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Abstract

High-yield syntheses of N-piperidine-cyanacetamide (1), N-morpholyl-cyanacetamide (4) and
their oxime derivatives N-piperidine-2-cyano-2-oximino-acetamide (HPiPCO, 2) and N-
morpholyc-2-cyano-2-oximino-acetamide (HMCO, 5) were developed using two-step
preparations. At first, the reactions of neat cyanoacetic acid esters and the respective cyclic
secondary amines such as piperideine and morpholine afforded pure cyanacetamides, which were
converted into cyanoximes at room temperature using the nitrosation reaction with gaseous
CH3ONO. The synthesized compounds were investigated by means of IR, 1H, 13C and UV-visible
spectroscopy. Crystal structures of two starting substituted cyan-acetamides and two target
cyanoximes were determined. Silver(l) complexes of AgL composition (L = PipCO, 3; MCO, 6)
were prepared in high yield. Both metal complexes are thermally stable above 100°C, and
remarkably stable to high intensity visible light. The stability of dried AgL compounds towards
short wavelength UV-radiation (a frequently used germicidal light) was examined using diffusion
reflectance spectroscopy. Both complexes demonstrate slow photoreduction within ~3 hrs,
observable as a gradual color change and darkening due to the formation of fine (nano-scale)
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particles of metallic silver. The complex Ag(MCO), 6, is about 2.6 times less stable towards UV-
radiation than its more lypophyllic analog Ag(PipCO), 3. Antimicrobial and biofilm growth
inhibition properties of the prepared solid acrylate-based polymeric composites containing
embedded silver(l) cyanoximates were investigated using three human pathogens: P. aeruginosa
PAO1 (wound isolate), S aureus NRS70 (methicillin resistant respiratory isolate), and S mutans
UA159 (cariogenic dental isolate). Studies showed that both 3 and 6 compounds completely
abolished the growth of PAO1 at 0.5 weight % concentration, and the growth of UA159 and
NRS70 at 1% concentration. Moreover, data demonstrates that complexes 3 and 6 also inhibit both
planktonic and biofilm growth of Gram-positive and Gram-negative bacterial pathogens. The
demonstrated thermal stability and pronounced antimicrobial activity of both silver(l)
cyanoximates indicates the strong potential for the studied complexes to be used as light
insensitive antimicrobial additives to light-curable adhesives that set indwelling devices in place.

Keywords

cyanoximes; UV-visible spectra; X-ray analysis; silver(l) complexes; antimicrobial activity;
biofilm inhibition

Introduction

Bacterial biofilms are structured communities of bacteria that are commonly embedded in a
self-produced matrix, mostly consisting of polysaccharides, proteins and DNA. Bacterial
biofilms cause severe chronic infections that are increasingly difficult to treat due to the
unique physiology of biofilm cells, which have a high tolerance for antibiotics and
disinfecting chemicals as well as resistance to the host defensive processes. The underlying
mechanisms include gradients of nutrients and oxygen, decreased metabolic activity and
growth rates, adaptability associated with elevated levels of mutations, horizontal gene
transfer and quorum-sensing-regulated mechanisms, as well as a combination of multiple
conventional mechanisms of resistance such as energy-dependent efflux, chromosomally
encoded pB-lactamases, low outer membrane permeability, and modifications in the target
molecules. Currently, early aggressive eradication antibiotic therapy is used to prevent
biofilm infections, and long-term suppressive antibiotic therapy is used to treat chronic
biofilm infections [1]. New promising strategies are being developed that use enzymes, e.g.
DNase and alginate lyase, to dissolve the major component of the biofilm matrix [2] or
quorum-sensing inhibitors to increase the biofilm's susceptibility to antibiotics [3]. However,
the remaining challenges include continuously increasing resistance to antibiotics, which
requires the development of new types of antimicrobials and targeted delivery of the drugs.

Bacterial biofilms are particularly problematic in device-associated infections and typically
include multiple diverse species. The main organism infecting internal devices is
Saphylococcus aureus, and the secondary pathogens include Pseudomonas aeruginosa and
Sreptococcus spp. [4]. Sreptococcus mutans is also the most common causative agent of
dental carries [5]. Because biofilms resist antibiotics, they introduce one of the most
challenging paradoxes in modern medicine: devices such as pacemakers, defibrillators and
prosthetic cardiac valves save lives, but they cause infections in about 4 percent of the
estimated one million patients receiving implants each year in the United States. The only
available and efficient treatment of these infections is surgery to remove the contaminated
device and implant a new one. This adds up to thousands of surgeries and more than $1
billion in health care costs every year [6].

The development of new infection-preventing strategies and antibacterial agents in
particular are a critical priority as artificial implant therapy rapidly increases in use. One of
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the interesting options is an introduction of the non-antibiotic antimicrobial substance, for
example, into the glue used during the introduction of indwelling medical devices, or
provide the surface treatment of such devices to prevent pathogenic cell adhesion and
biofilm formation. Therefore, the search for new implant materials that would prevent post-
surgical infections requires new knowledge about chemical compounds that would inhibit
bacterial growth but, at the same time, would not be toxic to human tissues. In summary,
there is a critical need in non-antibiotic compounds that satisfies specific needs to be water
insoluble, light- and chemically stable, and yet can survive sterilization at 100°C without
decomposition. Pure organic compounds can’t meet these criteria, but coordination-
polymeric metal complexes can. Therefore, it is important to identify and study new metal-
based compounds that will meet these demands.

Silver has long been known for its antibacterial properties. In fact, long ago, people used
silver-lined containers to safely store their water. Even today, silver is used in burn therapy,
adhesive bandages, and numerous other preventative methods [7]. One of the applications of
silver and its compounds is the reduction of postoperative infections caused by implants.
Thus, silver compounds were loaded into some implant materials such as bioglass [8] and
bone cement [9]. It is reported that the incorporation of silver into implants is a most
promising method in reducing the infection rate, while exhibiting low toxicity towards cells
and tissues [10]. Silver-incorporating biomaterials, therefore, have tremendous potential for
advancing the safety of internal implant therapies in the health care industry [11-13].
However, there were no silver(l) compounds that combine light and thermal stability,
chemical inertness, water insolubility and show antimicrobial activity. Thus, the greatest
challenge with common silver(l) inorganic compounds known for their antimicrobial
properties is a reduction back to elemental silver upon exposure to light and heat [14].
Nevertheless, there is one particular class of low molecular weight organic compounds that
can act as ligands for binding silver(l) cations and will form complexes that satisfy the
specific requirements outlined above. These compounds are oximes, which represent
versatile organic molecules that were extensively used as excellent ligands in analytical [15],
inorganic [16-20] and bioinorganic chemistry [21-23]. Cyanoximes — compounds with the
general formula HON=C(CN)-R (R = electron withdrawing group) — represent a new,
special class of biologically active molecules [24], and their chemistry and biomedical
applications have been intensively developed in the last two decades [25]. These molecules
also act as excellent ligands capable of binding to different metal ions [26-28]. The presence
of the CN-group significantly increases their acidity and makes them better ligands for
binding metal ions as compared to conventional monoximes. There are 37 currently known
and studied in various laboratories around the world cyanoximes [44]. Earlier data showed
no intrinsic in vitro cytotoxicity of free organic cyanoximes [29-31]. We recently discovered
that some silver(l) cyanoximates are insoluble in water, represent thermally and chemically
stable compounds [32-35], and also exhibit significant antimicrobial activity [36]. Since
silver(l) cyanoximates possess these properties valuable for biomedical application, their
thorough investigation is warranted. With the exception of several publications [37-39],
there were no systematic studies regarding light-stable silver(l) antimicrobial compounds
targeting specific infections, and no oxime-based compounds were tested on that matter at
all.

In this study we report preparation and crystal data for two new shown below cyanoximes,
2-cyano-2-isonitroso-N-piperidynylacetamide (further HPiPCO, compound 2) and 2-
cyano-2-isonitroso-N-morpholylacetamide (later HMCO, compound 5), and their
precursors. Also, two new silver(l) complexes with both cyanoximes were synthesized and
characterized using a variety of techniques including photo-stability studies towards visible
and UV-light. The cyanoximes 2 and 5 have markedly different water solubility and
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hydrophobicity, which makes their comparative studies and investigations of their metal
complexes especially interesting.

N (@] (@]
\%C\H‘\M N\%C\(‘LNM
! (
HO™ N

HO
HPIiPCO, 2 HMCO, 5

Experimental Part

Scheme 1 contains the synthetic route to the cyanoximes used in this study, as well as the
adopted numbering format for all obtained compounds in this paper.

Chemicals and Instrumentation

The ethylcyanoacetate, piperidine, morpholine, NaNO», 1-propanol, and acids were all
reagent grade (ALDRICH) and used without further purification. The TLC for the ligand
and its precursor were carried out on silica-coated glass plates (Merck), containing a 256 nm
fluorescent indicator. Elemental analyses on C,H,N content were performed at the Atlantic
Microlab (Norcross, GA). Melting points were measured on a Digimelt apparatus without
correction. lonization constants for two new cyanoximes 2 and 5 were determined using a
Sirius Analytical Instruments automated titration station (Sussex, UK) equipped with a
temperature-controlled bath. The titration was performed at 23°C in the isopropyl alcohol
(later ISA) - water mixture for the HMCO (5), and in ISA-MeOH mixtures for the HPiPCO
(2), due to its insolubility in water. The weighed amount of HMCO, 5, (2.29 mg) was placed
into a titration vial. Sixteen milliliters of ISA water was delivered automatically to the vial.
The pH of the solution was adjusted to 2 by adding 0.5 M of HCI automatically. The
titration with 0.5M of KOH was performed automatically until a pH value of 11 was
reached. To perform the second and third titrations, an additional volume of ISA water (1
mL and 1 mL) was delivered automatically to the titration vial, respectively. The datasets for
the three titrations were combined in the RefinementPro program to create a Multiset for a
pKj calculation. The titration was performed at 23°C in the MeOH/ISA water mixture. The
weighed amount of HPiPCO, 2, (3.53 mg) was placed into a titration vial. 7 mL of 80%
aqueous MeOH followed by eight milliliters of ISA water was delivered automatically to the
vial. The pH of the solution was adjusted to 3 by adding 0.5M of HCI automatically. The
titration with 0.5M of KOH was performed automatically until a pH value of 11 was
reached. To perform the second and third titrations, an additional volume of ISA water (2
mL and 1 mL) was delivered automatically to the titration vial, respectively. The datasets for
the three titrations were combined and extrapolated to zero MeOH concentration. The
aqueous pKa was calculated with Yasuda-Shedlovsky extrapolation in the RefinementPro
software.

Spectroscopy

Synthesized organic compounds 1, 2, 4 and 5 were characterized by 1H, 13C NMR
spectroscopy (solutions in dmso-dg; TMS was an internal standard; Varian INova 400 MHz
spectrometer; T = +25°C). The UV-visible spectra of the cyanoximes 2 and 5 and their
anions were recorded at room temperature (293 K) using an HP 8354 spectrophotometer in
the range of 200 — 1100 nm, in 1 mm and 10 mm quartz cuvettes (Starna, Inc.). Infrared
spectra were recorded in the range of 500-4000 cm™1, in KBr pellets (for 1, 2, 4 and 5) using
the FT-IR Bruker Vertex 70, or FT-ATR Bruker spectrophotometer for 3 and 6.
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X-Ray Crystallography

Synthesis

Crystal structures were determined for all four presented in this work organic compounds:
substituted cyan-acetamide precursors 1 and 2, and respective cyanoximes 2 and 5. Suitable
single crystals of these compounds were mounted on a thin galls fiber attached to the
copper-pin positioned on the goniometer head of the Bruker APEX 2 diffractometer,
equipped with a SMART CCD area detector. Data sets were measured at 120 K. The
intensity data were collected in ® scan mode using the Mo tube (Ka radiation; A = 0.71073
A) with a highly oriented graphite monochromator. Intensities were integrated from 4 series
of 364 exposures, each covering 0.5° in m at 20 seconds of acquisition time, with the total
data set being a sphere [40]. The space group determination was done with the aid of
XPREP software [40]. The absorption correction was performed using the SADABS
program that was included in the Bruker AXS software package [41]. All structures were
solved by direct methods and refined by least squares on weighted F2 values for all
reflections using the SHELXTL program. Drawing of crystal structures and packing
diagrams was done using the ORTEP [42] and Mercury software packages [43]. All four
crystal structures have been deposited into the CCDC under the following numbers: 1 —
956130, 2-956128; 4 - 956129; 5—956127. The PLATON checkCIF reports are shown in
the Electronic Supporting Information section.

Preparation of N-substituted cyanacetamides 1 and 4 — precursors to the
cyanoximes—Neat ethylcyanoacetate reacts at room temperature with neat secondary
amines at solvent-free conditions to form respective amides [44,45]. The general procedure
involves mixing neat piperidine or morpholine with NC-CH,-C(O)OCyHsg at 1.5 : 1 ratio
under stirring and an N blanket. These reactions within 24 — 60 hours at room temperature
lead to prePiPCO (1) and preMCO (4) in high yields (Scheme 1). Course of both reactions
was monitored by TLC watching disappearance of the cyanoacetylacetate. Since starting
compounds and final cyan-acetamides do not contain chromophores, an I,-chamber was
used for plates’ development. Thus, thick off-white precipitates of 1 and 4 were filtered
under vacuum, washed with small portions (~20 mL) of toluene and hexane (~25 mL), and
then dried in a vacuum dessicator charged with concentrated H,SO, for several days until
smell of the amine was no longer detectable. Data for 1: yield 92%, m.p. 87-90°C. The ring
methylene protons in both precursors and target cyanoximes demonstrate complex non-first
order IH NMR spectra of AA’BB’ spin systems. The 1H NMR, ppm, in dmso-dg: 4.01
(singlet, 2H), ring protons - 3.41 (“triplet”, 2H), 3.28 (“tiplet”, 2H), 1.53 (multiplet, 6H).
Mass-spectrometry, positive FAB (Ar): for CgH12N0, calculated - 152.12 (found - 152.1).
Data for 4: yield ~100%, m.p. 78-81°C, R¢ = 0.12 in EtOAc/hexane (1:2) mobile phase.
The H NMR, ppm, in dmso-dg: 4.03 (singet, 2H), ring protons - 3.56 (“quartet”, 4H — next
to 0), 3.43 (“triplet”, next to N), 3.34 (“triplet”, next to N). Mass-spectrometry, positive
FAB (Ar): for C7H1gN20o, calculated - 154.07 (found - 154.08).

Synthesis of cyanoximes HPiPCO (2) and HMCO (5)—The general procedure
includes the room temperature nitrosation reaction of precursors 1 and 4 with gaseous
methylnitrite, CH30NO, at basic conditions according to published procedures [25¢, 46]
(Scheme 1; ES 1).

Details of the syntheses are the following: for the HPiPCO, 2 — 60 mL of 1-propanol in a
round-bottom flask in which 0.40 g (17.4 mM) of thinly sliced metallic sodium was
dissolved. Both solutions were combined only before gaseous CH3ONO was allowed to pass
through the mixture in order to avoid Thorpe condensation reactions encountered in the past.
These occur between deprotonated substituted acetonitriles at basic conditions [47]. In a
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separate Erlenmeyer flask 2.646 g (17.4 mM) of 1 were dissolved in ~100 mL of 1-propanol
under stirring.

For the HMCO, 5- 70 mL of 1-propanol in which 0.45 g (19.6 mM) of thinly sliced
metallic sodium were dissolved; 3.016 g (19.6 mM) of 4 were dissolved in 80 mL of
npropanol under intense stirring, and both solutions were combined immediately before
CH30ONO introduction. The methylnitrite generator (which consisted of a three-necked 2 L
flask with a 1:1 (by volume) mixture of methanol in water that contained 22 g of NaNO»,
and an addition funnel with cold, ~0°C, dilute 1:5 H,SO,4 (ES 1) was connected via glass
pipe and a small piece of Tygon®© tube, to the two flasks with basic solutions of 1 and 4 as
outlined above. A flow of gaseous CH30ONO started with the slow addition of sulfuric acid
to the methanol-water-sodium nitrite mixture. The gas allowed passing through mixtures of
1 and 4 within ~20 min. The color of these mixtures immediately changed to a bright-
yellow, and soon thick yellow precipitates of Na-salts of HPiPCO and HMCO formed. Both
flasks were left in the refrigerator for ~10 hrs at +4°C, and then the solvent was removed
under vacuum using the rotary evaporator, followed with drying on an oil pump at ~40°C
for 1 hr. Dried yellow solid residues from both flasks was re-dissolved in 100 mL of distilled
water in separate 250 mL beakers forming yellow solutions, which were then acidified to a
pH~4 with dilute HCI (1:5) added dropwise under stirring. The HPiPCO (2) as off-white
thick precipitate immediately formed in a beaker with nitrosated precursor 1, was filtered,
washed with water and then dried under vacuum in a dessicator. The cyanoxime HMCO, 5,
has better solubility in water and did not precipitate, and was extracted from the aqueous
solution which, prior to this was saturated with solid NaCl, with three portions of diethyl
ether (20 mL, 30 mL and 50 mL), which were combined and dried over MgSQ,. Ether was
removed under vacuum resulting in an off-white solid of pure HMCO. The HPiPCO (2) was
obtained at 76% yield, it melts at 159°C; R¢ = 0.55 in ethanol / CHCI3 = 9:1 mobile phase.
The H NMR, ppm, dmso-dg: 14.31 (OH), ring protons - 3.54 (CH, ortho- to N), 2.50
(CH, meta- to N), 1.57 (CH,, para- to N). Analysis for 2, CgH11N305, calculated (found),
%: C —53.03 (53.10); H-6.12 (6.07); N — 23.19 (22.96). Bands in the IR spectrum of 2,
cm1 (KBr): 3420, 2940, 2890, 2240, 1630, 1042. The HMCO (5) was obtained at ~60 %
yield, it has m.p. 155°C; Rs = 0.44 in EtOAc / hexane = 2:1 mobile phase. The 1H NMR,
ppm, dmsodg: 14.29 (OH), ring protons - 3.30 (CH, next to O), 2.50 (CH, next to N).
Analysis for 5, C;HgN30g, calculated (found), %: C — 45.90 (45.78); H — 4.95 (5.09); N —
22.94 (22.84). Bands in the IR spectrum of 5, cm™ (KBr): 3430, 2977, 2834, 2235, 1627,
1010. Both cyanoximes are well soluble in ether, alcohols, acetone, acetonitrile, DMF,
SMSO, pyridine (with color change to yellow due to deprotonation), but are insoluble in
hydrocarbons and CCly.

Synthesis of AgPiPCO (3) and AgMCO (6)—A high yield preparation of these
silver(l) cyanoximates was accomplished in two steps as shown in Scheme 2. At first, the
deprotonation of cyanoximes takes place in an aqueous solution with the addition of an
equivalent amount of solid K,COg3, followed by the dropwise addition of an aqueous
solution of AgNOg3 under intensive stirring. Thick yellow precipitates of AgL immediately
form, were filtered using an M-grade glass filter, washed with water, and then dried in a
vacuum dessicator charged with concentrated H,SOy4. The yield for 3 was 89%, and the
analysis for AgCgH1oN30O,, calculated (found), %: C — 33.36 (33.39), H - 3.50 (3.37), N —
14.59 (14.36). The yield for 6 was 83%, and the analysis for AgC7HgN303, calculated
(found), %: C — 28.99 (28.92), H — 2.78 (2.63), N — 14.49 (14.25). Both complexes are not
soluble in water, acetone, hydrocarbons and halohydrocarbons, but exhibit moderate
solubility in acetonitrile, nitromethane and are well soluble in DMF, DMSO and pyridine.
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Safety note: the precursor 1 for the HPiPCO cyanoxime 2 is a mild lachrymator,
and work with this waxy, low melting point substance should be carried out under
the ventilation hood.

Photophysical studies—First, two sample holders were prepared from four strips of
black cardboard, tape, and computer paper. Next, the Ag(l) salt was compressed into a
uniform thickness on each sample holder (ES 2). The samples rested in a wooden apparatus
that held them in place. The UV light was laid directly on top of the wooden holder,
approximately 2 cm away from the samples (ES 3). The samples were exposed to thirty
minutes of 254 nm light emitted from the low-pressure germicidal Hg-lamp. Previous
measurements of intensity of this lamp using the UV X-radiometer (UK) provided values of
energy delivered to the sample's surface as 13.1 J/lcm? [34,56]. After each round of thirty
minutes, the samples were removed from the UV light, photographed, and then underwent
spectral analysis. The percent reflectance was measured in the 300-825 nm range for
samples of 3 and 6 using the Varian Cary-100 Bio UV-Vis spectrophotometer equipped with
the integrating sphere device DRA CA 301 (ESl 3), in which pure MgO was used as a
standard (ES 28).

Acrylate polymeric composites containing AgL

For antimicrobial studies we prepared a light-curable flowable mixture that is commonly
used in dental practice from commercial ingredients depicted in ES 4. Silver(l)
cyanoximates 3 and 6 were added to the mixture and thoroughly homogenized, and the
resulting composite was added into a 96-wells plate via syringe as shown in ES 5. Addition
of silver(l) complexes took place on the balance pan, and all added amounts of compounds
were expressed in weigh % due to convenience. It was found to be difficult to reproduce and
make exactly same volume of the mixture in repeated experiments, but was much easier to
add/adjust the amount of AgL to match desired mass concentrations that were arbitrary
chosen for antimicrobial studies to be 0.5, 1, 2,5 and 5%. The mixture then was polymerized
with the help of the Spectrum Curing Light source (A~400 nm) used in dentistry (ES 6),
checked for solidness with a needle, and subjected to antimicrobial studies according to
developed protocol.

Microbiological studies: planktonic and biofilm growth assessment

The AgPIPCO (3) and AgMCO (6) compounds (0.5, 1, 2.5, and 5 %) were mixed into the
dental polymeric composite material, and applied onto the surface of the wells in 96-well
plates (Corning Inc., New York, USA). Pseudomonas aeruginosa strain PAO1,
Sreptococcus mutans strain UA159, and Staphylococcus aureus strain ST228 were used.
Biofilms were quantitatively assayed using a quantitative 96-well microplate Crystal Violet
assay as described previously [48]. Prior to plate inoculation, the cultures were grown in a
50% Brain Heart Infusion (BHI) medium to the middle log phase (determined based on the
individual growth curves), collected, and diluted to obtain absorbance at 600 nm of 0.1.
Dilutions 1:100 of thus standardized cultures were inoculated into fresh 50% BHI (for
PAO1), 100% Tryptic soy broth (TSB) with 1% glucose at 5% CO, (for NRS70), or 100%
BHI with 1% glucose (for UA159) and incubated for 24 h at 37°C. To measure planktonic
growth, the cultures were transferred onto fresh plates, and the absorbance at 600 nm was
measured using a Bio-tek Synergy HT microtiter plate reader (Tecan Instruments Inc.). The
remaining biofilms were washed three times with 0.8 % NaCl to remove loosely attached
cells and were stained with crystal violet (0.4%, w/v) for 10 min as described in [49]. The
dye was solubilized in 33% (v/v) acetic acid, and the absorbance of the extracted stain was
measured at 595 nm. Non-inoculated wells were measured as blanks and the corresponding
measurements were subtracted from the rest of the data. Cells growing in the wells
containing composites alone were used as positive controls. The data represent the mean
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values of seven technical replicates and two biological replicates and are shown in Figures 8
and 9. Actual photographs of the 96-well plates before and after microbiological studies are
shown in ES 7.

Results and Discussion

Organic compounds

Both synthesized cyanoximes represent weak organic acids that demonstrate a single
ionization process in solutions with pKa values of 5.31+ 0.006 for 5, 5.43+0.01 for 2
respectively. It should be noted that the ionization constants for other oximes is ~9.5 for the
acetone-monoxime and pKy = 10.2 for the famous dimethylglyoxime [50], which reflects a
very dramatic increase in several orders of magnitude of acidity of the cyanoximes due to
the electron-withdrawing effect of the CN-group. Two cyanoximes selected for this study
have markedly different hydrophobicity, with HMCO being the most hydrophilic due to the
presence of the morpholyl-group as compared to the piperidine group for 2.

Crystal structures of cyanoximes and their precursors—Solid state structures of
substituted cyanacetamides 1 and 4 (precursors for target cyanoximes) were determined and
presented in ES 8,9,12,13. Crystal and refinement data for cyanoximes 2 and 5 are
presented in Table 1, while selected bond lengths and valence angles for both cyanoximes
are shown in Table 2. Molecular structures and numbering schemes for 2 and 5 are
displayed in Figure 1. Details of crystal packing of both cyanoxime ligands can be found in
the ESl 14,15. The structure of HPiPCO (2) contains two co-crystallized diastereomers of
this cyanoxime — syn and anti (Figure 1). It should be noted, however, that this is not the
case of the two-positional disorder, since upon dissolution in organic solvents there are two
different isomers at room temperature that have different chemical shifts in the 13C{1H}
NMR spectra. This is a fairly rare phenomenon for oximes since both geometrical isomers
tend to crystallize separately [51,52]. Nevertheless, cocrystallization of two diastereomers
was recently observed for several other mono- and bis-cyanoximes [44,53].

The aliphatic cyclic groups attached to the amide fragment in 2 and 5 adopt a chair
conformation. There are two planar fragments in the core of both ligands. The value of the
dihedral angle between cyanoxime and amide groups is 29.09° for 5 (ES 16). Because of
the presence of two diastereomers (syn and anti) the same values for 2 are 59.36° and 40.28°
respectively (ES 17). One of the most interesting features in the structures of both
cyanoximes is a practically planar amide group: the values of dihedral angles between O2-
C3-C1 and C7-N3-C4 mean planes are 8.03° for 5 and 5.29° for similar planes (for syn) and
16.31° (for anti) isomers of 2 (ES 17,18). Packing of both cyanoximes in crystal is achieved
via the formation of medium strength H-bonds between the oxygen atoms of the amide and
oxime groups as shown in ES 14,15,19. A very similar geometry of H-bonding in both
diastereomers of 2 explains their cocrystallization in one unit cell. Crystal packing of both
compounds can be described as regular, H-bonded chains that run along an a-direction (ES
14,15). The achiral cyanoxime 5 crystallizes in a chiral P212,24 space group (Table 1) due
to a specific screw-like H-bonding pattern that has handiness. Despite the low Flack
parameter, it is not possible to determine the absolute configuration of HMCO (5), due to the
absence of heavy atoms in the structure and the Mo-Ka radiation used for the structure
determination.

Spectroscopic studies—The 133C{*H} NMR spectra of cyanoximes precursors —
acetamides 1 and 4 — display all non-equivalent carbon atoms in rings due to a rotational
barrier around C3-N2 amide bonds (ES 10,11). Cyanoximes were found to be prone to form
both syn and anti geometrical isomers as depicted in Figure 2. Contrary to traditional
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organic olefins with >C=C< bonds with well-defined and thermally stable Z and E
geometrical isomers, >C=N- double bond in some organic compounds is known to undergo
thermal re-isomerization of geometrical isomers. This property was reflected in special
terms (syn and anti) that were introduced to reveal the frequently observed interconversion
of compounds containing an azomethine bond [54]. There are numerous cases of preparation
of single-isomer oximes — either anti [51], or syn [29] — structures of which were confirmed
by X-ray analysis. Nevertheless, as stated above, cyanoximes are often obtained as the
mixture of both isomers at different ratios as evidenced from their 13C{1H} NMR spectra
containing a double set of signals [44,46,52]. The HPiPCO (2) reported herein was obtained
as a mixture of two isomers (ES 20,26,27), while HMCO (5) appears as only one
geometrical isomer (presumably anti) according to the 13C NMR data (ES 21,25).

Both studied cyanoximes 2 and 5 undergo deprotonation in solutions upon the addition of a
base, which results in the formation of colored anions and the bathochromic shift and an
intensity change in their UV-visible spectra (ES 22). These anions possess pronounced
negative solvatochromic behavior of their n * transitions in spectra, which was reflected in
a rather dramatic color change from pale-yellow in water to red-pink in DMSO (Figure 3;
ES 22,23). Thus, the energy difference between those transitions in water (380 nm; 26316
cm™1) and DMSO (465 nm; 21506 cm™1) for the anion 5 corresponds to 57.5 kJ/M (which is
20.13 kCal/M; 4810 cm™1) strong H-bonding energy. Analogous data for the 2" anion yield
are A\ = 87 nm (4998 cm1), or 59.8 kJ/M (20.91 kCal/M). These gaps in energy values for
both cyanoximate anions in their solvatochromic series are significant and represent the
highest known up-to-date among compounds with n—7* transitions in UV-visible spectra.
Also, very weak (e < 10) n—n* transitions [55] are also observable in spectra of alkaline
metals salts above 900 nm in aqueous solutions (ES 22). These can be associated with the
formation of Na(HL.,) salts of H-bridged bis-cyanoxime monoanion similar to the
Kat*(HL,)™ systems (Kat* = Li*, Na*, K*; L = amide-cyanoxime NC-C(NO)-C(O)NH -,
[56,63]) and other systems that we observed in the past [64].

Silver(l) complexes

Unfortunately, despite numerous attempts using several techniques (vapor diffusion, slow
interlayer solvent diffusion, slow evaporation, etc.) we were not able to grow suitable for the
X-ray analysis crystals of Ag(PipCO), 3, and Ag(MCO), 6. By their appearance and
solubility pattern most likely both synthesized complexes represent coordination polymers
similar to those we reported earlier [34-36]. This is also evident from similar IR-
spectroscopic signatures of complexes 3 and 6 as compared to other silver(l) cyanoximates.
Thus, characteristic shifts of v(C=0) and v(CNO), v(NO) bands indicate involvement of the
nitroso-groups in bridging binding between the two silver(l) centers [29,47]. Both
complexes 3 and 6 with time completely dissolve in DMSO and Py with the formation of
1:1 type electrolyte with the loss of original coordination-polymeric structure. UV-visible
spectra of such solutions are not different from spectra of ionic alkali-metals salts.

Photophysical Studies—These investigations are important in view of using high-
intensity light (UV and visible) to cure an acryl-amide based polymer composite for the
intended application as an adhesive to be used to fix in place indwelling medical devices.
The protocol for such work was developed in our previous studies of other silver(l)
cyanoximates [56,57] and allows a direct comparison of their light stability. Reflectance
spectra of studied compounds were recorded using MgO as a standard (ES 27). Solid
samples of AgL (compounds 3 and 6) were prepared as shown and described in ES 3. An
intense white visible light and monochromated LED generated light (A\~400 nm) from a
commercial dental curing device (ES 7) do not cause the samples to darken.
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Microscopic photographs of both samples which are remarkably stable to visible light are
shown in Figure 4. However, UV-light from a low-pressure Hg-lamp slowly induces a
change in the samples. Thus, samples of 3 and 6 were exposed to UV-light in 30 minutes
increments for three hours until no further changes were observed. Contrary to conventional
inorganic AgCl and AgNOs3 (ESl 29,30), studied silver(l) cyanoximates 3 and 6 did not turn
black. Their reflectance spectra and actual samples’ photographs are presented in Figures 5
and 6 respectively. Using the time profile of the reflectance change, graphs of the samples
darkening were generated and allowed quantitative assessment of Ag(PiPCO), 3, and
Ag(MCOQ), 6, stability towards UV-light. Thus, Figure 7 contains experimental data and
their best fit as mono-exponential decay function upon samples darkening. The initial rate of
complexes 3 and 6 degradation, therefore, could be calculated as d(% reflectance)/d(time) =
-AJt, and compared with those obtained earlier for other silver(l) cyanoximates. Based on
our observations, the most stable is the Ag(PiPCO) complex 3 with the initial rate of
photodecomposition equal to -0.17+0.02 %/min, followed by the complex 6 with its much
faster rate of decomposition equal to -0.47+0.03 %/min. It should be noted that the typical
curing time (with ~400 nm light source) for dental acrylamide-based composites is 2-3
minutes, and both our compounds are perfectly stable towards UV-light at this time interval.

It was interesting and important to determine the cause of darkening of the studied
complexes 3 and 6. Our investigations of the origin of image darkening revealed that it is
fine particles (nanometer size) of metallic silver, which is one of the products of the
photoreduction of Ag(l) cyanoximates after more than three hours of the 3 and 6 solid
samples’ exposure to UV-radiation. Elemental silver forms colloid solutions in DMF,
pyridine and DMSO, which exhibit the Tindal effect clearly. Silver particles also tend to
aggregate in these solutions with time. However, further investigations of the dynamics of
the particles’ growth, and their shapes, sizes and weighted distribution were out of the scope
of the first stage of this work, but certainly will be addressed in the future.

Fabrication of polymer compositesfor microbiological studies: Both synthesized and
studied silver cyanoximates 3 and 6 demonstrated a very good miscibility and tolerance with
the flowable polymeric matrix (ES 5,6). This is an important finding in light of the intended
practical applications for these complexes. After filling them with composite, all containing
a different weight % of silver(l) cyanoximates and control lines, 96 wells plates were
irradiated with visible light to cure the composite until it became solid (ES 31). These plates
were sterilized with UV-light (A=254 nm) for 5 minutes to prevent contamination from air-
born microorganisms and were then subjected to the microbiological studies described
below.

Microbiological studies: To assess the effect of the silver(l) cyanoximates complexes on
pathogenic bacteria, we characterized both planktonic and biofilm growth in the presence of
these compounds. For this, the compounds were embedded into the polymeric composite,
commonly used in dental practice, and applied onto the surface of the wells in 96-well
plates. Three human pathogens, P. aeruginosa PAO1 (wound isolate) [58,59], S. aureus
NRS70 (methicillin resistant respiratory isolate) [60], and S. mutans UA159 (cariogenic
dental isolate) [61], causing biofilm-associated infections with different modes of
pathogenicity, were selected. The data shown in the figures below represent the mean values
of seven technical replicates and two biological replicates with the standard deviation
plotted as error bars. Thus, planktonic measurements (Figure 8) showed that both
compounds completely abolished the growth of PAO1 at 0.5 weight % concentration, and
the growth of UA159 and NRS70 at 1% concentration. Biofilm measurements (Figure 9)
showed a higher resistance of the tested bacteria to the compounds. This was expected, since
biofilms, in general are known for their elevated resistance to antimicrobials [62]. The

Inorganica Chim Acta. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Riddles et al.

Page 11

presence of Ag(MCO) in the composite completely inhibited the biofilm formation in PAO1
and UA159 at 1 %, whereas NRS70 showed a greater ability to produce a biofilm and was
inhibited by 98 % at a 5 weight % of Ag(MCO). Similarly, the presence of Ag(PiPCO)
completely abolished the ability of PAOL to produce a biofilm at 1 %, however, it showed a
much stronger effect on NRS70, inhibiting its growth at 2.5%. The biofilm growth of
UA159 was inhibited by 92 % at a 2.5 weight % of Ag(PiPCO).

Overall, the data demonstrate that Ag(MCO), 6, and Ag(PiPCQO), 3, inhibit both planktonic
and biofilm growth of Gram-positive and Gram-negative bacterial pathogens where the
latter complex performs slightly better. Therefore, studied silver(l) cyanoximates have a
strong potential in antimicrobial applications as effective additives to acrylate-based light-
curable polymeric composites that are used as adhesives during fixing indwelling medical
devices.

Conclusions

1. A high-yield synthesis of desired cyanoximes (2, 5) and their precursors (1, 4) was
developed using two stage preparations of compounds from cyanoacetic acid esters
and cyclic secondary amines such as piperideine and morpholine, and then the
nitrosation reaction with gaseous CH30ONO afforded target cyanoximes.
Synthesized cyanoximes were investigated by means of IR, 1H, 13C and UV-visible
spectroscopy. Crystal structures of 4 compounds (2 precursors and 2 cyanoximes)
were determined.

2. Two silver(l) complexes of AgL composition (L = PipCO, 3; MCO, 6) were
prepared in high yield and characterized by elemental analysis and IR
spectroscopy. Both complexes are thermally stable up to ~135°C, and totally stable
to high intensity visible light. Both complexes demonstrate a slow, within ~3 hrs,
photoreduction observable as a gradual color change and darkening due to the
formation of fine (nano-scale) particles of metallic silver. The complex Ag(MCO),
6, is about 2.6 times less stable towards UV-radiation than its more lypophyllic
analog Ag(PipC0), 3.

3. Both silver(l) cyanoximates showed a very good tolerance and miscibility with the
flowable acrylate-based light-curable composites commonly used in dental
practice. A remarkable stability of silver(l) cyanoximates 3 and 6 towards visible
light is a very important property for photo-induced cross-linking fabrication of
polymers. Several solid, light-cured polymeric composites containing different
mass percent (0.5, 1, 2,5 and 5%) of dispersed in the polymer complexes 3 and 6
were fabricated. Curing was done using a commercial dental light source.

4. Antimicrobial and biofilm growth inhibition properties of prepared solid polymeric
composites containing silver(l) cyanoximates were investigated on three human
pathogens such as: P. aeruginosa PAO1 (wound isolate), S aureus NRS70
(methicillin resistant respiratory isolate), and S. mutans UA159 (cariogenic dental
isolate). Studies showed that both 3 and 6 compounds completely abolished the
growth of PAO1 at a 0.5 weight % concentration, and the growth of UA159 and
NRS70 at a 1% concentration. Moreover, the data demonstrates that complexes 3
and 6 also inhibit both planktonic and biofilm growth of Gram-positive and Gram-
negative bacterial pathogens with the former complex performing slightly better.
Therefore, both silver(l) cyanoximates demonstrated the strong potential for the
studied complexes to be used as light insensitive antimicrobial additives to
adhesives that set indwelling devices in place.
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SYNOPSIS

Two silver(l) complexes of AgL composition (L = new cyanoxime ligands PipCO, 3;
MCO, 6) were prepared in high yield and characterized by elemental analysis and IR
spectroscopy. Both complexes are thermally stable, and totally stable to high intensity
visible light. Silver(l) cyanoximates showed a very good tolerance and miscibility with
the flowable acrylate-based light-curable composites commonly used in dental practice.
Several solid, light-cured polymeric composites containing different mass percent (0.5, 1,
2,5 and 5%) of dispersed in the polymer complexes 3 and 6 were fabricated.
Antimicrobial and biofilm growth inhibition properties of prepared solid polymeric
composites containing silver(l) cyanoximates were investigated on three human
pathogens such as: P. aeruginosa PAO1 (wound isolate), S. aureus NRS70 (methicillin
resistant respiratory isolate), and S, mutans UA159 (cariogenic dental isolate). Studies
showed that both 3 and 6 compounds completely abolished the growth of PAO1 ata 0.5
weight % concentration, and the growth of UA159 and NRS70 at a 1% concentration.
Moreover, the data demonstrates that complexes 3 and 6 also inhibit both planktonic and
biofilm growth of Gram-positive and Gram-negative bacterial pathogens with the former
complex performing slightly better.
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X = CHy, prePipCO, 1
X=0, preMCO, 4

X = CH,, HPipCO, 2
X=0, HMCO, 5
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Figure 1.

Molecular structures and numbering schemes for HPiPCO (A, two diastereomers - syn and
anti - are shown), and HMCO (B); an ORTEP drawing at 50% thermal ellipsoids
probability.
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Cis-syn

X=0,S,Se; R=NH,, N(CHj),, N(C;Hs),, C(CH3)3;, CgHs

Figure2.
Geometrical isomers observed in cyanoximes and their metal complexes.
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Figure 3.

Visible spectra of isomolar solutions (5 mM) of cyanoxime anions of 2- (green) and 5
(pink) in water, and DMSO. For recording these spectra initial cyanoximes were
deprotonated with one drop of N(C4Hg)4OH solution; 1 cm cuvette, T=296 K.

Inorganica Chim Acta. Author manuscript; available in PMC 2015 March 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Riddles et al.

Page 21

Figure4.
Actual photographs of dry, powdery 6, Ag(MCO) (A) and 3, Ag(PiPCO) (B) under the
microscope at 40x magnification.
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Figure5.

Diffusion reflectance spectra changes for the sample of Ag(PiPCO), 3, with time of
exposure to UV-light (A); an arrow points on a significant samples reflectance decrease due
to darkening. Actual photographs of samples over time (B).
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Figure6.
Spectroscopic changes of the Ag(MCO), 6, sample reflectance over time of exposure to UV-
light (A); actual photographs of samples over time (B).
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Figure7.

Time dependence of AgL samples reflectance change upon irradiation with the UV-light
source. A — Ag(PiPCO) with data fit the best to a monoexponential decay function y = yg
+A e(XV) with the following parameters: yp= 25.72 + 0.21; A = 6.45 + 0.29; t = 37.34
4.55; 2 = 0.05669 and R2 = 0.9943. B — Ag(MCO), best fit to a monoexponential decay
function y = yg +A eV with the following parameters: yog = 24.48 + 0.17; A = 9.02 + 0.34;
t=19.03 + 2.24; % = 0.09001 and R? = 0.99577.
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Figure8.

Planktonic growth of P. aeruginosa PAO1 (black), S. aureus NRS70 (dark grey), and S.
mutans UA159 (light grey) in the wells containing composites with embedded compounds:
Upper — Ag(MCO), 6, lower — Ag(PiPCQ), 3. The wells containing composites alone were

used as positive controls.
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Figure9.

Biofilm growth of P. aeruginosa PAO1 (black), S aureus NRS70 (dark grey), and S mutans
UA159 (light grey) in the wells containing composites with embedded compounds: Upper —
Ag(MCO), 6, lower — Ag(PiPCO), 3. The wells containing composites alone were used as

positive controls.
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Table 1

Crystal data and structure refinement for synthesized cyanoximes.

Empirical formula
Formula weight
Temperature
Wavelength, Mo
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated), Mg/m?3
Absorption coefficient, mm1
F(000)

Crystal size, mm

Index ranges

Reflections collected
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>20 (1)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole, e. A3

H(MCO), 5
C7Hg N3 O3
181.20
120(2) K
0.71073 A
Orthorhombic
P22, 2
a=6.7259(4) A
b =9.4836(6) A
c=13.2127(9) A
a=90°
p=90°
y=90°
842.78(9) A3
4
1.444
0.115
384
0.56 x 0.37 x 0.31
-9<=h<=9
-12<=k<=12
-18<=I<=18
10780

2200 [R(int) = 0.0275]

H(PiPCO), 2
Cg H11 N3 O
183.17
120(2) K
0.71073 A
Monoclinic
P 2,/c
a=6.3513(16) A.
b =13.942(4) A
¢ =10.580(3) A
a=90°
B=95.003(3)°
= 90°
909.2(2) A3
4
1.324
0.098
384
0.51x0.32%0.18
—-8<=h<=8
-19<=k<=19
—14<=I<=14
12040
2512 [R(int) = 0.0381]

Full-matrix least-squares on F2

2200/0/118
1.052

R1=0.0308, wR2=0.0761
R1=0.0332, wR2=0.0782

-0.1(9)
0.262 and -0.195

251274145
1.039
R =0.050, wR2=0.1062

R1=0.071, wR2=0.1177

n/a

0.323 and -0.367
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Selected Bond lengths [A] and angles [°] in structures of studied cyanoximes.

Table 2

Bonds: Angles:
HPiPCO, 2
C(1)-N(1) 1.294(6) N(1)-C(1)-C(2) 108.2(3)
C(1)-N(1A)  1.322(9) N(1A)-C(1)-C(2) 134.4(5)
C(1)-C(2) 1.442(4) N(1)-C(1)-C(3) 135.2(3)
C(1)-C(3) 1.511(4) N(1A)-C(1)-C(3) 109.45(19)
C(2)-N@) 1.147(4) C(2)-C(1)-C(3) 115.5(2)
C(3)-0(2) 1.257(10)  N(2)-C(2)-C(1) 179.5 (3)
C(3)-0(2A)  1.255(18)  O(2A)-C(3)-N(3) 123.3(17)
C(3)-N(3) 1.324(4) 0(2)-C(3)-N(3) 125.8(9)
C(4)-N(3) 1.472(4) 0(2)-C(3)-C(1) 114.2(8)
C(8)-N(3) 1.476(4) N(3)-C(3)-C(1) 119.7(2)
N(1)-O(1) 1.372(5) C(3)-N(3)-C(8) 120.1(3)
O(1)-H(1) 0.98(7) C(3)-N(3)-C(4) 125.9(2)
N(1A)-O(1A)  1.369(8) C(8)-N(3)-C(4) 114.02)
O(1A)-H(1A)  0.8400 C(1)-N(1)-0(1) 110.1(4)
N(1)-O(1)-H(1) 104(4)
N(1A)-O(1A)-H(1A)  109.5
C(1)-N(1A)-O(1A)  107.2(8)
O(2A)-C(3)-C(1) 116.3(17)
HMCO, 5
C(1)-N(1) 1.2819(14)  N(1)-C(1)-C(2) 121.62(11)
Cc()-C(2) 1.4508(16)  N(1)-C(1)-C(3) 122.90(10)
C(1)-C(3) 1.5026(16)  C(2)-C(1)-C(3) 115.11(10)
C(2)-N@Q) 1.1414(16)  N(2)-C(2)-C(1) 178.48(12)
C(3)-0(2) 1.2382(14)  O(2)-C(3)-N(3) 123.59(11)
C(3)-N(3) 1.3305(15)  O(2)-C(3)-C(1) 114.84(10)
C(4)-N(3) 1.4681(15)  N(3)-C(3)-C(1) 121.51(10)
C(7)-N@) 1.4703(14)  C(1)-N(1)-O(1) 112.18(10)
N(1)-0(1) 1.3723(13)  C(3)-N(3)-C(4) 127.51(10)
O(1)-H(1) 0.8400 C(3)-N(3)-C(7) 120.07(10)
C(4)-N(3)-C(7) 112.17(9)
N(1)-O(1)-H(1) 109.5
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