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NaCN + DMF

HCN + CO + NaN(CHs),

= “Secondary coordination sphere interactions of zinc porphyrin-cored polymers
and nanoparticles were explored via their catalysis of the reaction between
cyanide and N,N-dimethylformamide. Nanoparticle structure modeled by
optimizing geometries with universal force fields (UFF) in Avogadro.”

A suite of zinc porphyrin-cored random coil polymers and polymeric nanoparticles with varying
degrees of potential hydrogen bonding character and steric bulk were synthesized and characterized to
study secondary coordination sphere interactions. The reaction of cyanide with N,N-dimethylformamide
in the presence of porphyrin-cored polymeric nanoparticles was monitored via UV-Vis spectroscopy. It is
shown that the zinc porphyrin-cored polymers and nanoparticles catalyzed the reaction of cyanide with
N,N-dimethylformamide with the highest reaction rates occurring with polymeric nanoparticles with a
greater number of potential hydrogen bond donors and greater steric bulk.

KEYWORDS biomimetic; reversible addition fragmentation chain transfer; metal-polymer complexes;
organometallic catalysts; porphyrin-enzyme models; UV-VIS spectroscopy; Diffusion ordered
spectroscopy

1. Introduction: governed by the axial ligands of the iron
porphyrin cofactor,? non-covalent secondary

In nature, porphyrin cofactors within heme o . .
porphy coordination sphere interactions play a

proteins allow for a wide variety of functions
including oxygen transfer (myoglobin,
hemoglobin), electron transfer (cytochrome c,
cytochrome bs), catalysis (peroxidase and
cytochrome P450), and signaling (CooA).'™
While the function of heme proteins are often

significant role in the activity of these proteins.*
For example, the secondary coordination sphere
interactions of the distal amino acid residue of
myoglobin and hemoglobin which enhance the



reversible binding of O, while lowering CO
affinity.>”’

The stabilization of dioxygen coordination in
hemoglobin through a secondary coordination
sphere interaction via hydrogen bonding of a
distal histidine was first suggested by Pauling in
1964.2 Early attempts to synthesize dioxygen
bound iron porphyrin were met with some
success.”™* But, the isolation of a dioxygen
bound model complex was not reported until
1975 with the synthesis of meso-tetra(a,a,a',a-
o-pivalamidophenyl)porphyrin, “picket fence”
porphyrin, by Collman and coworkers.’> The
steric bulk of the pivalamide groups of the picket
fence porphyrins generate an aprotic cavity
allowing for the preferential binding of a bulky
imidazole to the unhindered side of the
porphyrin while reversibly binding O, in the
cavity. X-ray crystallography of the picket fence
porphyrin showed the N-H groups of pivalamide
facing inward toward dioxygen but the distance
to the terminal oxygen was too great to allow for
hydrogen bonding.’®> Further work by Collman
and coworkers in 1994, sought to elucidate the
role of H-bond and dipole-dipole interactions in
the heme enzymes through the binding of O, to
“Picnic Basket” porphyrins of varying cavity size.
Collman and coworkers were able to indicate a
dipole-dipole interaction between the amide
protons and the bound O; by an increase in O,
affinity as “picnic basket” cavity size decreased.®
While the “picket fence” and “picnic basket”
porphyrins allowed for the study of secondary
coordination sphere interactions, the proximity
of the amide protons did not allow for H-bonding
nor did their designs fully replicate the
enveloping macromolecular environment found
in the native proteins.

While heme-peptide models have been
produced as a means to study heme models in a
macromolecular environment, their synthesis
are complex and challenging.”*® An alternative
method to incorporate porphyrin into a

macromolecular environment is the inclusion of
porphyrin into a polymer scaffold. Porphyrin has
previously been incorporated into several
polymeric systems.?® Recently polymeric
porphyrin systems have shown viability as
peroxidase enzyme mimics?® and potential
antitumor agents®!. Of particular relevance to
this study is a series of tetra-functionalized iron
porphyrin cored star polymers (PCSPs) designed
and synthesized by Rodriguez and coworkers,
amenable to post polymerization modification to
form nanoparticles (PCNPs). The PCSPs and
PCPNs exhibited similar redox and ligand binding
behavior to that of native heme proteins.?%?3
While the polymer scaffold of the PCPNs
synthesized by Rodriguez and coworkers were
shown to protect the iron-porphyrin core from
dimerization there was little evidence of
secondary coordination sphere interactions.?>%3



X properties for probing secondary sphere

O interactions.

In the present study a series of porphyrin

cored star polymers and polymeric nanoparticles
of varying degrees of potential hydrogen
X Q O X bonding character and steric properties
including Zn"(por[poly(MMA-co-AMMA)],)

{PCSP-1 : PCPN-1}, Zn"(por[poly(HexMAAm-co-

O AMMA)]4) {PCSP-2 : PCPN-2},
Zn"(por[poly(iPMAAmM-co-AMMA)]s) {PCSP-3
X PCPN-3}, and Zn"(por[poly(HEMA-co-AMMA)]4)

{PCSP-4 : PCPN-4} were synthesized as
abstractions of heme proteins (Figure 1). These
polymeric systems were designed to further
explore the viability of PCSPs and PCPNs as
model complexes of heme proteins. In the
present study, cyanide was utilized as a
molecular probe to explore the secondary
coordination sphere interactions of the polymer
scaffold with the porphyrin core (Figure 2). In
preliminary UV-vis spectroscopy studies, the

or
various Zn-Porphyrin-cyanide systems were
found to have varying reactivities with the
R= (CHy)sCH PCSP-2 solvent dimethylformamide (DMF).

CH(CH,),, PCSP-3
(CH,),OH, PCSP-4

Figure 1: Suite of zinc porphyrin cored star
polymers of varying degrees of possible
hydrogen bonding character and steric

-~
o]
X = poly(MMA-co-AMMA) Y = poly(HexMAAm-co-AMMA), R = (CH,)sCH;, PCSP-2 Z = poly(HEMA-co-AMMA)
poly(iPMAAM-co-AMMA), or CH(CHa), PCSP-3
poly(HEMA-co-AMMA) (CH,);OH, PCSP-4

Figure 2: Possible secondary coordination sphere interactions of the porphyrin cored polymers. (A) The
ester functional groups of the poly(MMA-co-AMMA) scaffold were expected to have limited interactions
with the bound cyanide. (B) The amide functional groups of the polyacrylamide polymer scaffolds would



allow for the possibility of N-H---N hydrogen bonds with the bound cyanide. (C) The hydroxyl groups of
the poly(HEMA-co-AMMA) scaffold would allow for the possibility of O-H:*N hydrogen bonds with the

bound cyanide.
2. Results and Discussion
2.1 Polymer Design and Synthesis

To generate the polymeric scaffolds for
probing  secondary sphere interactions,
por[poly(MMA-co-AMMA)]4 and
por[poly(PFPMA-co-AMMA)], were synthesized
by reversible addition-fragmentation chain
transfer (RAFT) with 5,10,15,20-tetrakis(4-(4-
cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-
phenyl pentanoate)-21H,23H-porphine (PorCTA)
as the chain  transfer  agent and
azobisisobutyronitrile (AIBN) as the radical
initiator. The method of RAFT polymerization
using a thiocarbonylthio chain transfer agent
was chosen for this study as this method of
polymerization allows for predictable molecular
weights and narrow polydispersities.?*?> In
por[poly(MMA-co-AMMA)14, methyl
methacrylate was chosen as a monomer in order
to synthesize a polymer scaffold which was not
expected to strongly interact with the zinc-
bound cyanide (Figure 2A). 9-Anthracenylmethyl
methacrylate was incorporated into the polymer
scaffold of all polymer species in this study to
allow for nanoparticle formation through the
photo induced dimerization of the anthracene
units.?® Pentafluorophenyl methacrylate was
incorporated as it has previously been shown to
allow for post-polymerization modification
through nucleophilic acyl substitution with
amines leading to polymer scaffolds with
possible hydrogen bond acceptors and
donors.?**”  Por[poly(MMA-co-AMMA)], and
por[poly(PFPMA-co-AMMA)],4 were
characterized by absorption spectroscopy and H
NMR. Por(MMA-co-AMMA), was obtained at M,
= 17.2 kDa with a 22.8% AMMA incorporation
and 26.5 monomer units per arm on average
based on *H NMR (ESI-Figure S9). The molecular
weight of por[poly(MMA-co-AMMA)], was

chosen to match the molecular weight of horse
myoglobin, 16.95 kDa.”® Por[poly(PFPMA-co-
AMMA)]4 was obtained at 33.2 kDa with a 14.6%
AMMA incorporation and 30.2 monomer units
per arm on average based on *H NMR (ESI-Figure
S11). Por[poly(PFPMA-co-AMMA)]4 was
formulated such that the AMMA incorporation
and number of monomer units in each arm
would be similar to those of the aforementioned
por[poly(MMA-co-AMMA)]4 species.

Zinc was chosen as the coordinating
metal for this study as zinc porphin is known to
be diamagnetic allowing for NMR studies. As
cyanide is highly toxic and lethal, zinc porphin
complexes have previously been designed as
cyanide sensors and shown to bind cyanide.?**°
Insertion of Zn" into por[poly(MMA-co-AMMA)]4
and por[poly(PFPMA-co-AMMA)], via the
reaction with zinc acetate was confirmed by the
contact shift of the pyrrole *H-NMR signal (from
8.87 t0 8.93 ppm, ESI-Figures S14 & S18) and the
anticipated change in the Soret (418 to 426 nm),
and a,B absorbance signatures (514, 549, 592,
and 649 nm to 559 and 599 nm, ESI-Figures S15
& S19).

In order to generate the possibility of N-
H-“N hydrogen bonds forming between the
polymer scaffolds and the cyanide adduct (figure
2B), PCSP-2, PCSP-3, and PCSP-4 were
synthesized by the post-polymerization
modification of  Zn"(por[poly(PFPMA-co-
AMMA)]4) through nucleophilic acyl substitution
carried out in dimethyl sulfoxide (DMSO) using
hexan-1-amine, propan-2-amine, and 2-
aminoethanol, respectively. Hexan-1-amine was
chosen due to its large nonpolar chain and its
moderate steric properties. Similarly, Propan-2-
amine was chosen to produce a species which
generates hydrophobic environments while
having greater stearic bulk compared to hexan-



1-amine due to the branched nature of propan-
2-amine. 2-Aminoethanol was chosen for
nucleophilic acyl substitution to incorporate
serine-like motif which may generate the
possibility of O-H--N hydrogen bonds between
the polymer scaffold and the cyanide adduct
(Figure 2c). Completion of nucleophilic acyl
substitution was confirmed by the loss of
pentafluorophenol via °F NMR (ESI-Figures S21,
S25, & S29) and the growth of the associated
amide proton 'H-NMR signals (ESI-Figures S20,
S24,528).

2.2 Nanoparticle Fabrication and
Characterization by DOSY NMR

PCPNs were synthesized from the parent
polymers by the dimerization of the anthracene
units under dilute conditions in DMF through
photoinduced [4nt + 4m] cycloaddition (A = 350
nm).26 Collapse of the polymer species were
monitored by the decrease in the anthracene
absorption signature as well as through *H-NMR,
gCOSY, and DOSY NMR. Two hours of UV
exposure (A = 350 nm) lead to a 52 + 2 %
conversion of anthracene to the anthracene
dimerin PCPN-1,47 +3 % in PCPN-2, 40.8 £ 0.02
% in PCPN-3, and 70 £ 4 % in PCPN-4, calculated
from the change in absorbance at 366.5 nm.
Formation of the anthracene dimer indicating
nanoparticle formation was confirmed by the
change in coupled aromatic *H NMR chemical
shifts ({8.34, 7.70}, {8.29, 8.00}, {8.19, 7.60} and
{7.63, 7.40} to {8.38, 8.28}, {8.30, 8.00}, {8.23,
8.17} and {8.15, 8.06}, gCOSY NMR, 400 MHz,
DMF-d5, ESI-Figure S39).

Exposure of the polymer species to UV
radiation over 2 hours generated several
nanoparticle species of varying size. The Stokes
or hydrodynamic radius, Ru, of the parent
polymers and nanoparticles were calculated
using the Stokes-Einstein equation (Equation
1).3132 Where ky is the Boltzmann constant, T is
the absolute temperature, D is the diffusion
constant, and n is the solutions viscosity.

kT

RH = 6nnD (1)

The diffusion constants, D, were
obtained through Bayesian transformation using
Mestrelab Mnova NMR Software (Ver. 14.0.0) of
DOSY NMR data obtained from diffusion
experiments in DMF-D7 at 298 K. Based on
DMF’s viscosity of 0.802 cP at 25 °C,*3 R, of PCSP-
1 decreased from 31.3 to 15.5 A during the
formation of PCPN-1 (ESI-Figures S16 & S43). Ry
of PCSP-2 decreased from 20.5 to 17.0 A during
the formation of PCPN-2 (ESI-Figures S23 & S44).
Ry of PCSP-3 changed from 27.5 to 27.7 A during
the formation of PCPN-3 (ESI-Figures S27 & S45).
Ry of PCSP-4 decreased from 31.8 to 21.1 A
during the formation of PCPN-4 (ESI-Figures S31
& S46). There was no apparent sign of
intermolecular crosslinking during nanoparticle
formation as there were no species detected via
DOSY NMR with greatly increased hydrodynamic
radius compared to the parent polymer. The
differences in hydrodynamic radius of the
collapsed nanoparticles may be indicative of the
differences in steric hindrance inherent in each
of the species, but this will require additional
molecular dynamic simulations to say with
certainty.

2.3 Zinc-Porphyrin Cyanide Binding Studies

The binding of cyanide was confirmed
and monitored via UV-vis spectroscopy. Binding
of cyanide was completed by spiking a stock
solution of sodium cyanide in DMF (4.4 mg/mL)
into aliquots of polymer in DMF solution with a
final concentration of ~3 uM Polymer and 0.5
mM NaCN. Binding of cyanide was confirmed
and monitored by anticipated changes in the
Soret, a, and B absorbances signatures. Upon
addition of sodium cyanide solution to the
polymer solutions the Soret peak immediately
shifted from 429 to 439 nm. The a,B peaks
shifted from 562 and 604 to 581 and 625 nm
matching previously reported systems and
indicating the formation of a Zn-porphyrin



cyanide adduct (ESI-Figures S47 to S54).2930
Observing the UV-vis spectrum of PCSP-1,PCPN-
1, and PCSP-2 peak over several hours (figures
S54 to S56) it was found that the zinc-cyanide
adduct was unstable over time with decreases in
absorbance at 439, 581 and 625 nm and
increases in absorbance at 428.5, 562 and 604
nm with isosbestic points occurring at 433.5,
569.5, 595.5 and 611.5 nm (ESI-Figure S55).

Past experiments by Ram Chand Paul
and B. R. Sreenathan have previously shown that
metal cyanides slowly react with DMF to form
metal dimethylamines, carbon dioxide, and
hydrogen cyanide under reflux conditions
(Equation 2).34

o]

J -

NaCN + H N” — HCN + CO + NaN(CH3), (2)

Testing for the presence of HCN via the titration
of PCPN-4 test solution two weeks after sodium
cyanide addition with sodium acetate led to the
partial recovery of the characteristic 439, 581
and 625 nm absorption peaks associated with

the cyanide adduct (ESI-Figure S58). As the
absorbance peak at 625 nm was recoverable, it
was hypothesized that the zinc porphyrin
substrates were acting as catalysts for the
reaction of cyanide and DMF at room
temperature.

To elucidate reaction kinetics, the UV-
Vis absorbances at 428.5 and 439 nm were
monitored for 24 hours after sodium cyanide
addition to a degassed solution of polymer at 25
°C with absorbance measurements taken every
15 minutes. Replicating the experiments in
triplicate for each polymer species resulted in
the intensity of absorbance at 439 nm
diminished at varying rates depending on
polymer scaffold functionality and topology
(Figure 3). Twenty-four hours after sodium
cyanide addition the absorbance at 439 nm
decreased by 4.0 + 0.1 % for PCSP-1, 9 + 2 %
PCPN-1, 18 £ 7 % for PCSP-2, 30 £ 10 % for PCPN-
2,36 £7 % for PCSP-3, 50 £ 10 % for PCPN-3, 33
+9 % for PCSP-4, and 43 + 2 % for PCPN-4 (Table
1).

Random Coil (PCSP) Folded Particle (PCPN)
i D R -A Abs B 5 -A Abs
Polymer Species . sz/s) :2 I; @ 439 nm ) mDZ/S) :2}; @ 435 o
[24 h] [24 h]
Zn"(Por[poly(MMA-co-AMMA)]4) | 8.70e-7 | 31.3 3.9+0.2% 1.76e-6 | 15.5 9+2%
Zn"(Por[poly(HexMAAmM-co-
- + 0, - + o
AMMA)]4) 1.33e-6 | 20.5 18+7 % 1.60e-6 | 17.0 30£10%
Zn"(Por[poly(iPMAAmM-co-
- + 0, _ + o
AMMA)]4) 9.92e-7 | 27.5 3627 % 9.82e-7 | 27.7 5010 %
Zn"(Por[poly(HEMA-co-
- + 0, _ + o,
AMMA)]4) 8.57e-7 | 31.8 33£9% 1.29e-6 | 21.1 43+2 %

Table 1: Diffusion constants, Stokes radius, and average percent change in Soret UV-Vis absorbance at
439 nm associated with the Zn-porphyrin-CN adduct 24 hours after cyanide addition for the random coil

and folded particle polymer specie.

In the comparison of each random coil (PCSP)
species with their associated folded particles
(PCPN), the nanoparticles presented a quicker

decrease in measured absorbance than their
random coil parent species (Table 1). This
indicates that the proximity of the polymer arms



from the porphyrin core may be pivotal to the
observed reaction. Comparison of the
hydrodynamic radius of the random coil
configurations of PCSP-1, 31.3 A, and PCSP-4,
31.8 A, may insinuate that PCSP-1 and PCSP-4 are
solvated to a similar degree. Yet, upon addition
of cyanide, PCSP-4 decreases in the
characteristic 439 nm  absorption peak
associated with the cyanide adduct at a greater
rate than PCSP-1 with changes in absorbances of
33+9%and 3.9+0.2 % on average in a 24-hour
period. This may be indicative that the presence
of possible hydrogen bonds increases reaction
rates. In addition, within the acrylamide folded
particle species a trend is observed in which rate
of change increases with increases in
hydrodynamic radius. With the absorbance at
439 nm of PCPN-2, PCPN-4, and PCPN-3
decreasing by 30 £ 10 %, 43 £ 2 %, and 50 £ 10 %

PCSP-1 and PCNP-1
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respectively over a 24-hour period. However,
due to the large error in the measurements the
differences between the changes in absorbances
of PCSP-3 and PCSP-4 as well as between PCNP-
3 and PCNP-4 cannot be fully differentiated. This
trend was not observed in the random coil
species. In each configuration the
Znll(Por[poly(iPMAAmM-co-AMMA)14) species
which was expected to have the greatest steric
properties resulted in the greatest rate of
reaction. These relative changes in absorbance
at 439 nm, indicates that polymers with a greater
number of potential hydrogen bond donors and
greater steric bulk increased the rate of the
observed reaction. The absorbance data at 439
nm for these reactions (Figure 3) could not be
linearly fit for 1%t or 2" order kinetic models,
presenting the possibility of
reactions.
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Figure 3: Normalized absorbance over 24 hours after cyanide addition to PCSP-1 (Black), PCPN-1 (Blue),
PCSP-2 (Black), PCPN-2 (Blue), PCSP-3 (Black), PCNP-3 (Blue), PCSP-4 (Black), PCPN-4 (Blue). Absorbance
data normalized to greatest absorbance measured during each trial.

2.4 Isolation and Characterization of the
Byproduct of the Zinc-Porphyrin Cyanide
Reaction.

To isolate the products of the reaction
between sodium cyanide and N,N-
dimethylformamide in the presence of the zinc
porphyrin polymers, a large excess of sodium
cyanide was added to a dilute solution of PCPN-
2 in DMF and stirred under ambient conditions.
48 hours after the sodium cyanide addition a
white precipitate was isolated and characterized
by H NMR, 3C NMR and ATR-IR. A lack of a H
NMR signal (ESI-Figure S60) in conjunction with
a single 168.08 ppm 3C NMR chemical shift in
D,O (ESI-Figure S61) indicated that sodium
dimethylamine was not present. Comparison of
the IR spectra of the precipitate (ESI-Figure S62)
with commercially available sodium carbonate
(ESI-Figure S63) lead to the identification of the
solids as sodium carbonate.

The reaction of hydroxide ions with
carbon dioxide leading to the subsequent
generation of carbonate in aqueous media
(equations 5 and 6) has been previously studied

by Pohorecki and Moniuk.*> Due to the possible
absorption of atmospheric moisture and carbon
dioxide into DMF under ambient conditions it is
proposed that the following cascade of reactions
occurred following the reaction of cyanide and
DMF resulting in the accelerated formation of
sodium carbonate.

NaN(CH3), + H,0 == HN(CH3), + NaOH 3)

N~ = H,0 + CO + NaN(CHz),  (4)

NaHCO, 5)

NaOH + CO, =

NaHCO3 + NaOH =— N82CO3 + Hzo (6)

Scheme 1: Subsequent reactions occurring
during the reaction of sodium cyanide and DMF
in the presence of zinc porphyrins under ambient
conditions.

To test the hypothesis that the polymer
species were catalyzing the reaction of cyanide
with DMF, the folded particles of each polymer
species and a control of DMF were reacted with



large excesses of cyanide over 48 hours under
ambient conditions in triplicate. The resulting
percent yields of sodium carbonate were 78.7
0.7, 81 +6,83 +2,and 74 + 1 % for PCPN-1,
PCPN-2, PCPN-3, and PCPN-4 respectively. There
was a yield of 68 = 2 % of sodium carbonate for
the control containing only DMF and cyanide.
Replication of the experiments replacing cyanide
with acetate lead to the recovery of starting
material only. This indicates that the cyanide
does react with DMF at room temperature and
the polymers are increasing the rate of
dimethylamine generation resulting in larger
yields of sodium carbonate.

The capture of atmospheric carbon
dioxide is currently a large field of research.*®
Research by Jagadeesan et al, has shown that
inorganic carbonates may be converted into
useable methane gas.?’” As atmospheric carbon
dioxide is likely being dissolved into solution
then reacted into inorganic carbonates by the
zinc porphyrin species presented in this paper,
further research into the carbon capturing
potential of these polymeric systems may have
merit.

3. Conclusions

In summary, the series of porphyrin
cored polymers and nanoparticles synthesized to
study the secondary coordination sphere
interactions of the metallo-organic core and
polymeric scaffold formed adducts with sodium
cyanide which had varying rates of reaction with
DMF. Studying the reaction of cyanide and DMF
in the presence of PCSP and PCPN species
elucidated the significant role the
functionalization and topology of the polymer
scaffold played in the reactivity of the zinc
porphyrin cyanide adduct. While all species
catalyzed the reaction of sodium cyanide and
DMF, the ester backboned PCSP and PCPN
species formed the least reactive adducts of the
series. The amide and ethanolamide species
containing a greater number of potential

hydrogen bond donors slightly increased the
reactivity. The greatest difference in reactivity
occurred in species with greater steric bulk. In
addition, for all polymer species tested the
folded particle topology formed more reactive
cyanide adducts than the random coil
topologies.
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