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Abstract

Novel biobased trisphenols were obtained by palladium- and cobalt-catalyzed [2+2+2]
cycloaddition of dehydroanethole isomers which were readily prepared from the natural product
trans-anethole. The trisphenols were transformed into their corresponding tricyanate esters and
thermally cured to give polycyanurate networks. Comparison of the thermal properties, from
differential scanning calorimetry, thermogravimetric and oscillatory thermomechanical analyses,
of the new tricyanate esters with similar commercial products is presented. A new tricyanate
ester with an acceptable processing temperature that yields a polycyanurate with very high glass
transition temperature and low water absorption was found. Interestingly, the low moisture

absorption was found to help limit the degradation of residual cyanate ester groups during
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exposure to hot water, allowing for a substantial recovery in the glass transition temperature

upon subsequent heating, an unusual phenomenon for polycyanurate networks.

Keywords. high temperature materials, networks, cyanate ester, polycyanurate, renewable

resources, thermosets, thermal properties, cycloaddition, alkynes

1. Introduction

The enormous variety and quantity of plastics that make up the consumer goods on the
market today are almost entirely composed of petrochemicals or chemicals derived from fossil
based sources. Predictions are continually changing about when this invaluable natural resource,
crude oil, will expire [1-4]. Of course, there is already inherent competition for the use of crude
oil as a chemical feedstock [5], because of the need for liquid transportation fuels. In addition, it
is clear that there will be increasing demands on this resource as economic growth and
industrialization in the developing regions of the world continues at a dramatic pace [6,7]. The
theoretically best solution to achieve a secure supply of chemical feedstock without the need for
crude oil would be to obtain chemical building blocks from biomass [8-3{hough this
concept can present new complications and concerns, both economic and environmental in
nature (e. g., arable land, water, fertilizer, climate, etc.), these concerns are far beyond the scope
of the present theme. Rather, we focus on the fact that, as Dijkstra and Langstein [14] recently
pointed out, for engineering plastics, namely those constructed from substituted benzene (e.g.
polyethylene terephthalate), benzene-toluene-xylene (BTX) chemicals are vitdh[a5jursory
glance at the top chemicals derived from biomass, however, one sees a void in this category [16-
19]. A renewable and direct source of aromatic-type chemical feedstock will address this

important niche for the polymer community



Among possible biomass sources for BTX chemicals, a plant that appears interesting
from a chemical standpoint is star anisiqum verum), whose essential oil is collected
annually on a scale of 2,200 metric tons [20]. Found primarily in Guangxi province China
(hardiness zone 10) [21he plant is not a food source and only the leaves, fruits and flowers are
harvested for the distillation process. The essential oil is routinely assayed at 90% or better
trans-anethole (1-(4-methoxyphenyl)propene) and [22], because of its bifunctional nature, is a
suitable ‘phytofeedstock’ for materials research in the engineering plastics realm. In searching
for high-performance cyanate esters (aryl-eNLstarting from renewable, chemical building
blocks, we recently described results from diphenols obtained through dimerizatiamsof
anethole [23]. These dicyanates thermally polymerized to polycyanurate networks (Fig. 1) with

high glass transition temperatures, excellent water resistance, and simple processing.

Drawing inspiration from the work of Lligadas et al. [24] with vegetable oils, this report
describes the derivitization tfans-anethole to its dehydro or carbon—carbon triple bond analog
(dehydroanethole), which by way of intermolecular [2+2+2] cycloaddition gave triphenols. The
trisphenols were converted into tricyanate esters and readily cured into polycyanurate networks
with low moisture uptake and glass transition temperatures of up t8C368us demonstrating
that the improved thermo-mechanical performance of networks based on tricyanate esters (in
comparison to those based on dicyanate esters) is available while preserving the low moisture
uptake associated with anethole-based monomers. Also demonstrated is the somewhat surprising
but very important discovery that in these uncatalyzed cyanurate networks with a high glass
transition temperature and low moisture uptake, the degradation in performance due to exposure

to moisture is significantly reversible.
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Figure1l. General reaction for polycyanurate network formation by heating dicyanate ester.

2. Experimental
2.1. Materials

The Co} (95%), ZnBg (98%), Zn dust (98%) cyanogen bromide (BrCN), pyridine, 5 %
palladium on carbon (Pd/C), and phosphorus oxychloride ())@@fe purchased from Sigma-
Aldrich (Milwaukee). Trans-anethole (> 98 %) was purchased from TCl America (Portland).

All other reagents and solvents were obtained commercially and used as received.
2.2. Synthesis of monomers 5 and 9

For complete experimental details of the synthesis of tricyanate monbrard® refer

to the Supplementary Data.
2.3. Thermal curing of monomers

Prior to cyclotrimerization, monomers were partially de-gassed along with a silicone
mold for 30 minutes under reduced pressure (300 mm Hg) at a temperature of 10 alitive
the melting point. If the melting point exceeded 80 then only the silicone mold was de-
gassed under 300 mm Hg at 18D for 30 minutes, and the monomer was melted as quickly as
possible at 10 — 20C above the melting point. Each monomer was then poured into the mold

and cured under flowing nitrogen for 1 hour at 150 °C followed by 24 hours at 210 °C to produce



void-free discs measuring approximately 13.7 mm in diameter and 1.6 mm thick and weighing
200-300 mg. The temperature ramp rate during cure was 5 °C/min. For monomers with melting
points above 150C, the initial 1 hour hold at 150C was skipped. Note that no catalyst was
added to any of the monomers. Cured discs were cut with a Struers Somotom-10 saw using a
diamond-coated non-ferrous disc to produce surfaces with appropriate, reproducible roughness

characteristics.

2.4. Conditioning of polycyanurate networks

For water uptake tests, some cured sample discs were placed in approximately 300 mL of
deionized water at 85 °C for 96 hours. For weighing, samples were removed and their surfaces

dried. Mass was measured before and after exposure.

2.5. Measurement and characterization

2.5.1. General methods

The melting points were collected on a Mel-Temp Il from Laboratory Devices (Holliston,
MA) and are not corrected. All NMR data were collected on a Bruker Avance Il 300 MHz
spectrometer. Nuclear magnetic resonance data (free-induction decay’s) were processed using
NUTS software from Acorn NMR (Livermore, CA). All spectra are referenced to solvent or
tetramethylsilane. Elemental analyses were performed by Atlantic Microlab, Inc. (Norcross,

GA).

2.5.2. Fourier transforminfrared analyses

Fourier transform infrared spectroscopy (FT-IR) was carried out using a Thermo

Corporation Nicolet 6700 spectrometer in attenuated total reflectance mode with the ZnSe crystal



attachment. A total of 512 scans were completed on these surfaces with a resolutioff ® 4 cm
obtain spectra. The integrated area between 1480acmi 1510 cm, containing the aromatic
ring peak near 1500 ¢cmwas used for normalization, with a quadratic baseline determined by

using 1810 cr, 2100 crit, and 2500 cf as zero points.
2.5.3. Density measurement

The density of the cured resins was determined by placing cured discs in solutions of
CaCl (as the dihydrate) and deionized water and varying the,@a@Gtentration until neutral
buoyancy was observed on bubble-free samples over a period of several minutes. The density of
the neutrally buoyant solution was determined by placing 10.00 mL in a volumetric flask
(calibrated with deionized water at 20 °C) and weighing, and checked against the predicted

density of the solution at ambient temperature based on the known concentration,of CacCl
2.5.4. Thermal analysis
2.5.4.1. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on ~10 mg of monomer reserved
after de-gassing using a TA Instruments Q2000 calorimeter under 50 mL/min. of flowing
nitrogen. Samples were heated to 350 °C, then cooled to 100 °C and re-heated to 350 °C, all at

10 °C/min. The same protocol was also carried out on ~10 mg fragments of cured discs.
2.5.4.2. Oscillatory thermomechanical analyses

Cured discs were also tested via oscillatory thermomechanical analysis (OTMA) with a
TA Instruments Q400 series analyzer under 50 mL/min of nitrogen flow. The discs were

initially held in place with a compressive force of 0.2 N using the standard ~5 mm diameter flat



cylindrical probe. The force was then modulated at 0.05 Hz over an amplitude of 0.1 N (with a
mean force of 0.1 N) and the temperature was ramped twice (heating and cooling) between 0 °C
and 200 °C (to aid in determination of thermal lag) followed by heating to 350 °C, cooling to 100
°C, and re-heating to 350 °C, all at 50 °C/min. For samples previously exposed to hot water, the
heating rate was decreased to 20 °C/min and the order of segments were: heating to 350 °C,
cooling to 100 °C, two cycles between 100 °C and 200 °C for thermal lag determination, and
finally heating to 350 °C. The details of the thermal lag determination procedure have been

reported elsewhere [25].
2.5.4.3. Thermogravimetric analyses

Thermogravimetric analysis (under both nitrogen and air) was performed on ~10 mg
samples of cured discs, using a TA Instruments Q5000 analyzer, at a gas flow rate of 10 mL/min

(balance) and 25 mL/min (purge), heating the samples at 10 °C/min to 600 °C.
3. Resultsand discussion
3.1. Synthesis of monomers

For expediency, the two-step process of bromination/dehydrobromination used by Gramatica et
al. [26] was chosen as the method to effect oxidation of taaeshole 1) to dehydroanethol&)
(Scheme 1) [27,28]. Typical conditions for brominatioriafse an unreactive solvent such as
chlorinated hydrocarbons that give a diastereomeric mixture of vicinal dibromides [29-32].
Tetrahydrofuran (THF) has rarely been employed as a solvent for bromination of alkenes [33],
most likely due to the possibility of forming a charge transfer complex like that of the stable
solid Br-1,4-dioxane [34]. The bromination bfvas found to work well using THF as solvent

at 0 °C requiring only a slight excess of bromine to achieve completion baséd diMR



analysis of the reaction mixture. Therefore, rather than isolate the mixture of vicinal dibromide
isomers, the reaction mixture was added to a solution of potassitsbutoxide in THF which
smoothly brought about double dehydrobromination to give the al@yrn@5-38]. This

combination of reactions saved time yet did not effect much loss in overall yield (92%).

3R =Me
4R=H
R=CN
OMe c96% 7R =Me
8R=H
6 d 35%
OR 9R=CN

Reagents & conditions: a) 1. Br,, THF, 0 °C; 2. KOtBu, THF, 0 °C to reflux;

b) TMSCI, 5% Pd/C, dioxane, reflux; ¢) pyridine, POCl3, H,O, reflux; d) BrCN,
TEA, acetone, -20 °C; e) BulLi, Et,0, hexanes, rt; f) Col,, ZnBr,, Zn, MeCN;
g) pyridineHCI, reflux.

Scheme 1. Synthetic route for tricyanate esterarid 9from transanethole ).

Since the discovery by Repf39,40]that soluble transition metal complexes can catalyze
the intermolecular [2+2+2] cycloaddition of alkynes, there has been a steady increase in this

transformation over the past 50 years [41-47]. With dehydroane)dlelfand, the conditions



for cyclotrimerization of Jianghan and Maier (Pd/C, trimethylsilyl chloride) [48] were carried out
though using 1,4-dioxane at reflux to speed up the reaction. The product was a mixture of the
1,2,4-regioisomeB and its symmetrical isomer in a 3:1 ratio, respectively [4rtunately,3

could be separated by fraction crystallization. Demethylatior8 afas accomplished by
refluxing in a previously prepared mixture of pyridine, water, and phosphorus oxychloride (3:3:1
ratio respectively). The resulting triphenblwas reacted under typical cyanation conditions
(cyanogen bromide, triethylamine, acetone, - 20 [30) to give the tricyanate estérin an

overall yield of 14%. Tricyanate had a rather high melting poinit,{) of 165 °C (329F). The
symmetrical isomer from this cycloaddition reaction was anticipated to make a tricyanate ester
with an even higher melting point making curing and processing diffigide (nfra) and,

therefore, was not pursued [51].

Ideally a liquid tricyanate ester was desired but one with a melting point less th&m 100
would be satisfactory and so further chemistry was explored. It is well known that 1-
arylpropynes can be isomerized by strong base resulting in 3-arylpropynes, an interesting
transformation proceeding through an allene intermediate [52-57]. Although the reaction was
slow, compound was efficiently isomerized t6é following the conditions of Mulvaney et
al.[58] though it was found critical to keep the reaction mixture cold during the water work-up
for best yield (Scheme 1). The [2+2+2] cycloaddition of the parent 3-phenylpropyne had been
studied previously by Choi et al. [59] and Riba et al. [60] using metal catalysfLZ&1d
[RUCp(CHCN);]PFs, respectively, each leading to ~3:1 mixtures favoring the unsymmetrical
tribenzylbenzene isomer. So it was anticipated that cycloaddition would be successé,latvith
least with those catalysts, but it was decided to explore the convenient, “instant” cobalt catalyst

system developed by Hilt's group [61-65]. Reactior6okith Cok/Zn/ZnBr, in acetonitrile,



without any triarylphosphine or 1,2-diimine ligand, gave a crude product mixture of cyclotrimer
7 and symmetrical isomer in a 19:1 ratio, respectively, based on integration of thpe&Ks in

¢ NMR. Owing to this remarkably selective reaction, proddctwas purified by
recrystallization in a yield of 55%. Indeed, the reaction is also interesting for the fact that the
solvent, with an sp-hybridized bond, did not participate in the cycloaddition reaction which has
been demonstrated with cobalt and other catalysts [66-68]. Tricyanat® essrthen made

from 7 in 15% overall yield by a similar three-step sequence of reactions mentioned above in the
synthesis ob, in this case using commercial pyridine hydrochloride. Tricya@diad aT,, of

85 °C (185°F) and so too were intermediatésand 8 solids, but despite significant effort,
appropriate solvent/conditions for X-ray quality crystals of these compounds, to provide further
support for these structures, was not found. *Fhand**C NMR spectra o clearly show the
unsymmetrical nature of the molecule, for example the individual methylene peaks and complex
aromatic region (Fig. S1, Supplementary Data). Unfortunately, without a more powerful NMR

instrument, the three individual cyanate resonancewéfap in the>C spectrum.
3.2. Synthesis of polycyanurates and characterization

Analysis of monomeb by differential scanning calorimetry (DSC) (Fig. 2) showed the
main polymerization exotherm began shortly after melting. Unfortunately, potential
thermosetting monomers that do not provide an adequate temperature range between the melting
point and the onset of rapid gelation, the so-called processing wintievrfra), are not useful
for molding operations [69,70]. Therefore, mono@evith its greater degree of conformational
freedom and lower melting point, became the focus of our attention. Analysis of mdhbgner
DSC (Fig. 3) shows good baseline separation between melting and the main polymerization (or

cure) exotherm peak commencing at ~ 200 which is typical of cyanate esters. The total heat



output of the exothermic event was 620 J/g alternately expressed as 97 kJ/cyanate ester, a more
convenient value with which to compare different cyanate esters (Table 1). The 97 kJ/cyanate

ester is a typical value seen in other cyanate esters and represents near complete cure.
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Figure 2. DSC trace of monomer. 5
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A mild cure schedule of 15TC for 1 hour followed by 210C for 24 hours was used to
prepare sample discs for further testing. By this heating protocol, cur@groiduced a high
conversion, as evidenced by Fourier transform infrared (FTIR) analysis which showed some
residual cyanate stretch at 2250 tand strong peaks at 1360 and 1570 @urresponding to
triazine (Fig. S2, Supplementary Data) [7#.DSC scan of a small chip from the cured disc
(Fig. 4) indicates a residual cure amounting to 19 + 2 kJ/eq, with the onset of residual cure
preceded by what appears to be a glass transition tempegjuoé ground 235C. Since the
Ty signals for polycyanurate networks can sometimes be very pi2pahile the signal in Fig.
4 appears narrow and truncated, a confirmatory indication of the “as diyredis sought. An
oscillatory thermomechanical analysis (TMA) trace (Fig. S3, Supplementary Data) showed that
under this cure schedule polycyanur@texhibited aly of 277°C (tand peak). Despite the use
of a very rapid heating rate (3C / min.), this higheily likely reflects the effects of some-situ

cure during the analysis experiment. After continued heating t6G8® achieve full cure, the



oscillatory TMA experiments clearly shoWy of 362°C (DSC scans at these temperatures are
significantly affected by slight decomposition of the network, whereas signals from mechanical

methods are minimally affected).

Figure4. DSC of 9 after curing at 210C for 24 hours.

The determination of th&y at full cure provides the key parameter needed for use of the
diBenedetto equation [73,74] to relate Tydo the extent of cure in polycyanurate networks. As
described in the Supplementary Data, data for the diBenedetto equation was generated using
partially cured samples prepared in the DSC, and a good fit with a typical value for the parameter
A of 0.44 = 0.06 was obtained. The diBenedetto equation predicts that a polycyanurate network
cured from9 with a residual exotherm of 19 kJ/eq. will exhibitgoT 240 + 7°C, corresponding

to the location of the probablg 3een in the Fig. 4.

Reduction in mechanical and physical properties (e.g. reductiohy, awelling) of
polycyanurate networks can be linked to absorption of moisture and plasticization and/or
chemical alteration of the polymer matrix [75,76]. To examine this effect, a santplucéd

for 24 hours at 210C was subjected to hygrothermal ageing by exposure to hot wateC)85



After 96 hours the sample had water uptake of only 1.4 wt%. This water challenged sample was
analyzed again by oscillatory TMA (Fig. 5) which showed two peaks at@&nd 303 C in the

loss modulus curve.
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Figure 5. TMA of cured9 after exposure to 85 °C water for 96 hours.

In order to better understand the behavior observed in Fig. 5, a similarly-cured sample of
9 (conversion 87%, dry “as curedy 270°C) was tracked via FT-IR, DSC, TMA, and weight
gain measurements during the course of exposure ttC8%ater for 96 hours followed by
heating to 350C in the TMA. The heating run was interrupted when the temperature set point
reached 200C, the sample was weighed, and a portion of the sample was removed for DSC and
FT-IR testing; the remainder was then returned to the TMA and the heating run continued. In
this manner, the effects of water exposure, heating below the first yetind subsequent

heating could be determined separately.

Figure 6 shows the FT-IR traces of the sample “as cured”, exposed to water (but not
subsequently heated), and exposed with re-heating tQQfnd 350°C. Additional views
showing the key peaks for cyanurate (1360 and 155%),cayanate ester (2200-2300 n

carbamate (1720 c¢h), and phenol (1600 ch) are available in Supplementary Data (Figs. S6



and S7). Integration of the relevant peaks revealed that around 35% of the cyanate ester groups
(or 5 mol% of the cyanate ester groups originally present in the monomer) disappeared on
exposure to water, with the appearance of a significant carbamate peak and little change in the
cyanurate peaks. The simplest explanation is that residual cyanate ester groups are converted to
carbamate on exposure to water, that heating to°@0does not produce further carbamate
groups due to insufficient available time, and that carbamate groups decompose after heating to
200 °C. This explanation matches the generally accepted picture of the formation and

destruction of carbamate groups in cyanurate networks [77-81].

Figure 6. FT-IR scans of curefl at various points before, during, and after exposure t&C85

water and subsequent heating.

Moreover, the weight change data indicates a gain of 2.4% on exposure to water. (This
value is higher than the sample with 80% conversion due to the strong increase in water uptake
with increasing conversion in cyanurate networks, combined with the effect of curing well below
Ty (increases water uptake) as opposed to figarThe weight then decreases by 0.4% (original
weight basis) on heating to 20C, presumably due to some loss of water of plasticization,
followed by a further decrease of 2.4% (net mass loss of 0.4% compared to original sample

mass) on heating to 33C. These data are consistent with reversible water uptake, formation of



roughly 5 mol carbamate per 100 mol of uncured cyanate ester on exposure to water (as
indicated by FT-IR), subsequent decomposition of carbamate with release, @he® heated
above 200°C, and little or no permanent weight gain due to hydrolysis of cyanurate ring

structures.

Additional details may be inferred by examining the corresponding DSC traces (Fig. 7).
As in Fig. 4, both the extent and onset temperature of residual cure in the “as cured” sample
match the expected behavior for a network withyaf 270°C. After exposure to water and
heating to 200C, the exotherm shifts to lower temperatures (an indication of a significant drop
in Tg) and, despite the loss of roughly 35% of the uncured cyanate ester groups, the residual
enthalpy increases, at 82 + 6 J/g before exposure to 117 + 23 J/g after exposure and heating to
200°C. A DSC scan of the sample after exposure to water and heating t&€ 360a TMA
experiment shows only a broad residual enthalpy (using the subsequent re-scan as a baseline).
These results clearly indicate that exposure to water induces additional chemistry on subsequent
heating to 350C not seen in dry samples, with carbamate decomposition being the most likely

candidate.



Figure 7. DSC scans {iheating) of cure® at various points before, during, and after exposure
to 85 °C water and subsequent heating, with the baseline (based 8% heaing scan)

subtracted.

A further bit of information may be obtained by comparing the second scans of the
aforementioned DSC traces. These second scans are shown in Fig. 8. Each of these samples has
been previously heated to 380, but via different paths. The “as cured” sample has not been
exposed to water, and the “heated to 200and “heated to 350C” samples have been heated
as indicated in the TMA as well as being re-heated to°G50 the DSC. Exposure to 38Q is
expected to remove any uncured cyanate ester groups either by conversion to cyanurate or

thermal decomposition, and to decompose any carbamate groups.

Figure8. DSC scans (2 heating) of cured @t various points before, during, and after exposure
to 85 °C water and subsequent heating. The curves have been offset to coincide at low

temperatures, in order to make the broad glass transitions more apparent.

Despite having all been heated to 3%D at least once, the samples show diffefgnt

characteristics. The “as cured” sample show3Igi@resumably because a fully-cured network



has formed with an expectdg of 362°C, which is too high to appear in the scan. The sample
exposed to water but heated only to 2@0in the TMA shows a clearly defindd around 300

°C, indicating a lower density of cross-links. Because roughly 5 mol% of the original cyanate
ester groups have been converted to carbamates and decomposed in this sample, these groups
may be unavailable to form cross-links and instead form dangling chain ends, depres§jng the
even after all remaining cyanate ester groups have reacted to form cross-links. The sample
heated to 350C in the TMA shows a broaty, of 250 — 300°C, in agreement with th§, value

of 260°C seen in the TMA scan itself (all data from the TMA scans is shown in Supplementary
Data, Figures S8-S10). The sample heated to°85(h the TMA thus shows a lower and
broaderTy than the sample heated to only 2@in the TMA and 350C in the DSC. The DSC
sample is comprised of a ~5 mg chip while the TMA sample consists of a ~300 mg disc. Both
are exposed to a similar 50 mL/min. flow of dry nitrogen, but due to the smaller sample size,
drying will be much faster in the DSC sample. Retained moisture in the TMA sample therefore
likely causes increased conversion of residual cyanate ester groups to carbamates followed by
decarboxylation above 20@ [82]. This effect also helps explain the differences in the “wet”
TMA scans in the two samples of cur@dtudied. For the sample with 81% conversion and a

low moisture uptake of just 1.4%, fewer residual cyanate ester groups will be lost, allowing for
greater recovery oly on heating due ton-situ cure (the dual peaks in the TMA scan are

characteristic of sucim-situ cure) [83].

As previously mentioned, exposure of cyanurate networks to hot water has traditionally
been expected to result in an irreversible declingjrthough at least one exception has been
reported [84]. Previous studies of carbamate formation in cyanate esters [79] have shown that

the rate of carbamate formation may be changed by at least an order of magnitude depending on



the type and level of catalyst used. Similarly dramatic effects on the rdiedefcline as a
function of catalyst level and type have been reported for cyanate esters based on polyphenolic
resins [85]. Although concrete experimental data is lacking, it is also reasonable to assume that
the rate of degradation will be proportional (though perhaps not linearly) to the concentration of
absorbed water. Because the performance of cyanurate networks is more commonly studied
using catalyzed systems, because most cyanurate networks absorb more wa$ratimén
because most cyanurate networks achieve a higher degree of conversiérdthiang typical

cure (due to a lowely), the conditions employed in the analysis of cugedre unusually
favorable for the recovery @f. The fact that recovery has been demonstrated, however, and the
elucidation of the conditions under which it is likely to occur, represent an important advance in
the study of cyanurate networks. These results also indicate that, if a sufficiently active cure
catalyst that does not simultaneously promote hydrolysis can be identified and utilized, then very
significant improvements in the performance of cyanurate networks in terrestrial applications can

be achieved.

Contextualization of the thermal analysis data of the bio-derived tricyanated ester
made with that from two cyanate esters derived wholly from petroleum sources, the tricyanate
esterl0 (Fig. 9) and the commercial dicyanate of bisphenol A (BADCYy) [86] (Tables 1 and 2).
The data for the latter compounds was taken largely from our previous reports [23,87].
Interestingly, tricyanatdO, though prepared by a completely different synthetic route, is the
symmetrical isomer of tricyanae The DSC data for tricyanat®sand10 are almost identical

(cure onsefl and AH) which is understandable considering the slight difference in chemical

structure (Table 1). Owing to its asymmetric shape [51], tricyéhhss a melting point 12C



lower than its symmetrical counterpart, and almost the same as BADCy which is significant for

molding operations.

NCO I I I OCN
o
OCN

Figure9. Isomeric tricyanate ester f0eviously

prepared from petrochemical starting materials.

Tablel

Comparison of DSC data for monomer9510 and BADCy

AHcyre
Cure Onset  Exotherm (kd/cyanate
Compound Tm (°C) (°C) Max (°C) AHcyre (3/9) ester)
5 165 170 215 600 54
9 85 225 280 620 97
10 97 230 280 780 123
BADCy 82 270 330 810 108

According to Table 2, after full cure, tiig of polycyanurat® is ~ 40°C higher than the
polycyanurates of BADCy and 2@« higher tharll0. Both water uptake and density of cured
BADCy, 9, and10 are strongly correlated to cyanate ester conversion. The higher density and
lower water uptake 0® compared tdlO are the result of both lower conversion9rand the
relative similarity of the cure temperature (ZIT) and the “as curedly. When cured nealy,
the free volume (or unoccupied space between molecules created by the decrease in Van der

Waals volume as conversion increases) is able to disappear via physical relaxation, leading to



higher density and lower uptake, whereas when the cure temperature isTgelthe free
volume remains frozen in place. These phenomena have been confirmed by positron

annihilation studies in BADCy [88].

Table?2

Comparison of key thermomechanical analysis data of cyrgglghd BADCy

Cyanurate
Density at T4350 T Water
Density Full Cure  As-Cured Post-Cure “Wet" Ty Uptake
Compound  (g/mL) (mmol/mL) Dry Tq (°C) (°C) (°C) (Wt%)
9 1.23 2.61 277 362 303 1.35
10 1.17 2.48 280 338 238 2.2
BADCy 1.21 2.89 275 323 240 1.34
100%
o 80% - N2 SN
'% 60% 4 - Air
5
T 40%
3
= 20% -
0%

200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 10. TGA traces of polycyanurate 9
The thermogravimetric analysis (TGA) curve up to 6G0for 9 in both nitrogen and air
atmospheres is shown in Fig. 10 and key data is comparedMséthd BADCy in Table 3. The
thermal stability of9 is only slightly less thaidO (Fig. S4, Supplementary Data), Bufoses
more mass in the initial degradation step. Polycyan@regtenore stable that BADCy, however,

with char yields in nitrogen and air that are 20% and 50% higher, respectively. This is most



likely due to the thermal lability of quaternary aliphatic carbon content which is abseahah

10 [89].

Table3

Comparison of TGA data for cured B0 and BADCy

T@ 5% % weight loss @ T°C)
weight loss Char Yield
(°C) 600 T (%) N2 Air
Compound N Air N> Air 450 550 600 450 550 600
9 419 415 69 70 13 15 3 12 11 7
10 449 443 77 75 5 12 6 7 13 5

BADCy 402 400 47 25 35 15 3 37 13 25

4. Conclusions

Novel bio-based tricyanate est&rsnd9 were prepared from the natural prodtreins-
anethole by way of [2+2+2]-cycloaddition. Tricyan&ewith more conformational flexibility
and lower melting temperature gave a wide processing window of at lea¥C 0@ could be
cured to polycyanurate with thermal properties in the realm of high-performance polymers. The
new bio-based tricyanahadTy (~ 362°C at full cure), water uptake (1.4-2.4 %) angl (85
°C) equal or better in all respects to the petrochemical-based BADCy and could make a ‘drop in’
replacement for the latter. When cure far beliyus avoided, so as to keep moisture uptake
low, the uncatalyzed curefl demonstrated the unexpected ability to significantly recover
thermo-mechanical performance after hygrothermal exposure, a discovery with significant
potential technological importance for cyanurate networks in general. Tricydretd its
isomer10 were very close in their thermal parameters and both had better thermal stability and

higher char yields than BADCyTrans-anethole appears to be versatile molecule with which to



generate polyphenols and we hope to synthesize and characterize a variety of other polymer

systems (e.g., epoxy, polycarbonate, polyester, etc.) from them in the future.
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Experimentals Details of the Synthesis of Tricyanate 5

Me

jogd
MeO

2
1-(4-Methoxyphenyl)propyne (2)

A round-bottomed flask (250 mL) equipped with magnetic stirring bar was charged with 1 (14.8
g, 100 mmol) and THF (100 mL) was cooled in an ice bath. An addition funnel was equipped
and charged with Br; (19.2 g, 6.19 mL, 0.12 mol, 1.2 equiv) which was added dropwise over 20
min. The resulting light orange colored solution was charged into a clean addition funnel and
added to an ice cold solution of KOtBu (33.6 g, 3 equiv) in THF (200 mL). The cooling bath
was removed and after the mixture reached rt, a heating mantle was equipped and the mixture
was refluxed for 20 min. The mixture was cooled to rt and partitioned between H,O and Et,0.
The organic layer was washed with H,0O, saturated NaHCO3 and finally brine. After drying over
anhydrous MgSQO, the solvent was rotary evaporated leaving an orange oil. Reduced pressure
distillation (0.1 torr) gave compound 2 (13.3 g) as a colorless oil. Yield: 92%. *H NMR (300
MHz, CDCls, 6, ppm): 7.32 (d, J = 9.0 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H), 2.02 (s,
3H). *C NMR (75 MHz, CDCls, 8, ppm): 159.22, 132.98, 127.06, 114.02, 84.25, 79.64, 55.37,

4.41. Anal. calcd for C1oH100: C, 82.16; H, 6.89. Found: C, 82.06; H, 7.05.
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1,2,4-Tris(4-methoxyphenyl)-3,5,6-trimethylbenzene (3)

A mixture of 2 (27.28 g, 187 mmol), chlorotrimethylsilane (27 mL, 23.1 g, 212 mmol), 5% Pd/C
(2 g) and 1,4-dioxane (300 mL) was protected by N, bubbler and refluxed overnight. The
mixture was cooled to rt and filtered through diatomaceous earth. The filtrate was partitioned
between H,O and Et,0. The organic phase was further washed with H,O followed by saturated
aqueous NaHCOs and finally brine. After charcoal treatment, the organic phase was dried over
anhydrous MgSO, and rotary evaporated leaving a tan solid (23.1 g, 85%). Analysis by *H
NMR of the crude showed it was composed of a mixture of compound 3 and its symmetrical
isomer in a ~3:1 ratio. The crude product was dissolved in cyclohexane with some heat to form
a solution which upon cooling deposited crystals of compound 3. Compound 3 was further
purified by recrystallization from cyclohexane (6.5 g). Yield: 23%. Mp: 166-168 °C. *H NMR
(300 MHz, CDCls, 6 ppm): 7.16 (d, J = 8.7 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7
Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.6 Hz, 2H), 3.87 (s, 3H),
3.75 (s, 3H), 3.73 (s, 3H), 2.04 (s, 6H), 1.73 (s, 3H). **C NMR (75 MHz, CDCls, 6 ppm): 158.39,
157.64, 157.58, 141.17, 140.76, 139.39, 135.05, 134.49, 134.46, 132.49, 132.44, 131.50, 131.47,
130.66, 114.02, 113.07, 113.04, 55.46, 55.28, 55.25, 19.81, 18.58, 18.40. Anal. calcd for

C3oH3003: C, 82.16; H, 6.89. Found: C, 81.86; H, 6.81.
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1,2,4-Tris(4-hydroxyphenyl)-3,5,6-trimethylbenzene (4)

A round-bottomed flask (250 mL) equipped with magnetic stirring bar was charged with
pyridine (14.7 g, 186 mmol, 12 equiv) and H,O (3.35 mL, 186 mmol, 12 equiv). An addition
funnel was equipped which was charged with POCI3 (5.7 mL, 62 mmol, 4 equiv). The addition
was made over 30 min. After the mixture had cooled to rt, 3 (6.8 g, 15.5 mmol) was added in
one portion. A heating mantle and condenser were equipped and the mixture was refluxed for 4
h after which time it was complete by TLC and *H NMR (aliquot in DMSO). The mixture was
cooled to rt and diluted with H,O (100 mL) which caused precipitation of a white solid. The
mixture was extracted with EtOAc which dissolved the solids. The organic layer was further
washed with 5% aqueous HCI followed by brine. The organic layer was dried over anhydrous
MgSQO, and rotary evaporated to a white solid. Residual solvent was removed by vacuum oven
(60 °C, 0.1 torr) which gave compound 4 as a white powder (6 g). A suitable solvent for
recrystallization was not found. Yield: 97%. *H NMR (300 MHz, CDCls/DMSO-ds, J ppm):
8.82 (bs, OH), 8.55 (bs, 20H), 7.01 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.4
Hz, 2H), 6.74 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.1 Hz, 2H), 6.57 (d, J = 8.1 Hz, 2H), 2.03 (s, 6H),
1.71 (s, 3H). *C NMR (75 MHz, CDCl3/DMSO-ds, J ppm): 155.27, 154.29, 154.22, 140.49,

140.16, 138.89, 133.36, 132.87, 132.66, 132.59, 131.49, 131.47, 130.72, 130.68, 129.78, 114.88,

S4



114.14, 114.11, 19.09, 17.81, 17.67. Anal. calcd for C»;H2403 - 0.75 H,0: C, 79.1; H, 6.27.

Found: C, 79.04; H, 6.55

1,2,4-Tris(4-cyanatophenyl)-3,5,6-trimethylbenzene (5)

A round-bottomed flask equipped with magnetic stirring bar was charged with 4, acetone and
BrCN. The mixture was cooled in a bath before TEA was added dropwise over 30 min. Copious
solids precipitated (TEA-HBr). After 1 h, the mixture was partitioned between Et,O and H,O.
The organic layer was washed again with H,O followed by saturated aqueous Na,COs;. The
organic phase was dried over anhydrous MgSQO, and rotary evaporation left a colorless residue.
Recrystallization from i-PrOH gave compound 5 as a white microcrystalline powder. Yield:
70%. Mp: 165 °C. *H NMR (300 MHz, CDCls, 5 ppm): 7.44 (d, J = 9.0 Hz, 2H), 7.32 (d, J =
9.0 Hz, 2H), 7.18-7.00 (m, 8H), 2.02 (s, 3H), 2.01 (s, 3H), 1.65 (s, 3H). *C NMR (75 MHz,
CDCls3, 6 ppm): 155.20, 151.37, 151.35, 141.03, 140.43, 140.29, 139.43, 137.61, 135.19, 132.79,
132.21, 132.16, 131.64, 131.48, 115.92, 115.04, 115.01, 109.00, 108.82, 108.80, 19.55, 18.49,
18.25. Anal. calcd for C3oH21N303 - 0.25 i-PrOH: C, 75.91; H, 4.76; N, 8.64. Found: C, 75.80;

H, 4.62; N, 8.77.
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Experimentals Details of the Synthesis of Tricyanate 9

Z

6

3-(4-Methoxyphenyl)propyne (6)

A round-bottomed flask (500 mL) containing Et,O (160 mL) and 2 (20 g, 136 mmol) was cooled
in a dry ice/acetone bath and 2.5 M butyllithium in hexanes solution (130 mL) was added
dropwise. The color became yellow and then orange and then a precipitate formed. The cooling
bath was removed and the mixture was stirred at rt for 48 h. The mixture was cooled in an ice
bath and slowly quenched (2.5 h) by dropwise addition of ice cold H,O (100 mL). Afterwards,
the organic layer was separated and washed with H,O followed by brine. After drying over
anhydrous MgSO, and rotary evaporation, the remaining oil was distilled at reduced pressure (10
torr) to obtain compound 6 (18.4 g) as a colorless oil. Yield: 92%. 'H NMR (300 MHz, CDCls,
5 ppm): 7.26 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 3.79 (s, 3H), 3.55 (d, J = 2.7 Hz, 2H),
2.17 (t, J = 2.7 Hz, 1H). *C NMR (75 MHz, CDCls, 6 ppm): 158.67, 133.00, 129.03, 114.21,
82.65, 70.35, 55.49, 24.13. Anal. calcd for CioH100: C, 82.16; H, 6.89. Found: C, 82.01; H,

6.95.

o)
o
MeO

7
1,2,4-Tris(4-methoxybenzyl)benzene (7)
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A round-bottomed flask (250 mL) equipped with magnetic stirring bar was charged with MeCN
(100 mL) and Col; (1 g, 10 mol%). After all the solids dissolved, ZnBr, (1.5 g, 20 mol%) was
added and allowed to dissolve completely before 6 (10.19 g, 69.8 mmol) was added. Lastly, Zn
dust (450 mg, 20 mol%) was added. The mixture was heated with a water bath of 60 °C. After
heating for 2 h, the reaction was complete by TLC. The mixture was diluted with H,O (500 mL)
and extracted with Et,0. The extracts were combined and dried over anhydrous MgSO, and
treated with decolorizing charcoal. Rotary evaporation left a brownish oil. The product residue
was chromatographed on silica gel (hexanes/EtOAc : 9/1). Rotary evaporation of the product
fraction left an oil that slowly solidified to a white solid. Recrystallization from heptane gave
compound 7 (5.68 g) as colorless needles. Yield: 55%. Mp 67-69 °C. 'H NMR (300 MHz,
CDCls, 6 ppm): 7.17-7.04 (m, 3H), 7.03-6.92 (m, 6H), 6.86-6.75 (m, 6H), 3.87 (s, 2H), 3.85 (s,
2H), 3.82 (s, 2H), 3.79 (s, 6H), 3.78 (s, 3H). **C NMR (75 MHz, CDCls, 6 ppm): 158.13, 158.06,
158.05, 139.85, 139.43, 137.31, 133.63, 132.95, 132.88, 131.26, 130.73, 130.04, 129.90, 129.79,
128.68, 127.09, 114.05, 114.00, 55.46, 40.84, 38.38, 37.89. Anal. calcd for C3yH3003: C, 82.16;

H, 6.89. Found: C, 82.30; H, 6.87.

o)
A
HO

8
1,2,4-Tris(4-hydroxybenzyl)benzene (8)

A round-bottomed flask (250 mL) equipped with magnetic stirring bar and reflux condenser was
charged with 7 (2.2 g, 5 mmol) and pyridine hydrochloride (6.9 g, 60 mmol, 12 equiv). The

mixture was refluxed for 3 h, after which time the reaction was complete by TLC. The reaction
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mixture was allowed to cool to ~90 °C, and then diluted with H,O whereupon a white solid
precipitated. Compound 8 (1.92 g) was collected on a filter and dried to constant weight in a
vacuum oven. A suitable solvent for recrystallization could not be found. Yield: 96%. Mp 150-
152 °C. *H NMR (300 MHz, DMSO-dg, 5 ppm): 9.17 (s, OH), 9.16 (s, 2 OH), 7.05-6.9 (m, 5H),
6.9-6.8 (m, 4H), 6.7-6.6 (m, 6H), 3.8 (s, 2H), 3.7 (s, 2H). **C NMR (75 MHz, DMSO-ds, &
ppm): 155.44, 155.39, 139.60, 139.20, 136.96, 131.47, 130.65, 130.57, 130.43, 130.04, 129.49,
129.45, 128.15, 128.07, 126.37, 115.12, 114.96, 39.04, 37.34, 36.83. Anal. calcd for Cy7H240s3:

C, 81.79; H, 6.10. Found: C, 81.50; H, 5.99.

o)
AP
NCO

9

1,2,4-Tris(4-cyanatobenzyl)benzene (9)

A round-bottomed flask (1 L) equipped with magnetic stirring bar, addition funnel and N,
bubbler was charge with 8 (9.2 g, 21 mmol), acetone (500 mL) and cooled to -78 °C bath and
then BrCN (9.75 g, 92 mmol, 4 equiv) was added. Next, TEA (7.4 g, 73 mmol, 3.2 equiv) was
added dropwise over 20 min. The cooling bath was removed and copious solids eventually
precipitated (TEA-HBr salt). After allowing to warm to rt, the mixture was poured into a
separatory funnel and diluted with Et,O (500 mL) and H,O (500 mL). The organic layer was
washed again with H,O (500 mL) and then brine (500 mL). The organic layer was dried over
anhydrous MgSQO, and rotary evaporated. To the remaining colorless oil in the flask was added
Et,O (100 mL) and after agitation the product precipitated. The white solid (3.8 g) was collected

on a medium porosity glass frit. Recrystallization from isopropanol/MeCN (15/1) gave
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compound 9 as microcrystalline needles. Yield: 35%. Mp 85-87 °C. 'H NMR (300 MHz,
CDCls, 6 ppm): 7.29-7.16 (m, 8H), 7.13-7.03 (m, 6H), 6.93 (s, 1H), 3.98 (s, 2H), 3.89 (s, 2H),
3.88 (s, 2H). *C NMR (75 MHz, CDCls, § ppm): 151.55, 151.49, 140.06, 139.42, 139.29,
129.23, 138.42, 136.43, 131.47, 131.32, 130.91, 130.61, 130.52, 127.87, 115.56, 115.54, 115.52,
109.06, 109.01, 40.75, 38.40, 37.99. Anal. calcd for C3H21N3O3: C, 76.42; H, 4.49; N, 8.91.

Found: C, 76.05; H, 4.40; N, 9.03.
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ACCEPTED MANUSCRIPT

Figure S1. *H and **C NMR of tricyanate 9.
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Figure S2. FT-IR spectrum of cured 9.
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Figure S3. TMA of “as cured’ monomer 9
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Figure S4. TGA trace of cured 10.
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Determination of diBenedetto equation parameters

Samples (-5 mg) of uncured 9 were heated as quickly as possible to a given cure
temperature, then held isothermally for 30 minutes and cooled as quickly as possible. The same
sample was then heated to 350 °C at 10 °C / min, cooled to 100 °C at 10 °C / min, then re-heated
to 350 °C at 10 °C / min. The re-heating scan, offset by a pre-determined value, was used as a
baseline. The difference between the heat evolved during the first heating ramp to 350 °C and
the baseline was then used for integration of the residual heat of cure. The pre-determined value
for the offset was chosen based on the smallest correction that ensured no negative values in the
integration, and at least one zero value (which was then chosen as the starting point for the
integration), with the maximum temperature in the second scan as the ending point. A detailed
explanation and illustration of this baseline and integration procedure is given elsewhere [see the
Supporting Information of Guenthner AJ, Davis MC, Ford MD, Reams JT, Groshens TJ,

Baldwin LC, et al. Macromolecules 2012;45:9707-18].

During the initial heating to 350 °C, the glass transition temperature of the partially cured
sample was either apparent as a step change in heat capacity, or, when no step change was
apparent, was equated with the onset temperature of residual cure. For determination of the
diBenedetto equation, cure temperatures of 210 °C, 220 °C, 230 °C, 240 °C, 250 °C, and 260 °C

were used. The diBenedetto equation is:

(Tg=Tgo) _ _ 2a
(Tgo—Tgo) 1-(1-Da

where Tqo and Ty, represent the glass transition temperatures of the monomer and fully cured
network, respectively, and in which A is effectively an adjustable parameter (0 < A < 1). The

value of T, was fixed at 362 °C based on data from thermomechanical analysis of a fully cured
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sample. The values of Ty and A were determined by minimization of squared residuals using a
brute force search with increments of 0.01 for A and 10 °C for Tg. The uncertainties were
determined by noting the change (independently) in each parameter that led to an increase of 1 in
the square of the characteristic deviation (that is, the deviation divided by a characteristic
measurement uncertainty, 10 °C in this case). The reasonableness of this procedure was checked
by evaluating the theoretical curve at the upper and lower bounds of uncertainty for each
parameter and noting that at these bounds, the fit to the data was at the limit of plausibility

according to a simple visual inspection.

The resulting best fit plot of glass transition temperature as a function of conversion is

shown in Figure S5. The diBenedetto parameter values Ty = 10 + 10 °C and A = 0.44 + 0.06.
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Figure S5. diBenedetto equation plot for 9.
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Figure S6. FT-IR spectra of cured 9 before and after hygrothermal exposure and subsequent
heating, zoomed in on the 1600 cm™ — 3000 cm™ region. The peaks at 2300 cm™ — 2400 cm™
are due to CO..
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Figure S7. FT-IR spectra of cured 9 before and after hygrothermal exposure and subsequent
heating, zoomed in on the 800 cm™ — 1700 cm™ region.
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Figure S8. TMA trace of 9 cured to 87% conversion, then immersed in 85 °C water for 96 hours
(first heating to 200 °C, after which a portion of the sample was removed for analysis). Due to

thermal lag, the average sample temperature does not reach 200 °C even when the set-point

reaches 200 °C and the run term
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Figure S9. TMA trace of 9 cured to 87% conversion, then immersed in 85 °C water for 96
hours, then heated to 200 °C (re-heating to 350 °C, after which a portion of the sample was
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removed for analysis). Note that the TMA probe becomes disengaged at about 260 °C due to a

sudden release of water vapor.
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Figure S10. TMA trace of 9 cured to 87% conversion, then immersed in 85 °C water for 96
hours, then heated to 200 °C and re-heated to 350 °C (final scan to assess Tj).
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