gHoN,: C 79.96, H 8.39, N 11.66%. Vmax
(ATR)/cm~': 3362 (N-H). 'H NMR (300 MHz, benzene-dg, 22 ©C)

8/ppm: 0.73 (3H, t, CH,CHs), 1.962 (2H, q, ] = 7.0 Hz, CH,CH3), 2.19
(6H, s, CH3), 414 (1H, t, ] = 6.4 Hz, CH), 4.37 (1H, br s, NH), 6.52
- 6.88 (6H, multiplets, Ar, py), 8.40 (1H, dd, ] = 4.4 Hz, 1.5 Hz, Hy).
13C NMR (75 MHz, chloroform-d, 222 C) §/ppm: 10.57 (CH,CH3),
18.92 (CH,CHj3), 29.17 (CHj), 63.70 (CHNH), 121.16, 121.62, 122.35,
135.33, 145.34, 149.48, 162.49 (aromatics).

ligand C H,

4.6.2. Preparation of ([2-[(2,6-Me,-CgH3)NHCH(t-Bu)]CsH4N]
FeCl2)2, 1

Under an atmosphere of nitrogen in an MBraun Unilab glove-
box, a slurry of FeCl,(THF);s5 (0.42 g, 1.8 mmol, 1.0 equiv) in
toluene (10 mL) was prepared in an oven dried 50 mL round bot-
tom flask. To prepare ligand A for transfer into the glovebox, the
appropriate amount was dissolved in anhydrous dichloromethane,
transferred to a round bottom flask with 180° vacuum adapter,
and then concentrated to dryness in vacuo. Inside the glove box,
ligand A (0.53 g, 2.0 mmol, 1.1 equiv) was dissolved in toluene
(3 mL) and this solution was added dropwise via pipet to the
FeCl,(THF)y 5 slurry to yield a tan slurry. The solution was removed
from the glovebox and heated in an oil bath with stirring under
a flow of argon to 80 °C for 18 h, then the heat was increased
to 100 °C for 23 h. The final reaction mixture was a brown so-
lution with tan solids. After two freeze/pump/thaw cycles using a
dry ice/acetone bath (—78 °C) the product mixture was returned to
the glove box and pale tan solids were isolated via vacuum filtra-
tion. The crude product was further washed with diethyl ether and
dried in vacuo to give a tan microcrystalline solid (0.71 g). (Found:
C 4762, H 5.47 N 6.02%. Calculated for CigHy4N,FeCl,: C 54.71,
H 6.12, N 7.09%. Consistent with the formula: C3gHsgN4Fe,Cly -
1.95 CH,Cl,. Recalculated: C 47.68, H 5.47, N 5.86%). Based on:
C36HagNyFe,Cly - 195 CH,Cl, 87% yield of complex 1 was ob-
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tained. Vmgy (ATR)/cm~1: 3340 (N-H). peg = 5.71 B M. (Evans’ NMR
method). Single crystals of complex 1 suitable for X-ray diffraction
were obtained from cooling of a saturated solution of complex 1
in anhydrous acetonitrile at -28 °C over the course of 6 weeks.

4.6.3. Preparation of ([2-[(2,6-Me,-CgH3)NHCH(Et)]CsH4N]FeCl,),, 2

Under an atmosphere of nitrogen in an MBraun Unilab glove-
box, a slurry of FeCl,(THF);5 (0.48 g, 2.0 mmol, 1.0 equiv) in
toluene (20 mL) was prepared in an oven dried 50 mL round bot-
tom flask. To prepare ligand C for transfer into the glovebox, the
appropriate amount was dissolved in anhydrous dichloromethane,
transferred to a round bottom flask with 180° vacuum adapter,
and then concentrated to dryness in vacuo. Inside the glove box,
ligand C (0.59 g, 2.5 mmol, 1.2 equiv) was dissolved in toluene
(3 mL) and this solution was added dropwise via pipet to the
FeCly(THF), 5 slurry to yield a tan slurry. The solution was removed
from the glovebox and heated in an oil bath with stirring un-
der a flow of argon to 80 °C for 21 h. The reaction was removed
from heat and allowed to cool to 22 °C. The final reaction mix-
ture was a golden colored solution with brown solids. After two
freeze/pump/thaw cycles using a dry ice/acetone bath (—78 °C) the
product mixture was returned to the glove box where tan solids
were isolated via vacuum filtration. The crude product was fur-
ther washed with diethyl ether and dried in vacuo to give a tan
microcrystalline solid (0.64 g). (Found: C 50.69, H 5.42, N 7.10%.
Calculated for CigHygN,FeCl,: C 52.35, H 5.49, N 7.63%. Consistent
with the formula: CigHygN,yFeCl, - 0.20 CH,Cl,. Recalculated: C
50.66, H 5.35, N 7.29%). Based on: CygHp4NyFeCl, - 0.20 CH,Cl,,
83% yield of compound 2 was obtained. MS (ESI, m/z): [M-Cl]*
697.1017; [L+H]* 241.1481. vpax

(ATR)/em~1: 3326 (N-H stretch). pe = 5.51 B M. (Evans’
NMR method). Single crystals of complex 2 suitable for X-ray
diffraction were obtained from vapor diffusion of pentane into
dichloromethane at 25 °C over the course of 2 days.

4.7. General procedure for styrene polymerization

Polymerizations were conducted in bulk under an inert atmo-
sphere using 1-phenylethyl chloride as initiator and a polymeriza-
tion temperature of 120 ©C. All glassware was oven dried overnight
before use. Inhibitor-free, degassed styrene was stored in a refrig-
erator for no more than 12 h before use. A minimal amount of
oxygen may diffuse into the septum-capped vial of styrene dur-
ing storage despite attempts to exclude it, potentially contributing
to an induction time for the polymerization trials described here.
Under an atmosphere of nitrogen in an MBraun Unilab glovebox,
the metal complex of interest (1 or 2) was weighed into a 20 mL
scintillation vial containing a stir bar, topped with a septum cap,
and then removed from the glovebox. Ratios of [styrene]:[Fe]:[1-
phenylethyl chloride] were 300 : 1.0 : 1.0 for each polymerization
trial reported in Figs. 5 and 6 and Table 2. All reactions were nor-
malized to 8 mL styrene. Styrene was added to the reaction vial
via syringe, followed by 1-phenylethyl chloride initiator. Masses of
styrene and initiator dispensed were confirmed by back-weighing
the syringes. The reaction vial was then placed in an aluminum
heating block on a hot plate. The hot plate temperature was con-
trolled by a thermocouple placed in the aluminum block con-
nected to a temperature controller built in-house. Immediately af-
ter adding initiator to the vial, stirring and heat commenced. The
polymerization mixture is estimated to reach reaction temperature
between 5 and 10 min based on independent tests. Polymerization
progress was monitored by removing 0.2 mL aliquots from the re-
action mixture via syringe at 1, 2, 4, 6, 8, 10 and 11 hour intervals
for catalyst 1 and 2, 3, 4, 6, 8, and 10 hour intervals for catalyst
2. The first 0.1 mL of the aliquot was used to determine percent
monomer conversion by TH NMR measurement; polymerization

was halted by passing this 0.1 mL of solution over a bed of basic
alumina to remove the iron complex, then rinsing the solid support
using chloroform-d. Monomer conversion was determined by inte-
gration of styrene H,C=CHPh peaks (integration range 5.2-5.4 ppm
and 5.7-6.0 ppm) relative to aromatic polystyrene (CHPhCH, ), and
styrene H,C=CHPh peaks (integration range 6.35-6.95 ppm). The
second 0.1 mL of the aliquot was quenched by adding it dropwise
to 1 mL THF to later recover as polymer. Precipitating the poly-
mer from the combined THF solution and 'H NMR sample was ac-
complished by dropwise addition of both into 30 mL of 5% acid-
ified methanol solution (HCl:CH30H, v/v) with strong mixing to
give suspended white solid polymer particles. Solid polymer was
isolated from the acidified methanol by vacuum filtration using a
glass fritted funnel and washed with methanol. Polymer was dried
for 10 h in a vacuum oven at 80 °C.

4.8. Polystyrene GPC analysis

At least 24 h prior to analysis, GPC samples were prepared by
weighing approximately 5 mg of polymer into a 3-dram vial and
diluting to a concentration of 2 mg/mL with HPLC grade THF. Poly-
mer solutions were then filtered into 1.5 mL vials using 4 mm,
0.45 pM Teflon syringe filters purchased from National Scientific.
For all GPC analysis, THF was used as a mobile phase with a flow
rate of 1 mL min~!. GPC analyses for samples from Table 3, entries
1-4 were conducted at Temple University using instrument 1: Shi-
madzu instrument fitted with three Polymer Laboratories columns
in series: PolarGel-M (300 x 7.5 mm) with 8 um particle size,
and UV-Vis detector monitoring at 254 nm. GPC analyses for sam-
ples from Table 3, entries 5-7 were conducted at Drexel Univer-
sity using instrument 2: a Shimadzu instrument fitted with a PLgel
5 pm mixed Agilent Technologies column followed in series with a
PLgel 5 pm 50 A Agilent Technologies column, and UV-Vis detector
monitoring at 254 nm. Sample molecular weight (M;) and disper-
sity (P) were determined from a calibration curve created using
polystyrene standards (Polymer Laboratories, EasiCal PS-1).
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