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Abstract

Long-time stability of menthyl and thymyl vinyl ethers formed by acetylene vinylation in KOH-DMSO
superbase media was compared over 0—480 min at 130°C, 14 atm, 50 mol% KOH, and 240 rpm.
Calibrated GC—FID Csub, Cproduct, and Cbyproduct values and dry polymer/resin mass were obtained
from three independent reactor charges per time point. Product-formation and post-peak-loss regions
were separated by a piecewise approach. Menthyl vinyl ether reached 0.93087 + 0.00145 mol L-" and
93.09 £ 0.09% at 300 min; retention at 480 min was 96.48%, corresponding to 3.52% loss from the
maximum. Thymy! vinyl ether peaked earlier, at 180 min, at 0.73000 + 0.00209 mol L-" and 73.00 + 0.06%;
retention at 480 min was 79.29%, a 20.71% loss. Apparent post-peak loss constants were 0.0099 h-" for
menthol (R2=0.672; p = 0.180) and 0.0620 h-" for thymol (R2=0.531; p = 0.100), and were treated as
descriptive parameters. At post-peak thymol points, product loss and polymer/resin showed perfect rank
association (Spearman p = 1.00), whereas this association was not supported for menthol.
Polymer/resin increased significantly with time by Kendall T for both substrates: 0.778 (p = 0.0024) and
0.833 (p = 0.00085). Thymyl vinyl ether is therefore more sensitive to long-time secondary
transformation and resinification. Approximate stopping times were 300 min for menthol and 180 min
for thymol.

1. Introduction

Vinyl ethers combine high synthetic utility with pronounced chemical sensitivity arising from the
electron-rich C = C-O unit. They undergo rapid cationic polymerization and can participate in radical
addition, oxidation, hydrolysis, and rearrangement pathways, depending on impurities and reaction
conditions [1-4, 13, 14]. This reactivity underpins their use in precision polymer synthesis, coatings,
adhesives, and functional materials, but it also means that prolonged residence at elevated temperature
may consume an initially formed target ether. Consequently, process optimization must address
selectivity and residence time, not substrate conversion alone.

Direct addition of alcohols and phenols to acetylene remains an atom-economical route to vinyl ethers.
Superbasic KOH-DMSO media enhance alkoxide nucleophilicity and have enabled the vinylation of
alcohols, phenols, and naphthols; calcium carbide can also serve as an alternative acetylene source [5—
8, 15]. Literature surveys note that secondary alcohols are less reactive than primary alcohols and that
harsh basic/thermal conditions can promote tar formation and competing acetylene-derived reactions
[5, 8]. The relevance of heteroatom addition to alkynes to the readership of Chemical Papers is
demonstrated by Peixoto et al., who reported base-promoted hydrophenoxylation and hydrothiolation of
activated alkynes to give vinyl-type O- and S-adducts [17], and by Ajiboye et al., who reviewed catalytic
hydroalkoxylation across carbon-carbon multiple bonds [18]. These studies establish the journal-level
context for alkyne hydrofunctionalization, but neither addresses the residence-time stability of vinyl
ethers formed from unsubstituted acetylene. Previous technological and mathematical studies
described the effects of temperature, pressure, KOH loading, and time on menthol/thymol yield [9-12].
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However, a comparative long-time analysis combining target-product maxima, post-peak retention,
chromatographic byproducts, and gravimetric polymer/resin response has not been reported.

This study identifies the menthyl and thymyl vinyl ether maxima over 0—480 min, describes post-peak
product loss, evaluates dry polymer/resin and Cbyproduct responses, and defines an approximate
stopping time for each substrate.

2. Materials and methods

2.1. Reaction conditions

Menthol (99%) or thymol (99%), dried DMSO (99%), KOH (85% assay), and acetylene (99.5%) were used.
Each 145 mL charge contained 18.9418 g menthol or 18.2085 g thymol, 120 mL DMSO, and 3.9604 g
KOH, corresponding to approximately 1.00 mol L-" substrate and 50 mol% KOH. Independent 250 mL
cells of a GPXF-4x250 mL system were operated at 130+ 1°C, 14.0 £ 0.2 atm, and 240 rpm.

2.2. Long-time series and analysis

Time zero was defined after internal temperature and pressure stabilization; heat-up was excluded. End
points at 0, 60, 120, 180, 240, 300, 360, 420, and 480 min were evaluated. Each time point was treated as
three independent reactor end-point charges (R1-R3). This distinction is essential: polymer/resin is not a
cumulative mass measured in one reactor but the dry residue from a separate end-point charge, so its
series need not be monotonic. Biphenyl was added to quenched samples as internal standard; Csub and
Cproduct were determined with a Chromatec-Crystal 9000 GC-FID and CR-5 column. Additional peaks
were semi-quantified as Cbyproduct in vinyl-ether equivalents. Polymer/resin is the gravimetric mass of
dry residue—an operational indicator of polymerization/resinification, not structural identification.

2.3. Piecewise product-loss model

For each substrate, the maximum Cproduct (Cmax) and its time (tmax) were identified. At post-peak
points, retention was 100Ct/Cmax and loss was expressed as In(Cmax/Ct). A descriptive apparent loss
constant was obtained from the slope of:

In(Cmax/Ct) = kloss(t - tmax).

The OLS result was sensitivity-checked with a Theil-Sen robust slope. Spearman p assessed post-peak
product loss versus polymer/resin, and Kendall T assessed time versus polymer/resin over the full
series. p < 0.05 was used as a significance threshold; because of the small number of time points, kloss
was treated as a descriptive trend rather than an elementary constant.

3. Results and discussion

3.1. Long-time concentration profiles
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Menthyl vinyl ether accumulated progressively to Cmax =0.93087 + 0.00145 mol L-" at 300 min (Fig. 1).
Between 360 and 480 min, concentration fluctuated modestly around the maximum but showed an
overall declining tendency. Thymyl vinyl ether reached Cmax = 0.73000 + 0.00209 mol L-" earlier, at 180
min, followed by substantially greater loss. Thymol Cproduct minima at 300 and 420 min coincided with
maxima in Cbyproduct and polymer/resin.

Table 1
Long-time series over 0—480 min (mean + SD, n = 3).

Substrate t(h) Cproduct (molL-") Cbyproduct (molL-') Polymer/resin(g) Yield (%)
Menthol 0 0.0000 + 0.0000 0.0000 0.0000 0.00+0.00
Thymol 0 0.0000 + 0.0000 0.0000 0.0000 0.00+0.00
Menthol 1 0.1605+0.0018 0.0079 0.0176 16.05+0.15
Thymol 1 0.1842 +0.0008 0.0089 0.0195 18.42+0.10
Menthol 2 0.4815+0.0008 0.0237 0.0286 48.15+0.03
Thymol 2 0.7026 + 0.0024 0.0339 0.0322 70.26+0.13
Menthol 3 0.8781 +0.0026 0.0433 0.0244 87.81+0.28
Thymol 3 0.7300 = 0.0021 0.0352 0.0534 73.00+0.06
Menthol 4 0.9019 +£0.0020 0.0445 0.0309 90.19+0.17
Thymol 4 0.6963 + 0.0030 0.0336 0.0638 69.62+0.17
Menthol 5 0.9309 +0.0015 0.0490 0.1584 93.09+0.09
Thymol 5 0.5372 +0.0057 0.1872 0.2699 53.72+0.46
Menthol 6 0.9163 +0.0024 0.0452 0.0419 91.6310.06
Thymol 6 0.6076 +0.0021 0.0293 0.0803 60.76 +0.16
Menthol 7 0.9244 +0.0024 0.0487 0.2334 92.44 +0.06
Thymol 7 0.4774 +0.0050 0.2584 0.3726 47.74 +£0.41
Menthol 8 0.8981 +0.0013 0.0443 0.0512 89.8110.06
Thymol 8 0.5788 +£0.0015 0.0279 0.0942 57.88+0.06

3.2. Product maximum and stopping time

For menthol, analytical yield reached 93.09 + 0.09% at 300 min, then was 91.63% at 360 min, 92.44% at
420 min, and 89.81% at 480 min (Fig. 2). Holding beyond 300 min therefore provided no additional target
product. Thymol yield peaked at 73.00 £ 0.06% at 180 min, then was 69.63% at 240 min, 53.72% at 300
min, 47.74% at 420 min, and 57.88% at 480 min. Continuing beyond 180 min was therefore not only
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inefficient but increased the risk of product loss. Conceptually, this need to stop the process near the
target-product maximum agrees with the optimization principle reported by Hurst et al. in Chemical
Papers: prolonged or more severe processing can decrease the desired-product yield while increasing
solid residue and secondary products, so target yield and byproduct formation should be optimized
jointly [19]. Although the underlying chemistry differs, the process-design implication is directly
applicable to the present residence-time analysis.

3.3. Post-peak retention and apparent kloss

At 480 min, menthyl vinyl ether retained 96.48% of its maximum, corresponding to 3.52% post-peak loss.
Thymyl vinyl ether retained 79.29%, a 20.71% loss. OLS kloss was 0.0099 h-" for menthol and 0.0620 h-"
for thymol, a 6.3-fold greater thymol trend. However, fit p values were 0.180 and 0.100, and the Theil-Sen
95% slope intervals included zero. These constants are therefore descriptive comparative stability
metrics, not definitive intrinsic kinetic parameters.

Table 2
Product maxima and post-peak stability parameters.
Substrate  tmax Ymax (%) 480 min retention Loss kloss R2 p
(h) (%) (%) (h™")
Menthol 5 93.09 96.48 3.52 0.0099 0.672 0.180
0.09
Thymol 3 73.00 79.29 20.71 0.0620 0.531 0.100
0.06

3.4. Association with polymer/resin and byproducts

Across the full 0—480 min series, time and polymer/resin gave Kendall T = 0.778 (p = 0.0024) for menthol
and 1t =0.833 (p = 0.00085) for thymol. Despite endpoint fluctuations, resinification therefore tended to
increase over prolonged time. At post-peak thymol points, ranks of In(Cmax/Ct) and polymer/resin
coincided (Spearman p = 1.00): the greatest product losses at 300 and 420 min coincided with the
largest dry residues. For menthol, p=-0.60 (p = 0.40), so a direct association between product loss and
individual dry-residue mass was not supported. This is consistent with greater post-peak menthyl vinyl
ether stability and variability of endpoint gravimetry.

3.5. Mechanistic interpretation of the sequential process

The observations are consistent with a conditional S-P—D/R sequence, where S is substrate, P is the
target vinyl ether, D represents GC-observed byproducts, and R is polymeric/resinous residue. Product
formation dominates initially; near tmax, the net rate approaches zero; thereafter, secondary
consumption becomes relatively more important. Vinyl ethers are especially susceptible to cationic
chain growth, while radical pathways are generally less favorable but can operate under appropriately
initiating conditions [1-4, 14, 16]. In a hot KOH-DMSO-acetylene mixture, however, the residue may also
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contain acetylene-derived oligomers and products of several secondary reactions [5, 8]. Because R was
not characterized by SEC/GPC, FTIR, or NMR, the term polymer/resin is retained as an operational
designation rather than evidence for a unique molecular mechanism.

3.6. Limitations

Nine time points and only 4-6 post-peak points limit precision of kloss. Because end-point charges were
independent, lower dry-residue values may follow maxima at 300 and 420 min; they must not be
interpreted as cumulative mass. Cbyproduct is a semi-quantitative aggregate in vinyl-ether equivalents,
not a set of individually identified structures. GC-MS, SEC/GPC, FTIR, and "H/"*C NMR are required to
characterize polymer/resin. Additional 270, 330, 390, and 450 min points would improve post-peak fit
confidence.

4. Conclusions

At 130°C and 14 atm, menthyl vinyl ether reached 93.09% at 300 min and retained 96.48% of that
maximum at 480 min; thymyl vinyl ether reached 73.00% at 180 min but retained only 79.29% at 480 min.
Apparent kloss was 6.3-fold greater for thymol, although it was treated descriptively because of the
small post-peak sample. Thymol product loss showed strong rank association with polymer/resin, and
resinification increased significantly with time in both systems. Practically, the reaction should be
stopped near 300 min for menthol and 180 min for thymol. Longer holding does not improve useful
conversion and, particularly for thymol, promotes diversion of target product to byproducts and
polymer/resin.
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Figure 1

Long-time Cproduct, Cbyproduct, and polymer/resin profiles and post-peak loss fits (mean+SD, n=3).
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Figure 2

Analytical yield—time profiles and observed maxima.
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