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11 ABSTRACT: Cinnamyl alcohols such as p-coumaryl alcohol (p-
12 CMA) are lignin models and precursors (monolignols) and the
13 most important primary products of lignin pyrolysis. However, the
14 detection of monomers is not straightforward since they either
15 undergo secondary transformations or repolymerize to contribute
16 to the char formation. Both concerted-molecular and free-radical
17 pathways are involved in these processes. Our recent fundamentally
18 based theoretical and low-temperature matrix-isolation−EPR
19 studies of cinnamyl alcohols highlighted the role of side-chain
20 reactivity in diversity of pyrolysis products and provided a network
21 of the chemically activated H + p-CMA reactions (Asatryan et al. J.
22 Phys. Chem. A, 2017, 121, 3352−3371). The readily available
23 hydroxyl radicals also can trigger a cascade of free-radical processes.
24 Here, we present a comprehensive potential energy surface (PES)
25 analysis of the OH + p-CMA reaction using various DFT and ab initio protocols. Since the p-CMA involves both an alkyl OH-
26 group and a side-chain double bond, the title reaction can also serve as a relevant model for reactions of unsaturated alcohols
27 with hydroxyl radicals to form various oxygenates including polyhydric alcohols which are abundant in nature. The newly
28 identified pathways suggest certain alternatives to the known radical reactions. Of particular interests are the roaming-like low-
29 energy dehydration reactions to generate a variety of O- and C-centered intermediate radicals, which are mostly transformed
30 into the phenolic compounds observed in pyrolysis experiments. Some concerted unimolecular decomposition pathways for p-
31 CMA are also revealed, not considered previously, such as the migration of terminal OH-group, and/or it is splitting over the
32 ipso-C and ortho-C atoms of the benzene ring to form bicyclic oxispiro- and chromene compounds represented in natural lignin.

1. INTRODUCTION

33 Lignin is the second most prevalent biopolymer on Earth next
34 to cellulose, and it accounts for almost 30% of the organic
35 carbon in the biosphere.1−12 It is an important resource of
36 renewable fuels and their derivative high-value chemicals and is
37 the main renewable feedstock for the industrial production of
38 aromatic compounds.2−7 However, the structural diversity and
39 heterogeneity of lignin, along with its hydrophobic nature and
40 insolubility in aqueous systems, pose challenges to controlled
41 destruction of biomass to produce feedstock materials.5,8

42 Lignin is a three-dimensional, highly cross-linked macro-
43 molecule produced by radical polymerization of three
44 phenylpropanoid monomers (monolignols) cinnamyl alcohol
45 derivatives: p-coumaryl alcohol (p-CMA), coniferyl alcohol,
46 and sinapyl alcohol, containing p-hydroxyl and m-methoxy

f1 47 groups on the rings9−11 (Figure 1). The monomeric units in
48 lignin macromolecules are engaged into a complex network
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Figure 1. Chemical structure of monolignols: R1 = R2 = H for p-
coumaryl alcohol (p-CMA), R1 = H, R2 = OCH3 for coniferyl alcohol,
and R1 = R2 = OCH3 for sinapyl alcohol. Cinnamyl alcohol (CnA)
contains no ring substituents. Allyl alcohol (AA) contains no ring.
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49 through different types of ether and carbon−carbon bonds: β-
50 O-4, α-O-4, 4-O-5, 5−5, β−β, benzodioxocin, and spirodio-
51 nene.2,6,8,9

52 Pyrolysis of lignin is a key approach to produce low-
53 molecular, primarily phenolic compounds.7,12−28 A significant
54 effort has been devoted to the pyrolysis mechanisms of lignin
55 model compounds.12,24−61 Most of the mechanistic informa-
56 tion is deduced from thermal conversions of dimers comprised
57 of the most abundant β-O-4 and α-O-4 aryl ether linkages in
58 lignin (see, e.g., refs 24−27 and 29−43). The pyrolysis of
59 monolignols, however, only recently became a focus of
60 attention, even though the monomers have been known to
61 be the most important primary products of the lignin
62 pyrolysis.22,49−61

63 Several comprehensive and fundamental theory-based
64 mechanistic and kinetic studies are also known on pyrolysis
65 of the contracted, smaller models such as anisole,62−66

66 catechol,67,68 o-quinone methide69−74 (o-QM), and chro-
67 man,70,75 which are believed to be the key intermediates in
68 lignin thermolysis and char formation (see also ref 41.).
69 This work continues our previous fundamentally based
70 exploration of the pyrolysis mechanisms of lignin and its simple
71 modelsmonolignols.7,14,55−57 Here, the reactivity of the key
72 monolignol p-CMA is examined toward hydroxyl radicals,
73 which are produced in a pyrolysis reaction environment22,55 in
74 order to gain insight into the side-chain reactivity of lignin and
75 its model compounds. A detailed potential energy surface
76 (PES) analysis of the OH + p-CMA reaction is performed and
77 compared with previous results on the reduction of the double
78 bond in chemically activated H + p-CMA reactions.55

79 The p-coumaryl alcohol (p-CMA, Figure 1) is the simplest
80 lignin model containing both phenolic hydroxyl group and
81 hydroxypropenyl side-group (allyl alcohol moiety −CH
82 CHCH2OH) of the cinnamyl alcohol backbone. The
83 combination of an alkyl hydroxyl and double bond moieties
84 separated by a methylene linkage is also a characteristic feature
85 of the lignols and many lignin streams and renewable lignin
86 feedstocks. Thus, the OH + p-CMA reaction can serve as a
87 relevant model to examine the mechanistic impacts of side-
88 chains on lignin thermolysis. Below we present a brief
89 summary of related work relevant to our current analysis of
90 p-CMA reactivity.
91 1.1. Lignin Pyrolysis. Dimer Models. Two general
92 mechanisms have been proposed to operate during pyrolysis
93 of lignin and its model compounds: (i) unimolecular concerted
94 reactions, which primarily involve Maccoll and retroene
95 pericyclic intramolecular type rearrangements, and (ii) radical
96 processes initiated by homolytic bond cleavage followed by
97 secondary b imolecu la r and i somer iza t ion reac -
98 tions.12,29,31,55−57,76−82 These mechanisms are dominating at
99 different pyrolysis conditions. For the pure gas-phase
100 processes, the two mechanisms are discriminated by temper-
101 ature. For instance, Jarvis et al. suggested based on the detailed
102 computational and experimental analysis of rate constants for
103 pyrolysis of phenethyl phenyl ether model that the concerted
104 mechanism dominates at typical dimer model pyrolysis
105 temperatures of 500−600 °C, whereas the C−O aryl ether
106 bond homolysis occurs at temperatures higher than 1000 °C.29

107 However, the depolymerization of lignin is highly challenging
108 due to its heterogeneity. There is also a recondensation
109 tendency, often to form diverse species with novel function-
110 alities,4,18,72,83 which increases the role of the side groups in
111 lignin pyrolysis. Moreover, the side groups constitute a

112considerable portion of the lignols and lignans (with two
113OH groups separated by two methyl linkages), and other
114models and derivatives of lignin.
115It should be emphasized that the presence of the functional
116groups significantly affects the overall decomposition features
117and distribution of products in pyrolysis of lignin and model
118compounds.12,17,22,84,85 The etheric bond fission is particularly
119sensitive to the substituents both in the side-chains and
120aromatic rings. The enlargement of the alkyl chain or addition
121of other electron donating groups, such as methylene and
122methoxy groups, enhances the thermal degradation of the
123dibenzyl ether (DBE) model, whereas the electron with-
124drawing groups, like aldehydes, decrease the reactivity of
125DBE.19,84,85

126Free radical intermediates have been detected during the
127pyrolysis of lignin and its model compounds under various
128conditions: in the gas phase,7,15 in bio-oil,10,16 and in biochar
129media.11 Kibet et al.7 have particularly identified phenoxy and
130substituted phenoxy radicals in the gas phase from lignin
131pyrolysis at 450 °C using an in situ technique of low
132temperature matrix isolation in conjunction with electron
133paramagnetic resonance spectroscopy (LTMI-EPR).86 It is
134common to consider the low temperatures operation of radical
135processes during lignin pyrolysis, in spite of the high
136characteristic bond dissociation energies (BDE) determined
137in model compounds; BDE for most abundant β-O-4 ether
138linkages is ca. 60 kcal/mol, and only for α-O-4 linkages they
139are somewhat lower (40−60 kcal/mol), whereas the reactive
140O−CH3 bond cleavage requires 56.3 kcal/mol energy.22 Since
141the primary lignin pyrolysis ranges from as low as 200−400
142°C,22 the additional factors such as heterogeneous processes
143may also well contribute to the initiation of radical processes.
144The fractional pyrolysis employed in our recent study,55 could
145serve as a relevant example.
146Dehydration is a key process in pyrolysis; however, there is
147little knowledge on its diversity. Dehydration can simply occur
148via direct H-abstraction by OH radicals or OH-abstraction by
149H atoms; however, such bimolecular reactions can occur at
150relatively higher temperatures, as shown by Zhang et al. for
151OH + allyl alcohol reaction based on kinetics calculations87

152(vide inf ra). However, the low-energy pathways can be
153provided by the chemically activated processes involving a
154roaming pathway88 (vide inf ra), as well as the heterogeneous
155catalytic processes mediated by solid residues.
156To explain degradation of macromolecular structures
157(linkages), the dimer models of lignin are most extensively
158studied (see, e.g., refs 24−27, 29−40, 42, and 77−82), whereas
159the mechanisms and kinetics of the monolignols’ decom-
160position are less explored.
1611.2. Pyrolysis of Monomers. Strong interest has been
162raised in recent years concerning the pyrolysis of mono-
163lignols.43−61 The direct mass-spectrometric analysis of
164pyrolyzates from wood and isolated lignin suggested that the
165monomeric cinnamyl alcohols, such as coniferyl alcohol and
166sinapyl alcohol, are the most important primary products in
167lignin pyrolysis.18,22 However, the higher reactivity of
168monomers typically prevents detection of significant amounts
169of monolignols during lignin pyrolysis.
170Quite similar to natural lignin, pyrolyzates have been found
171in pyrolysis products of coniferyl alcohol, viz., coniferyl
172aldehyde (an oxidation product), dihydroconiferyl, and
173isoeugenol (reduction products), as well as cis-coniferyl alcohol
174and 4-vinylguaiacol associated with the side chain conversion
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175 products.22,53 The cinnamyl alcohol end groups in lignin have
176 also been suggested to contribute to the formation of
177 propenylphenols and cinnamyl compounds (dihydrocinnamyl
178 alcohol, cinnamaldehydes, and cinnamyl alcohol (CnA)) in
179 lignin pyrolysis.49,54

180 Unlike dimers, the pyrolysis mechanisms of isolated
181 monolignols are not well explored and most of the proposed
182 product-formation channels are postulated based on indirect
183 information.22,50−54,59,60 The secondary transformations of
184 monolignols (primarily, the side-chain conversions and
185 repolymerization4,18,22,53) are also believed to involve both
186 concerted-molecular and free-radical mechanisms.12,22,53,55−57

187 Our recent LTMI-EPR experiments combined with detailed
188 PES analysis provided fundamentally based reaction pathways
189 for pyrolysis of cinnamyl alcohols and, in particular, suggested
190 the side-chain reactivity as the key factor in diversity of the
191 pyrolysis products.40,42,55−57 A combined radical-molecular
192 mechanism explained the primary products formation during
193 pyrolysis of the p-CMA and cinnamyl alcohol (CnA)the
194 simplest model of lignols, involving no p-hydroxyl group.56

195 The radical-species have been registered in our in situ
196 experiments using cryogenic-EPR detection technique during
197 pyrolysis of CnA55,56,86 and p-CMA.55,57 Based on the
198 comparisons of experimental and theoretical g-tensors of the
199 model structures, it was concluded that the complex mixtures
200 of the detected open-shell intermediates mainly consist of O-
201 centered and O-linked conjugated delocalized radicals.56

202 A mechanistic analysis has also been performed for medium
203 and high temperature range (400−900 °C) pyrolysis of
204 cinnamyl alcohol. DFT analysis particularly suggested that
205 the major products indene, styrene, benzaldehyde, 1-propynyl
206 benzene, and 2-propenyl benzene are formed via simple bond
207 dissociation, which are dominant at high temperatures, and
208 some other unimolecular decomposition pathways, such as
209 dehydrogenation, dehydration, 1,3-sigmatropic H-migration,
210 1,2-hydrogen shift, C−O and C−C bond cleavage processes.56

211 Mainly phenolic compounds (phenol, p-cresol, ethyl-,
212 propenyl-, and propylphenols) were identified in molecular
213 products of our recent f ractional pyrolysis experiments on p-
214 CMA, predominantly formed at low temperatures (e.g., ca.
215 74% at 350 °C). DFT-analysis suggested plausible decom-
216 position pathways involving highly conjugated aromatic and
217 simple radicals.55 The dominant formation of phenolics is in
218 full accordance with available experimental data by Akazawa et
219 al.,12,22,59−61 who also hypothesized a basic reaction mecha-
220 nism primarily involving the homolytic bond cleavage and H-
221 abstraction reactions that may in principle occur by H atoms
222 and OH radicals.
223 Three primary decomposition pathways of p-CMA have
224 been studied by Furutani from DFT-analysis and rate constants
225 evaluation.61 They involved C(8)−C(9) and O(9)-H bond
226 cleavages, and H-addition to Cβ-atom followed by C(8)−C(9)
227 bond fission in the formed adduct. Two H-abstraction
228 reactions from terminal OH-group by H and CH3- radicals
229 have also been evaluated.
230 1.3. Reactivity of the H-Atoms and OH-Radicals
231 toward Monomers. The H atom and OH radicals are
232 readily formed in the pyrolysis environment which can reduce
233 side-chain double bonds22,40,42,55 and abstract H atoms and
234 functional groups. Several reaction channels have been
235 suggested to regenerate the radicals22,55 including the ones
236 we identified relevant to the pyrolysis of p-CMA and cinnamyl
237 alcohol.55−57

238One of the identified pathways acting as a source of H atoms
239and involving β-scission reactions converting ●Cγ−OH radical
240to CγO (in coniferyl aldehyde)55 agrees well with what was
241suggested by Kawamoto based on the chemical intuition.22

242The possible H-abstraction reactions have largely been evoked
243to postulate various mechanisms for decomposition of lignols
244and other lignin models.22,42,60,61 A detailed PES analysis
245demonstrated an essential role of the chemically activated
246processes triggered by H-addition to the double bond of p-
247CMA to major molecular products,55 including various
248dihydro- derivatives, such as dihydrocinnamyl and other
249aldehydes, as well as hydrogenated monolignols.
2501.3.1. OH-Addition. The smallest relevant model of the OH
251radical reaction with unsaturated alcohols, such as mono-
252lignols, is OH + allyl alcohol (AA, CH2CHCH2OH)
253reaction87−92 where AA reproduces the propanoid side-chain
254of the monolignols. The chemically activated model reaction
255OH + AA has been studied experimentally extensively89−92 as
256well as a few theoretical studies.87,88,92

257Various isomerization and unimolecular decomposition
258channels have been identified in the most recent and
259comprehensive theoretical study by Zhang et al. at the
260G2MP2//MP2/6-311++(d,p) level of theory.87 It involves
261formation and decomposition of two chemically activated 1,3-
262and 1,2-diol radical adducts (1,3-DR and 1,2-DR respectively;
263the notations come from ref 88). Nevertheless, the simple
264bond cleavages in intermediate radicals were found to be the
265most affordable reactions. The water elimination also was
266simply evaluated via bimolecular (direct) H-abstraction
267reactions involving four available types of H atoms bound to
268the C1, C2, C3, and O atoms, respectively, to form CH2
269CHCH2O

●, CH2CHC●HOH, CH2C●CH2OH, and
270C●HCHCH2OH intermediate radicals. However, the
271possible dehydration reactions of the energized radical-adducts
272have not been explored. It is important to note that the kinetics
273analysis by Zhang et al.87 predicted that even the most feasible
274direct (bimolecular) dehydration channel involving H-
275abstraction at C(1)-position of AA to form the most stable
276α-hydroxy radical, becomes dominant only at high temper-
277atures, whereas the radical addition-adduct CH2

●CH(OH)-
278CH2OH (1,2-DR) formed from collisional stabilization
279prevails at 200−400 K temperatures and atmospheric pressure
280(being, notably, a typical condition for lignin primary pyrolysis,
281vide supra).
282On the other hand, a quite recent PES analysis of OH + AA
283reaction revealed88 the low-energy unimolecular dehydration
284channels for 1,2- and 1,3-DRs chemically activated inter-
285mediates, which can be well interpreted as roaming processes.
286The roaming features attributed to the OH + AA reaction are
287(a) “loose” transition state geometries involving an almost
288dissociated hydroxyl group, (b) the energies very close to the
289(OH + AA) asymptote, (c) a characteristic low imaginary
290frequency mode (100−200 cm−1) along the reaction
291coordinate, and (d) the flatness of the roaming region of the
292PES which is the most important feature of the roaming
293phenomenon.88,93−96 These are in line with a simpler
294dehydration55−57 reaction of C2H4OH radical-adduct where
295the roaming has been strongly proven to contribute based on a
296series of comprehensive photochemical and theoretical
297studies.97,98 Closely related roaming phenomena have also
298been claimed recently to occur in some larger systems99 and in
299the condensed phase.100
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300 Whereas the rate coefficients of the OH + unsaturated
301 alcohol reactions are only weekly dependent on the chain
302 length of the alcohol,101 the structure of the side chain plays a
303 decisive role As shown by Bruycker et al.38 based on the
304 reactivity of prenol and isoprenol containing a CC double
305 bond in the β-and γ-positions to the hydroxyl group in
306 pyrolysis and oxidation processes.
307 To conclude, despite significant achievements in lignin
308 pyrolysis, the knowledge of elementary reaction mechanisms,

309even in case of the simple precursors and model compounds,

310remains limited. The fundamentally based mechanistic studies

311are therefore essential in progressing development of the novel
312pathways and comprehensive kinetic schemes.

313The paper at hand provides detailed analysis of the

314chemically activated reactions of p-CMA with OH-radicals. A

315detailed PES analysis is performed for reaction of OH-radicals
316with the side-chain double bond of p-CMA. A detailed kinetics

Scheme 1. Reaction Pathways Triggered by OH− Addition to the C7(α)- and C8(β)-Atoms of the Double Bond in p-CMA,
Calculated at the ωB97X-D/def2TZVP Levela

aData on arrows represent corresponding barrier heights (ZPE-corrected electronic energies) or dissociation limits (in italic and parentheses) in
kcal/mol. Reaction channel (chN) notation is given in Roman numerals (for N). Channels VI (via TSa5) and XIII (via TSb8) represent the
roaming pathways along with dissociation of CH2CH2OH (see text).
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317 analysis will be provided separately as a second part of this
318 study.
319 The H-abstraction of phenolic hydroxyl groups typically
320 initiates formation of the quinoidal intermediates and
321 conjugated products22,41,55,70,73 as we also recently demon-
322 strated during the pyrolysis of monolignols.55−57 Thus, the
323 unique reactivity of the O-bound H atoms in phenolic OH-
324 groups supporting the production of polyaromatics and the
325 solid residues will not be considered further in this paper (see
326 also section 3.2), which is mainly aimed to explain phenolic
327 compounds observed in our experiments.
328 Section 2 provides calculation details. A detailed analysis of
329 the PES for OH + p-CMA reaction is described in section 3.
330 Since the various concerted unimolecular decomposition and
331 radical reactions of p-CMA (as well as its truncated version
332 CnA) were previously explored,55−57 our efforts will be more
333 focused on the exploration of PES for addition−elimination
334 (chemical activation) reactions triggered by OH-addition to
335 the double bond. We examined the possible formation
336 reactions of product-radicals, involving also dehydration of
337 DR-adducts, in particular, the possibility of the roaming-like
338 mechanisms, which we have quite recently suggested to occur
339 with the diol radicals.88

2. CALCULATION METHODS

340 Various decomposition pathways of OH + p-CMA reactions
341 and relevant intermediates are computed using nonlocal
342 Kohn−Sham density functional theory based on the
343 generalized gradient approximation.102 A detailed screening
344 of PES is performed at ωB97XD/6-31+G(d,p) level of theory,
345 which involves ωB97XD dispersion- and long-range corrected
346 hybrid method103 in conjunction with the moderate Pople-

347type basis set 6-31+G(d,p) augmented with diffuse and
348polarization functions.104,105 The stationary points are
349recalculated using the extended def2TZVP basis set106 with
350the final optimized geometries reported in the Supporting
351Information from the ωB97XD/def2TZVP level of theory.
352In addition, the well depths of the OH-addition to the
353double bond of p-CMA are re-evaluated using other DFT
354functionals, such as the popular M06-2X107 and B3LYP108,109

355methods, for comparison. Notably, the well depths predicted
356by M06-2X/6-31+G(d,p) method coincides with those
357obtained at ωB97XD/6-31+G(d,p) level using the same
358basis set (42.2 and 31.1 kcal/mol vs 42.1 and 30.7 kcal/mol,
359respectively). The barrier heights calculated at M06-2X and
360ωB97XD levels are also fairly close to each other (section 3.1).
361Calculations for unimolecular decomposition of p-CMA are
362performed using B3PW91 hybrid method in conjunction with
363minimally augmented 6-31+(2d,p) basis set to be comparable
364with related results from our previous study.55

365All employed methods are well tested in literature in the
366same domain, including our previous studies on the various
367open-shell and molecular systems.80,104,110−116 The minimally
368augmented basis set (cf. Karlsruhe def2-SVP or ma-SVP), has
369been recommended by Truhlar et al. as the best affordable
370basis set for exploration of reaction barriers in large molecular
371systems.104 Notably, the same ωB97XD/6-31+G(d,p) method
372has been successfully utilized recently for evaluation of the PES
373for dissociation of C2H5 radical to C2H3+H2 products
374involving the roaming dynamics, in accord with QCISD(T)
375data.114

376Transition states are characterized as having only one
377negative eigenvalue of Hessian (force constant) matrices. The
378absence of imaginary frequencies verifies that structures are
379true minima at their respective levels of theory. The intrinsic

Figure 2. Energy diagram (kcal/mol, ZPE-corrected electronic energies) for OH-addition to the C7(α)-center of the side chain double bond in p-
CMA (Figure 1). The roaming-related pathways are highlighted in green. Note that species A2, A3, and A9 are identical but are labeled separately
in the figure for clarity.
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380 reaction coordinate (IRC) analysis is performed at ωB97XD/
381 def2TZVP level. All PES calculations are performed using the
382 Gaussian 16 program (Revision A.03).117

3. RESULTS AND DISCUSSION

383 3.1. Addition of OH-Radicals to the Double Bond. The
384 addition of hydroxyl radical to a double bond is a
385 straightforward process, which generally occurs without any
386 barrier of activation; however, some small decomposition
387 barriers arise when a prereaction complex is formed (see, e.g.,
388 ref 88.).
389 The OH-addition can occur also at the ipso-carbon position
390 of the benzene-ring, which as we demonstrated earlier for
391 catechol pyrolysis,67,68 would provide options for formation of
392 ring-opening products such as dienones (see also ref 118.).
393 However, we did not consider this option here applied to the
394 p-CMA pyrolysis since the aromatic ring is preserved in the
395 major products, phenolics, for our pyrolysis conditions.55 The
396 same also occurs for coniferyl alcohol at primary pyrolysis
397 temperatures, reported by Kawamoto et al.,53 as well as other
398 monomers, including p-CMA, even at higher 600 °C
399 temperatures.59

400 The addition of OH-radical to a double bond generates
401 chemically activated adduct-radicals which can further isomer-

402ize and decompose to form products (see, e.g. refs 38, 88, 112,
403115, and 119). The stabilization of energized adducts can be a
404path to the formation of widespread polyhydric alcohols found
405in nature.
406 s1Scheme 1 illustrates a network of reactions triggered by OH-
407addition to the double bond of the p-CMA with corresponding
408energetic diagrams, which include zero-point vibrational
409energies (ZPE) corrected electronic energies from ωB97XD/
410 f2f3def2TZVP calculations, in Figures 2 and 3. Structures of the
411reagents, products, and transition states in this analysis are
412 f4shown in Figure 4.
413As seen in Figures 2 and 3, the addition of OH-radical to the
414Cβ atom (C8 in Figure 1) forms chemically activated RB1
415adduct, which is thermodynamically preferred (more exother-
416mic) by ca. 12 kcal/mol compared to the Cα addition adduct
417RA1. Such a preference correlates with charge distribution in p-
418CMA calculated both at single point CCSD(T)/6-31G(d,p)//
419ωB97XD/6-31+(2d,p) and optimized MP2/6-31+(d,p) levels.
420As a strong electrophile, the ●OH radical is expected to prefer
421to add at the electron-rich C8 site of the p-CMA molecule
422(MP2 data in parentheses): q(C8) = −0.16 (−0.15) e vs
423q(C7) = −0.10 (−0.11) e. The site-selective OH-addition to
424the aromatic ring is a classic example of such correlation.118

Figure 3. Energy diagram (kcal/mol, ZPE-corrected electronic energies) for OH-addition to the C8(β)-center of the side chain double bond in p-
CMA (Figure 1). The roaming-related pathway is highlighted in green. Note that species B1 and B3 are identical but are labeled separately in the
figure for clarity.
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425 The preferred C8 addition seems to correlate also with spin
426 distribution in the generated diol radicals (DR). The increased
427 delocalization of the spin density is known to correlate with
428 stability of the intermediate radicals (explaining, particularly,
429 the propagation steps in the radical polymerization pro-
430 cesses120 (more details are provided in ref 56). As expected, in
431 both diol radicals the unpaired electron is mostly localized in
432 the reaction centers: ρ(C8) = 0.95 e, ρ(C7) = 0.73 e,
433 respectively for 1,2-DR (RB1) and 1,3-DR (RA1) adduct
434 radicals. Considering that more spin is delocalized (less
435 localized) the more stable the formed radical is, the 1,2-DR
436 with lower spin density of 0.73e is predicted to be more stable,
437 as seen in Figures 2 and 3.
438 The same preferences are also seen for the model reaction
439 OH + allyl alcohol (CβH2CαH−CH2OH), where no
440 electron-rich and bulky hydroxy-phenyl substituent is present
441 at Cβ position.
442 The OH radical in the model reaction prefers attacking the
443 less-substituted carbon-center (Markovnikov-like addition)

444corresponding to the C(8,β) position in p-CMA to form the
4451,2-diol radical.
446The well depths for OH + AA reaction are 29.0 kcal/mol vs
44730.5 kcal/mol, respectively, for OH-addition to Cγ (to form
4481,3-DR) and Cβ (to form 1,2-DR) atoms, calculated at
449CCSD(T) // UB97D3 level of theory,88 versus 27.3 and 39.7
450kcal/mol, respectively, in p-CMA (Figures 2 and 3).
451Perhaps, the electronical effects and steric interactions are
452not the only reasons for this, rather it can also be attributed to
453the formation of the H-bonding between vicinal OH-groups
454providing additional stabilization of the 1,2-DRs, as opposed to
455the 1,3-DRs with further separated hydroxyl groups. This is
456seen in the ωB97XD/def2TZVP optimized geometry bond
457distances. For RA1, the bond distance is 2.07 Å as measured
458from the hydrogen atom of the Cγ−OH to the oxygen atom of
459the Cα−OH group. A longer distance of 2.34 Å is seen in the
460RB1 bond length between the hydrogen atom of the Cγ−OH
461and the oxygen atom of the Cβ−OH group

Figure 4. Structures of reagents, products, and transition states.
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462 It is interesting also to note that the well depths evaluated
463 with the ωB97XD/6-31+G(d,p) method are almost identical
464 to those calculated with M06-2X using the same minimally
465 augmented basis set (viz., 42.0 and 30.7 kcal/mol (ωB97XD)
466 for RB1 and RA1 adducts, respectively, versus 42.2 and 31.1
467 kcal/mol (M06-2X)). Such a perfect consistency increases the
468 credibility of both methods for such reactions.
469 It is important to note that the B3LYP/6-31+G(d,p)
470 method also predicts almost the same energy difference of
471 ca. 10 kcal/mol between the RA1 and RB1 adducts, albeit the
472 absolute values of well-depths differ significantly (42.0 and
473 30.7 kcal/mol (ωB97XD) vs 32.8 and 22.3 kcal/mol (B3LYP),
474 respectively) Perhaps this is due to some underestimation of
475 radical-adducts’ energy at B3LYP level. The single point
476 CCSD(T) calculations support the energy difference obtained
477 at dispersion-and-long-range-corrected ωB97XD level (not
478 provided here).
479 As seen from the energetic diagrams illustrated in Figures 2
480 and 3, further isomerization and decomposition of energized
481 adducts chemically activated by OH-addition are rather
482 affordable and can serve as important product formation
483 channels. The major reaction channels (chN) are identified in
484 this work using the Roman numeral notation for N in Scheme
485 1 for clarity. In the following analysis and discussion, these
486 channels are referenced as well as the relative energy barriers
487 calculated from the ωB97XD/def2TZVP level of theory. It is
488 also important to note that species A2, A3, and A9 are identical
489 as seen in Figure 4, but are labeled separately for clarity in
490 Figures 2 and 3. The same holds for species B1 and B3 in these
491 figures. Finally, species A4 is the same as a key radical
492 intermediate, R(09), identified in our previous H + p-CMA
493 study.55 Only the A4 notation will be used here for clarity.
494 3.1.1. Formation of Pre- and Post-Reaction van der
495 Waals (VdW) Complexes. Some results are provided for the
496 model OH + AA reaction reproducing the reactive side
497 chain.88 Formation of VdW-complexes are optimal situations
498 for pool radicals, such as OH, to interact with the target species
499 for periods of time allowing for potential H atom abstraction to
500 generate a p-CMA radical, and for this analysis, water.
501 Previously we determined that the flatness of the PES regions
502 coupled with these VdW complexes, created situations which
503 facilitated roaming dissociation. For OH + AA, the lowest
504 dissociation pathways employed two interactions: the OH
505 radical oxygen atom to the terminal hydroxyl group of AA
506 along with OH radical hydrogen atom to AA π-bond.
507 3.1.2. Cα-Addition−Isomerization Reactions. The addition
508 of OH-radical to the Cα atom of the double bond forms an
509 energized adduct RA1 (Figure 2 and eq 1) with a well depth of
510 27.27 kcal/mol. The energized RA1 radical can be further
511 isomerized to RA2 radical-intermediate (chI) via H-transfer
512 from the γ-OH group through the barrier of TSa1 of 31.64
513 kcal/mol height, which is only 4.37 kcal/mol higher than the
514 energy of the free reactants (entrance level), which is used as a
515 reference level. The RA2 radical is approximately at the same
516 well depth of RA1 at −25.37 kcal/mol.
517 The loss of a H atom from the Cγ-position of RA2 (eq 2)
518 generates an α-hydroxy-isomer of cumaraldehyde (A1). This is
519 an affordable channel (ΔE# = 18.45 kcal/mol based on the
520 dissociation limit while still below the entrance level) also for
521 regeneration of the reactive H atom. A secondary pathway to
522 generate the products in eq 2 involves the straight dissociation
523 from RA1 (chX). The barrier height of 20.35 kcal/mol,
524 calculated from the dissociation limit, is comparable in

525magnitude to 18.45 kcal/mol from RA2. The aldehydes are
526dominant products in pyrolysis of monomers in various
527conditions.22,56,59

528The cinnamyl alcohol was also the major product of the
529CnA pyrolysis in our experiments in 400−900 °C temperature
530range conditions.56

531The barrier height of 20.35 kcal/mol, calculated from the
532dissociation limit, is comparable in magnitude to 18.45 kcal/
533mol from RA2. The aldehydes are dominant products in
534pyrolysis of monomers in various conditions.22,56,59 The
535cinnamaldehyde was also the major product of the CnA
536pyrolysis in our experiments in 400−900 °C temperature range
537conditions.56

538Figure 2 also shows a further decomposition pathway for A1
539via H-transfer of α-hydroxy group to the Cβ radical center of
540RA1 accompanied by Cα−Cβ bond fusion. Surpassing the
541barrier height of 31.51 kcal/mol generates 4-hydroxybenzalde-
542hyde (HOPhHCO, A2) and vinyl alcohol (eq 3).

RA1p CMA OH‐ + →•
543(1)

RA1 RA2 A1HOPhCH(OH)CH CHO ( ) H2→ → + •

544(2)

A1

A2

HOPhCH(OH)CH CHO ( )

HOPhHCO ( ) CH CHOH
2

2→ +  545(3)

546The second isomerization channel (chII) for the energized
547adduct RA1 involves H-transfer of the α-hydroxy group to Cβ

548to form RA3 (eq 4) via a barrier of 31.12 kcal/mol. This
549barrier height is located approximately at the entrance channel
550level (only 3.85 kcal/mol higher), and thus is energetically
551accessible for the energized RA1 adduct.
552The newly generated RA3 radical-intermediate provides a
553further affordable decomposition option (the TSa4 structure
554creates a 9.07 kcal/mol barrier) through Cα-Cβ bond fusion to
555form 4-hydroxybenzaldehyde (A3) and hydroxyethyl radical
556(eq 5). Note that A2 is equivalent to the A3 and A9 structures.
557Further reaction of the generated •CH2−CH2OH radical could
558also lose a H atom to form vinyl alcohol over a 28.41 kcal/mol
559barrier (eq 6). The radical could also undergo a roaming
560dehydration, as suggested by Kamarchik et al.97 relevant to the
561photochemical conditions (eq 7) with a dissociation limit
562barrier height of 19.50 kcal/mol.

RA1 RA3→ 563(4)

RA3 A3HOPhHCO ( ) CH CH OH2 2→ + −•
564(5)

CH CH OH CH CHOH H2 2 2− → +• •
 565(6)

CH CH OH CH C H H O2 2 2 2− → +• •
 566(7)

5673.1.3. Cβ-Addition−Isomerization Reactions. The addition
568of OH-radical to the Cβ-atom of the double bond generates
569RB1 energized adduct (Figure 3) with a well depth of 39.66
570kcal/mol. This is a larger well depth than that for the Cα-
571addition due to the formation of intramolecular H-bonding
572between vicinal OH-groups.
573The isomerization of RB1 radical-adduct (chIII) via H-
574transfer of terminal γ-OH-group to Cα leads to the formation
575of RB3 intermediate via a barrier height of 31.06 kcal mol−1

576(Figure 3). This barrier energy is significantly lower (by 6.12
577kcal/mol) than the 37.18 kcal/mol barrier for the isomer-
578ization to RB2 (chIV) via a H-transfer of β-OH group.
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579 The H-transfer from the two OH-groups of the RA1 to form
580 RA2 and RA3 intermediates (Figure 2) occurs via energy
581 barriers of similar magnitude (31.64 and 31.12 kcal/mol for
582 channels I and II, respectively). H-transfer of the RB1 radical
583 to form RB3 also has a similar barrier height of 31.06 kcal/mol
584 (chIII) while transfer to form RB2 is elevated at 37.18 kcal/
585 mol (chIV). The latter radical formation passes through a
586 constrained four-member ring TSb3 species, and although
587 TSa1 and TSa3 both have similar cyclic TSs, the vicinal OH
588 group provides a more unfavorable pathway. The same is seen
589 with TSb1 (for RB3 formation) where there is a more
590 favorable five-member ring structure, but still not a significant
591 drop in the energy barrier compared to the transition states for
592 RA1 isomerization.
593 The loss of H at O8 to trigger further decomposition of the
594 RB3 intermediate via homolysis of the C8−C9 bond requires
595 34.26 kcal/mol energy and creates HOPhCH2CHO (B3). This
596 RB3 bond homolysis is favored entropicallyit initiates
597 formation of 4-hydroxyphenylacetaldehyde, formaldehyde,
598 and spontaneously regenerates an H atom (eq 8).

RB3 B3HOPhCH CHO ( ) CH O H2 2→ + + •
599 (8)

600 On the other hand, an alternative more affordable pathway
601 to form B3 is via isomerization of RB3 → RB2 where the H-
602 transfer faces only a 16.79 kcal/mol barrier.
603 A secondary barrier of lower energy at 7.40 kcal/mol for
604 further elimination of the key ●CH2OH radical from RB2 and
605 formation of HOPhCH2CHO (B1), as seen in eq 9, can
606 further emphasize the role of this channel. Therefore, a
607 combined channel of RB3 → RB2 → HOPhCH2CHO (B1) +
608

●CH2OH (eq 10) can dominate over direct formation of B3
609 from RB3 (eq 8) with its 34.26 kcal/mol barrier height (note
610 that B1 is an equivalent structure to B3).

RB2 B1HOPhCH CHO ( ) CH OH2 2→ + •
611 (9)

RB3 RB2 B1HOPhCH CHO ( ) CH OH2 2→ → + •

612 (10)

613 Note the formation of important intermediate radical
614

●CH2OH.
615 The product B1 can then undergo two further pathways as
616 seen in Figure 3. One possibility is the loss of ketene leading to
617 formation of phenol (B4) which has a barrier height of 17.97
618 kcal/mol calculated from the dissociation limit (eq 11). The
619 secondary pathway for B1 breakdown involves the terminal
620 loss of carbon monoxide yielding o-cresol (B2) as the cyclic
621 product (eq 12). This barrier is more than four times that of
622 forming ketene and B4 with an energy of 79.74 kcal/mol
623 through TSb4′ which is 59.21 kcal/mol above the entrance
624 channel.

B1 B4HOPhCH CHO ( ) HOPh ( ) CH C O2 2→ +  

625 (11)

B1 B2HOPhCH CHO ( ) HOPhCH ( ) CO2 3→ +626 (12)

627 3.1.4. Dehydration Channels. The presence of two OH-
628 groups in both separated and vicinal 1,3-DR (RA1) and 1,2-
629 DR (RB1) types of radical-adducts provides opportunity for
630 intramolecular isomerization reactions via larger TS-rings (and
631 thus lower energy barriers). An important pathway is
632 dehydration through interaction of two OH-groups. In general,
633 four types of reactions can occur in this regardtwo for each
634 adduct: α/β-OH dissociates and abstracts H atom of the γ-OH

635group, and vice versa, an isolated γ-OH group abstracts an H
636atom from the α/β-OH group. In both types of adducts, the
637elimination of γ-OH and abstraction of the counterpart O-
638bound H atom occurs through a higher energy barrier since it
639produces an unstable product-radical.
640In the case of the RB1-adduct (chVIII, eq 13), such
641dehydration is accompanied by a concomitant intramolecular
642H-shift to stabilize the product HOPhCH●C(O)CH3 (B5),
643which creates a prohibitively high barrier (67.67 kcal/mol,
644Figure 3). The initial rotation of the CC−CC dihedral angle
645and formation of cis-isomer increases the barrier by 2 kcal/mol.

RB1 B5HOPhCH C( O)CH ( ) H O3 2→ +•
 646(13)

647No rearrangement is needed for dehydration of the RA1-
648adduct (chV, eq 14) hence a lower-barrier of 35.89 kcal/mol is
649calculated to form an O-centered intermediate radical A8:
650HOPhCH(O●)CHCH2. The barrier is only 8.62 kcal/mol
651higher (TSa7) than the entrance channel and can likely occur
652in a medium temperature range.

RA1 A8HOPhCH(O )CH CH ( ) H O2 2→ +•
 653(14)

654Decomposition of the HOPhCH(O●)CHCH2 (A8)
655radical intermediate from eq 14 over a 19.68 kcal/mol energy
656barrier forms acrolein and generates para-hydroxy phenyl
657radical HOPh● (eq 15). A competing decomposition reaction
658(eq 16) can also occur, forming 4-hydroxphenylacetaldehyde
659and vinyl radical over a slightly lower energy barrier of 16.75
660kcal/mol.

A8 A7HOPhCH(O )CH CH ( ) HOPh ( )

CH CHCHO
2

2

→

+

• •


 661(15)

A8 A9HOPhCH(O )CH CH ( ) HOPhHCO ( )

CH C H
2

2

→

+

•

•



 662(16)

663The elimination of γ-OH/β-OH-group and abstraction of
664terminal O-bound H atom for RA1 appears to be much more
665feasible−in both cases leading to the same O-centered radical
666A4 product-set (eq 17).
667Direct dehydration of RA1 adduct (eq 17) can occur via a
668unique roaming channel (chVI) initially identified for the
669model OH + AA reaction.88

RA1 A4HOPhCH CHCH O ( ) H O2 2→ +•
 670(17)

671A4 is a key oxygen-centered radical intermediate also
672identified in a previous study55 derived from the reaction of
673H + p-CMA; thus, the notation is preserved here along with
674the A4 notation, for comparisons. Dehydration process (chVI)
675occurs via fairly low-energy transition states TSa5 (Figure 2).
676The barrier height of 25.54 kcal/mol for p-CMA reaction
677(Figure 2) is below the entrance channel (by 1.73 kcal/mol).
678These favorable conditions are due to one of the primary
679roaming TS features of a loose TS structure (cf. Figure.S1).
680The same roaming features attributed to the OH + AA
681reaction are seen here as well.88,93−96 In this case for TSa5, the
682OH bond to the C7-carbon atom is almost broken (distance of
6833.31 Å).
684Transition states for roaming and direct H-abstraction from
685OH + p-CMA are very similar and located close to each other.
686While the imaginary frequency at TSa5 is high (−1525.2
687cm−1) at the ωB97XD-level indicating on the similarity to the
688direct H-abstraction reaction, IRC analysis clearly demon-
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689 strates that the roaming stationary point connects dehydration
690 products with 1,3-diol radical adduct (1,3-DR) as a reagent

f5 691 not the isolated OH + p-CMA (Figure 5). This suggests that
692 the chemically activated 1,3-DR can easily undergo a low-
693 energy roaming dehydration to form the key radical-product
694 A4 (eq 17).
695 It is important to note that more suitable for exploration of
696 VdW-regions DFT methods, such as UB97D3(BJ) functional
697 including D3-version of Grimm’s dispersion correction and
698 Becke−Johnson dumping (recommended in ref 88 for roaming
699 analysis in diol radicals), and even traditional UMP2 ab initio
700 method well reproduce the same saddle point (TSa5) with
701 even more clear roaming features, viz., the typically low
702 imaginary frequency along the minimum energy path (see
703 Figure S1, Supporting Information). See also the supporting
704 materials in ref 88 for a methodological overview on the
705 roaming in the model reaction OH + AA.
706 Note also that reaction 17 is the more affordable channel to
707 form A4 radical than from RB1 through TSb5 or another
708 roaming-like TSb8 (chXIII). These latter barrier heights are
709 44.19 and 40.15 kcal/mol, respectively, which are in excess of
710 14 kcal/mol higher than that through TSa5.
711 Loss of a H atom from Cγ in A4 radical generates
712 HOPhCHCHCHO (A5) as seen in eq 18. From the
713 dissociation limit, the energy barrier is 15.47 kcal/mol with a
714 resulting energy that is 3.14 kcal/mol below the entrance
715 channel.
716 A4 could also generate formaldehyde and HOPhCHC●H
717 (A6) in eq 19, which is 5.44 kcal/mol above the entrance
718 channel through TSa6 with a 25.69 kcal/mol barrier.

A4

A5

HOPhCH CHCH O ( )

HOPhCHCHCHO ( ) H
2

→ +

•

•



719 (18)

A4

A6

HOPhCH CHCH O ( )

HOPhCHC H ( ) CH O
2

2→ +

•

•



720 (19)

721 The dominant formation of p-coumaryl aldehyde and
722 cinnamaldehyde at low temperatures (for CnA as low as 400

723°C56) observed in our experiments56,57 supports low-barrier
724formation of the A4 radical and basically the possibility of the
725roaming channel. The monomer-aldehydes have been major
726products also in experiments by Akazawa on pyrolysis of four
727phenylpropanols, including p-CMA and CnA at 600 °C,59 as
728well as by Kawamoto et al. for coniferyl alcohol, at typical for
729lignin pyrolysis conditions (temperature range 200−400
730°C22).53 Channels suggested by us (primarily roaming) are
731essential for the formation of cinnamaldehyde, since concerted
732dehydrogenation is a high-energy demanding process with an
733activation barrier as high as 79 kcal/mol.56

734Although not explicitly shown in Figure 2, decomposition of
735the A4 radical can also form the same A7 product sets (eq 20)
736as HOPhCH(O●)CHCH2 (A8) (eq 15). Cleavage of the
737C1−C7 bond followed by a hydrogen transfer from C9 to C7
738would generate A7 and acrolein.

A4 A7HOPhCH CHCH O ( ) HOPh ( )

CH CHCHO
2

2

= →

+

• •

 739(20)

740As noted above, two dehydration channels (channels V and
741VI) are also identified for energized RA1 radical-adduct
742involving both hydroxy groups and leading to the conventional
743(TSa7) and roaming (TSa5) pathways, respectively. The
744conventional chV, with a barrier of 35.89 kcal/mol, forms
745HOPhCH(O●)CHCH2 (A8) radical. The tight structure of
746TSa7 (cf. Figure 4) explains why such a conventional
747transition state produces such a high energy barrier of 35.89
748kcal/mol, almost 9 kcal/mol above the entrance channel,
749compared to the barrier for the roaming transition state in
750TSa5 (chVI) with a smaller barrier height of 25.54 kcal/mol.
751This occurrence is analogous to what is shown in the OH + AA
752reaction.88 RA1 dehydration through chV forming A7 can also
753explain the high phenol content in the low-temperature
754products of the p-CMA pyrolysis.55

755Dehydration of RB1 involving two vicinal OH-groups
756(channels VIII and XIII) is not straightforward, which is in
757accordance with AA.88 The roaming transition state for
758dehydration can be difficult to optimize due to the small TS-

Figure 5. Roaming−like dehydration pathway for 1,3-diol radical-adduct of the chemical activation reaction OH + p-CMA via TSa5 (see Scheme 1
and Figure 2).
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759 ring involving vicinal (two neighboring C atoms) OH-groups
760 such as with RB1. The distance of the OH groups in the RB1
761 adduct allows for transition states such as TSa5 easier to
762 locate.
763 It was possible to determine both a conventional (TSb5)
764 and roaming (TSb8) transition state for the formation of the
765 A4 radical and water from the RB1 radical (chXIII and eq 21).
766 As seen in the Figure 3 energy diagram and the structures in
767 Figure 4, the conventional TSb5 has a five-member cyclic ring
768 created from the β-OH group attachment at Cβ and the
769 simultaneous initiation of hydrogen atom transfer from the γ-
770 OH group. This TS produces an energy 4.53 kcal/mol above
771 the entrance channel and a corresponding energy barrier of
772 44.19 kcal/mol for RB1 dehydration. In comparison, the
773 roaming TSb8 structure has a lower energy barrier of 40.15
774 kcal/mol, 0.49 kcal/mol above the entrance channel, from a
775 linear H atom abstraction by the OH radical.

RB1 A4HOPhCH CHCH O ( ) H O2 2→ +•
776 (21)

777 3.1.5. Dehydration Involving Skeletal H-Atoms. Generally,
778 the formation of various isomers of HOPhCH●C(O)CH3

779 (B5) allylic radical could be expected bearing an OH-group
780 located in different side-chain sites depending on the types of
781 OH- and H-moieties are involved. However, the 5-membered
782 ring TS reactions could not be located since the planar allylic
783 moiety prevents such H-transfers (see also ref 42).
784 As also expected, the barriers for reactions involving smaller
785 four-membered TS-rings are high. Water elimination mediated
786 by the terminal OH-group in RB1 radical (1,2-DR) and β-
787 skeletal H atom, indeed, requires 67.67 kcal/mol to form

788HOPhCH●C(O)CH3 (B5) allylic radical, which is 28.0
789kcal/mol higher than the entrance channel (chVIII).
7903.1.6. Formation of Bicyclic Products through Loss of OH-
791Groups and H-Atoms. These reactions involve generating
792bicyclic products including highly reactive epoxide or oxetane.
793The reactive oxygen radical created can then react with a
794radical center on a nearby carbon atom to form a cyclic
795structure. The calculated barriers for these reactions are all
796above 40 kcal/mol.
797As seen in eqs 22 and 23, a strained epoxide, B7, can be
798formed from both RA1 (chXIV) and RB1 (chXII) through β-H
799atom dissociation from the α/β-OH group over barriers of
80040.57 and 52.96 kcal/mol respectfully. The difference is
801energies here is due to the difference in the RA1 and RB1
802relative energies where formation of B7 is 13.30 kcal/mol
803above the entrance channel.

RA1 B7HOPhCH(cycO)CHCH OH ( ) H2→ + •
804(22)

RB1 B7HOPhCH(cycO)CHCH OH ( ) H2→ + •
805(23)

806A second strained epoxide can also be formed from RA1
807over a slightly higher barrier energy of 44.51 kcal/mol (chIX).
808The products formed, eq 24, are HOPhCH(OH)CH(cycO)
809(A10) and H atom where the H atom from the γ-OH of RA1
810is lost leading to ring formation of the oxygen radical bonding
811with the Cβ.

RA1 A10HOPhCH(OH)CH(cycO) ( ) H→ + •
812(24)

813Isomerization and dehydration of RB1 has previously been
814discussed. This radical can also undergo γ-OH radical removal,
815chVII, which involves a larger energy barrier of 51.79 kcal/mol

Scheme 2. Migration of the Terminal γ-OH Group (a) and Migration Followed by Splitting of the γ-OH Group over the ortho-
and ipso-Ring-Centers (b)a

aThe split atoms of the γ-OH moiety are highlighted in red for clarity.
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816 (eq 25). The lengthening of the Cγ−OH bond creates
817 instability for Cγ which can simultaneous be stabilized through
818 cyclization of this carbon atom with the Cα atom. Additional
819 cyclic products can be created through similar stabilizations.

RB1 B8HOPhC(cyc OH) ( ) OH→ − + •
820 (25)

821 As seen in Figure 4, the TSb6 structure is cyclic and more of
822 the “conventional” type of transition state (similar to TSa7
823 previously described). The products formed, HOPhC(cyc−
824 OH) (B8) and OH radical, are 8.21 kcal/mol above the energy
825 of the free reagents. A roaming type TS, as seen with TSa5,
826 was difficult to converge on due to the proximity of the OH-
827 groups and formation of the strained small-size structure of TS.
828 In the RB1 radical, removal of the H atom on the γ-OH
829 group with subsequent bonding to the Cα generates a larger
830 HOPhCH(cycOC)OH (B6) oxetane four-member cyclic
831 structure (eq 26). Although B6 has a larger cyclic ring
832 compared to the epoxide formed in from loss of the same γ-H
833 atom, A10 (eq 24) above, the energy barrier is significantly
834 higher at 52.33 kcal/mol compared to 44.51 kcal/mol.

RB1 B6HOPhCH(cycOC)OH ( ) H→ + •
835 (26)

836 3.2. Some Unimolecular Decomposition Channels for
837 p-CMA. Formation of the Bicyclic Products. The OH-
838 migration and OH-splitting can serve as the unimolecular
839 decomposition channels for p-CMA, with interesting out-
840 comes. Previously, we have theoretically identified several
841 unimolecular decomposition pathways on the ground state
842 PES of the p-CMA and its simpler model CnA (with no
843 phenolic OH present) leading to the experimentally detected
844 set of products in different pyrolysis conditions (conventional
845 pyrolysis for CnA, and fractional pyrolysis for p-CMA).55−57

846 Here we provide results on two addition types of unimolecular
847 decomposition pathways starting from OH-migration and its
848 splitting over the carbon backbone. For consistency, these
849 channels were also calculated at the same B3PW91/6-
850 31+G(2d,p) DFT level of theory as in ref 55.
851 For the CnA, it was established that the calculated molecular
852 pathways are mostly higher-energy demanding processes and
853 can be afforded only at elevated temperatures. However, due to
854 the significant entropy gains from the fragmentation of
855 molecules, such unimolecular decomposition channels can
856 principally account for the formation of some experimentally
857 observed primary products at higher temperatures.
858 Some reaction channels were unique and are being
859 suggested for the first time. They were relevant not only to
860 the biomass degradation processes, but also can represent a
861 more general model, such as for the pathway via a biradical

s2 862 intermediate (Scheme 2).
863 Now we have identified some new reaction pathways
864 triggered by migration of the terminal OH-group, which are
865 also interesting.
866 3.2.1. γ-OH-Migration. The migration of OH-group in free
867 radicals is a known mechanism relevant to the enzymatic121

868 and atmospheric processes,122 as well as for combustion of
869 hydrocarbons.123,124 Such a mechanism was identified in
870 current work relevant to the lignin pyrolysis and thermal
871 decomposition of its models. We have identified four realistic
872 channels (for molecular p-CMA) involving γ-OH migration
873 pathways, illustrated in Scheme 2. Some of these pathways
874 have been identified previously for CnA pyrolysis.56

875 The migration of γ-OH to Cα faces ca. 61 kcal/mol barrier of
876 activation to form 2-HPPh (encircled for clarity). Even though

877these isomerization pathways have similar energy requirements
878when compared to the molecular decomposition and
879homolytic bond cleavage channels, they are less competitive
880due to the significant entropy gain in the latter processes.
8813.2.2. 1,2- and 1,3-Sigmatropic OH-shift. An epoxidation
882occurs after an H-transfer to C9 to form 1-methyl-2-
883hydroxyphenyl-oxirane (Scheme 2). This is in line with the
884hypothesized (particularly, by Brezňy ́ et al.25) formation of the
885oxirane and oxetane units (3- and 4-membered epoxides)
886during the experiments on lignin pyrolysis (see also refs 55 and
88756).
8883.2.3. γ-O−H Bond Splitting over the Ring and Formation
889of Bicyclic Products. These reactions start from the attack
890(more precisely, the migration since they are far from each
891other) of the γ-OH (viz., γ-oxygen atom) group of the side-
892chain either to ipso-C1 or ortho-C2 ring centers followed by
893splitting of the γ-O−H bond over the ring, which results in the
894formation of the bicyclic compounds (second ring-closure via
895splitting of the O−H bond over these two adjacent ring
896centers). The transition state structures are depicted in Scheme
8972b. The barrier for activation for chromene formation is
898substantially higher than that for spiro-cyclization (69.94 kcal/
899mol vs 64.95 kcal/mol, respectively). Such a splitting can be a
900straightforward mechanism for formation of intermediates
901identified in lignin pyrolysis, such as chromene derivatives and
902oxi-spirocyclic compounds.125 Importantly, the oxi-spirocyclic
903moieties have been identified also as lignin structural units.
904Perhaps, those identified on PES p-CMA intermediates can
905also be involved in biocatalytic generation of lignins, to be
906responsible also for various environmental transformations.
907The terminal OH-splitting can serve as a molecular mechanism
908for enzymatic generation of the significant spirocyclic linkages
909in lignin.125 We are not aware of any reports in literature on
910identification of such a mechanism. We confirm it here as of a
911new one with important outcomes.
912Note that formation of the oxiranes and oxetanes has been
913hypothesized for lignin pyrolysis experiments (in particular, by
914Brezňy ́ et al.25)
915In our fractional pyrolysis experiments reported in ref 55, we
916have observed also noticeable amounts of benzofuran (BF)
917derivatives as well as some bis-compounds as stable products.
918Formation of BF can be attributed to the processes initiated by
919H-transfer reactions, if they are to be formed via molecular
920(concerted or bridged by intermediates) mechanisms.
9213.3. Formation of van der Waals (VdW) Complexes.
922Formation of VdW-complexes are optimal situations for OH
923radicals to interact with target species for periods of time
924allowing for H atom abstraction creating a p-CMA radical and
925water. Previously, for OH + AA, we determined that the
926flatness of the PES regions, coupled with these VdW
927complexes, created situations that facilitated roaming dissoci-
928ation.
929Transition states involving hydrogen abstraction from OH
930radical were calculated with relative barrier heights shown in
931 s3Scheme 3.
932Pathways involving abstractions from the OH phenolic
933group and the Cγ atom have negative barriers characteristic of
934scenarios where prereaction complexes are formed. These
935prereaction complexes involve VdW forces which stabilize and
936lower the energies before the reaction takes place. This is
937similar to what was observed in the model AA + OH reaction.
938These two locations also provide the greatest stabilization
939upon H atom abstraction and radical formation seen in −36.23
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940 and −45.64 kcal/mol energy level decreases. These decreases
941 are lower than the well depths seen for RA1 and RB1 radical
942 formation of −27.27 and −39.66 kcal/mol in Figures 2 and 3.
943 Additional abstraction sites at Cα, Cβ, and γ-OH have energy
944 barriers below 1 kcal/mol with energy decreases ranging from
945 12 to 18 kcal/mol upon radical formation. Abstraction directly
946 from the phenol ring at position C3 (or C5) has a 4.65 kcal/
947 mol energy barrier while position C2 (or C6) is 7.64 kcal/mol
948 showing radical formation in the conjugated ring is extremely
949 unfavorable.

4. CONCLUSIONS
950 The hydroxyl-radical-initiated processes are important in
951 pyrolysis of lignin and its fractionated intermediates. p-
952 Coumaryl alcohol (p-CMA) is the simplest lignin precursor
953 and structural model of the lignin end-groups containing a
954 propanoid side-chain and phenolic OH-group, and its thermal
955 decomposition including reactions with OH-radicals can shed
956 a light into the thermolysis mechanisms of the intricate lignin
957 macromolecules; to explain, in particular, the alkylation of
958 monophenols produced during lignin pyrolysis.
959 A detailed PES analysis of the PES for OH + p-CMA
960 reaction system is provided in this paper to study the
961 mechanisms of the OH + p-CMA reactions using various
962 DFT and ab initio protocols.
963 Several OH-addition−elimination (isomerization) channels
964 are explored involving chemically activated (energized)
965 adducts. In particular, various dehydration pathways are
966 identified including the ones via high energy conventional
967 (tight) TS (chV), and its counterpart via the low-energy
968 roaming-like saddle point (chVI) with typical roaming features
969 (loose structures, the energies below the reagents asymptote,
970 etc.). Similarly, two different transition states, roaming and
971 conventional for chXIII were also determined for water
972 elimination from RB1. This allows suggesting a new
973 mechanism for thermal dehydration of energized adduct-
974 radicals during reaction of OH radicals with p-CMA, as it
975 occurs with allyl alcohol as a simplest relevant model of the
976 unsaturated alcohols. These results particularly involve
977 dehydration to aldehydes for certain diols and support the
978 possibility of the roaming-like mechanism in reactions of OH +
979 unsaturated alcohols, similar to what occurs in OH + C2H4

97

980 and OH + AA88 reactions, as well as some larger
981 molecules.99,100 Intriguingly, the 1,3-diol radicals containing
982 separated OH-groups mostly undergo roaming dehydration,
983 which contrasts with the vicinal and geminal diols, which are

984known to be dehydrated also enzymatically121 and in the
985processes in liquids.126

986A number of unimolecular degradation pathways are
987identified for the p-CMA molecule involving the primary
988products formation from bonds homolysis, followed by
989secondary decomposition of products. An intriguing pathway
990is the formation of bicyclic compounds ubiquitous in lignin
991chemistry via attack of the terminal OH-group “all the way
992down” along the carbon backbone to the benzene ring through
993splitting over the ipso- and ortho-carbon atoms of the ring.
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