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ABSTRACT 

Easton, Mckay W. Ph.D., Purdue University, August 2016. Density Functional Theory 

Calculations Complement Mass Spectrometry Experiments in the Investigation of 

Biomass Fast Pyrolysis and Ion-Molecule Reaction Mechanisms. Major Professor: Fabio 

Ribeiro. 

 

 

Biomass fast-pyrolysis, or the rapid heating in the absence of oxygen, is a 

promising method for biomass conversion necessary for a renewable energy economy. 

Although kinetic models of cellulose pyrolysis have existed since the 1970s, current 

models and hypothesized reaction networks fail to explain the product distribution even 

for a simple model compound, the cellulose dimer, cellobiose. A novel approach of using 

mass spectrometry to instantly characterize fast pyrolysis vapors allows for identification 

of initial products to help delineate the reaction pathways that dictate the final product 

distribution of fast pyrolysis of biomass and model compounds. The use of this set-up to 

study fast pyrolysis of glucosaccharide-based compounds, such as cellobiose, 13C-labeled 

cellobiose, cellohexaose, cellotriosan, and cellulose has revealed that the reaction 

pathway of unraveling the reducing end of the polysaccharide by multiple losses of 

glycolaldehyde (or isomer) is competitive with the well-established mechanism of 

levoglucosan production via nucleophilic attack of the hydroxymethylene group at the 

anomeric carbon concerted with glycosidic bond cleavage. Computational investigation 

on the reaction barriers of this reducing end unraveling mechanism in tandem with 
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levoglucosan production and hydrolysis may be able to qualitatively account for the 

observed products of cellobiose pyrolysis. These reaction mechanisms appear to be 

relevant also for fast pyrolysis of hemicellulose model compounds, specifically xylans.
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CHAPTER 1. INTRODUCTION  

The current energy market demands and  steady decline of non-renewable energy 

sources has sparked attention in the field of biofuels.1,2 While cellulosic ethanol has been 

implemented into the current infrastructure by fuel blending, there is promise in obtaining 

higher-energy bio-oil  by  fast-pyrolysis of biomass, followed by downstream upgrading 

via catalytic hydrodeoxygenation.2,3 The H2Bioil process introduced recently in the 

literature2 utilizes pyrolysis with fast heating rates for higher yields of oil and minimal 

char formation versus standard pyrolysis heating rates,4 and has nearly twice the carbon 

recovery potential of cellulosic ethanol production by fermentation, with a theoretical 

carbon efficiency of about 70%. Carbon efficiencies greater than 50% have already been 

achieved.3 Fast-pyrolysis is a process of rapid heating in the absence of oxygen to prevent 

combustion. The final product of biomass fast-pyrolysis is 60-75 wt % condensable 

vapors, 15-25 wt % char, and 10-20 wt % permanent gases.5,6 While fast-pyrolysis is not 

without its challenges,7 a significant advantage of fast-pyrolysis over other  processes 

such as gasification and fermentation is that more of the larger fuel-range compounds 

stay intact rather than decompose into gases or char, making it a worthy subject of 

research. 

Lignocellulosic biomass is a complex mixture of cellulose, lignin, hemicellulose, 

and inorganic material with crystalline and amorphous regimes. The complexity of the 
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structure of biomass is a source of difficulty in understanding the process by which it 

breaks down under pyrolytic conditions. Cellulose is a biopolymer of glucoses bound via 

β(1→4) glycosidic linkages with a degree of polymerization up to 500 and is also the 

most abundant biopolymer, making up between 40% and 60% of the total mass of the 

biomass. The products that are commonly observed upon fast pyrolysis of 

oligosaccharides include sugars (such as glucose), anhydrosaccharides (such as 

cellobiosan and levoglucosan), furans (such as furfural and 5-hydroxymethylfurfural), 

light oxygenates (such as formic and acetic acids, glyceraldehyde, formaldehyde, and 

glycolaldehyde), permanent gases (such as CO and methane), water, and char.6 The 

ability to understand and model the chemistry of fast pyrolysis will assist future 

researchers in their efforts to tailor the product distribution prior to downstream catalytic 

upgrading. 

Although cellulose fast pyrolysis has been considered since the 1970s,8–10 the 

mechanisms that dictate the product distribution are still poorly understood. Early models 

of cellulose pyrolysis employed lumped kinetics and parameters8–14 but using density 

functional theory (DFT) to elucidate elementary reactions has led to significant 

improvement to recent models.15–18 The growth of DFT over the past several decades19 

provides a systematic way to investigate elementary reactions that may take place during 

the fast pyrolysis event. The application of DFT to the mechanistic study of the 

decomposition of smaller glucosaccharides, such as glucose, cellobiose, and cellotriose, 

is more tractable  than the direct study of cellulose but can still provide insights into the 

underlying mechanisms of fast pyrolysis.20,21 



3 

 

3
 

1.1 Research Objectives 

While current models of pyrolysis are a vast improvement from the early days of 

the field, the “brute force” method of incorporating all possible reactions is an exhaustive 

task. It has been my interest to advance the understanding of feasible reaction networks 

that are applicable to biomass pyrolysis by developing and evaluating potential reaction 

mechanisms for model compounds of cellulose, hemicellulose, and lignin. This 

computational work, coupled with mass spectrometric experimental results obtained 

using novel techniques has led to significant findings.  The complementary mix of MS 

experiments and DFT has also been applied to the development of methods for the 

characterization of drug metabolites by ion-molecule reactions. 

1.2 Thesis objectives 

This dissertation can be divided into three general sections: cellulose fast 

pyrolysis mechanisms, hemicellulose fast pyrolysis mechanisms, and ion-molecule 

reactions of trimethoxymethylsilane (TMMS) with protonated drug model compounds. 

CHAPTER 2 provides an introduction to cellulose pyrolysis by comparing the behavior 

of several model compounds, including cellobiose, cellohexaose, and cellotriosan. This 

comparison provides justification for the study of cellobiose to understanding cellulose 

decomposition. The next chapter shows the usefulness of combining experimental and 

computational work by exploring the fast pyrolysis of isotopically labeled cellobiose. A 

large number of reactions and mechanisms are discussed in CHAPTER 4 and CHAPTER 

5, including dehydration, retro-aldol condensation, retro-Diels Alder reaction, glycosidic 

bond cleavage, and hydrolysis. The culmination of this section is presented in CHAPTER 
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5, which proposes a general scheme for cellulose depolymerization. Chapter 6 presents 

computational and experimental results on fast pyrolysis of hemicellulose model 

compounds (xylobiose and xylotriose). Finally, CHAPTER 7 highlights the results 

obtained upon examination of reactions of TMMS with protonated compounds containing 

carboxylic acids, sulfones and other functionalities. 
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CHAPTER 2. MASS SPECTROMETRIC STUDIES OF FAST PYROLYSIS OF 

CELLULOSE  

2.1 Introduction  

Fast pyrolysis (rapid heating in an inert atmosphere) is an attractive alternative for 

the conversion of biomass to fuels or valuable chemicals since it is a relatively simple 

and scalable process.6,15,20,22–26 Most studies on the mechanisms and pathways of fast 

pyrolysis of biomass have focused on fast pyrolysis of cellulose since it is the simplest 

polymer in biomass.6,15,20,22–26 Unfortunately, even for cellulose, the final fast pyrolysis 

products (often referred to as biooil in the literature) are a complex unstable mixture of 

molecules having an oxygen content too high to be used (directly) as a fuel.6,15,20,22–26 

Upgrading this mixture is hindered by its extreme complexity, which arises from 

numerous competing and consecutive reactions both during and after pyrolysis.6,15,20,22–26 

Currently, no agreement exists in the literature on the mechanisms (e.g., radical, ionic, or 

neither) of fast pyrolysis reactions of cellulose, the sequence of these reactions, or the 

identity of the primary products of fast pyrolysis, although anhydro-oligomers in general 

have been proposed as intermediates several times.6,15,20,22–28 As background for the 

computational investigations contained in this thesis, my collaborators have performed 

vital experimental work on cellulose and model compounds. The results from these 

experiments provide empirical evidence for the mechanisms proposed herein. 

With the aim of gaining a deeper understanding of the fast pyrolysis of cellulose, 

which may allow better control over the final products, the primary products of fast 



6 

 

6
 

pyrolysis of cellulose, cellobiose, cellotriose, cellotetraose, cellopentaose, and 

cellohexaose (Figure 2.1), as well as cellobiosan, cellotriosan and cellopentosan, have 

been determined using a previously described mass spectrometry methodology.29 Primary 

products, as considered here, are the very first products to evaporate from the hot surface 

(at 600°C) where pyrolysis occurs. 

 
Figure 2.1. The carbohydrate molecules studied here contain two to six 

glucose units coupled to each other in a linear manner via β(1-4) linkages, 

just as in cellulose. 

The reactor configuration utilized in this work was specifically designed to detect 

the primary products and not to allow them to undergo further reactions.29 It has been 

previously reported that pyrolysis reactor configuration is of critical importance to the 

product distribution of fast pyrolysis of cellulose.6,23,24 Hence, the primary products 

detected here may not be the same detected in a reactor of a different design. The gaseous 

molecules were ionized via atmospheric pressure chemical ionization (APCI) using either 

chloroform in methanol (negative ion mode; Cl- attachment) or ammonium hydroxide in 

water (positive ion mode; NH+4 or proton attachment) in order to ensure that all products 

were ionized and detected.29 Based on previous model compound studies, both methods 

have been found to ionize all major pyrolysis products of cellobiose (some minor 
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products were ionized by only one of the two methods).29 Hence, only the positive ion 

mode results are discussed below. The structures of most of the ions formed from 

cellobiose and cellulose have been examined29,30 previously by using MS2 experiments 

(i.e., by isolating them and subjecting them to collision-activated dissociation (CAD)). 

When necessary, the structures of the fragment ions were examined by isolating them and 

subjecting them to CAD (MS3 experiment).29 Where possible, structures were confirmed 

by analyzing authentic compounds. High resolution mass spectral data needed to 

determine elemental compositions of the ions were collected using a Thermo Scientific 

LQIT/Fourier-transform ion cyclotron resonance mass spectrometer.29 Similar studies 

were carried out in this research by my collaborators for the fast pyrolysis products of 

selectively labeled cellobiose molecules. 

2.2 Experimental Methods  

The pyrolysis method employed here by my collaborators is based on the coupling 

of a very fast-heating (up to 20,000°C s-1) Pyroprobe 5200 (CDS Analytical, Oxford, PA) 

to a Thermo Scientific LTQ linear quadrupole ion trap (LQIT) mass spectrometer 

(Waltham, MA) through a custom-built adaptor.29 The pyrolysis probe uses a resistively-

heated platinum ribbon (2.1 mm x 35 mm x 0.1 mm). The pyrolysis probe was placed 

inside the atmospheric pressure chemical ionization (APCI) source of the linear 

quadrupole ion trap and the ribbon was heated up to 600°C at a rate of 1,000°C s-1. The 

primary products of pyrolysis evaporated into a nitrogen atmosphere at 100°C in the ion 

source and were quenched. The gaseous molecules were ionized via APCI using 

ammonium hydroxide in water (positive ion mode; NH+4 or proton attachment). The 

structures of the ions were examined by CAD in MS2 and MS3 experiments and their 
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elemental compositions were determined by high-resolution measurements by using a 

Thermo Scientific LQIT/Fourier-transform ion cyclotron resonance mass spectrometer. It 

should be noted here that we are currently unable to determine mass balance for this 

pyrolysis experiment. However, quantitation of the pyrolysis products was performed 

using pyrolysis-GC/MS set-up. 

2.3 Results and Discussion  

The primary products of fast pyrolysis of cellobiose, the simplest compound 

studied, are shown in Figure 2.2 (top).29,30 The relative abundances of the ions reflect the 

relative abundances of the products that produced them, as verified earlier by using 

authentic compounds.29 Only ten major products were observed (with an abundance of at 

least 10% compared to the most abundant product) and they are consistent with those 

recently reported in the literature.29,30 The unambiguously identified products include 

hydroxymethylfurfural (protonated molecule; m/z 127), levoglucosan (NH4
+ adduct; m/z 

180), glucose (NH4
+

 adduct; m/z 198), glucopyranosyl-β-glycolaldehyde (NH4
+ adduct; 

m/z 240; note that this product is formed30 by loss of two glycolaldehyde units (or 

isomers) from cellobiose), and cellobiosan (NH4
+ adduct; m/z 342).29 Based on our 

preliminary computational studies, formation of cellobiosan has the lowest energy barrier 

of these reactions.30 Two levoglucosan isomers were generated: one that forms an NH4
+ 

adduct (m/z 180) like the authentic compound and one that does not (protonated 

molecule; m/z 163).29,30 This finding is in agreement with an earlier report wherein the 

structure (anhydroglucofuranose) was proposed for the second isomer.31 It is also 

noteworthy that levoglucosan is not the major primary product of fast pyrolysis although 

it is a major final product.15,22,24,25 In prior reports that utilized on-stream fast pyrolysis-
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GC/MS, the largest molecules that were observed for cellulose (and oligosaccharide) 

pyrolysis were levoglucosan and its isomers.15,25 This may be explained by the high final 

temperature of about 300°C typically used in GC analysis, which opens the possibility for 

secondary reactions of larger primary products. Further, the pyrolysis-MS reactor 

discussed here achieves both pyrolysis and downstream analysis in as little as 125 + 57 

ms whereas a pyrolysis-GC/MS reactor requires from 2 up to 30 minutes, depending on 

the elution times of the products. 

 
Figure 2.2. Positive ion mode mass spectra showing the ionized primary 

products of the fast pyrolysis of cellobiose (top) and cellohexaose (bottom) 

ionized by APCI with ammonium hydroxide. The ions whose relative 

abundances differ the most are indicated with dotted lines. Two isomers of 

levoglucosan were observed, levoglucosan itself (ion of m/z 180) and another 

isomer (ion of m/z 163). All the structures shown for cellobiose have been 

identified29 by CAD mass spectral comparison using authentic compounds. 

All the major products observed upon fast pyrolysis of cellobiose were also 

observed for cellotriose, cellotetraose, cellopentaose, cellohexaose, and even cellulose, 

albeit with different relative abundances. Specifically, the abundances of glucopyranosyl-

β-glycolaldehyde (m/z 240; dominant product for cellobiose formed via loss of two 

glycolaldehyde molecules (or isomers)), glucose (m/z 198), cellobiose that has lost a 
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glycolaldehyde molecule (or isomer; m/z 300), and cellobiose that has lost both a 

glycolaldehyde molecule (or isomer) and a water molecule (m/z 282), decrease 

systematically proceeding from the dimer to trimer, tetramer, pentamer, hexamer and 

cellulose. For example, Figure 2.2 shows a comparison of the primary products of fast 

pyrolysis of cellobiose (top) and cellohexaose (bottom). It is obvious that the four 

products listed above (highlighted with dotted lines in Figure 2.2) have substantially 

lower abundances for cellohexaose than for cellobiose. For cellulose, their abundances 

are even lower, as shown in Figure 2.3 (bottom). These findings suggest that the four 

products described above are somehow associated with the terminal glucose units 

because the ratio of the terminal units to the total number of glucose units decreases as 

the size of the oligomer increases. Indeed, the end-group-to-monomer ratio has been 

reported to be a vital descriptor of cellulose pyrolysis chemistry.20,26 

In addition to the products observed for cellobiose, the oligomers studied 

generated two larger products: a molecule likely to be cellobiopyranosyl-β-

glycolaldehyde (NH4
+ adduct; m/z 402) and cellotriosan (NH4

+
 adduct; m/z 504; verified 

by comparison of its CAD mass spectrum to an authentic sample). Cellulose also 

produced a very small amount of cellotetrosan (NH4
+ adduct; m/z 666; verified by 

comparison of its CAD mass spectrum to an authentic sample; Figure 2.3, bottom). 

Hence, cellotriosan appears to be the largest product with a significant abundance that is 

able to efficiently escape the hot pyrolysis surface for cellotriose and the larger 

oligosaccharides as well as cellulose during fast pyrolysis at 600°C. 
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Figure 2.3. Positive ion mode mass spectra showing the primary products of 

the fast pyrolysis of cellotriosan (top) and cellulose (bottom) ionized by 

APCI with ammonium hydroxide. Some of the ions having the same m/z 

ratio are indicated with a dotted line. 

Inspired by above observations, fast pyrolysis of cellotriosan was also performed. 

Cellobiosan dominates this product distribution. However, all major products observed 

for cellobiose and the oligomers were also observed, with the following exceptions: 

glucose (m/z 198), glucopyranosyl-β-glycolaldehyde (m/z 240), the product 

corresponding to cellobiose that has lost a glycolaldehyde molecule (or isomer; m/z 300) 

and the product corresponding to cellobiose that has lost both a glycolaldehyde (or 

isomer) and a water molecule (m/z 282). These are the four products mentioned above to 

be somehow associated with the terminal glucose units. Since the reducing end in 

cellotriosan has been modified compared to cellotriose, and cellotriose yields these four 

products but cellotriosan does not, the formation of these four products is likely to 

depend on the presence of the reducing end in cellotriose. The same is true for 

cellobiosan (Figure 2.4) except that no ions larger than m/z 342 (ionized cellobiosan) 

were observed. The mechanisms of these fragmentations are currently being investigated 

using quantum chemical calculations. The most surprising finding made in this study is 
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that the fast pyrolysis product distribution of cellotriosan (and cellopentosan) is nearly 

identical to that of cellulose (Figure 2.3). The most significant differences are the 

formation of glucopyranosyl-β-glycolaldehyde (m/z 240) and cellobiopyranosyl-β-

glycolaldehyde (m/z 402) for cellulose but not for cellotriosan (or cellopentosan).These 

two products correspond to cellotriose that has lost two glycolaldehyde molecules (or 

isomers) (m/z 402) and cellobiose that has undergone the same losses (m/z 240). These 

findings suggest that the fast pyrolysis of cellulose may be initiated predominantly via 

two competing processes—formation of anhydro-oligosaccharides, such as cellobiosan, 

cellotriosan and cellopentosan (major route), and elimination of glycolaldehyde (or 

isomeric) units from the reducing end of oligosaccharides formed from cellulose during 

fast pyrolysis (minor route leading to products of m/z 240 and 402; Figure 2.5). 

 
Figure 2.4. A positive ion mode mass spectrum showing the primary products 

of the fast pyrolysis of cellobiosan (m/z 342) ionized by APCI with 

ammonium hydroxide. The ions of m/z 85, 127, 145, 163, 180, and 195 are 

also formed for cellotriosan, cellopentosan and cellulose. The ion of m/z 324 

results from the loss of H2O from the ion of m/z 342. 

2.4 Conclusions 

The above results suggest that molecules larger than cellotriosan are not able to 

efficiently leave the heated surface during fast pyrolysis of oligosaccharides at 600°C. 

Instead, they undergo further degradation on the hot surface. The observation of very 

similar primary product distributions for fast pyrolysis of cellotriosan and cellulose 
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suggests that cellotriosan presents an excellent small-molecule surrogate for cellulose, 

and it should be a much better choice than glucose, which has been considered 

previously.20,26 

Based on the primary products observed for cellotriosan and cellulose, fast 

pyrolysis of cellulose under the conditions used here may be initiated predominantly via 

two competing pathways. One involves the formation of small anhydro-oligosaccharides 

(but not predominantly levoglucosan, as suggested in the literature15,20,22,24–26) that either 

evaporate from the hot pyroprobe surface or degrade to yield most of the other primary 

products (major pathway). The other involves elimination of glycolaldehyde (or 

isomeric) molecules from the reducing end of small oligosaccharides formed from 

cellulose during pyrolysis upon addition of water to yield volatile cellobiopyranosyl-β-

glycolaldehyde and glucopyranosyl-β-glycolaldehyde molecules (ions of m/z 240 and 

402; Figure 2.5). Reactions of the primary products of fast pyrolysis are currently under 

investigation in order to understand better how the final fast pyrolysis products are 

formed. These reactions may explain why levoglucosan is a major final fast pyrolysis 

product but not a major primary product. 
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Figure 2.5. A simple schematic of the major fast pyrolysis pathways proposed 

for oligosaccharides formed from cellulose during fast pyrolysis upon 

addition of water. The cleavages indicated in red are thought to occur in the 

middle of a cellulose chain. The cleavages indicated in blue and green likely 

occur only at the reducing terminals, which for long chains of cellulose 

represent a small overall fraction of the total units. Hence, they are minor 

pathways.
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CHAPTER 3. FAST PYROLYSIS OF 13C-LABELED CELLOBIOSES: GAINING 

INSIGHTS INTO THE MECHANISMS OF FAST PYROLYSIS OF 

CARBOHYDRATES 

3.1 Introduction 

As stated above, fast pyrolysis is an efficient method for converting biomass to a low 

energy-density liquid (bio-oil) that can be further upgraded for use as fuel.5 Optimization 

of fast pyrolysis to maximize the yields of compounds containing six or more carbons, 

which represent some of the most valuable potential end products, requires detailed 

knowledge of the dominant pyrolysis reactions.7 However, the pathways and mechanisms 

(e.g., stepwise radical or ionic or concerted) of fast pyrolysis reactions are still largely 

unknown even for cellulose, the simplest component of biomass, as well as for analogous 

di- and oligosaccharides.7,25 The goal of this study was to explore these mechanisms by 

using selective 13C-isotope labeling since this has not been performed previously. 

The inherent capability of mass spectrometers to separate ions that differ in their 

mass-to-charge ratios (such as those with and without a 13C label) makes the combination 

of this technique with fast pyrolysis of selectively labeled carbohydrates a powerful 

approach for mechanistic studies. The experimental results obtained30 by my 

collaborators upon examination of the initial fast-pyrolysis products of unlabeled 

cellobiose (a glucose dimer with the same linkage as in cellulose; see Figure 3.1) and four 

selectively 13C-labeled cellobioses by tandem mass spectrometry are presented here as a 
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background for my computational studies. It should be noted that “initial" products are 

defined here as the products that first leave the heated surface of the fast-pyrolysis probe.  

 
Figure 3.1. Positive ion-mode mass spectra showing the ionized initial fast-

pyrolysis products (either as ammonium adducts or protonated molecules) of 

(a) glucopyranosyl[1-13C]glucose and (b) unlabeled cellobiose ionized by 

APCI with ammonium hydroxide dopant. The structures of the intact 

molecules are shown at the far right in each spectrum. The products that are 
13C-labeled in the top spectrum are connected with red dotted lines to the 

corresponding unlabeled products in the lower spectrum. 

3.2 Methods 

The pyrolysis/tandem mass spectrometry technique utilized here has been 

described in detail in the literature.29 It combines a pyrolysis probe that can be heated 

very fast (up to 20 000°C s-1) with a Thermo Scientific linear quadrupole ion trap (LQIT) 

mass spectrometer. This technique was used to study the initial fast-pyrolysis products of 

cellobiose and four selectively 13C-labeled cellobioses: commercially available [1-

13C]glucopyranosylglucose and glucopyranosyl[1-13C]glucose (Omicron Biochemicals, 

South Bend, IN) as well as glucopyranosyl[3-13C]glucose and glucopyranosyl[5-

13C]glucose (synthesized according to literature procedures).32,33 The pyrolysis probe uses 
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a resistively heated at platinum ribbon (2.1 mm x 35 mm x 0.1 mm), which was placed 

inside the atmospheric-pressure chemical ionization (APCI) source of the LQIT. The 

ribbon was heated to 600°C at a rate of 1000°C s-1. The initial products of pyrolysis 

evaporated from the heated surface into a nitrogen atmosphere at 100°C (at atmospheric 

pressure) in the ion source and were quenched. It should be noted that this approach is 

very different from that used in laboratory pyrolysis reactors, since laboratory pyrolysis 

reactors generally utilize heated surfaces in combination with heated gaseous 

environments. A soft ionization method, APCI with ammonium hydroxide dopant, was 

utilized to ionize the products since this method typically generates29 only one ion (either 

the NH4
+

 adduct or the protonated molecule) without fragmentation for each product 

molecule of the type of interest here. The reactor and analysis suites were designed to 

prevent fragmentation of the pyrolysis products. Mass balances cannot be obtained using 

this new methodology; however, relative abundances of the products were determined, 

and much larger pyrolysis products were detected than reported previously.6,20,29 Each 

reported mass spectrum is a result of a weighted average (based on total ion current) of 

the individual mass spectra measured during pyrolysis. No significant changes were 

detected in the product distribution during cellobiose pyrolysis; in other words, the 

relative abundances were constant during pyrolysis. 

The structures of most of the ions were examined by using MS2 experiments (i.e., 

by isolating them and subjecting them to collision-activated dissociation (CAD)). When 

necessary, the structures of the fragment ions were examined by isolating them and 

subjecting them to further CAD (MS3 experiment). High-resolution data needed to 

determine the elemental compositions of the ions were collected using an LQIT/Fourier-
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transform ion cyclotron resonance mass spectrometer coupled with the pyrolysis probe as 

described above. 

Geometry optimizations and energy calculations were performed by the 

Gaussian0934 program on 12-core AMD Opteron 6176 processors at the M06-2X/6-

311++G(d,p)35,36 level of theory. Gibb’s free energies were calculated using statistical 

mechanics assuming an ideal gas with vibrational temperatures computed from a full 

Hessian calculation. Transition states possess exactly one negative eigenvalue while 

minima possess all positive eigenvalues for the Hessian. 

3.3 Results and Discussion 

The ionized initial fast pyrolysis products of unlabeled cellobiose are shown in 

Figure 3.1b, and they are in agreement with those reported previously.29 As discussed 

above, the identified products include hydroxymethylfurfural (protonated molecule of 

m/z 127), levoglucosan (NH4
+

 adduct of m/z 180 and a protonated molecule of m/z 163), 

glucose (NH4
+

 adduct of m/z 198), and β-ᴅ-glucopyranosylglycolaldehyde (NH4
+ adduct 

of m/z 240). β-ᴅ-Glucopyranosylglycolaldehyde is likely formed upon the loss of two 

glycolaldehyde (or isomeric) molecules from cellobiose upon fast pyrolysis. On the other 

hand, the pyrolysis product generating ions of m/z 300 (NH4
+

 adduct) is formed via the 

loss of a single glycolaldehyde (or isomeric) molecule from cellobiose, and the product 

generating ions of m/z 282 (NH4
+

 adduct) is formed via the loss of glycolaldehyde (or 

isomeric) molecule and water from cellobiose. Evidence in support of these products 

being initial products instead of secondary products was obtained from the previously 

determined structure of the β-ᴅ-glucopyranosylglycolaldehyde product.29 The glycosidic 

bond (i.e., the C-O bond at the oxygen atom on the carbon adjacent to the ring oxygen) in 
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this pyrolysis product is still in the same position and has the same stereochemistry (β-1) 

as in cellobiose. If β-ᴅ-glucopyranosyl-glycolaldehyde were not an initial product but 

instead the result of recombination of smaller initial products, one would expect a 

mixture of linkage positions and stereochemistry. These larger products (>162 Da) are 

typically not seen with pyrolysis/GC-MS methodologies because of their thermal 

instability and low volatility, which may at least partially explain the incomplete mass 

balance of previous oligosaccharide pyrolysis studies.6,20 The results presented here are in 

agreement with recent mechanistic studies suggesting that glycolaldehyde may form 

directly from cellobiose (or a longer glucosaccharide) rather than through a glucose 

intermediate.37–39 

The ionized initial fast-pyrolysis products of glucopyranosyl-[1-13C]glucose (with 

the label at the reducing end or the end containing a free hydroxyl group on the carbon 

adjacent to the ring oxygen) are shown in the mass spectrum in Figure 3.1a. Comparison 

of these products to those produced from unlabeled cellobiose (Figure 3.1b) revealed that 

only one product is partially 13C-labeled (levoglucosan, NH4
+

 adducts of m/z 180 and 

181), while all of the others are either completely labeled or do not contain the label at 

all. Specifically, cellobiosan (NH4
+

 adduct of m/z 343) and the product formed via loss of 

water from cellobiosan (NH4
+

 adduct of m/z 325) are completely 13C-labeled, as 

expected, while all of the other products are unlabeled (Figure 3.1a). For example, 

glucose, β-ᴅ-glucopyranosylglycolaldehyde and β-ᴅ-glucopyranosylerythrose contain 

intact rings that originate exclusively from the non-reducing end since they have no label. 

The formation of glucose from the non-reducing end of cellobiose must occur via 

scission of the aglyconic bond (i.e., the other C-O bond of the oxygen atom involved in 
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the glycosidic linkage) rather than the glycosidic bond as previously proposed.25,40 In the 

literature, the only mechanisms that explain formation of glucose involve glycosidic bond 

cleavage and thermohydrolysis, which form glucose either from the reducing end only or 

from the reducing and non-reducing ends in equal amounts, respectively.15,25,41 On the 

contrary, the present results indicate that the formation of glucose occurs exclusively 

from the non-reducing end of cellobiose (within the detection limits of our pyrolysis/MS 

experiment). This observation suggests that there is at least one additional glucose 

formation pathway that has not been proposed in the literature. Work is underway to 

explore alternate reaction pathways that explain formation of glucose from the non-

reducing end. 

The results also demonstrate that the first glycolaldehyde (or isomeric) molecule 

eliminated from cellobiose upon pyrolysis contains the 13C label (NH4
+ adduct of m/z 

300); this process must involve the loss of 13C-1 and most likely C-2 of the reducing end 

of cellobiose. Identification of the origin of the initially eliminated glycolaldehyde on the 

basis of carbon labeling indicates that certain mechanisms may be more feasible than 

others. For example, the retro-aldol mechanism considered here and elsewhere results in 

the elimination of glycolaldehyde from the C-1 and C-2 positions.15,41 On the other hand, 

1,2-dehydration followed by retro-Diels-Alder reaction would result in elimination of 

glycolaldehyde from the C-5 and C-6 positions.  

Levoglucosan must be formed via at least two pathways since two different ions 

(NH4
+

 adducts of m/z 180 and 181, corresponding to ammoniated molecules with and 

without the 13C label) are produced. Hence, levoglucosan is likely formed from both the 

reducing and non-reducing ends of cellobiose. The ionized initial fast-pyrolysis products 
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of another labeled cellobiose, [1-13C]glucopyranosylglucose, with a 13C label in the non-

reducing end, are shown in the mass spectrum in Figure 3.2a. Comparison of these 

products to those obtained for unlabeled cellobiose revealed that all of the ionized 

products with m/z values greater than 180 contain the 13C label. These results support the 

above conclusion that glucose is produced exclusively from the non-reducing end of 

cellobiose. Further, both labeled and unlabeled levoglucosan were observed, in 

agreement with the above proposal that more than one mechanism must lead to 

levoglucosan and that it is likely to be formed from both the reducing and non-reducing 

ends. Finally, the results show that the first two glycolaldehyde (or isomeric) molecules 

eliminated from cellobiose come from the reducing end. 

 
Figure 3.2. Positive ion-mode mass spectra showing the ionized initial fast-

pyrolysis products (either as ammonium adducts or protonated molecules) of 

(a) [1-13C]glucopyranosylglucose and (b) glucopyranosyl[3-13C]glucose 

ionized by APCI with ammonium hydroxide dopant. The structures of the 

intact molecules are shown at the far right in each spectrum. The only 

product that is labeled in the top spectrum but unlabeled in the bottom 

spectrum is glucose, as indicated by a red dotted line. The ion labeled with * 

corresponds to an unknown impurity. 
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In order to explore the mechanism for the elimination of the second 

glycolaldehyde (or isomeric) molecule from the reducing end of cellobiose (to yield the 

NH4
+

 adduct of m/z 240 for the unlabeled cellobiose), a third 13C-labeled cellobiose, 

glucopyranosyl[3-13C]glucose, was synthesized. The ionized initial fast-pyrolysis 

products of this compound are shown in the mass spectrum in Figure 3.2b. The presence 

of a major ion of m/z 301 (containing 13C) supports the above finding that the first 

glycolaldehyde (or isomeric) molecule eliminated from cellobiose upon pyrolysis 

contains C-1 and C-2 of the reducing end (i.e., to form the ion of m/z 301). Furthermore, 

since elimination of the second glycolaldehyde (or isomeric) molecule yields an ion of 

m/z 241 (containing 13C), this glycolaldehyde unit must contain C-5 and C-6 of the 

reducing end. Examination of a fourth 13C-labeled compound, glucopyranosyl[5-

13C]glucose, confirmed all of the above conclusions. In particular, the elimination of C-5 

of the reducing end in the second eliminated glycolaldehyde (or isomeric) molecule was 

verified by the observation of β-ᴅ-glucopyranosylglycolaldehyde with no 13C. 

My contribution to this research, quantum chemical calculations34 at the M06-

2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory36,35 revealed a low-energy 

pathway (at 25°C and 600°C) for the consecutive elimination of one glycolaldehyde and 

two isomeric ethenediol molecules from cellobiose, eventually producing levoglucosan 

(Figure 3.3) (it is well-known that ethenediol converts readily into its tautomer 

glycolaldehyde; therefore, β-ᴅ-glucopyranosylethenediol was assumed to readily 

tautomerize to β-ᴅ-glucopyranosylglycolaldehyde). This pathway is consistent with the 

13C-labeling results described above. Work to identify additional pathways leading to 

levoglucosan and the other observed products is in progress. 
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3.4 Conclusions 

In conclusion, identification of the initial fast-pyrolysis products of selectively 

13C-labeled cellobioses using a previously reported29 experimental method has been 

demonstrated by my collaborators to be a powerful approach for exploring the details of 

the initial reactions in the fast pyrolysis of cellobiose. Several products that are likely to 

be produced by consecutive glycolaldehyde (or isomer) eliminations from the reducing 

end of cellobiose, including levoglucosan, were observed. Literature mechanisms 

proposed for the fast pyrolysis of cellobiose are not consistent with the results reported 

here.25 Quantum chemical calculations revealed a feasible low-energy pathway for some 

of the products observed. Since many of the initial products have molecular weights 

greater than those of the final pyrolysis products reported for cellobiose in the 

literature,6,20 these initial products may be intermediates in the formation of the final 

products, which include light oxygenated hydrocarbons.  

Minimization of the production of low-molecular-weight oxygenated 

hydrocarbons is an important goal for fast pyrolysis of cellulose in order to maximize the 

production of fuel and high-value chemical products. Knowledge of the fragmentation 

pathways occurring during fast pyrolysis of smaller carbohydrates will contribute to the 

knowledge of fast pyrolysis of cellulose and ultimately fast pyrolysis of whole biomass, 

possibly enabling the tailoring of the product distribution obtained upon fast pyrolysis of 

whole biomass. 
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Figure 3.3. Calculated free energies (kcal mol-1) of intermediates and 

transition states (square brackets) for the formation of levoglucosan from 

cellobiose via consecutive losses of one glycolaldehyde (GA) and two 

ethenediol (EDL) molecules (which are likely to eventually tautomerize to 

glycolaldehyde) at 25°C (top pathway) and 600°C (bottom pathway) obtained 

at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory. The 

location of a 13C label at C-1 in the reducing end is indicated by a red circle, 

at C-3 by a blue circle, and at C-5 by a green circle. The mass-to-charge 

(m/z) ratios are for unlabeled cellobiose. 
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CHAPTER 4. DEHYDRATION PATHWAYS FOR GLUCOSE AND CELLOBIOSE 

DURING FAST PYROLYSIS 

4.1 Introduction  

As stated previously, Cellulose is the most abundant biopolymer in biomass, 

making up between 40% and 60% of the total biomass, depending on the feedstock.5,42 

While early mechanistic models of cellulose depolymerization during pyrolysis used 

lumped kinetic parameters and unknown “active cellulose” intermediates,9 current kinetic 

models have been developed to utilize an understanding of the elementary reactions that 

may occur during pyrolysis.15 The specific mechanisms of cellulose fast pyrolysis, 

including elementary reactions, are under active debate.25,27,43,44 For computational 

studies on thermal degradation of cellulose, both glucose and cellobiose have been used 

as model compounds. In recent experiments, glucose and cellobiose were considered 

constituents of the “active cellulose” intermediate of cellulose pyrolysis, which is likely 

to undergo dehydration.45 Water accounts for 41 wt% of the pyrolysis products of 

glucose,6 24 wt% of cellobiose pyrolysis products,6 and up to ~40 wt% of the products of 

cellulose pyrolysis,3,6,37 indicating that dehydration must occur. 

Several water loss mechanisms for glucosaccharides have been reported in the 

literature, including 1,2-dehydration,15,37,45–47 Pinacol rearrangement,37 “Tandem Alkaline 

Pinacol Rearrangement/Retro Aldol Fragmentation” (TAPRRAF),39 cyclic Grob 

fragmentation (CGF),37,39 and generalized alcohol condensation. These mechanisms have 
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been used to explain the cleavage of C-C and C-O bonds that leads to fragments such as 

formic acid, formaldehyde, glycolaldehyde, and erythrose, as well as many other 

oxygenated hydrocarbons upon fast pyrolysis. Formation of some of these products has 

also been explained by a retro-aldol condensation mechanism48 and a retro-ene 

mechanism.39 Some mechanisms, such as retro-Diels-Alder, have not been thoroughly 

explored computationally. Cellotriose has been the focus of some computational studies 

with the focus on Pinacol ring cleavage, dehydration and retro-Diels-Alder 

mechanisms.49 Some computational work has been performed on selected reactions of 

cellobiose,25,30,44,50,51 but a comprehensive survey on the dehydration and retro-Diels-

Alder decomposition of cellobiose is notably absent in the literature. In this thesis, 

Maccoll elimination,52 Pinacol rearrangement,53 cyclic Grob fragmentation, condensation 

cyclization, retro-aldol condensation, and retro-Diels-Alder reactions of glucose and 

cellobiose are reported and compared. 

4.2 Computational Methods 

Conformational analysis was accomplished with the MacroModel program as part 

of the Schrödinger software package54 using MCMM55 torsional sampling with the 

MMFF94s force field.56 DFT calculations were performed on 12-core AMD Opteron 

6176 processors with the Gaussian09 program.34 The labeling of the atoms in cellobiose 

and the dihedral angles along the glycosidic linkage (shown in Figure 4.1) are according 

to convention.  
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Figure 4.1. Numbering scheme for cellobiose. Atoms on non-reducing end 

indicated by primed numbers.  

It is important to select the most appropriate conformation of cellobiose for 

calculations since pyrolysis is an inherently multi-phase process7 and cellobiose can 

adopt different conformations depending on its state. Crystallographic data on solid 

cellobiose57 indicates that in the solid state, the molecule is in the syn-form, the 

hydroxymethylene groups being on opposite sides of the rings relative to each other, 

which is the conformation most closely resembling the crystalline cellulose form Iα as 

present in native plant matter.5,58 On the other hand, previous work25,59 has shown that the 

energetically most favorable conformation of cellobiose in the gas phase is the anti-form, 

where the hydroxymethylene groups are cis to each other. A conformational change of 

the crystal structure may occur when the particles enter the melt phase of pyrolysis.60,61 

However, liquid phase simulations with the SMD solvation model indicate that the 

crystal-like syn-conformation is lower in energy than the gas-phase conformation in the 

liquid phase.62 Furthermore, conformational changes in cellulose become increasingly 

more difficult as the number of neighboring cellulose chains increases due to 

intermolecular interactions.63 Since the goal of this research was to accurately model 
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native cellulose, the syn-conformation of cellobiose was selected as the starting point for 

calculations.  

B3LYP64–67 has often been used in literature since it can accurately predict 

molecular structure,68 but it has a tendency to underestimate the energies of transition 

structures.69,70 M06-2X is among the best functionals for calculating barrier heights, 

particularly for unimolecular reactions and hydrogen atom transfer reactions.35 M06-2X 

has been shown to accurately replicate results obtained using MP4(SDQ) and has been 

used extensively in literature for studying sugar chemistry.25 The chosen basis set is 6-

311++G(d,p) as suggested in literature.71 All geometry optimizations were followed by a 

full Hessian calculation to guarantee that the minima had all positive eigenvalues and the 

transition states had exactly one negative eigenvalue. Intrinsic reaction coordinate 

calculations confirmed that the appropriate reactants and products were associated with 

each transition state. Thermal corrections for internal energy, enthalpy, and Gibb’s free 

energy were calculated using statistical mechanics, assuming an ideal gas and using the 

harmonic oscillator approximation.  

4.3 Results and Discussion 

4.3.1 Maccoll Elimination and Dehydration 

Maccoll elimination involves cleavage of a C-O bond with a concerted hydrogen 

atom transfer from a β-carbon to the oxygen atom to form a C-C double bond and 

eliminate either H2O or another compound with a new hydroxyl functionality.52,72 When 

referring to a Maccoll elimination, two numbers will be used to describe the carbon sites 

that break a C-O bond and a C-H bond, respectively (see Figure 4.2). Glucose can 
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undergo Maccoll elimination via eight different reactions while cellobiose has 16 

possible reactions (see Figure 4.3 and Figure 4.4). Each of the Maccoll eliminations of 

glucose (or cellobiose) leads to an alkene, one (two) of which is (are) terminal alkenes 

and 7 (14) of which are cyclic alkenes that can undergo a retro-Diels Alder reaction. See 

Table 4.1 for calculated reaction barriers and overall changes in Gibb’s free energy at 

room temperature and at the pyrolysis temperature (600 oC). 

 

Figure 4.2. An example mechanism of Maccoll elimination for glucose, 

depicting GLC32Mac (3 indicates the carbon site where the C-O bond is 

broken; 2 indicates the carbon site where the C-H bond is broken).  

Table 4.1. Transition state and reaction Gibb’s free energies in kcal/mol for 

Maccoll eliminations of glucose calculated for 298.15 K and 873.15 K  at the 

M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of  theory. 

Reaction 
298.15 K 873.15 K 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

GLC12Mac 69.4 5.72 65.9 -17.9 

GLC21Mac 81.9 -0.75 80.4 -25.3 

GLC23Mac 74.6 1.12 72.3 -22.6 

GLC32Mac 77.4 4.52 73.6 -20.1 

GLC34Mac 75.9 4.40 74.3 -20.7 

GLC43Mac 75.5 -2.46 73.8 -25.7 

GLC45Mac 78.1 1.27 75.0 -23.3 

GLC65Mac 71.6 1.16 70.1 -22.2 
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The lowest Maccoll elimination barrier for glucose is 65.9 kcal/mol calculated for 

GLC12Mac (see Table 4.1 and Figure 4.3), which involves a loss of a hydroxyl group 

from C1 and a loss of a hydrogen atom from C2. The product from this reaction is 

anhydrous glucose with a double bond between carbons C1 and C2 (Figure 4.3),  which 

may be an intermediate to levoglucosan formation via attack of the  hydroxymethylene 

group at the anomeric carbon.50 The reaction with the largest barrier is GLC21Mac, 

where the hydroxyl group is lost from C2 while the hydrogen atom is lost from C1. The 

anomeric carbon (C1) has more positive charge than the other carbon atoms since it is 

attached to two electron-withdrawing oxygen atoms,37,73 which may explain why the 

transition state energy for removing the OH group from C1 (reaction GLC12Mac) is 14.5 

kcal/mol lower than the transition state energy for removing the hydrogen atom from C1 

(reaction GLC21Mac).   

Seven of the eight Maccoll elimination reactions for glucose result in a cyclic 

alkene. The GLC65Mac reaction is unique because it forms a terminal alkene at the C5 

position. It has the second lowest barrier at 70.1 kcal/mol. The remaining Maccoll 

elimination reactions involve the loss of an exocyclic hydroxyl group at C2, C3, or C4. 

The barrier heights for these five reactions are within 2.7 kcal/mol of each other, 

suggesting that each of these reactions is equally competitive.  

Comparison of the Maccoll eliminations for glucose and cellobiose reveal some 

similarities in the trends for the barrier heights of analogous water loss reactions (see 

Figure 4.4 and Table 4.2). The lowest barriers for cellobiose involve the removal of an 

oxygen from the anomeric carbon, just like for glucose, slightly favoring the breakage of  
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Figure 4.3. All eight possible Maccoll eliminations of β-ᴅ-glucopyranose. 

The numbers near the arrows indicate barrier heights (Gibb’s free energy) in 

kcal/mol calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) 

level of theory at 873.15 K. The reaction codes indicate the reactant 

(GLC=glucose), the respective carbon sites from which OH and H are lost 

during dehydration, and the reaction type (Mac=Maccoll).  

the C-O bond in the non-reducing end over the reducing end of cellobiose. It is important 

to note that in the case of the non-reducing end, the reaction corresponds to a Maccoll 

elimination of the intact reducing end glucose ring by scission of the glycosidic bond. 

 

 

 

 

 

 



32 

 

3
2
 

Table 4.2. Transition state and reaction Gibb’s free energies in kcal/mol for 

Maccoll elimination of cellobiose calculated at 298.15 K and 873.15 K at the 

M06-2X/6-311++G(d,p)// M06-2X/6-311++G(d,p) level of theory. 

Reaction 
298.15 K 873.15 K 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

CB12Mac 63.3 9.22 63.6 -15.3 

CB21Mac 82.9 -1.30 80.6 -24.7 

CB23Mac 72.7 -1.11 71.3 -25.8 

CB32Mac 72.4 1.80 70.8 -23.6 

CB34Mac 64.4 3.83 65.0 -23.5 

CB43Mac 68.2 2.25 65.9 -24.1 

CB45Mac 71.9 5.98 68.7 -21.8 

CB65Mac 69.3 1.23 68.6 -23.1 

CB1’2’Mac 66.9 10.4 62.5 -16.4 

CB2’1’Mac 82.5 4.03 80.6 -20.5 

CB2’3’Mac 75.9 2.14 73.4 -22.6 

CB3’2’Mac 75.2 3.28 71.1 -22.2 

CB3’4’Mac 74.6 4.67 72.7 -19.9 

CB4’3’Mac 73.3 -0.33 70.7 -24.4 

CB4’5’Mac 71.7 -0.80 66.8 -26.0 

CB6’5’Mac 68.8 -0.09 67.2 -24.5 
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Figure 4.4. All the 16 possible Maccoll eliminations of cellobiose. The 

numbers by the arrows indicate barrier heights (Gibb’s free energy) in 

kcal/mol calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) 

level of theory at 873.15 K. The reaction codes indicate the reactant 

(CB=cellobiose), the respective carbon sites from which OH and H are lost 

during dehydration, and the reaction type (Mac=Maccoll). 

In total there are three cases where Maccoll elimination of cellobiose leads to 

formation of a glucose molecule: CB43Mac, CB45Mac, and CB1’2’Mac. The barriers for 

these Maccoll elimination reactions are between 62.5 and 68.7 kcal/mol. On the other 

hand, the bond dissociation energy (BDE) for homolysis and heterolysis of the glycosidic 

bond is 79.1 kcal/mol and 157.5 kcal/mol, respectively. Hence, Maccoll eliminations are 

substantially more favorable. These reactions have been used to explain the formation of 

levoglucosenone in an earlier report that used B3LYP/6-31G(2df,p) level of theory to 
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calculate activation energies.50 Cleavage of the aglyconic bond of cellobiose during the 

Maccoll reactions CB43Mac and CB45Mac leads to intact glucose from the non-reducing 

end of cellobiose. In contrast, the CB1’2’Mac reaction involves glycosidic bond scission, 

producing intact glucose from the reducing-end. In our previous work,30 glucose was 

demonstrated to be formed exclusively from the non-reducing end upon fast pyrolysis of 

cellobiose. Based on the above reaction barriers, it would be expected that some glucose 

from the reducing end (via CB1’2’Mac) would be eliminated in fast pyrolysis 

experiments if these were the dominating reactions for glucose formation. Therefore, 

these reactions alone cannot fully explain the process of glucose formation from pyrolysis 

of cellobiose. 

The Maccoll elimination reactions occuring on the reducing and non-reducing 

ends of cellobiose tend to have lower barriers than Maccoll elimination reactions of 

glucose (Figure 4.5). The only exceptions are GLC21Mac with a barrier that is 0.2 

kcal/mol lower than the barriers of both CB21Mac and CB2’1’Mac, as well as 

GLC23Mac with a barrier that is 1.2 kcal/mol lower than that of CB2’3’Mac. The small 

differences in reaction barriers between glucose and cellobiose can be attributed to 

increased electron delocalization as well as stabilization by an increase in the amount of 

hydrogen bonding for cellobiose. All these reaction barriers may be lower under certain 

conditions, i.e., in the presence of water,38 under acidic conditions,46,47 or in the presence 

of alkali metal cations.47 
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Figure 4.5. Comparison of transition state energies in kcal/mol for Maccoll 

eliminations of glucose (GLC) and each glucose ring in cellobiose: reducing 

end (CBr) and non-reducing end (CBnr). 

4.3.2 Pinacol Ring Contraction 

While a Maccoll elimination reaction includes breaking of a C-H bond, a second 

dehydration reaction type considered here, termed the Pinacol ring contraction due to its 

similarity to the Pinacol rearrangement reaction,39,53 instead breaks an O-H bond. In this 

mechanism, the hydrogen atom source is the OH group adjacent to the OH group that is 

eliminated. This reaction forms a carbonyl group while simultaneously contracting the 

six-membered pyranosyl ring to a five-membered ring (Figure 4.6). The Pinacol reactions 

of glucose produce six distinct products, including three sets of stereoisomers: 1) 

GLC12Pin and GLC21Pin, 2) GLC23Pin and GLC32Pin, and 3) GLC34Pin and 

GLC43Pin. The product whose formation barrier is the lowest is GLC21Pin (see Figure 

4.7). At the pyrolysis temperature, the Gibb’s free energy barrier for Pinacol 

rearrangement is comparable to the barrier at room temperature, but the overall reaction 

is more exergonic by 24-27 kcal/mol at the elevated temperature (Table 4.3). This 

product, as well as the product from GLC12Pin, are intermediates to the formation of 5-
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hydroxymethyl furfural by water losses at C3 and C4. A complete depiction of the 

Pinacol ring contractions for glucose is shown in Figure 4.7, including the Gibb’s free 

energy barriers for each transition state. 

 

Figure 4.6. Example Pinacol ring contraction mechanism, depicting 

GLC12Pin. The reaction code indicates the reactant (GLC=glucose), the 

respective carbon atoms that break a C-O bond and form a C=O bond (C1 

and C2 in this case), and the reaction type (Pin=Pinacol rearrangement). 

Although the barriers for Pinacol rearrangement are larger than the most favorable 

Maccoll elimination reaction, the Pinacol rearrangement reaction has been reported to be 

catalyzed by acids,53 including formic acid, which is known to be a product of biomass 

fast pyrolysis.6 For instance, when an OH group in glucose is protonated, H2O will 

spontaneously cleave from the ring, accompanied by a ring contraction to stabilize the 

cationic charge left on the carbon (see Figure 4.8). This spontaneous ring contraction has 

been observed by others during molecular orbital geometry optimization of protonated 

glucose.74 
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Figure 4.7. Pinacol ring contraction mechanisms for β-ᴅ-glucopyranose. The 

numbers by the arrows indicate the Gibb’s free energy in kcal/mol calculated 

at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 

873.15 K. The reaction codes indicate the reactant (GLC=glucose), the 

respective carbon sites from which a C-O bond is broken and a C=O bond is 

formed, and the reaction type (Pin=Pinacol rearrangement). 

Table 4.3. Transition state and reaction energetics in kcal/mol for Pinacol 

ring contraction of glucose calculated at the M06-2X/6-311++G(d,p)//M06-

2X/6-311++G(d,p) level of theory at 298.15 K and 873.15 K. 

Reaction 
25 °C 600 °C 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

GLC12Pin 72.9 3.85 71.1 -21.6 

GLC21Pin 68.7 2.54 67.1 -24.0 

GLC23Pin 74.2 -3.40 72.3 -27.6 

GLC32Pin 71.6 -5.05 70.5 -30.0 

GLC34Pin 72.0 -2.23 69.8 -27.5 

GLC43Pin 76.1 -1.99 74.5 -27.7 
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Figure 4.8. Mechanism for water loss and ring contraction of glucose 

protonated at O2. 

In the case of cellobiose, the lowest barriers for Pinacol ring contraction 

correspond to cleavage of the C-O bond at the anomeric carbon of each glucose ring 

(Figure 4.9, Table 4.4). For reaction CB12Pin, water is lost from the anomeric carbon of 

the reducing end with a barrier of 61.5 kcal/mol. For the analogous reaction of C-O 

cleavage on the non-reducing end (CB1’2’Pin), the products are glucose and the same 

product as for the GLC12Pin reaction (Figure 4.7), and the barrier is 72.6 kcal/mol. One 

other Pinacol reaction for cellobiose also produces glucose. While CB1’2’Pin produces 

glucose from the reducing end, CB43Pin produces glucose from the non-reducing end 

with a barrier of 76.8 kcal/mol (Figure 4.9). These barriers for glucose formation are 

larger than those for the Maccoll eliminations that produce glucose, suggesting that 

Pinacol rearrangements are unlikely pathways towards formation of glucose. As with 

glucose, the reaction barriers are relatively independent of temperature, while the free 

energy of reaction decreases by 23-31 kcal/mol between room temperature and the 

pyrolysis temperature (Table 4.4). 
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Figure 4.9. Pinacol ring contraction reactions for cellobiose. The numbers by 

the arrows indicate the Gibb’s free energy barriers in kcal/mol calculated at 

the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 

873.15 K. The reaction codes indicate the reactant (CB=cellobiose), the 

respective carbon sites from which a C-O bond is broken and a C=O bond is 

formed, and the reaction type (Pin=Pinacol rearrangement).  
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Table 4.4. Transition state and reaction free energies in kcal/mol for Pinacol 

ring contraction of cellobiose calculated at the M06-2X/6-311++G(d,p)// 

M06-2X/6-311++G(d,p) level of theory at 298.15 K and 873.15 K. 

Reaction 
25 °C 600 °C 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

CB12Pin 62.0 3.97 61.5 -20.6 

CB21Pin 70.1 7.12 68.2 -19.6 

CB23Pin 77.5 -0.20 75.2 -26.0 

CB32Pin 71.5 -2.86 72.2 -26.9 

CB43Pin 77.5 2.74 76.8 -28.1 

CB1’2’Pin 76.3 8.57 72.6 -22.0 

CB2’3’Pin 76.9 -1.47 74.1 -25.1 

CB3’2’Pin 78.1 -2.19 73.7 -25.7 

CB3’4’Pin 74.9 2.62 71.8 -25.8 

CB4’3’Pin 78.1 -2.69 75.7 -25.8 

4.3.3 Cyclic Grob Fragmentation 

The cyclic Grob fragmentation reaction is another water loss mechanism that 

applies to 1,3-diols, such as glucose.15,39 During the reaction, a C-C bond is broken and 

an alkene and an aldehyde are formed (Figure 4.10). This reaction cannot proceed if the 

two hydroxyl groups are not in close proximity. With one exception, this is not possible 

when glucose adopts the lowest-energy 4C1 “equatorial” conformation, where all 

hydroxyl groups are in the equatorial position. The hydroxyl groups in the 1C4 “axial” 

conformation are in the axial position, which causes the participating hydroxyl groups to 

be close enough to react (see Figure 4.11 and Table 4.5). However, the Grob 

fragmentation wherein the C4 breaks a C-O bond and the C6 forms a carbonyl can 

proceed even when glucose is in the 4C1 “equatorial” position since the hydroxyl groups 
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on C4 and C6 are in close enough proximity to interact. This reaction is referred to as 

GLCeq46Grob to differentiate it from GLCax46Grob, which has “axial” glucose as the 

reactant. The “axial” conformation is 6.7 kcal/mol higher in free energy than the 

“equatorial” conformation at 873.15 K and the free energy required to flip the ring from 

the more stable “equatorial” conformation to the “axial” has been reported to be less than 

10 kcal/mol,38 which means that it is not the rate-determining step of this reaction 

pathway.  

 
Figure 4.10. Generalized cyclic Grob fragmentation mechanism. 

Glucose can undergo Grob fragmentation via eight separate reactions. Five of 

these reactions result in six-carbon acyclic products, while GLCeq46Grob, 

GLCax46Grob, and GLC53Grob involve losses of one- or two-carbon fragments. For 

GLCeq46Grob and GLCax46Grob, a hydroxyl group is lost from the C4 position upon 

the elimination of a hydrogen atom on C6, which generates formaldehyde and a cyclic 

alkene, which can further undergo retro-Diels Alder reaction. The barrier for 

GLCeq46Grob is 14.1 kcal/mol lower than for GLCax46Grob and generates the same 

products. In reaction GLC53Grob, a water molecule is not formed since hydrogen is 

transferred from the C3 position to the ring oxygen to form a hydroxyl group. During this 

reaction, O-C1 and C2-C3 bonds are broken to yield ethenediol, the tautomer of 

glycolaldehyde. However, this glycolaldehyde-producing reaction is not competitive with 

the previously proposed reaction pathway for glycolaldehyde formation,30 which requires 

only 49.2 kcal/mol of free energy to proceed. The overall lowest barrier among the 
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studied Grob fragmentations is that for GLC13Grob (62.7 kcal/mol) and the highest 

barrier is that for GLC24Grob (92.1 kcal/mol), which are similar to the barriers for 

Maccoll elimination. 

 
Figure 4.11. The cyclic Grob fragmentation reactions of β-ᴅ-glucopyranose 

with Gibb’s free energy barriers in kcal/mol calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 K. The 

reaction codes indicate the reactant (GLCeq = “equatorial” glucose, GLCax = 

“axial” glucose), the respective carbon atoms that break a C-O bond and form 

a C=O bond, and the reaction type (Grob=cylic Grob fragmentation). In the 

case of GLC53Grob, the C-O bond is not broken but transforms from an 

ether to a hydroxyl group.  

Mayes et al. illustrated the importance of Grob fragmentation as it produces  5-

hydroxymethylfurfural (5-HMF) from glucose.37 After isomerization to fructose and 

dehydration at C2, Grob fragmentation of the anhydrous fructose enol produces a 

dihydrofuran precursor to 5-HMF. Although conversion from anhydrous fructose to the 

dihydrofuran can occur in a two-step process of tautomerization to 2,5-anhydro-ᴅ-
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mannose followed by Maccoll elimination at C3, the Grob fragmentation has an 

activation energy that is 12.1 kcal/mol lower 

Table 4.5. Transition state and reaction free energies in kcal/mol for cyclic 

Grob fragmentations of glucose calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 298.15 K and 

873.15 K. 

Reaction 
25 °C 600 °C 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

GLC13Grob 63.7 20.8 62.7 -9.9 

GLC24Grob 95.0 19.0 92.1 -12.5 

GLC31Grob 78.5 3.8 80.8 -23.6 

GLC42Grob 81.0 17.3 83.6 -6.8 

GLCax46Grob 82.3 13.9 82.7 -16.3 

GLCeq46Grob 83.5 13.7 81.4 -17.7 

GLC53Grob 68.7 27.8 68.6 -18.7 

GLC64Grob 69.1 7.7 70.1 -22.7 

 

For cyclic Grob fragmentations of cellobiose, 13 separate reactions are reported 

here (see Figure 4.12 and Table 4.6). The lowest barriers for reactions at the reducing and 

non-reducing ends are for CB13Grob (barrier 63.4 kcal/mol) and for CB5’3’Grob (barrier 

61.8 kcal/mol), respectively. As with glucose, barriers are presented for axial and 

equatorial starting positions where possible. Six of the reactions lead to an anhydrous 

cellobiose molecule, four result in breaking of the glycosidic linkage to form glucose, and 

the remaining three yield a low-molecular weight product (formaldehyde, ethenediol, or 

erythrose) and a glucoside. As with the other water loss reactions, cyclic Grob 

fragmentation has reaction barriers that are relatively independent of temperature and 
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reaction free energies that are much more favorable at higher temperatures, as explained 

by the increase in entropy as the molecule degrades into two products.  

 

 

Figure 4.12. The cyclic Grob fragmentation reactions of cellobiose with 

Gibb’s free energy barriers in kcal/mol calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 K. The 

reaction codes indicate the reactant (CBeq = “equatorial” cellobiose, CBax = 

“axial” cellobiose), the respective carbon atoms that break a C-O bond and 

form a C=O bond, and the reaction type (Grob=cylic Grob fragmentation). In 

the case of CB53Grob and CB5’3’Grob, the C-O bond is not broken, but 

transforms from an ether to a hydroxyl group.   
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Table 4.6. Transition state and reaction free energies in kcal/mol for cyclic 

Grob fragmentation of glucose calculated at the M06-2X/6-311++G(d,p)// 

M06-2X/6-311++G(d,p) level of theory at 298.15 K and 873.15 K. 

Reaction 
25 °C 600 °C 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

CB13Grob 64.4 22.6 63.4 -2.44 

CB31Grob 77.4 0.20 79.7 -26.3 

CB42Grob 81.1 22.6 81.8 -5.25 

CBax46Grob 83.5 12.6 83.7 -37.1 

CBeq46Grob 85.7 13.4 84.4 -37.4 

CB53Grob 67.5 30.1 66.1 -3.27 

CB1’3’Grob 67.2 29.2 65.7 -4.16 

CB2’4’Grob 93.9 19.7 93.2 -8.77 

CB4’2’Grob 82.2 21.0 83.0 -6.35 

CB4’6’Grob 87.0 10.6 86.6 -36.3 

CB5’3’Grob 61.6 28.2 61.8 -4.46 

CBax6’4’Grob 75.8 19.8 76.9 -7.28 

CBeq6’4’Grob 70.1 10.7 69.0 -18.5 

4.3.4 Aldol Condensation Rearrangement  

Some Pinacol and Grob reactions yield an aldol product containing a carbonyl 

group that is in the γ-position relative to a hydroxyl group (see Figure 4.7 and Figure 

4.11). These products can undergo aldol rearrangement as depicted in Figure 4.13. For 

the GLC12Pin and GLC21Pin products, the C3 hydroxyl group in is the γ-position 

relative to the carbonyl group. After aldol rearrangement, the carbonyl is in the C3 

position, and there is a double bond between C1 and C2. This compound corresponds to 

the GLC13Grob product. The products of GLC23Pin and GLC32Pin have two hydroxyl 

groups that are in the γ-position relative to the carbonyl group. When these products 

undergo aldol rearrangement with the C1 hydroxyl group, the product is the GLC24Grob 
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product. These same products can also undergo aldol rearrangement with the C4 

hydroxyl group, resulting in the GLC31Grob product. Finally, the carbonyl and the C3 

hydroxyl groups in the products of the GLC34Pin and GLC43Pin reactions can react to 

yield the GLC42Grob product. This reaction network is shown in Figure 4.14. 

 

Figure 4.13. Generalized aldol rearrangement mechanism.  

  
Figure 4.14. Interconversion between Pinacol ring contraction products and 

cyclic Grob fragmentation products via aldol rearrangement.   

The potential energy surface and transition state barriers for the Aldol 

rearrangement network are shown in Figure 4.15 and Table 4.7. Calculations on the 

transition states connecting the Pinacol products with the Grob products reveal that  
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Figure 4.15. Potential energy surface in kcal/mol for the formation and 

interconversion of Pinacol ring contraction and cyclic Grob fragmentation 

products of glucose. Calculations were performed at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 K. 

Table 4.7. Barrier heights in kcal/mol for transformations between Pinacol 

products and Grob products via aldol rearrangement. All calculations were 

carried out at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of 

theory at 873.15K. 

Reaction ΔGŧ  Forward  ΔGŧ Reverse 

12Pin  13Grob 37.3 25.6 

21Pin  13Grob 42.1 28.0 

23Pin  31Grob 50.3 46.3 

23Pin  24Grob 35.6 20.5 

32Pin  31Grob 34.5 28.0 

32Pin  24Grob 39.4 21.9 

34Pin  42Grob 41.9 21.2 

43Pin  42Grob 38.9 17.9 
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interconversion between these molecules is likely to occur at elevated temperatures. At 

600 °C, the largest barrier from a Pinacol product to a Grob product is 50.3 kcal/mol for 

the reaction from the GLC23Pin product to the GLC31Grob product, while the lowest is 

34.5 kcal/mol for the reaction from the GLC32Pin product to the GLC31Grob 

product.Among the Pinacol and Grob reactions, GLC32Pin produces the molecule that is 

thermodynamically most stable (-30.0 kcal/mol relative to glucose), with a transition state 

energy of 70.5 kcal/mol. In contrast, the transition state for GLC13Grob is 9.8 kcal/mol 

lower in energy, even though the Grob product is thermodynamically less stable (-9.9 

kcal/mol relative to glucose). This product can readily convert to the more stable 

GLC12Pin product (-21.6 kcal/mol relative to glucose) or GLC21Pin product (-24.0 

kcal/mol relative to glucose) with barriers of 25.6 kcal/mol and 28.0 kcal/mol, 

respectively.  

4.3.5 Alcohol condensation 

The final class of dehydration reactions considered is generalized alcohol 

condensation wherein an ether linkage replaces two hydroxyl groups (Figure 4.16). The 

nature of these reactions is such that two separate transition states lead to the same 

product depending on which oxygen becomes the ether oxygen and which one leaves in 

the water molecule. Barriers and free energies for alcohol condensation reactions of 

glucose are shown in Figure 4.17 and Table 4.8. 

 

Figure 4.16. Generalized alcohol condensation reaction mechanism.  



49 

 

4
9
 

An example of alcohol condensation is the well-known concerted levoglucosan 

formation upon attack of the hydroxymethylene group of the glycose ring at the anomeric 

carbon to form a 5-membered ring, which has been demonstrated for glucose,38 methyl β-

ᴅ-glucoside,40 and methyl cellobiose.25 The calculated barriers for reactions of this type 

are among the lowest for pyrolysis reported in literature,25,38,40 which may help explain 

the high yield of levoglucosan formation upon glucooligosaccharide pyrolysis.3  

Figure 4.17 shows alcohol condensation reactions of glucose along with barrier 

heights. The transition state energy of 50.4 kcal/mol for the levoglucosan-producing 

GLC16Cond reaction makes it the most kinetically favorable water loss reaction 

discussed here. Levoglucosan formation through the loss of the oxygen on C1 (reaction 

GLC16Cond in Figure 4.17) has a barrier that is 30.3 kcal/mol lower than levoglucosan 

formation via the loss of the C6 oxygen (reaction GLC61Cond in Figure 4.17), which is 

in agreement with literature.38 Besides levoglucosan, another bicyclic 5-membered ring 

product, formed by condensation of the C3 and C6 hydroxyl groups, as well as three 

other products that contain 4-membered rings can be formed by condensation of 1,3-diols 

(Figure 4.17). The strain caused by forming these 4-membered rings helps explain the 

large barriers for many of these reactions, with the exception of GLC13Cond, whose 

barrier is 62.3 kcal/mol (Figure 4.17). As discussed above for the GLC12Mac reaction, 

the positive charge on C1 caused by the electron-withdrawing oxygen atoms may explain 

the 20.3 kcal/mol difference between the barriers for GLC13Cond and GLC31Cond.  

Aside from GLC16Cond, the high barriers and high reaction free energies for 

alcohol condensation reactions suggest that these reactions are a less likely route for 

lossof water than the other dehydration mechanisms. Therefore, the only alcohol   
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Figure 4.17. Alcohol condensation reactions for β-ᴅ-glucopyranose. Each 

product can be formed in two ways depending on which OH group leaves as 

water and which OH loses a hydrogen atom. The locations of the lost OH and 

H are indicated by the reaction numbers (i.e. GLC13Cond loses the OH at C1 

and the H at C3 whereas GLC31Cond loses the OH at C3 and the H at C1.). 

Gibb’s free energy barriers in kcal/mol were calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 K.  

condensation reactions for cellobiose that were calculated are CB16Cond and 

CB1’6’Cond, which involve cleavage of C-O at the anomeric carbon on the reducing end 

and non-reducing end, respectively, analogous to GLC16Cond (Figure 4.18). A 

conformational change must occur when a glucose ring transforms into levoglucosan, 

which occurs at a much faster rate than the condensation reaction as suggested by the 

potential energy surface displayed in Figure 4.19. Notably, the products from 

CB1’6’Cond do not agree with a previous experimental study on selectively 13C-labeled 

cellobioses because the glucose formed during fast pyrolysis from these molecules was 

demonstrated to originate exclusively from the non-reducing end.30 However, the yields 

of levoglucosans originating from each glucose ring are in equal proportion if cellobiose 
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undergoes sequential alcohol condensations at the C1 and C6 sites of each glucose, which 

matches previous experimental results. This finding suggests that there is something 

prohibitive to 1’6’-condensation of cellobiose relative to other possible reactions, 

including 1,6-condensation.  

Table 4.8. Transition state and reaction free energies in kcal/mol for alcohol 

condensation reactions of glucose calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 298.15 K and 

873.15 K. 

Reaction 
25 °C 600 °C 

TS ΔG Rxn ΔG TS ΔG Rxn ΔG 

GLC13Cond 63.6 20.9 62.3 -0.2 

GLC31Cond 83.9 20.9 82.0 -0.2 

GLC16Cond 48.1 -1.0 50.4 -17.9 

GLC61Cond 76.4 -1.0 80.7 -17.9 

GLC24Cond 89.7 17.7 92.0 -2.4 

GLC42Cond 80.3 17.7 78.9 -2.4 

GLC36Cond 89.0 2.3 93.8 -15.8 

GLC63Cond 72.0 2.3 75.0 -15.8 

GLC46Cond 84.0 32.1 84.7 12.6 

GLC64Cond 89.2 32.1 88.2 12.6 

  



52 

 

5
2
 

 

Figure 4.18. Most likely condensation reactions of cellobiose. Reaction codes 

indicate the reactant (CB=cellobiose, CBN=cellobiosan), the respective 

carbon sites for C-O cleavage and C-O ether formation, and the reaction type 

(Cond=alcohol condensation). Numbers indicate the Gibb’s free energy in 

kcal/mol of the transition state relative to the reactants. Calculations were 

performed at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of 

theory at 873.15 K.  

 

Figure 4.19. Potential energy surface in kcal/mol for levoglucosan formation 

from cellobiose through a cellobiosan intermediate, including conformational 

changes. Calculations were performed at the M06-2X/6-311++G(d,p)//M06-

2X/6-311++G(d,p) level of theory at 873.15K.
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4.3.6 Retro-Diels Alder Reaction 

Cyclic alkenes that are formed from Maccoll eliminations and Grob reactions can 

undergo a wide variety of subsequent reactions. The retro-Diels Alder (rDA) reaction has 

been suggested to be important to cellulose pyrolysis.41,75 The transition state structures 

and reaction free energies were calculated for the rDA reaction of the 1,2-dehydration 

products of glucose and cellobiose. The generalized rDA mechanism is shown in Figure 

4.20. The results for secondary fragmentations of glucose and cellobiose via rDA are 

shown in Figure 4.21 and Figure 4.22. 

 
Figure 4.20. Generalized representation of the retro-Diels Alder reaction. 

Each R group can be either carbon- or oxygen-centered. 

 
Figure 4.21. The rDA reactions of the cyclic alkene fragments formed upon 

glucose dehydration. Numbers above the arrows are the Gibb’s free energy 

barriers in kcal/mol calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-

311++G(d,p) level of theory at 873.15 K. The labels on the left side of the 

reactions indicate the dehydration reaction that formed the cyclic alkene. 
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Figure 4.22. The rDA reactions of the cyclic alkene fragments formed upon 

cellobiose dehydration. Numbers above the arrows are the Gibb’s free energy 

barriers in kcal/mol calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-

311++G(d,p) level of theory at 873.15 K. The labels on left side of the 

reactions indicate the dehydration reaction that formed the cyclic alkene. Two 

of the rDA transition states (CB2’3’Mac and CB4’5’Mac) were not 

compatible with a one-step concerted mechanism, but rather a two-step 

mechanism with a loosely bound zwitterionic intermediate. Reported here are 

the heights for the rate-limiting barriers.Cyclic alkenes arising from 

saccharide dehydration are likely to fragment further through a retro-Diels 

Alder reaction, since the calculated barriers for rDA are so low—between 

39.3 and 55.2 kcal/mol (Table 4.9). In general, the reactions of cellobiose 

have larger barriers than the corresponding reactions of glucose. This is 

probably due to the additional intramolecular hydrogen bonds that must break 

during the transition for cellobiose. A comparison of the results obtained for 

glucose and cellobiose rDA is provided in Table 9.  
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Table 4.9. Comparison of rDA reaction barriers (Gibb’s free energy) in 

kcal/mol for the cyclic alkene products of the Maccoll eliminations of 

glucose and both rings of cellobiose. Calculations were performed using the 

M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 

K. 

Alkene Site Glucose 

Cellobiose 

reducing end 

Cellobiose non-

reducing end 

12Mac 47.1 41.7 47.1 

21Mac 39.3 40.2 37.1 

23Mac 43.1 40.3 38.9* 

32Mac 46.5 53.7 47.8 

34Mac 47.2 51.2 48.4 

43Mac 55.2 55.2 43.9 

45Mac 43.1 43.1 45.0* 

*Barrier heights for rate-limiting step in two-step mechanism. 

It is clear from the results shown in Table 4.9 that the addition of a second 

glucose molecule has little impact on the overall barriers for rDA. Thus, larger 

carbohydrates and perhaps even cellulose may have similar reaction kinetics. The most 

likely reason for the differences in barriers between glucose and cellobiose is a change in 

the extent of hydrogen bonding during the transformation. A large fiber of cellulose may 

be less likely to undergo rDA if it is constrained by a hydrogen bonding network present 

in its crystalline structure. However, as the fiber liquefies and depolymerizes during 

pyrolysis, these reactions may again be relevant to the overall product distribution. 

4.4 Conclusions  

Glucose and cellobiose can lose water via several mechanisms, including Maccoll 

elimination, Pinacol rearrangement, Grob fragmentation, and alcohol condensation. The 

dehydration reactions of glucose and cellobiose under pyrolysis conditions have barriers 
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ranging from 50 kcal/mol up to 94 kcal/mol. For glucose, the lowest barriers for each 

water loss mechanism are as follows: 65.9 kcal/mol for 1,2-dehydration; 67.1 kcal/mol 

for Pinacol ring contraction; 62.7 kcal/mol for cyclic Grob fragmentation; and 50.4 for 

alcohol condensation. Levoglucosan formation via the latter reaction is therefore the most 

kinetically favored dehydration reaction for glucose. A new reaction network of Aldol 

rearrangement unlocks the interconversion of Pinacol rearrangement and Grob 

fragmentation products. The energies for the transition states of these Aldol 

rearrangements are as low as 4.5 kcal/mol relative to glucose. For cellobiose, the lowest 

barriers are: 62.5 kcal/mol for Maccoll elimination; 61.5 kcal/mol for Pinacol ring 

contraction; and 61.8 kcal/mol for cyclic Grob fragmentation. Retro-Diels Alder reactions 

of the dehydration products of glucose and cellobiose have much lower barriers than the 

dehydration reactions themselves: 39.3 kcal/mol for anhydrous glucose rDA, and 37.1 

kcal/mol for cellobiose rDA. Thus, if the water loss products are formed during pyrolysis, 

it is likely that they continue to react via this mechanism. It is important to note that the 

reaction barriers are relatively independent of temperature and the reactions are more 

exergonic at higher temperatures, as expected. The similarity of reactions for glucose and 

cellobiose suggests that these reactions should provide insights into the overall pyrolytic 

processes for oligosaccharides and cellulose.  
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CHAPTER 5. COMPUTATIONAL RESULTS ON CELLOBIOSE 

FRAGMENTATION GIVE CLUES TO CELLULOSE DEPOLYMERIZATION 

DURING FAST PYROLYSIS 

5.1 Introduction  

Since cellulose serves as a surrogate for biomass in research on alternative 

energy,2,3,42 The importance of understanding the mechanisms of depolymerization of 

cellulose upon fast-pyrolysis for improving the process cannot be understated. During 

fast pyrolysis, depolymerization of cellulose involves cleavages of either the glycosidic 

or aglyconic bonds, which can occur through homolysis,51,75–77 heterolysis,25,75,78 

hydrolysis,44,51,75 Maccoll elimination,50,51 1,6-alcohol condensation to form a 

levoglucosan end,25,35,51,75,79,80 or through other minor routes25 to be discussed below.  

Firstly, homolytic cleavage of the glycosidic bond would yield a radical that 

would induce further cleavages in the opposite manner to how many polymers are 

formed. For cellulose to produce levoglucosan by homolysis, breaking of two glycosidic 

bonds would be required to yield two cellulose monoradicals as well as a diradical that 

can rearrange and combine as levoglucosan.75,81 The homolytic bond dissociation 

energies of the glycosidic and aglyconic bonds are prohibitively high for this to be a 

feasible pathway (101 and 102 kcal/mol, respectively).75 Maccoll elimination at the 

anomeric carbon of the non-reducing end of cellobiose to form 1,2-anhydroglucose has 

been suggested to be the initiating step of levoglucosan formation.50 This reaction has an 

activation energy of 59.1 kcal/mol, calculated at the B3LYP/6-31G(2df,p) level of theory. 
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Two Maccoll elimination reactions that break the glycosidic linkage were found to be 

less favorable kinetically.50 Hydrolysis is different from other depolymerization 

mechanisms proposed for fast pyrolysis in that it is a bimolecular reaction. Hydrolysis 

has been proposed to be a key step in glucose production during pyrolysis, after which 

glucose can fragment via numerous reactions.14,33   

Another proposed mechanism for cellulose depolymerization is the 1,6-alcohol 

condensation reaction, which is a concerted “hydroxymethylene-assisted glycosidic bond 

cleavage” (HAGBC) that results in the bicyclic structure characteristic to levoglucosan 

(see Figure 5.1).23,35 This cleavage can theoretically occur at any point along the cellulose 

chain to form cellulosan and cellulose with smaller degrees of polymerization. These 

smaller anhydro-oligosaccharides (levoglucosan, cellobiosan, cellotriosan, cellulosan, 

etc.) are thought to correspond to “active cellulose,”76 which has been proposed to be an 

intermediate state of cellulose that produces smaller product molecules.79,14,45,74 

Intermolecular interactions of crystalline cellulose may inhibit mid-chain scissions, 

giving preference to HAGBC reactions near the reducing end of the chain unless the 

crystallinity is disrupted.33,63 

 
Figure 5.1. Depiction of the “hydroxymethylene-assisted glycosidic bond 

cleavage” (HAGBC) reaction of a generalized glucosaccharide. 

While all of these depolymerization reactions can theoretically occur anywhere 

along the cellulose chain, a parallel pathway of unraveling cellulose by loss of 

glycolaldehyde (or isomers) proceeds only at the reducing end.28,80 Retro-Aldol 

condensation is the mechanism by which the reducing end unravels, leaving behind 
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erythrose-cellulosides, ethenediol-cellulosides, and glycolaldehyde-cellulosides, which 

have been observed experimentally19,28 and in molecular dynamics simulations.25 A 

recent study on 13C-labelled cellobioses provides three important findings for the initial 

products of cellobiose fast pyrolysis: 1) glucose is formed exclusively from the non-

reducing end of cellobiose, 2) levoglucosan production occurs in almost equal 

proportions from both the reducing and non-reducing ends, and 3) unraveling begins on 

the reducing end by losses of ethenediol and glycolaldehyde.28 Hydrolysis and HAGBC 

reactions of cellobiose have been proposed 14 to explain glucose formation upon pyrolysis 

of cellobiose with calculated barriers of 34.0 kcal/mol14 and 54.4 kcal/mol,23 respectively, 

but these reactions violate the first finding listed above since they produce glucose from 

the reducing end. However, it is demonstrated in this chapter that hydrolysis and HAGBC 

mechanisms may still operate upon the fragments of cellobiose that are formed from the 

unraveling of the reducing end (viz. glucopyranosyl-erythrose, glucopyranosyl-

ethenediol, and glucopyranosyl-glycolaldehyde). It will be shown that HAGBC, 

hydrolysis, and reducing end unraveling can together explain the spectra of the ionized 

initial products of fast pyrolysis of cellobiose, cellulose, and other compounds discussed 

in chapters 2 and 3. The large size of cellulose makes DFT investigations of cellulose too 

computationally expensive to be feasible. Earlier chapters have shown that cellobiose can 

serve a model for cellulose. In this chapter, calculations on the mechanisms of breaking 

the glycosidic linkage of cellobiose will be explored to gain insight into the overall 

depolymerization of cellulose 
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5.2 Methods 

Conformational analysis was performed with the MacroModel program with 

MCMM torsional sampling and the MMFF94s force field. Geometry optimizations and 

calculation of energies for minima and transition states were performed with the 

Gaussian09 program. Thermal corrections for internal energy, enthalpy, and Gibb’s free 

energy were calculated using statistical mechanics, assuming an ideal gas and using the 

harmonic oscillator approximation. All eigenvalues of the minima are positive, while 

each transition state possesses exactly one negative eigenvalue. 

Gas-phase calculations include three degrees of freedom for translation and three 

degrees of freedom for rotation per molecule. This leads to large entropy values that may 

be an overestimate of the entropy that exists in the liquid phase, causing a deviation in 

Gibb’s free energy since it is highly dependent on entropy, especially at elevated 

temperatures. When two molecules react, the amount of energy required to achieve a 

transition state includes the entropy that is lost when the total degrees of freedom in 

rotation and translation are reduced from twelve to six. To overcome this discrepancy, a 

reactant complex is used as a reference state for the energetics rather than the molecules 

at infinite separation. The use of this complex is an attempt to accurately describe the 

constraints imposed on the entropy by intermolecular interactions in the liquid phase. The 

reactant complexes are determined by a geometry optimization of the reverse pathway in 

the IRC calculations that follow a transition state optimization. Product complexes are 

found by using the forward pathway of the IRC. 

The global minimum of the cellobiose-water system was found by performing a 

conformational analysis, followed by DFT geometry optimization. The structure with the 
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lowest energy according to the MMFF94s force field was re-optimized at the more 

accurate M06-2X/6-311++G(d,p) level of theory, together with all structures whose 

MMFF94s energies were within 5 kcal/mol of the lowest MMFF94s energy to ensure that 

the global minimum was found.  

5.3 Results and Discussion  

A conformational analysis on the cellobiose and water system, followed by DFT 

geometry optimization on the ten lowest energy conformations, reveals that all these 

conformations lie within 5 kcal/mol of each other in Gibb’s free energy at 873.15 K (see 

Table 5.1). For cellobiose, the conformation with the lowest electronic energy is 

conformation CB_WAT_9 (-23.6 kcal/mol) and it lies 9.6 kcal/mol lower in energy than 

CB_WAT_5 (-14.0 kcal/mol), the conformation in the cellobiose group with the highest 

electronic energy. The difference in enthalpy of these two conformations, calculated at 

298.15 K, is 9.4 kcal/mol. However, the Gibb’s free energy differences between 

CB_WAT_9 and CB_WAT_5 are merely 6.3 kcal/mol and 0.07 kcal/mol, calculated at 

298.15 K and 873.15 K, respectively. In fact, at the elevated temperature, conformation 

CB_WAT_6 surpasses CB_WAT_9 as the structure with the lowest Gibb’s free energy. 

At higher temperatures, entropic contributions to Gibb’s energy become more significant. 

Conformation CB_WAT_9 has a structure that provides two hydrogen bonds between the 

external water molecule and hydroxyl groups of cellobiose (see Figure 5.2). 

Conformation CB_WAT_6, on the other hand, has one hydrogen bond between water and 

a cellobiose hydroxyl group and one hydrogen bond between water and a ring ether on 

cellobiose. It is expected that the ether oxygen is less polar than the hydroxyl oxygen 

atoms in cellobiose so that the hydrogen bond of water and the ether will be weaker than 
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the hydrogen bond between two hydroxyl groups. Thus, water is less tightly bound to 

cellobiose in conformation CB_WAT_6 than in CB_WAT_9 (Figure 5.2), leading to a 

larger entropic contribution to the Gibb’s free energy of CB_WAT_6 at elevated 

temperatures. The same trend was observed in the group of hydrated cellobiosan 

conformers. The results of the conformational analysis on cellobiosan are shown in Table 

5.2. CBN_WAT_5 has the third highest electronic energy of this group of molecules, but 

it has the lowest Gibb’s free energy at 873.15 K because the water is more weakly bound 

by a hydrogen bond with a cellobiosyl hydroxyl group and a hydrogen bond with the 

glycosidic ether oxygen. These results suggest that hydrogen bonding has a large impact 

on the entropy of the bimolecular systems. 

Table 5.1. Low energy conformers of cellobiose-water complexes and their 

electronic energy, enthalpy, and Gibb’s free energy (all in kcal/mol) relative 

to cellobiose and water with no interaction, calculated using the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at the temperatures 

listed. 

System 
Electronic 

Energy 

Enthalpy, 

298.15 K 

Gibb’s 

Energy, 

298.15 K 

Gibb’s 

Energy, 

873.15 K 

CB+WAT (no complex) 0.0 0.0 0.0 0.0 

CB_WAT_1 -17.5 -15.5 -4.7 15.2 

CB_WAT_2 -17.5 -15.5 -3.9 17.8 

CB_WAT_3 -21.6 -19.4 -7.1 15.8 

CB_WAT_4 -16.8 -14.7 -4.0 15.7 

CB_WAT_5 -14.0 -11.9 -2.1 15.9 

CB_WAT_6 -15.6 -14.0 -4.6 12.6 

CB_WAT_7 -20.7 -18.5 -6.9 14.7 

CB_WAT_8 -16.7 -14.7 -3.3 17.8 

CB_WAT_9 -23.6 -21.3 -8.4 15.9 
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Figure 5.2. Comparison of conformations of cellobiose-water complexes 

CB_WAT_6 and CB_WAT_9. Distances of hydrogen bonds (dashed lines) 

displayed in angstroms. 

Table 5.2. Low energy conformers of cellobiosan-water complexes and their 

electronic energy, enthalpy, and Gibb’s free energy (all in kcal/mol) relative 

to cellobiosan and water with no interaction, calculated using the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at the temperatures 

listed. 

System 
Electronic 

Energy 

Enthalpy, 

298.15 K 

Gibb’s 

Energy, 

298.15 K 

Gibb’s 

Energy, 

873.15 K 

CBN+WAT (no 

complex) 
0.0 0.0 0.0 0.0 

CBN_WAT_1 -17.2 -15.0 -3.7 17.6 

CBN_WAT_2 -13.7 -11.6 -0.8 19.3 

CBN_WAT_3 -11.9 -9.9 0.07 18.5 

CBN_WAT_4 -13.2 -10.8 -0.3 19.1 

CBN_WAT_5 -12.1 -10.3 -1.2 15.5 

CBN_WAT_6 -12.6 -10.5 -0.5 18.1 

CBN_WAT_7 -19.3 -17.0 -4.7 18.1 

CBN_WAT_8 -11.2 -9.3 0.7 19.2 

 

Similar conformational analyses were performed for water complexes with open-

chain cellobiose, glucopyranosyl-erythrose, glucopyranosyl-ethendiol, and 

glucopyranosyl-glycolaldehyde since these compounds can also react with water via the 
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hydrolysis mechanism. Table 5.3 shows the energies for the conformations of water 

complexes for each of these molecules that has the lowest Gibb’s free energy at 873.15 

K. 

Table 5.3. Lowest Gibb’s free energy (in kcal/mol) conformers of water 

complexes with various molecules, calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 873.15 K. 

Molecule Gibb’s energy 

Cellobiose 12.6 

Cellobiosan 15.5 

Cellobiose, open-chain 9.7 

Glucopyranosyl-erythrose 19.2 

Glucopyranosyl-ethendiol 19.1 

Glucopyranosyl-glycolaldehdye 19.4 

5.3.1 Catalytic Glucose formation via Maccoll Elimination 

Maccoll elimination is a means of producing glucose from cellobiose. In this 

mechanism, a hydrogen transfers from one of three positions (C3, C5 or C2’) to the 

glycosidic oxygen. When transfer occurs from C3 or C5, the result is the cleavage of the 

aglyconic bond, while transfer from C2’ will result in cleavage of the glycosidic bond. In 

general, the mechanisms that cleave the glycosidic bond of cellobiose produce glucose 

from the reducing end, contrary to experimental findings as discussed above. Maccoll 

elimination with hydrogen transfer from C3 has a barrier of 65.9 kcal/mol at 873.15 K 

(see Table 5.4). The four-membered ring in the transition state structure of the Maccoll 

elimination mechanism can be altered by the assistance of external alcohol molecules to 

stabilize the transition state.33 Figure 5.3 shows a Maccoll elimination reaction along with 

possible catalysis by water, methanol, formic acid, glucose, or cellobiose self-catalysis 
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with reaction energies as shown in Table 5.4. Water and methanol are single site catalysts 

that assist in the transfer of hydrogen by increasing the size of the transition state ring 

from four-membered to six-membered. The R group does not participate in the reaction, 

but may affect energetics by steric effects or non-bonding interactions. Water reduces the 

barrier to 62.1 kcal/mol and methanol reduces the barrier to 61.4 kcal/mol. Other 

hydroxy-containing compounds present in biomass may also catalyze this reaction. 

Formic acid and glucose catalysis proceeds by a two-site interaction with cellobiose (see 

Figure 5.3). It is unclear why glucose does not lower the reaction barrier while formic 

acid does. It may be an electronic effect caused by reaction of an ether instead of a 

carbonyl or it may simply be that glucose is too large. 

Calculations were not performed on cellobiose self-catalysis, but a possible 

mechanism is shown in Figure 5.3. An interesting feature of this reaction is that the 

cellobiose acting as a catalyst undergoes ring-opening while the reactant cellobiose is 

cleaved into two molecules. This allows the catalyst cellobiose molecule to proceed 

through the reducing end unraveling pathway.  

It is expected that the other two glucose-producing Maccoll elimination reactions 

have similar trends. If this is the case, the Maccoll elimination reaction that cleaves the 

glycosidic bond would yield glucose from the reducing end, which is contrary to the 

experimental results.28 However, the glucosides that form during the unraveling of the 

reducing end of cellobiose can also undergo Maccoll elimination. For instance, a Maccoll 

elimination reaction can lead to cleavage of the glycosidic bond of GER to yield 

anhydroglucose from the non-reducing end and erythrose from the reducing end. 
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Figure 5.3. Maccoll elimination by hydrogen transfer from C3 to the 

glycosidic oxygen in isolation (A), with external water or methanol (B), 

external formic acid (C), external glucose (D), and possible cellobiose self-

catalysis (E). Calculations performed at the M06-2X/6-311++G(,dp) level of 

theory at 873.15 K for reactions in (A)-(D). 
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Table 5.4. Complexation energy and transition state energy for Maccoll 

elimination of cellobiose by hydrogen transfer from C3 catalyzed by various 

molecules. Calculations performed at the M06-2X/6-311++G(d,p)//M06-

2X/6-311++G(d,p) level of theory at 873.15K. 

External molecule ΔG of  reactant complex ΔGŧ relative to reactant complex 

None N/A 65.9 

Water 20.8 62.1 

Methanol 19.5 61.4 

Formic Acid 15.7 59.5 

Glucose 26.6 67.9 

5.3.2 Hydrolysis/Alcoholysis 

During alcoholysis by ROH, cleavage of the glycosidic or aglyconic bond is 

possible. In the former case, glucose is formed from the reducing end and an R β-

glucoside from the non-reducing-end (Figure 5.4). In the latter case, glucose forms from 

the non-reducing end and an R β-O4-glucoside from the reducing end (Figure 5.4). Due 

to the hydrogen atoms on carbons C3 and C5, steric hindrance forces the aglyconic 

cleavage to proceed only after a conformational change to the 1C4 position in the reducing 

end (see Figure 5.4). The barrier for glycosidic bond cleavage of cellobiose by hydrolysis 

is 51.0 kcal/mol while aglyconic bond cleavage by hydrolysis has a barrier of 77.8 

kcal/mol. 
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Figure 5.4. Reaction pathways for alcoholysis of cellobiose. 

5.3.3 Reducing vs. Non-reducing End Chemistry 

While hydrolysis, HAGBC, and Maccoll elimination alone cannot reconcile the 

results of the carbon-labeled study of Degenstein et al.,28 the combination of these 

reactions with the unravelling of the reducing end is in agreement with the experimental 

findings (see Figure 5.5 and Table 5.5). This network of reactions resolves the issue of 

glucose production originating exclusively from the non-reducing end of cellobiose. 

Figure 5.5 shows with dashed arrows the reactions that produce glucose from the 

reducing end of cellobiose and are thus not feasible. These reactions have barriers 

ranging from 51.0 to 56.6 kcal/mol at 873.15 K. On the other hand, the barrier initiating 

the unravelling of the reducing end by tautomerization to open-chain cellobiose is 49.2 

kcal/mol. However, in the presence of water, this barrier drops to 39.8 kcal/mol, which 

corresponds to much faster kinetics than either hydrolysis or HAGBC of cellobiose. In 

the absence of water, hydrolysis is not possible but the barrier for ring-opening (49.2 

kcal/mol) is still lower than the barrier for the “unfeasible” HAGBC reaction (56.2 

kcal/mol). Both HAGBC and hydrolysis of open-chain cellobiose (CBOC) result in open-

chain glucose (GLOC), which has the same MW as glucopyranose, and is thus also 
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unfeasible. Alternatively, CBOC can fragment in the manner described by Degenstein et 

al.28 to form glucopyranosylerythrose (GER) by loss of ethenediol, followed by loss of 

glycolaldehyde by retro-aldol condensation to form glucopyranosyl-ethenediol (GED), 

which can undergo keto-enol tautomerization to glucopyranosyl-glycolaldehyde (GGA). 

The respective barriers for these reactions are 39.1 kcal/mol, 23.0 kcal/mol, and 32.8 

kcal/mol, respectively, relative to cellobiose at 873.15 K, which is more favorable than 

both HAGBC and hydrolysis reactions of open-chain cellobiose with barriers of 55.9 and 

56.6 kcal/mol. Thus, formation of glucose from the reducing end of cellobiose is less 

favorable than alternative pathways. 

 
Figure 5.5. Cellobiose fragmentation via hydrolysis, HAGBC, and reducing 

end unravelling. Reaction free energies and reaction barriers (in square 

brackets) were calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-

311++G(d,p) level of theory at 873.15 K. * Denotes a calculated barrier with 

an explicit water molecule present, relative to the water complexed reactant. 

Dashed arrows correspond to reactions that contradict the experimental study 

of Degenstein et al.28 

Fast pyrolysis of cellobiose produces a significant amount of glucose originating 

from the non-reducing end and none originating from the reducing end.28 This is 

explained by the ability of each fragment of cellobiose (viz. GER, GED, and GGA) to 
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undergo hydrolysis. GER has a hydrolysis barrier of 33.9 kcal/mol, compared with 41.0 

for HAGBC and 23.0 for retro-aldol condensation, which should dominate. GED has a 

hydrolysis barrier of 18.0, compared with 25.1 for HAGBC and 32.8 for tautomerization. 

Finally, GGA has a hydrolysis barrier of 17.2, compared with 23.1 for HAGBC. It is 

reasonable that at pyrolysis temperatures, all these reactions are occurring simultaneously 

to explain the complex mixture of levoglucosan, glucose, glycolaldehyde, GER, and 

GGA products and their relative abundances. For example, glucose formation pathways 

all have barriers lower than for levoglucosan production and the relative abundance of 

glucose is larger than levoglucosan for cellobiose pyrolysis (see Figure 3.1).  

The amount of levoglucosan produced from the reducing and non-reducing ends 

is almost identical, whereas all the levoglucosan produced from GER, GED, and GGA 

originate from the non-reducing end. In this proposed scheme, the majority of 

levoglucosan production will proceed through cellobiosan. Once cellobiosan is formed, it 

can no longer undergo ring-opening to initiate the reducing end unravelling pathway. 

This is confirmed by the absence of fragmented reducing ends for cellotriosan during 

pyrolysis.19 Therefore, cellobiosan can either evaporate from the surface of the pyroprobe 

intact or undergo HAGBC, both of which were observed28 experimentally. In this case, 

levoglucosan originating from each end of cellobiose will exist in equal quantities. 

Hydrolysis is ruled out on the basis that it has a barrier 14.3 kcal/mol larger than 

HAGBC. 

Although it is known that water is produced upon pyrolysis of biomass and 

glucosaccharides,3,5,32,45 its residence time is unknown at such high temperatures. Many 

reactions become more likely should water be present during pyrolysis. For example, 
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tautomerization of the reducing end of cellobiose has a barrier that is 9.4 kcal/mol lower 

in energy when an external water molecule participates in the reaction. This is due to the 

transition state increasing in size from the four-membered ring into a more stable six-

membered ring. A similar situation was observed for the tautomerization of GED to 

GGA, which has a barrier that is 24.2 kcal/mol lower in the presence of a water molecule 

(Figure 5.5). The retro-aldol condensation reactions of CBOC and GER were not 

considered since the transition state structures already possess the more stable six-

membered ring configuration. Further, Seshadri and Westmoreland have shown that 

water catalyzes many other decomposition reactions of glucose.33 Furthermore, they 

report that other hydroxy-containing compounds can be used in place of water as 

catalysts, where the increasing size of the alcohol corresponds to lower activation 

energies. Therefore, even if the rate of water evaporation is faster than the rates of 

reaction, other alcohols will be present to participate as catalysts, as has been 

demonstrated above in Figure 5.3 for the Maccoll elimination reaction.  

5.4 Conclusions  

Several mechanisms of cellobiose depolymerization are not in agreement with 

recent experimental findings.28 In particular, Maccoll elimination, HAGBC, and 

hydrolysis have been used in literature14,17,51 to explain fragmentation of cellobiose and 

larger glucosaccharides upon fast pyrolysis because the barriers of these reactions are 

lower than many other possible reactions. However, the unraveling of the reducing end of 

cellobiose via elimination of glycolaldehyde or isomeric molecules is a more competitive 
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Table 5.5. Reaction barriers for hydrolysis and glycosidic bond cleavage for 

the intermediates along the “GA loss” pathway. Calculations done with M06-

2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) at 873.15 K and energies are 

reported in kcal/mol. 

Molecule Glycosidic hydrolysis Aglyconic hydrolysis HAGBC 

 
ΔG 

complex 
ΔGŧ 

ΔG 

complex 
ΔGŧ ΔGŧ 

CBC 18.7 51.0 26.6 77.8 56.2 

CBN 20.2 54.3 23.4 54.4 58.3 

CBOC 30.2 51.9 23.8 71.5 51.2 

GER 27.8 49.0 23.9 84.0 56.1 

GED 31.4 45.0 22.2 81.4 52.1 

GGA 20.2 50.6 19.8 86.3 56.5 

 

pathway. As cellulose proceeds through this glycolaldehyde loss pathway, small products 

may escape into the gas phase for analysis while large ones remain in the pyrolysis zone 

and undergo further fragmentation by Maccoll, HAGBC, hydrolysis, or retro-Aldol 

reactions. This will form cellulosides, cellulosan, and cellulose with smaller DP to restart 

the cycle of decomposition until all products enter the gas phase. This interaction of 

parallel pathways supports earlier computational claims14,23,35,36,63 of levoglucosan 

formation via HAGBC, formation of reducing ends via hydrolysis, and the observation of 

glucosides and cellulosides in the product distribution of cellulose.
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CHAPTER 6. EXPLORING THE MECHANISMS OF FAST PYROLYSIS OF 

HEMICELLULOSES VIA TANDEM MASS SPECTROMETRY AND 

QUANTUM CHEMICAL CALCULATIONS: A SYNTHETIC MODEL 

COMPOUND STUDY 

6.1 Introduction 

Although numerous studies have been carried out on fast pyrolysis of cellulose 

and lignin by using model compounds,5,19,21,23,28 no such mechanistic studies have been 

published on fast pyrolysis of hemicelluloses.82–84 This can be attributed to the structural 

complexity and diversity of hemicelluloses. Hemicelluloses constitute between 20 and 35 

wt% of biomass, depending on the feedstock.4,82 They are defined as alkali-soluble 

polysaccharides in plant cell walls that have β-(1→4)-linked pyranose backbones, such as 

xylose or glucose, and possess branched linkages of saccharides, including galactose, 

glucose, and arabinose. Xylans (glucuronoxylan and glucuronoarabinoxylan) are the most 

abundant type of hemicelluloses in the secondary cell walls of plants.85 They possess a 

backbone of xylopyranoses. In this study, a pyroprobe-mass spectrometry set-up was 

employed to examine the initial products of fast pyrolysis of unsubstituted xylan model 

compounds xylobiose and xylotriose. Quantum chemical calculations were performed to 

explore reaction mechanisms of fast pyrolysis. 

6.2 Methods 

The same experimental design coupling a pyroprobe with a mass spectrometer as 

described in chapter 2 was used for fast pyrolysis of the xylan model compounds. 



74 

 

7
4
 

Xylobiose (≥95%, CAS number 6860-47-5) and xylotriose (≥95%, CAS number 47592-

59-6) were purchased from Carbosynth. The chemical structures for these compounds are 

shown in Figure 6.1. Methanol (LC/MS grade ≥99.9%, CAS 67-56-1) and water (LC/MS 

grade, CAS number 7732-18-5) were purchased from ProteoChem. Ammonium 

hydroxide (28−30% as NH3, CAS 1336-21-6) was purchased from Mallinckrodt 

Chemicals and a compressed nitrogen cylinder (≥99.9%, CAS 7727-37-9) was purchased 

from Indiana Oxygen. All chemicals were used without further purification. The 

computational methods employed are the same as described in chapter 3. 

 
Figure 6.1. Structures of compounds used as model compounds in this study: 

(a) β-1,4-xylobiose and (b) β-1,4-xylotriose. 

6.3 Results and Discussion 

The model compounds were loaded on a platinum ribbon on the pyroprobe, which 

was housed inside the ionization chamber of the mass spectrometer. Initial products of 

fast pyrolysis evaporating from the surface of the ribbon were quenched in nitrogen 

atmosphere at 100°C at atmospheric pressure. Atmospheric pressure chemical ionization 

with ammonium hydroxide as a dopant was used to ionize pyrolysis products. This 

method ionizes the initial fast pyrolysis products by attaching an ammonium ion to them 

without fragmentation. Elemental compositions of ionized pyrolysis products were 

confirmed by high resolution mass analysis. All peaks shown in the mass spectra 

correspond to ammonium adducts of products generated from pyrolysis. 

Ionized products obtained upon fast pyrolysis of xylobiose are shown in Figure 

6.2(a). Ions of m/z 300 shown in Figure 6.2(a) are ammonium adducts of xylobiose. The 
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major product of fast pyrolysis of xylobiose is proposed to be β-ᴅ-xylopyranosyl-

glyceraldehyde (ions of m/z 240), likely formed by loss of a glycolaldehyde (or isomeric) 

molecule from xylobiose. Other products observed in significant abundance correspond 

to ions of m/z 222 (likely formed by loss of a water molecule and a glycolaldehyde or 

isomeric molecule from xylobiose) and ions of m/z 282 (formed upon loss of a water 

molecule from xylobiose). Minor products formed upon xylobiose fast pyrolysis include 

those that correspond to ions of m/z 270 (formed upon loss of a formaldehyde molecule 

from xylobiose), ions of m/z 210 (likely formed upon loss of a formaldehyde molecule 

and a glycolaldehyde or isomeric molecule from xylobiose), ions of m/z 168 (xylose) and 

ions of m/z 150 (anhydroxylose) formed upon cleavage of the glycosidic linkage. 

 
Figure 6.2. Positive ion mode mass spectra showing ionized initial products 

of fast pyrolysis of (a) β-1,4-xylobiose and (b) β-1,4-xylotriose, ionized by 

atmospheric pressure chemical ionization with ammonium hydroxide as 

dopant. All peaks shown in the mass spectra correspond to ammonium 

adducts of products generated upon pyrolysis. 
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Pyrolysis mass spectrum of xylotriose is shown in Figure 6.2(b). Xylotriose 

generated many identical products upon fast pyrolysis as seen for xylobiose. The 

structures of the ions were examined by using MS2 experiments (isolating ions and 

subjecting them to collision-activated dissociation). Major products from fast pyrolysis of 

xylotriose were found to yield ions of m/z 354 (likely formed upon loss of a 

glycolaldehyde or isomeric molecule and a water molecule from xylotriose), ions of m/z 

300 (xylobiose) and ions of m/z 240 (β-ᴅ-xylopyranosyl glyceraldehyde – identical 

product was proposed for fast pyrolysis of xylobiose).  Other products yielded ions of 

m/z 282, 222, 210, 168, and 150, which were also observed for fast pyrolysis of 

xylobiose. Products yielding ions of m/z 342 are likely formed by loss of a 

glycolaldehyde or isomeric molecule and a formaldehyde molecule from xylotriose.  

Quantum chemical calculations at 600°C at the M06-2X/6-311++G(d,p)//M06-

2X/6-311++G(d,p) level of theory revealed a low-energy pathway (Figure 6.3) for the 

concerted elimination of an ethenediol molecule (tautomer of glycolaldehyde) from 

xylobiose, producing β-ᴅ-xylopyranosyl-glyceraldehyde (XGRA). The calculated free 

energy barrier for ring opening of the reducing end of xylobiose to produce open chain 

xylobiose (XBO) was found to be relatively low at 49.8 kcal/mol. The concerted 

elimination of ethenediol from open chain xylobiose (XBO) via retro-aldol condensation 

has a calculated free energy barrier of 42.3 kcal/mol. This reaction was found to be 

exergonic by 19 kcal/mol. Cellobiose—a model compound for cellulose—follows a 

similar pathway during fast pyrolysis, with barriers of 49.2 kcal/mol and 39.1 kcal/mol for 

reducing end ring opening and elimination of ethenediol, respectively.28 Further 

fragmentation of β-ᴅ-xylopyranosyl glyceraldehyde via loss of formaldehyde to produce 



77 

 

7
7
 

ions of m/z 210 is not a major pathway, which is in agreement with an unfavorably high 

calculated free energy barrier of 76.6 kcal/mol relative to xylobiose. A Grob 

fragmentation reaction of XGRA may also explain the loss of formaldehyde to yield an 

ion with m/z 210. The calculated free energy barrier for elimination of formaldehyde 

from open-chain xylobiose (XBO) to generate β-ᴅ-xylopyranosyl erythrose (ions of m/z 

270) was found to be 87.4 kcal/mol, which may explain its relatively low abundance. 

Table 6.1. Elemental compositions, proposed structures of fast pyrolysis 

products as well as m/z values of their ions for xylobiose and xylotriose. 

m/z of product ion 
Elemental 

composition 
Proposed structure 

150 [C5H8O4+NH4
+]  

4,3-anhydroxylose 

168 [C5H10O5+NH4
+]  

xylose 

210 [C7H12O6+NH4
+]  

xylopyranosyl-glycolaldehdye (XGA) 

222 [C8H12O6+NH4
+] 

 

xylopyranosyl-acrylaldehyde (XAL) 

240 [C8H14O7+NH4
+] 

 

xylopyranosyl-glyceraldehyde (XGRA) 
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Table 6.1. continued. 

270 [C9H16O8+NH4
+] 

 

xylopyranosyl-erythrose (XER) 

282 [C10H16O8+NH4
+] 

 

1,2-anhydroxylobiose 

300 [C10H18O9+NH4
+] 

 

xylobiose (XB) 

342 [C12H20O10+NH4
+] 

 

xylobiosyl-glycolaldhyde (XBGA) 

354 [C13H20O10+NH4
+] 

 

 

Based on the measured elemental composition, the ion of m/z 282  is an 

ammonium ion adduct of xylobiose that has lost a water molecule.The proposed structure 

for this ion (Figure 6.2) is based on quantum chemical calculations of Maccoll 

elimination of xylobiose, similar to the Maccoll elimination reactions of cellobiose 

described in chapter 4. Figure 6.4 shows the 14 possible Maccoll elimination reactions of 

xylobiose with reaction barriers calculated at the M06-2X/6-311++G(d,p) level of theory. 

Each reaction label indicates the carbon sites for C-O cleavage and C-H cleavage, 

respectively. For example, in reaction 12Mac, the C-OH bond on C1 and the C-H bond 

on C2 are broken when water is lost from the molecule. This reaction has the lowest 
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barrier for production of anhydrous xylobiose, corresponding to ions of m/z 282. The 

next lowest barrier for anhydrous xylobiose production is 34Mac, which is over 5 

kcal/mol higher in energy. Hence, the product from 12Mac is the predicted precursor for 

the ion with m/z 282 as shown in Table 6.1. 

 

Figure 6.3. Free energies (kcal mol−1) of intermediates and transition states 

(square brackets) for the formation of β-ᴅ-xylopyranosyl-glyceraldehyde 

(ions of m/z 240) and β-ᴅ-xylopyranosyl-glycoaldehyde (ions of m/z 210) 

from xylobiose at 600°C calculated at the M06-2X/6-311++G(d,p)//M06-

2X/6-311++G(d,p) level of theory. 

Three of the Maccoll elimination reactions (43Mac, 45Mac, and 1’2’Mac) 

produce a xylose and an anhydrous xylose by scission of the glycosidic linkage. 

Cleavages of glycosidic bonds (1’2’Mac) and aglyconic bonds (43Mac and 45Mac) were 

found to be equally likely based on the energy barriers (Figure 6.4), suggesting that 

xylose and anhydroxylose are equally likely to be produced from both the reducing and 

the non-reducing ends. Cleavage of the glycosidic bonds of xylobiose and xylotriose via 

the HAGBC reaction described in chapter 5 is not possible because of the absence of the 

hydroxymethylene group. This may explain why the products corresponding to the 

reducing end unraveling pathway of Figure 6.3 appear to be more dominant for xylobiose 
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(Figure 6.2) than the analogous products for reducing end unraveling of cellobiose 

(compare Figure 3.1 and Figure 3.3).  

 

Figure 6.4. Calculated free energy barriers (kcal mol−1) for 1,2-dehydration 

and cleavage of the glycosidic linkage via Maccoll elimination at 600°C 

calculated at the M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p) level of 

theory. Reaction codes indicate respective carbon sites that cleave C-O and 

C-H bonds. 

According to the measured elemental composition, the ion with m/z 222 

corresponds to an ammonium adduct of xylobiose that has lost ethenediol and water. This 

can occur by loss of ethenediol from one of the anhydrous xylobiose products shown in 

Figure 6.4 or by loss of water from xylopyranosylglyceraldehyde (see Figure 6.5). Loss 

of ethenediol is expected to come from C1 and C2 on the reducing end based on similar 
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experiments and calculations on cellobiose (see chapter 3). It is possible that water is lost 

from the non-reducing end prior or subsequent to this loss of ethenediol from the 

reducing end. If water loss occurs first, the anhydrous xylobiose undergoes ring-opening, 

tautomerization and retro-aldol condensation analogous to the pathway in Figure 6.3. The 

barrier heights shown in Figure 6.5 for the reaction of anhydrous xylobiose (yielding ions 

of m/z 282) to generate anhydrous xylopyranosylglyceraldehyde (yielding ions of m/z 

222) correspond to the initial ring-opening reaction, which in all cases is the rate-

determining step of the two-step loss of ethenediol. The loss of ethenediol is expected to 

be much faster than the initial loss of water since the barriers for loss of ethenediol are at 

least 20 kcal/mol lower in free energy than water loss, which has barriers ranging from 

70.9 kcal/mol to 81.8 kcal/mol (Figure 6.5). 

Formation of ions with m/z 222 is more likely to occur by losing ethenediol from 

xylobiose to form XGRA first, followed by water loss. The barrier for XGRA formation 

is 49.8 kcal/mol (Figure 6.3), which is much lower than those for the dehydration 

reactions (Figure 6.5). Water loss from XGRA is most likely to occur by breaking the C-

O bond at C5 of the fragmented reducing end and forming xylopyranosyl-acrylaldehyde 

(XAL) (Figure 6.5) with a barrier of 56.1 kcal/mol relative to XGRA. The other water 

loss pathways are less likely since they require at least 15 kcal/mol more energy.  

6.4 Conclusions 

Initial products of fast pyrolysis of xylobiose and xylotriose were determined 

using a fast pyroprobe/tandem mass spectrometry setup. Fast pyrolysis of xylobiose and 

xylotriose was found to generate many identical products. Ring opening at the reducing 

end and subsequent elimination of an ethenediol molecule from the reducing end via 
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retro-aldol condensation was found to be the major pyrolysis pathway. Other pyrolysis 

pathways include loss of water and formaldehyde molecules. Quantum chemical 

calculations revealed a feasible low-energy pathway for production of β-ᴅ-

xylopyranosylglyceraldehyde from xylobiose, which can react further to form β-ᴅ-

xylopyranosylacrylaldehyde. Other pathways include 1,2-dehydration and cleavage of 

glycosidic linkages via concerted Maccoll elimination mechanism.  
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Figure 6.5. Pathways for the formation of product molecules yielding ions 

with m/z 222 via water loss from xylobiose (XB) followed by loss of 

ethendiol or loss of water from xylopyranosylglyceraldehyde (XGRA). 

Reaction free energies and barriers (in brackets) calculated at the M06-2X/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level of theory at 600°C relative to 

xylobiose. Numbers with * indicate the barrier of the rate determining step in 

the two-step process of ring-opening and loss of ethenediol. 
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CHAPTER 7. COMPUTATIONAL AND EXPERIMENTAL INVESTIGATION OF 

ION-MOLECULE REACTIONS TO IDENTIFY PROTONATED SULFONE AND 

AROMATIC CARBOXYLIC ACID FUNCTIONALITIES 

7.1 Introduction   

As drug molecules are metabolized, the functionalities of the compounds can be 

altered in a manner that increases the hydrophilicity of the compound and may lead to 

toxic drug metabolites.86,87 Characterization of these metabolites by existing analytical 

methods (NMR, FT-IR, X-ray crystallography) has proven to be difficult.88,89,90 Tandem 

mass spectrometry based on collision-activated dissociation (CAD) can be used to gain 

elemental composition and structural information of these metabolites. However, this 

technique often fails to provide unambiguous information for multifunctional drug 

moieties with same elemental composition and hence only conjectures can be drawn 

about the elemental connectivity of many analytes. Ion-molecule reactions can be used to 

differentiate functionalities within an analyte based on its reactivity with the chosen 

reagent. This technique has already been used in the characterization of organic 

molecules with functionalities such as epoxide,91 sulfone,92 amido,93,94 carbonyl,95 

polyol,96 hydroxylamino,97 N-oxide and sulfoxide98 groups. In this work, my 

collaborators demonstrated that gas-phase ion-molecule reactions of 

trimethoxymethylsilane (TMMS) reagent can be used to identify protonated sulfone and 

aromatic carboxylic acid functionalities, as present in multifunctional drug moieties. The 
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experimental work presented here is complemented by a computational investigation of 

the possible mechanisms by which the analytes react with the reagent in the gas-phase.  

7.2 Methods  

Most chemicals were purchased from Sigma-Aldrich with purities ≥ 98%. All 

chemicals were used without further purification. Stock solutions of all the analytes used 

in this study were prepared at a concentration of 0.1 mM using acetonitrile and are 

diluted as needed using 50% methanol and 50% water. 

Experiments were conducted in a Thermo Scientific LTQ linear quadrupole ion 

trap (LQIT) equipped with an electrospray ionization (ESI) source. All analytes were 

analyzed via (+) ESI. In collision-activated dissociation (CAD) experiments, the 

advanced scan feature of the LTQ tune software interface was used to isolate the ions. 

The ions were then subjected to CAD by using helium as a collision gas. The isolation 

parameters were, an isolation width of 2 units, an activation q value of 0.25 and an 

activation time of 30 ms. 

 An external manifold for preparing helium/reagent gas mixtures was used as first 

proposed by Gronert.99,100 A schematic drawing of the external manifold used in this 

research was published by Habicht and co-workers.101 The reagent TMMS was 

introduced into the trap via the manifold using syringe pumps at a flow rate of 3 µL/h. 

The manifold surrounding the syringe port was maintained at a temperature of ~125 oC to 

ensure evaporation of the neutral reagent (TMMS). A known amount of helium (0.8L/h) 

was used to dilute the reagent and a small amount of the diluted fraction (~2 mL/min) 

was drawn into the trap by using Granville-Phillips leak valve and the remaining was 

removed via exhaust. 
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Lowest energy conformers for neutral and protonated species were identified 

using Maestro 7.0 Macro Model.54 Geometry optimizations and single point energy 

calculations were completed with Gaussian 09.37 Geometries and energies used in 

calculating theoretical proton affinities were performed with the B3LYP/6-31G++(d,p) 

level of theory.38,64–67 The optimized structures and energies for the potential energy 

surfaces of the mechanistic pathways were calculated with M06-2X/6-311++G(d,p).39 All 

transition state structures contain exactly one negative frequency. 

7.3  Results and Discussion 

Gas-phase reactivity of protonated model compounds with different functional 

groups were studied by my collaborators with TMMS (proton affinity (PA) = 202 

kcal/mol) as a reagent in Linear quadrupole ion trap (LQIT). Most of the protonated 

model compounds react with TMMS to produce a stable adduct. However, when 

protonated sulfone and aromatic carboxylic acid containing model compounds were 

allowed to react with TMMS, a characteristic TMMS adduct-MeOH product was formed 

in addition to the TMMS adduct. Identification and differentiation of these two 

functionalities is possible by MSn of the TMMS adduct-MeOH, as discussed below.  

7.3.1 Protonated carboxylic acid model compounds 

The mass spectra measured after the reaction between TMMS and protonated 

aromatic carboxylic acids showed the addition product, addition-MeOH product and/or 

addition-2MeOH product. While the CAD of addition product gives back the protonated 

analyte, CAD of adduct-MeOH product gives addition-2MeOH as a product. Upon 

further CAD, adduct-2MeOH product ion showed loss of molecules with MW 44 Da and 
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MW 90 Da; these losses are characteristic and can be used to identify the presence of an 

aromatic carboxylic acid functionality. 

The mass spectrum of benzoic acid and mass spectrum of benzoic acid fragments 

after isolation and CAD are shown in Figure 7.1.  Figure 7.2A shows the pathway I 

calculated for the spontaneous proton transfer and formation of adduct-MeOH product 

(m/z 227) for protonated benzoic acid upon reaction with TMMS. The first step of the 

reaction is proton transfer from protonated benzoic acid to TMMS. Addition-MeOH 

elimination product is formed by electrophilic attack of the deprotonated carbonyl group 

in the benzoic acid at the silicone atom in the protonated TMMS reagent, which involves 

a four-membered transition state. Both the proton transfer and adduct-MeOH elimination 

reaction are calculated to be exergonic relative to the reactants. Figure 7.2B depicts the 

potential energy surface calculated for the formation of adduct-2MeOH (m/z 195) upon 

CAD of adduct – MeOH elimination product. The highest barrier is calculated to be 28.7 

kcal/mol. This second methanol loss is facilitated by proton transfer from the hydroxyl 

group of the carboxylic acid to a methoxy group bound to silicon atom for simultaneous 

Si-O bond cleavage to release methanol and formation of a four-membered ring 

containing silicon and a delocalized charge site. Notably, there is no adduct-3MeOH ion 

in the mass spectrum, which is explained by the mechanism for MeOH loss outlined 

above. Each methanol loss requires a hydrogen transfer to one of the methoxy groups of 

TMMS. Protonated benzoic acid can lose two hydrogen atoms from the carboxylic 

functionality, but a third hydrogen loss would involve cleavage of a C-H bond on the 

benzene ring, which is expected to be thermodynamically unfavorable. Figure 7.2C 

shows the potential energy surface calculated for the characteristic loss of molecules with  



88 

 

8
8
 

 
Figure 7.1. The mass spectrum of protonated benzoic acid measured after 300 

ms of reaction with TMMS (spectrum A). The most abundant product ion 

(m/z 227) corresponds to adduct-MeOH. The other product ion (m/z 137) 

corresponds to proton transfer product. The MS3 spectrum measured after 

collision-activated dissociation (CAD) of TMMS adduct-MeOH (spectrum 

B). The fragment ion (m/z 195) corresponds to TMMS adduct-2MeOH. The 

MS4 spectrum measured after CAD of TMMS adduct-2MeOH (spectrum C). 

The most abundant fragment ion corresponds to CO2
 
loss. The other fragment 

ion corresponds to loss of a molecule with MW of 90. 

MW 44 Da and 90 Da upon CAD of adduct-2MeOH (m/z 195). The adduct-2MeOH 

product can isomerize into two distinct isomers that are conformers by breaking one of 

the bonds in the four-membered ring. The lower-energy conformer—“extended 

conformer”—has an energy of 24.8 kcal/mol relative to the original adduct-2MeOH 

isomer. This lower energy conformer is characterized by a protraction of the silicon and 

methoxy group away from the benzene ring. This “extended conformer” further 

fragments into an ion with m/z 105 via loss of a neutral molecules with MW 90 Da by 

cleavage of the ether bond. This barrierless heterolytic cleavage is endergonic by 35.4  
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Figure 7.2. Proposed reaction pathways and calculated potential energy 

surfaces for the formation of different reaction products upon reaction of 

protonated aromatic benzoic acid with TMMS reagent and upon CAD of the 

product ions, calculated at the M06-2X/6-311++G(d,p) level of theory. A) 

Spontaneous proton transfer and formation of TMMS adduct-MeOH upon 

reaction of protonated benzoic acid with TMMS. B) Formation of adduct-

2MeOH upon CAD of adduct-MeOH. C) Characteristic losses of molecules 

of MW of 44 Da (solid line) and 90 Da (dashed line) upon CAD of adduct-

2MeOH.  
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kcal/mol and endothermic by 48.7 kcal/mol. The higher-energy conformer—“folded 

conformer”—has an energy of 27.1 kcal/mol relative to the original adduct-2MeOH 

isomer and is characterized by the silicon and methoxy groups folding towards the 

benzene ring where the positively charged silicon can interact with the π electrons system 

of the benzene ring. This conformer can fragment by expulsion of CO2, shown by the 

transition state structure for this process in Figure 7.3. This process has a barrier 17.6 

kcal/mol relative to the “folded conformer” (m/z 195). The final product is an ion with 

m/z 151 with an energy that is 3.9 kcal/mol lower than that of the “folded conformer.” It 

is clear that these products can only be seen upon CAD because the overall pathways are 

endergonic. The formation of the fragment ion with m/z 151 (corresponding to the loss of 

CO2) requires less energy than the ion with m/z 105, thus explaining the higher relative 

abundance of ion of m/z 151 in the MS4 spectrum (Figure 7.1C). 

 

Figure 7.3. Transition state structure for the loss of CO2 from benzoic acid 

TMMS adduct-2MeOH calculated at the M06-2X/6-311++G(d,p) level of 

theory. 
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The analogous reactivity of carboxylic acid with the TMMS reagent was observed 

for 3-hydroxybenzoic acid and 4-hydroxybenzoic acid as expected, but 2-hydroxybenzoic 

acid reacted differently with TMMS. Upon CAD of adduct-2MeOH, loss of CO2 was still 

observed, but instead of the characteristic loss of MW 90 Da, a loss of MW 30 Da was 

observed (see Figure 7.4), corresponding to production of an ion with m/z 181. 

 
Figure 7.4. The mass spectrum of protonated 2-hydroxybenzoic acid 

measured after 300 ms of reaction with TMMS (A).Spontaneous formation of 

TMMS adduct (m/z 275), adduct-MeOH (m/z 243) and adduct-2MeOH (m/z 

211) is observed. MS3 spectrum measured after collision activated 

dissociation (CAD) of TMMS adduct-MeOH (B). The fragment ion (m/z 

211) corresponds to TMMS adduct-2MeOH. MS4 spectra measured after 

CAD of TMMS adduct-2MeOH. The most abundant fragment ion 

corresponds to the loss of MW 30Da (formaldehyde loss). The other 

fragment ion corresponds to a neutral loss of MW 44Da (CO2 loss).  

The reason for the formation of these products is attributed to the availability of 

acidic hydrogen in close proximity to the carboxylic acid functionality. The possible 

mechanism supporting these losses are explored computationally. Figure 7.5A shows the 

potential energy surface for the exothermic proton transfer and the formation of adduct 

Mass spectrum 

 CAD of [M+H+TMMS-MeOH]
+
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Figure 7.5. Proposed reaction pathway and potential energy surface for the 

formation of different reaction products and fragments formed upon reaction 

of 2-hydroxybenzoic acid with TMMS reagent, calculated  with the M06-

2X/6-311++G(d,p) level of theory for A) spontaneous proton transfer and 

formation of TMMS adduct-MeOH, B) formation of adduct-2MeOH upon 

isolation and CAD of adduct-MeOH, and C) characteristic losses of MW of 

44 Da (solid line) and 30 Da (dashed line) observed upon CAD of adduct-

2MeOH.  



93 

 

9
3
 

-MeOH product formed upon reaction of TMMS with 2-hydroxybenzoic acid. Figure 

7.5B shows the potential energy surface for the formation of adduct-2MeOH product 

(m/z 211) upon CAD of adduct-MeOH (m/z 243). Adduct-MeOH product ion (m/z 243) 

occurs in two different conformations. Each conformer follows a different pathway for 

fragmentation to form adduct-2MeOH product. In both pathways, hydrogen from a 

hydroxyl group is transferred to a methoxy group, which is eliminated as methanol. In the 

first conformation for the ion m/z 243, the silicon is in close proximity (1.84 Ao) to the 

phenolic group. Upon CAD, a simultaneous MeOH loss and formation of an adduct -

2MeOH product ion (isomer 1) with a six-membered cyclic ring structure was observed 

as shown in Figure 7.5B (dashed line).This pathway is endergonic by 4.1 kcal/mol and 

must overcome a barrier of 25.8 kcal/mol relative to adduct-MeOH (lower energy 

conformer).In the second conformation for ion m/z 243, the silicon is closer to the 

benzylic hydroxyl group (3.1 Ao) and far away from the phenolic group (4.1 Ao). Upon 

CAD, a simultaneous methanol loss and formation of an adduct-2MeOH product ion 

(isomer 2) with a four membered ring structure was observed as shown in Figure 7.5B 

(solid line). This is similar to the mechanism proposed for benzoic acid and the pathway 

is endergonic by 25.6 kcal/mol and must overcome a barrier of 29.1 kcal/mol relative to 

adduct-MeOH (lower energy conformer). Figure 7.5C shows the potential energy surface 

that shows the energy required for losses of neutral molecules of MW of 30 Da and 44 Da 

upon CAD of adduct-2MeOH (m/z 211). The formaldehyde loss occurs from adduct-

2MeOH isomer 1 and the barrier for this transition is 61.1 kcal/mol. The CO2 loss occurs 

from adduct-2MeOH isomer 2 in exactly the same manner as described for benzoic acid 

and the barrier for this transition is 72.5 kcal/mol. The barrier for CO2 loss relative to 
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isomer 2 with m/z 211 is 40.4 kcal/mol while the barrier for formaldehyde loss relative to 

isomer 1 with m/z 211 is 72.5 kcal/mol (see Figure 7.5C). Although the barrier for CO2 

loss is lower than the barrier for formaldehyde loss, the relative abundance of the product 

ion corresponding to formaldehyde loss is higher in the MS4 spectrum. This is due to the 

relative proportion of isomer 1 to isomer 2 of m/z 211 formed after the initial CAD of 

adduct-MeOH. Formation of isomer 1 is more energetically favorable than formation of 

isomer 2. The Gibb’s free energy barrier for the reaction producing isomer 1 is 3.3 

kcal/mol lower in energy relative to the barrier for the reaction producing isomer 2. Loss 

of CO2 is only possible with isomer 2. 

7.3.2 Protonated sulfone model compounds 

The mass spectra measured after reactions between TMMS and protonated 

sulfone-containing model compounds showed the dominant adduct-MeOH product. 

Further isolation and CAD of adduct-MeOH product produced diagnostic product ions of 

m/z 75, 105 and 123. Observation of these product ions indicates the possible presence of 

sulfone functionalities in the analyte of interest. The mass spectrum and the CAD 

spectrum corresponding to dimethyl sulfone is shown in 

Figure 7.6.  

Based on my calculations, the formation of the adduct-MeOH product is proposed 

to be initiated by proton transfer from the protonated analyte to the methoxy group in the 

neutral reagent (TMMS), followed by nucleophilic addition of sulfone to the electron 

deficient silicon (Figure 7.7A). Figure 7.7B shows the potential energy surface calculated 

for the spontaneous proton transfer and formation of adduct-MeOH elimination product 

(m/z 242) for dimethyl sulfone. The adduct-MeOH product is formed by the electrophilic 
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attack of carbonyl from the dimethyl sulfone to the silicone in the protonated TMMS 

reagent.  

 
Figure 7.6. The mass spectrum of protonated dimethylsulfone (m/z 95) 

measured after 300 ms of reaction with TMMS (spectrum A). The most 

abundant product ion (m/z 199) corresponds to TMMS adduct-MeOH. The 

other product ion is the protonated TMMS reagent (m/z 137). MS3 spectrum 

measured after collision activated dissociation (CAD) of TMMS adduct-

MeOH (spectrum B). The fragment ions of m/z 75, 105 and 123 are 

diagnostic to sulfone functionality. 

As seen on the potential energy surface, both the proton transfer and adduct-

MeOH elimination product (m/z 243) formation are exergonic relative to the reactant and 

are readily formed. No transition structure was found for the heterocyclic cleavage of the 

Si-O bond in the adduct-MeOH product. Hence, formation of the most abundant fragment 

ion m/z 105 is assumed to be a barrierless pathway.  

7.4 Conclusions   

When protonated aromatic carboxylic acid containing model compounds were 

allowed to react with TMMS, a characteristic adduct-MeOH product was formed. The 

mechanism for the formation of the adduct-MeOH product involved transfer of an acidic 

hydrogen from the analyte to a methoxy group in the TMMS. Isolation and CAD (MS3)  
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Figure 7.7. Proposed reaction mechanism (A) and calculated potential energy 

surface (B) (M06-2X/6-311++G(d,p) level of theory) for the spontaneous 

formation of TMMS adduct-MeOH and endergonic formation of abundant 

diagnostic fragment ion (m/z 105) upon CAD of the adduct-MeOH of 

protonated analytes containing sulfone functionality. The pathway for the 

formation of the fragment ion (m/z 105) is assumed to be a barrierless 

pathway (Gibbs free energy (ΔG) is reported in kcal/mol). 
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of the TMMS adduct-MeOH product of aromatic carboxylic acid model compounds 

produced a second methanol loss. Further CAD of TMMS adduct-2MeOH produced 

characteristic losses of MW 44 Da and 90 Da. These losses occur by a conformational 

change in the ion—an extended structure for loss of MW 90 Da and a folded structure for 

loss of CO2. Since these conformers can exist in equilibrium and loss of CO2 has a lower 

barrier height than loss of MW 90 Da for benzoic acid, the relative abundance of m/z 151 

is greater than m/z 105. In the case of 2-hydroxy benzoic acid, loss of MW 90 Da does 

not occur. The hydroxyl group in the 2-hydroxy benzoic acid is able to bind to the silicon 

in TMMS to form a thermodynamically stable ion, which does not lose CO2 or MW 90 

Da upon CAD. A similar adduct-MeOH was produced upon reaction of dimethyl sulfone 

with TMMS. This was initiated by protonation of dimethyl sulfone followed by hydrogen 

transfer to TMMS 
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CHAPTER 8. SUMMARY 

In addition to the conclusions provided in each chapter, this section will provide 

future plans on these research topics. A very important theory of cellulose 

depolymerization has been proposed in Chapter 5. It agrees with the experimental study 

on pyrolysis of 13C-labeled cellobioses. The next step is to extend the proposed scheme to 

larger glucosaccharides. Synthesis of 13C-labeled cellotriose is currently underway. 

Pyrolysis of this isotopically labeled compound will give further information regarding 

the efficacy of the hypothesized depolymerization. Computational restraints have 

mitigated the ability to do full geometry optimizations with cellotriose, but by making 

some compromises to computational accuracy, it may be possible to give a rough idea of 

the legitimacy of the model for compounds larger than cellobiose. This will be a good 

complement to the future experimental work. 

Now that detailed elementary reaction steps have calculated barriers, it is possible 

to implement these values into rigorous kinetic models. A semi-batch reactor model 

developed by Dr. John Degenstein should be able to determine the predicted product 

distribution of pyrolysis based on these reaction networks. This model incorporates 

evaporation as a competitive process to the fragmentation reactions by applying Raoult’s 

law between the liquid reaction phase and the gas-phase. It will be insightful to compare 

the predictions of this model to physical results.
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In addition to the work on isolated cellulose, hemicelluloses, and lignins, it will 

soon become necessary to investigate the interactions between these constituents of 

biomass by covalent and non-covalent interactions. Covalent bonds between cellulose 

and other biopolymers may inhibit certain reaction pathways and open up other yet 

unknown pathways. Further computational and experimental investigations into branched 

lignins and hemicelluloses are key to bridging the gap between model compounds and 

native biomass.  
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APPENDIX 

This appendix contains the Cartesian coordinates for the geometries of important 

structures found throughout this thesis. 

Cellobiose (CB) M06-2X/6-311++G(d,p) 

8 0.077485 0.712592 -0.70321 

6 -2.64841 -1.13072 0.646615 

6 -1.13804 0.549271 -0.04994 

6 -2.21011 1.334906 -0.78722 

1 -2.5564 -0.79845 1.691398 

1 -1.06238 0.908345 0.993123 

1 -2.24783 0.974248 -1.82271 

6 2.228367 1.325541 0.054472 

6 1.204944 0.185366 -0.0106 

6 1.783399 -1.02455 -0.73581 

6 3.169149 -1.35026 -0.19646 

6 4.061943 -0.12443 -0.22543 

1 0.916859 -0.12174 1.003228 

1 1.873978 -0.76976 -1.80201 

1 3.083813 -1.66595 0.852296 

1 4.180468 0.24675 -1.25622 

6 -3.54226 1.071234 -0.10178 

1 -3.49062 1.476708 0.920171 

6 -3.827 -0.42286 -0.01214 

1 -3.94691 -0.81139 -1.03401 

1 2.37026 1.725434 -0.96086 

8 -1.98417 2.728903 -0.73604 

1 -1.19144 2.927044 -1.24362 

8 -4.61879 1.66152 -0.80056 

1 -4.43231 2.601468 -0.89383 

8 -4.98144 -0.6708 0.756537 

1 -5.68876 -0.1227 0.400379 

6 -2.71627 -2.64808 0.593962 
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1 -3.525 -3.00645 1.230884 

1 -2.92372 -2.95032 -0.44176 

8 -1.46456 -0.8067 -0.06829 

8 -1.51015 -3.20721 1.055642 

1 -0.79018 -2.79743 0.55289 

8 0.94398 -2.1487 -0.57407 

1 1.418065 -2.90298 -0.94361 

8 3.677716 -2.39269 -1.00025 

1 4.54115 -2.64406 -0.65739 

8 5.281677 -0.49249 0.323612 

1 5.899181 0.2414 0.25631 

8 3.476958 0.8827 0.57042 

6 1.772315 2.444851 0.973162 

1 0.817724 2.841887 0.625175 

1 1.635745 2.033256 1.982307 

8 2.694465 3.50889 0.977659 

1 3.544648 3.144923 1.243246 

E(elec) -1297.870416 au 

ZPVE 0.377474 au 

G correction (873K) 0.108463 au 

Open-chain cellobiose (CBOC) M06-2X/6-311++G(d,p) 

8 -0.358339 0.949481 0.401284 

6 2.429269 -0.884755 -0.848294 

6 0.947773 0.781363 -0.055998 

6 1.92704 1.285487 0.989557 

1 2.549794 -0.317877 -1.783171 

1 1.084194 1.327214 -1.00717 

1 1.741291 0.737621 1.922142 

6 -2.488614 1.309674 -0.591432 

6 -1.315475 0.34227 -0.472673 

6 -1.619686 -1.097323 0.000855 

6 -2.957279 -1.312652 0.744058 

6 -2.848067 -0.735267 2.13738 

1 -0.883019 0.227576 -1.473353 

1 -0.814266 -1.375017 0.689723 

1 -3.76933 -0.82292 0.196228 

1 -2.654577 0.347594 2.227221 

6 3.338273 0.997335 0.499053 

1 3.517576 1.59428 -0.408091 

6 3.513635 -0.474287 0.141394 
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1 3.402176 -1.069696 1.059573 

1 -2.933926 1.502004 0.396026 

8 1.833263 2.681631 1.18764 

1 0.988897 2.875573 1.604766 

8 4.305773 1.308425 1.479645 

1 4.190616 2.230636 1.730818 

8 4.770027 -0.699401 -0.452839 

1 5.437379 -0.313602 0.124868 

6 2.380819 -2.366408 -1.169984 

1 3.317991 -2.665567 -1.640008 

1 2.267336 -2.924109 -0.230019 

8 1.164975 -0.587477 -0.266576 

8 1.338 -2.649444 -2.070279 

1 0.496497 -2.358416 -1.688569 

8 -1.563611 -1.935388 -1.134807 

1 -2.009097 -2.760119 -0.900932 

8 -3.207057 -2.694862 0.809847 

1 -3.164283 -2.95703 1.74034 

8 -2.934704 -1.433918 3.112598 

1 -4.042159 1.420775 -1.722319 

8 -3.437163 0.720092 -1.451804 

6 -2.033049 2.645865 -1.157199 

1 -1.340925 3.13539 -0.466827 

1 -1.535525 2.473174 -2.119741 

8 -3.220159 3.407009 -1.332521 

1 -3.022529 4.215511 -1.809308 

E(elec) -1297.847934 au 

ZPVE 0.374172 au 

G correction (873K) 0.0934611 au 

β-ᴅ-glucopyranosylerythrose (GER) M06-2X/6-311++G(d,p) 

8 0.933868 -0.35359 0.69923 

6 -2.15668 0.961372 -0.51446 

6 -0.27714 -0.37343 0.018306 

6 -1.13417 -1.46991 0.632088 

1 -2.0026 0.75715 -1.58371 

1 -0.10742 -0.57294 -1.05407 

1 -1.24295 -1.256 1.703134 

6 3.247209 -0.17776 0.03098 

6 1.90669 0.540097 0.179943 

6 1.985695 1.731328 1.126689 
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1 1.600148 0.919433 -0.80607 

1 1.020061 2.016968 1.582532 

6 -2.49901 -1.45553 -0.03111 

1 -2.37477 -1.70889 -1.09475 

6 -3.11748 -0.07131 0.066456 

1 -3.28886 0.157724 1.128618 

1 3.596244 -0.50949 1.017479 

8 -0.57958 -2.74882 0.417607 

1 0.240699 -2.81683 0.915744 

8 -3.39163 -2.35982 0.582419 

1 -2.99408 -3.23645 0.557658 

8 -4.32143 -0.00107 -0.66057 

1 -4.86696 -0.74764 -0.38944 

6 -2.6541 2.382347 -0.34675 

1 -3.61081 2.485994 -0.85768 

1 -2.8036 2.581529 0.722561 

8 -0.90367 0.880326 0.171283 

8 -1.76224 3.310661 -0.92161 

1 -0.91353 3.207476 -0.4819 

8 3.006902 2.310978 1.383291 

1 4.366818 1.413492 0.035689 

8 4.192228 0.685035 -0.57139 

6 3.140474 -1.38064 -0.89203 

1 2.442233 -2.11281 -0.48596 

1 2.763833 -1.03845 -1.86703 

8 4.388351 -2.01472 -1.02518 

1 5.024286 -1.33154 -1.26412 

E(elec) -1068.7986478 au 

ZPVE 0.306383 au 

G correction (873K) 0.0618358 au 

β-ᴅ-glucopyranosylethenediol (GED) M06-2X/6-311++G(d,p) 

8 1.565756 -1.32516 0.219848 

6 -0.83384 1.277886 -0.254 

6 0.404214 -0.72897 -0.26827 

6 -0.77253 -1.5476 0.241636 

1 -0.8335 1.285545 -1.35393 

1 0.416344 -0.71773 -1.37183 

1 -0.72069 -1.56297 1.338062 

6 2.733062 -0.84061 -0.33999 

6 3.643279 -0.25388 0.426582 
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1 2.856784 -1.01088 -1.40782 

1 3.469649 -0.09975 1.483816 

6 -2.06237 -0.8825 -0.19985 

1 -2.11175 -0.91034 -1.29892 

6 -2.08834 0.569989 0.247015 

1 -2.09561 0.594994 1.346523 

8 -0.77222 -2.85544 -0.28843 

1 0.02813 -3.29942 0.009226 

8 -3.19916 -1.51537 0.349904 

1 -3.16521 -2.44741 0.110405 

8 -3.21092 1.242352 -0.27549 

1 -3.98685 0.707544 -0.07526 

6 -0.70601 2.699951 0.253805 

1 -1.54479 3.29234 -0.11071 

1 -0.73461 2.685568 1.35146 

8 0.319703 0.585041 0.219835 

8 0.480338 3.297147 -0.21825 

1 1.206452 2.713103 0.024896 

8 4.858831 0.192117 0.021788 

1 4.972227 0.038363 -0.92111 

E(elec) -839.7298893 au 

ZPVE 0.238092 au 

G correction (873K) 0.0312497 au 

Levoglucosan (LG) M06-2X/6-311++G(d,p) 

8 -0.4145 0.107133 -1.54266 

6 -0.6339 -1.0466 -0.7721 

6 0.604516 -1.28379 0.101943 

6 0.752736 -0.11066 1.089954 

6 0.511578 1.238961 0.373295 

6 -0.65708 1.159706 -0.60946 

1 0.495037 -2.21069 0.670225 

8 1.734745 -1.42791 -0.72162 

8 -0.08437 -0.25135 2.220371 

1 1.782762 -0.1188 1.459552 

8 1.637729 1.591272 -0.41577 

1 -0.84892 -1.88172 -1.43771 

1 1.79991 -0.62896 -1.26179 

1 -0.895 -0.69079 1.941003 

1 2.402068 1.693555 0.158048 

8 -1.7648 -0.75869 0.051814 
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6 -1.9502 0.664095 0.032959 

1 -2.81507 0.908755 -0.58575 

1 -0.75581 2.090814 -1.16498 

1 0.299825 2.00092 1.133067 

1 -2.10113 1.023004 1.051773 

E(elec) -610.7028323 au 

ZPVE 0.175387 au 

G correction (873K) 0.0272274 au 

(Z)-ethenediol (EDL) M06-2X/6-311++G(d,p) 

6 0.631355 0.641066 -0.00196 

6 -0.6965 0.60802 0.008061 

1 1.196763 1.562376 -0.02764 

1 -1.2985 1.504857 -0.00125 

1 2.122648 -0.50684 0.446057 

8 1.315347 -0.55788 -0.06962 

1 -0.79854 -1.27805 0.007812 

8 -1.41929 -0.53922 0.011926 

E(elec) -229.0105521 au 

ZPVE 0.062574 au 

G correction (873K) -0.0387194 au 

(E)-ethenediol (EDL) M06-2X/6-311++G(d,p) 

6 0.527559 0.387872 -0.00333 

6 -0.54172 -0.39782 0.02475 

1 0.453533 1.473294 -0.04075 

1 -0.44849 -1.47577 0.048525 

1 2.341949 0.20899 0.603933 

8 1.790028 -0.15759 -0.09114 

1 -1.8751 0.976899 -0.04422 

8 -1.83839 0.017121 0.004142 

E(elec) -229.0020592 au 

ZPVE 0.061863 au 

G correction (873K) -0.0399631 au 

Glycolaldehyde (GA) M06-2X/6-311++G(d,p) 

6 0.724135 -0.34761 0.123551 

1 0.538733 -1.39905 0.425738 

8 1.82504 0.054647 -0.12633 

6 -0.51627 0.525276 0.073384 

1 -0.55604 1.091056 1.008711 

1 -0.41228 1.245124 -0.74497 

8 -1.70113 -0.2331 0.00331 
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1 -1.8089 -0.57552 -0.88694 

E(elec) -229.0150888 au 

ZPVE 0.061539 au 

G correction (873K) -0.0420198 au 

TS: CBCBOC M06-2X/6-311++G(d,p) 

8 0.085896 0.71332 -0.76986 

6 -2.58829 -1.16123 0.646261 

6 -1.10275 0.532625 -0.06949 

6 -2.2015 1.343885 -0.73664 

1 -2.45203 -0.85867 1.695345 

1 -0.98102 0.864684 0.978479 

1 -2.28319 1.018295 -1.78103 

6 2.207896 1.420137 -0.10494 

6 1.251847 0.223538 -0.12106 

6 1.85767 -0.96704 -0.86166 

6 3.115339 -1.4439 -0.13823 

6 4.272911 -0.45344 -0.13171 

1 1.000073 -0.10113 0.898159 

1 2.112085 -0.65642 -1.88639 

1 2.859369 -1.65952 0.907098 

1 4.766049 -0.35223 -1.10718 

6 -3.50589 1.061266 -0.00582 

1 -3.41328 1.439417 1.023764 

6 -3.79048 -0.43445 0.055429 

1 -3.95129 -0.79522 -0.97106 

1 2.173706 1.88324 -1.09567 

8 -1.96777 2.734656 -0.64589 

1 -1.22368 2.95843 -1.21274 

8 -4.60789 1.670545 -0.6451 

1 -4.42829 2.614017 -0.71316 

8 -4.91367 -0.70131 0.86235 

1 -5.63427 -0.14492 0.547756 

6 -2.65878 -2.67735 0.550699 

1 -3.42213 -3.05989 1.227922 

1 -2.93218 -2.94848 -0.47798 

8 -1.43475 -0.81938 -0.10845 

8 -1.42236 -3.24541 0.914015 

1 -0.74099 -2.81037 0.380398 

8 0.928229 -2.02597 -0.88788 

1 1.413455 -2.80309 -1.19197 
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8 3.53134 -2.62524 -0.80186 

1 4.16594 -3.09168 -0.24994 

8 4.977669 -0.36181 0.955002 

1 4.154505 0.725451 1.045 

8 3.572811 1.037811 0.114372 

6 1.828389 2.454995 0.939216 

1 0.774156 2.711649 0.814207 

1 1.962769 2.018565 1.939388 

8 2.558684 3.648321 0.791943 

1 3.496504 3.44935 0.86805 

E(elec) -1297.7840641 au 

ZPVE 0.370820 au 

G correction (873K) 0.1004590 au 

TS: CBOC(GER+EDL) M06-2X/6-311++G(d,p) 

8 0.417774 -0.30441 1.086627 

6 -2.67818 0.533046 -0.47891 

6 -0.67356 -0.49582 0.24082 

6 -1.38502 -1.75753 0.69907 

1 -2.37433 0.36714 -1.52371 

1 -0.34974 -0.61776 -0.80686 

1 -1.60791 -1.6457 1.76894 

6 1.148555 1.749681 0.008186 

6 1.540966 0.372974 0.541714 

6 2.169712 -0.49695 -0.5578 

6 4.224854 0.029728 -0.03552 

6 4.406353 -0.7356 -1.17019 

1 2.228031 0.461883 1.3859 

1 2.060106 -0.11591 -1.57937 

1 4.213491 1.110704 -0.05352 

1 4.455422 -0.24719 -2.14405 

6 -2.67864 -1.91155 -0.08204 

1 -2.42312 -2.09084 -1.13715 

6 -3.52044 -0.64713 -0.00633 

1 -3.81542 -0.47859 1.039756 

1 0.379235 1.631851 -0.7662 

8 -0.60172 -2.90252 0.45561 

1 0.329001 -2.68754 0.6102 

8 -3.46786 -2.97722 0.407609 

1 -2.93589 -3.77947 0.37795 

8 -4.65518 -0.74845 -0.83637 
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1 -5.07336 -1.59522 -0.64563 

6 -3.37806 1.873839 -0.38679 

1 -4.30606 1.826565 -0.95697 

1 -3.62448 2.069306 0.665602 

8 -1.52092 0.624126 0.349191 

8 -2.59386 2.90626 -0.93769 

1 -1.78928 3.024503 -0.41528 

8 2.14455 -1.76671 -0.361 

1 3.222612 -2.17539 -0.76635 

8 4.313404 -0.5164 1.192264 

1 4.435673 -1.47193 1.091266 

8 4.362434 -2.02667 -1.08108 

1 2.053121 3.204111 -0.89446 

8 2.307278 2.335208 -0.5656 

6 0.57368 2.630527 1.100296 

1 -0.16816 2.080915 1.681286 

1 1.390546 2.968446 1.747538 

8 -0.02709 3.733763 0.420397 

1 -0.23131 4.43281 1.046363 

E(elec) -1297.7974145 au 

ZPVE 0.369008 au 

G correction (873K) 0.0978314 au 

TS: GER(GED+GA) M06-2X/6-311++G(d,p) 

8 -0.86724 -0.15209 -0.77622 

6 2.289955 0.957776 0.469967 

6 0.334861 -0.24541 -0.07348 

6 1.116029 -1.41151 -0.65892 

1 2.106818 0.782533 1.540007 

1 0.130757 -0.42229 0.997441 

1 1.254862 -1.22484 -1.73133 

6 -3.57548 -0.28743 -0.08731 

6 -1.78383 0.728881 -0.23688 

6 -2.32671 1.689288 -1.06317 

1 -1.74755 0.879434 0.839064 

1 -2.03231 1.713686 -2.11539 

6 2.468832 -1.48445 0.024969 

1 2.310366 -1.71396 1.089573 

6 3.186435 -0.14821 -0.07863 

1 3.392554 0.053293 -1.14016 

1 -3.57514 -0.72071 -1.09894 
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8 0.465156 -2.64256 -0.43 

1 -0.33509 -2.67566 -0.96314 

8 3.3039 -2.45853 -0.5621 

1 2.85009 -3.30677 -0.5217 

8 4.378938 -0.15445 0.66991 

1 4.875019 -0.94068 0.416648 

6 2.879249 2.341534 0.286441 

1 3.829843 2.396945 0.816146 

1 3.061702 2.508513 -0.78331 

8 1.045515 0.952554 -0.23348 

8 2.032738 3.331727 0.822988 

1 1.182442 3.2566 0.379146 

8 -3.30679 2.433397 -0.67798 

1 -3.99891 1.753902 -0.16827 

8 -4.46556 0.565457 0.221684 

6 -3.12483 -1.25592 0.997264 

1 -2.17533 -1.72994 0.744243 

1 -3.03419 -0.70988 1.943337 

8 -4.08148 -2.28956 1.083536 

1 -4.92451 -1.89501 1.328405 

E(elec) -1068.7339277 au 

ZPVE 0.300825 au 

G correction (873K) 0.0578254 au 

TS: GED(LG+EDL) M06-2X/6-311++G(d,p) 

C 0.197031 1.127061 -0.0009 

C 0.265256 0.209096 -1.19246 

C 1.203924 0.821729 1.124821 

O 1.250644 -0.51551 -1.50476 

O -1.9291 -1.14657 -0.91979 

C 2.450267 0.181886 0.490772 

C 2.117105 -0.98734 -0.42991 

C 1.302337 -2.14749 0.208568 

O 0.047216 -1.70868 0.509478 

H -0.82328 1.110665 0.387438 

H -0.44477 0.36901 -1.99809 

H 1.518615 1.78771 1.528584 

H 3.110402 -0.17479 1.287234 

H 3.008096 -1.34652 -0.9483 

H 1.310951 -2.98076 -0.50951 

H 1.876285 -2.46865 1.094517 
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H -1.17344 -1.57577 -0.40444 

O 0.413501 2.391881 -0.61139 

H 1.367563 2.496037 -0.73046 

O 0.673267 0.073401 2.16484 

H 0.275179 -0.73485 1.725084 

O 3.049073 1.234386 -0.26571 

H 3.879665 0.945501 -0.6537 

C -2.79074 -0.61784 -0.00901 

H -2.68156 -0.96946 1.016962 

C -3.72106 0.274116 -0.34449 

H -3.84262 0.624857 -1.3611 

H -4.4895 0.4885 1.400123 

O -4.63414 0.828737 0.5125 

E(elec) -839.6478543 au 

ZPVE 0.234247744 au 

G correction (873K) 0.032351279 au 

Glucose (GLC) M06-2X/6-311++G(d,p) 

O 0.872481 -2.6924 -0.19813 

H 1.821512 -2.81419 -0.07933 

C 0.563762 -1.42259 0.270477 

H 0.544126 -1.40434 1.373644 

C 1.552868 -0.37993 -0.2356 

H 1.554694 -0.42146 -1.33314 

C 1.108857 0.996365 0.215969 

H 1.131534 1.036644 1.315367 

C -1.21824 0.117479 0.250728 

H -1.23439 0.118136 1.350787 

C -0.31847 1.255547 -0.23952 

H -0.33712 1.288234 -1.33715 

C -2.64019 0.204808 -0.2714 

H -3.11621 1.116043 0.097213 

H -2.60931 0.23793 -1.3697 

O -0.71569 -1.1235 -0.22537 

O 2.819412 -0.72475 0.282471 

H 3.434775 -0.01864 0.058958 

O 2.018838 1.932648 -0.32171 

H 1.730798 2.810606 -0.05094 

O -0.68574 2.511038 0.309754 

H -1.42535 2.87916 -0.17884 

O -3.41601 -0.8753 0.18351 
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H -2.93296 -1.68014 -0.03497 

E(elec) -687.13987 au 

ZPVE 0.20044829 au 

G correction (873K) 0.02740347 au 

TS: GLC12Mac M06-2X/6-311++G(d,p) 

O -0.11364 -1.65308 1.634143 

H 0.070905 -2.22805 2.383068 

C -0.36294 -1.48317 -0.55521 

H -0.48541 -2.5372 -0.77989 

C -1.4939 -0.70277 -0.14837 

H -1.2173 -1.01958 1.025769 

C -1.30528 0.781224 -0.33523 

H -1.35245 1.058491 -1.39941 

C 1.175111 0.355394 -0.4877 

H 1.422123 0.843654 -1.43261 

C 0.064594 1.133577 0.222413 

H 0.06285 0.882434 1.288665 

C 2.409605 0.204241 0.382088 

H 2.736921 1.199301 0.693469 

H 2.123316 -0.37922 1.264594 

O 0.799009 -1.00993 -0.85215 

O -2.70065 -1.2365 -0.62146 

H -3.38385 -1.01244 0.015684 

O -2.32588 1.437312 0.38157 

H -2.19679 2.384256 0.267379 

O 0.27176 2.523172 0.017725 

H 0.724975 2.897929 0.77544 

O 3.48355 -0.3768 -0.31882 

H 3.258354 -1.29399 -0.49826 

E(elec) -687.0189213 au 

ZPVE 0.19143 au 

G correction (873K) 0.01146 au 

TS: GLC21Mac M06-2X/6-311++G(d,p) 

O 1.063795 -2.45634 -0.92443 

H 0.809557 -3.27934 -0.50301 

C 0.69208 -1.4049 -0.08253 

H 1.647533 -1.38085 1.264857 

C 1.60357 -0.28329 -0.19025 

H 2.424681 -0.31317 -0.90526 

C 1.085164 1.103453 0.105438 
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H 1.108934 1.27132 1.189217 

C -1.15379 0.058423 0.289164 

H -1.00616 0.040186 1.380189 

C -0.36903 1.216538 -0.32374 

H -0.43313 1.14589 -1.41788 

C -2.63856 0.12287 -0.02347 

H -3.08901 0.982795 0.476535 

H -2.76497 0.234252 -1.11067 

O -0.68987 -1.14234 -0.28657 

O 2.50904 -0.69452 1.253116 

H 3.332014 -1.16375 1.045009 

O 1.907318 2.037316 -0.55461 

H 1.524264 2.907069 -0.39734 

O -0.79317 2.491936 0.130648 

H -1.59857 2.748599 -0.32453 

O -3.30653 -1.02242 0.446226 

H -2.79642 -1.78055 0.140179 

E(elec) -687.0005924 au 

ZPVE 0.192440888 au 

G correction (873K) 0.016194055 au 

TS: GLC23Mac M06-2X/6-311++G(d,p) 

O -0.72764 2.706638 -0.60666 

H -0.02876 3.344771 -0.43518 

C -0.4303 1.538763 0.076937 

H -0.35958 1.706972 1.159867 

C -1.54288 0.541714 -0.21556 

H -2.31599 0.907388 -0.88721 

C -1.23031 -0.84879 -0.16732 

H -1.90255 -0.47382 1.136663 

C 1.143735 -0.1973 0.231301 

H 1.04072 -0.11485 1.323072 

C 0.199304 -1.28449 -0.28061 

H 0.424563 -1.48834 -1.33889 

C 2.594975 -0.46077 -0.11878 

H 2.921129 -1.39127 0.349412 

H 2.682032 -0.56279 -1.20916 

O 0.809608 1.045998 -0.38087 

O -2.43428 0.569634 1.317359 

H -3.39321 0.527096 1.189346 

O -2.12364 -1.64803 -0.91874 
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H -2.15952 -2.50584 -0.48817 

O 0.353661 -2.48914 0.469985 

H 1.046465 -3.02216 0.072736 

O 3.438906 0.558625 0.364195 

H 3.104587 1.388295 0.00945 

E(elec) -687.0114584 au 

ZPVE 0.191983427 au 

G correction (873K) 0.014237439 au 

TS: GLC32Mac M06-2X/6-311++G(d,p) 

O -1.06835 -2.47824 0.560538 

H -1.91298 -2.74329 0.184075 

C -0.60196 -1.40624 -0.20355 

H -0.41857 -1.74233 -1.23908 

C -1.5629 -0.23693 -0.23287 

H -1.9722 0.356926 1.005525 

C -1.0303 1.082 -0.28211 

H -1.47763 1.811564 -0.95083 

C 1.222573 0.065918 -0.26725 

H 1.214847 -0.08267 -1.35654 

C 0.424115 1.319738 0.086982 

H 0.518537 1.469615 1.168369 

C 2.657236 0.122396 0.223373 

H 3.179414 0.94162 -0.27024 

H 2.651293 0.306523 1.306717 

O 0.616205 -1.0349 0.383893 

O -2.65808 -0.52284 -1.07999 

H -3.47504 -0.36598 -0.60258 

O -2.03407 1.568554 1.211125 

H -1.70619 2.019949 2.003437 

O 0.973896 2.401278 -0.633 

H 0.596783 3.225759 -0.31446 

O 3.3372 -1.06944 -0.0869 

H 2.814755 -1.79428 0.272875 

E(elec) -687.0050061 au 

ZPVE 0.191847555 au 

G correction (873K) 0.015571216 au 

TS: GLC34Mac M06-2X/6-311++G(d,p) 

O -1.11859 -2.62329 -0.00313 

H -2.06971 -2.6581 -0.15526 

C -0.69157 -1.36009 -0.38949 
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H -0.64635 -1.2742 -1.48821 

C -1.59153 -0.27015 0.195461 

H -1.52612 -0.37579 1.282207 

C -1.03501 1.064394 -0.23447 

H -1.63215 1.611019 -0.96304 

C 1.245341 -0.02356 -0.33561 

H 1.499562 -0.18106 -1.39574 

C 0.38673 1.231026 -0.22343 

H -0.18558 1.874289 1.040215 

C 2.528217 0.066508 0.469492 

H 3.107834 0.931326 0.138686 

H 2.259741 0.205137 1.524992 

O 0.578509 -1.18034 0.159257 

O -2.90814 -0.49258 -0.2654 

H -3.52595 -0.02252 0.300867 

O -1.33265 2.080544 1.204804 

H -1.55118 2.992693 0.964338 

O 0.809012 2.248388 -1.12149 

H 1.480442 2.780263 -0.69141 

O 3.339786 -1.06927 0.285576 

H 2.792959 -1.8395 0.473642 

E(elec) -687.0096538 au 

ZPVE 0.191847555 au 

G correction (873K) 0.015571216 au 

TS: GLC43Mac M06-2X/6-311++G(d,p) 

O -0.69449 2.724528 0.146863 

H -1.64131 2.86168 0.26635 

C -0.45747 1.376519 0.379331 

H -0.42123 1.164274 1.461326 

C -1.50768 0.495822 -0.28145 

H -1.55965 0.789967 -1.33996 

C -1.13162 -0.95743 -0.17641 

H -0.78219 -1.73824 1.106144 

C 1.261616 -0.18784 0.200747 

H 1.400156 -0.20263 1.288352 

C 0.268342 -1.27679 -0.19487 

H 0.61886 -2.02015 -0.91176 

C 2.604755 -0.37284 -0.48342 

H 3.043908 -1.32199 -0.16919 

H 2.445711 -0.39996 -1.57018 
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O 0.792147 1.086441 -0.1942 

O -2.74334 0.819713 0.349646 

H -3.45787 0.453434 -0.17654 

O -1.90988 -1.77421 -1.04608 

H -2.60193 -2.19292 -0.53234 

O 0.241239 -2.26924 1.25876 

H 0.189005 -3.21551 1.058612 

O 3.499718 0.646663 -0.12229 

H 3.055668 1.486252 -0.28594 

E(elec) -687.0105054 au 

ZPVE 0.19224453 au 

G correction (873K) 0.015641146 au 

TS: GLC45Mac M06-2X/6-311++G(d,p) 

O -1.00444 2.592337 0.325814 

H -1.96749 2.613609 0.367784 

C -0.61955 1.2666 0.463016 

H -0.60037 0.967844 1.525676 

C -1.53483 0.333454 -0.3242 

H -1.38925 0.545442 -1.39181 

C -1.14471 -1.10092 -0.02379 

H -1.42402 -1.31623 1.011094 

C 1.214743 -0.12485 -0.08745 

H 1.399756 -0.78987 1.151991 

C 0.361451 -1.2629 -0.17064 

H 0.685859 -2.14993 -0.70723 

C 2.52017 -0.07698 -0.83622 

H 2.951781 -1.07851 -0.89284 

H 2.346435 0.287706 -1.85808 

O 0.669404 1.177426 -0.07285 

O -2.86149 0.600485 0.073211 

H -3.44793 0.013988 -0.41442 

O -1.85996 -1.92751 -0.92409 

H -1.90949 -2.81885 -0.56886 

O 0.859356 -1.86264 1.534462 

H 1.381766 -2.66905 1.658892 

O 3.465922 0.744291 -0.1844 

H 3.038929 1.59223 -0.02365 

E(elec) -687.0043322 au 

ZPVE 0.190799009 au 

G correction (873K) 0.011392478 au 
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TS: GLC65Mac M06-2X/6-311++G(d,p) 

O 1.490619 -2.49549 -0.34386 

H 2.401009 -2.40265 -0.04111 

C 0.802768 -1.3691 0.097196 

H 0.542169 -1.45796 1.165443 

C 1.623529 -0.10142 -0.11825 

H 1.869107 -0.04383 -1.18778 

C 0.811832 1.118718 0.269556 

H 0.576834 1.074283 1.342309 

C -1.18649 -0.21068 -0.24447 

H -1.94 -0.50141 1.106563 

C -0.50423 1.120884 -0.49574 

H -0.27022 1.258386 -1.56239 

C -2.57198 -0.40979 -0.51923 

H -3.19588 0.461664 -0.681 

H -2.87473 -1.30422 -1.05766 

O -0.37125 -1.29371 -0.66496 

O 2.799404 -0.22701 0.65558 

H 3.268038 0.613079 0.61412 

O 1.606287 2.254713 -0.01263 

H 1.099725 3.032733 0.241296 

O -1.26207 2.225918 -0.01986 

H -1.7565 2.609383 -0.7461 

O -3.05879 -0.77753 1.091045 

H -3.2058 -1.72632 1.229316 

E(elec) -687.0164721 au 

ZPVE 0.191646066 au 

G correction (873K) 0.015779939 au 

Product: GLC12Mac M06-2X/6-311++G(d,p) 

C -0.48684 -1.71812 0.20057 

H -0.61817 -2.77589 0.380314 

C -1.49885 -0.90601 -0.09339 

C -1.30623 0.568296 -0.30255 

H -1.34214 0.80988 -1.37433 

C 1.092969 -0.01948 -0.25568 

H 1.044511 -0.09212 -1.35137 

C 0.049319 0.978765 0.238219 

H 0.006506 0.944435 1.334606 

C 2.505307 0.321944 0.177447 

H 2.817498 1.256561 -0.29209 
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H 2.51868 0.448641 1.269881 

O 0.818832 -1.30585 0.295445 

O -2.76878 -1.38129 -0.24625 

H -3.36956 -0.67757 0.028155 

O -2.37173 1.226221 0.364325 

H -2.31792 2.163711 0.155888 

O 0.289799 2.296162 -0.226 

H 0.94333 2.724974 0.331297 

O 3.420661 -0.66538 -0.22937 

H 3.072936 -1.51394 0.064701 

E(elec) -610.6858885 au 

ZPVE 0.1717666 au 

G correction (873K) 0.009903385 au 

Product: GLC21Mac M06-2X/6-311++G(d,p) 

O -0.1163 2.994764 -0.1733 

H 0.828995 3.172761 -0.13456 

C -0.30971 1.676522 0.003641 

C -1.49153 1.133574 0.289697 

H -2.3435 1.779668 0.441875 

C -1.6674 -0.35029 0.37041 

H -1.7448 -0.68259 1.416335 

C 0.816799 -0.38116 0.282605 

H 0.821582 -0.38327 1.379729 

C -0.45652 -1.03997 -0.23676 

H -0.50892 -0.91331 -1.32582 

C 2.085879 -1.02041 -0.24315 

H 2.151954 -2.04328 0.129958 

H 2.044118 -1.04312 -1.3414 

O 0.850325 0.983438 -0.16331 

O -2.84925 -0.71527 -0.31954 

H -2.97737 -1.65927 -0.18192 

O -0.52539 -2.40931 0.124785 

H -0.07927 -2.94532 -0.53451 

O 3.237899 -0.34886 0.208521 

H 3.163863 0.569951 -0.06565 

E(elec) -610.6950492 au 

ZPVE 0.171025504 au 

G correction (873K) 0.007164839 au 

Product: GLC23Mac M06-2X/6-311++G(d,p) 

O -0.30199 2.91219 O 
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H 0.533475 3.380848 H 

C -0.21958 1.729868 C 

H 0.05941 1.944383 H 

C -1.54598 1.036964 C 

H -2.42613 1.620123 H 

C -1.64151 -0.25177 C 

C 0.814066 -0.40515 C 

H 0.77439 -0.456 H 

C -0.42688 -1.08452 C 

H -0.3395 -1.16151 H 

C 2.112088 -1.0164 C 

H 2.183586 -2.05457 H 

H 2.118732 -0.99282 H 

O 0.822747 0.943114 O 

O -2.82715 -0.89857 O 

H -2.6471 -1.84291 H 

O -0.64393 -2.37329 O 

H -0.13364 -3.02905 H 

O 3.227179 -0.34031 O 

H 3.108732 0.592402 H 

E(elec) -610.6932342 au 

ZPVE 0.171997809 au 

G correction (873K) 0.009770934 au 

Product: GLC32Mac M06-2X/6-311++G(d,p) 

O -1.79134 -1.98675 0.367288 

H -2.72698 -1.77697 0.280794 

C -1.06676 -0.99508 -0.28858 

H -1.01767 -1.20665 -1.37059 

C -1.68021 0.374237 -0.08367 

C -0.96037 1.440153 0.246121 

H -1.43182 2.408697 0.397231 

C 1.040365 0.036106 -0.18628 

H 1.001094 0.117012 -1.28205 

C 0.535183 1.348458 0.405055 

H 0.80604 1.393102 1.469068 

C 2.451938 -0.30805 0.244718 

H 3.130666 0.47997 -0.08181 

H 2.479723 -0.37042 1.340977 

O 0.220812 -1.03813 0.250923 

O -3.02468 0.32816 -0.29316 



128 

 

1
28
 

H -3.41251 1.203507 -0.19937 

O 1.209244 2.3783 -0.30606 

H 1.055941 3.218636 0.132041 

O 2.881608 -1.51374 -0.34332 

H 2.229492 -2.18463 -0.11593 

E(elec) -610.6866912 au 

ZPVE 0.17121632 au 

G correction (873K) 0.007167725 au 

Product: GLC34Mac M06-2X/6-311++G(d,p) 

O -1.77328 -2.04484 -0.12831 

H -2.71733 -1.85952 -0.18621 

C -1.11632 -0.84543 -0.36838 

H -1.17249 -0.56436 -1.43276 

C -1.67278 0.298325 0.46721 

H -1.73124 -0.04649 1.507516 

C -0.77203 1.492284 0.319411 

H -1.15899 2.484581 0.52547 

C 1.08649 -0.0087 -0.38537 

H 1.306949 -0.09009 -1.46284 

C 0.482353 1.345401 -0.09762 

C 2.36861 -0.26076 0.406376 

H 3.149258 0.454369 0.135904 

H 2.14106 -0.13944 1.472794 

O 0.220871 -1.05911 -0.0031 

O -2.98236 0.522667 -0.04151 

H -3.43138 1.174713 0.501335 

O 1.288243 2.426801 -0.28942 

H 2.138839 2.160107 -0.64707 

O 2.878461 -1.53727 0.121532 

H 2.161906 -2.16662 0.262609 

E(elec) -610.686253 au 

ZPVE 0.170786077 au 

G correction (873K) 0.005801633 au 

Product: GLC43Mac M06-2X/6-311++G(d,p) 

O -0.73775 2.468296 -0.13123 

H -0.16679 3.09628 0.320783 

C -0.45647 1.186462 0.324924 

H -0.57487 1.110542 1.417075 

C -1.42558 0.241752 -0.36161 

H -1.35993 0.417365 -1.44342 
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C -1.028 -1.17456 -0.03462 

C 1.272821 -0.42276 0.488193 

H 1.547193 -0.27822 1.544435 

C 0.205976 -1.47363 0.361646 

H 0.461396 -2.49799 0.608726 

C 2.529613 -0.78221 -0.2901 

H 2.947873 -1.71182 0.100165 

H 2.253211 -0.93485 -1.34083 

O 0.85417 0.838979 -0.03978 

O -2.75485 0.421192 0.091206 

H -3.04599 1.301118 -0.16613 

O -1.99781 -2.10639 -0.18552 

H -2.84911 -1.6503 -0.17984 

O 3.520261 0.209868 -0.15456 

H 3.124673 1.041986 -0.43256 

E(elec) -610.6993567 au 

ZPVE 0.172198775 au 

G correction (873K) 0.010960984 au 

Product: GLC45Mac M06-2X/6-311++G(d,p) 

O -0.64443 2.485899 -0.18817 

H -1.60001 2.613185 -0.15614 

C -0.39091 1.204567 0.270396 

H -0.32515 1.179639 1.369298 

C -1.42915 0.205593 -0.21257 

H -1.35393 0.135647 -1.30579 

C -1.12143 -1.15463 0.379827 

H -1.39774 -1.142 1.442914 

C 1.214335 -0.46485 -0.11295 

C 0.348144 -1.42904 0.205661 

H 0.715151 -2.44079 0.32956 

C 2.677966 -0.64789 -0.38817 

H 2.967848 -1.67557 -0.1723 

H 2.857417 -0.45028 -1.45307 

O 0.877158 0.84987 -0.24966 

O -2.69003 0.703177 0.179024 

H -3.35972 0.069526 -0.09707 

O -1.95881 -2.07515 -0.31034 

H -1.9012 -2.93687 0.10948 

O 3.47152 0.194797 0.418229 

H 3.160416 1.096232 0.287209 
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E(elec) -610.6921918 au 

ZPVE 0.171550086 au 

G correction (873K) 0.007602338 au 

Product: GLC65Mac M06-2X/6-311++G(d,p) 

O -2.39923 -1.47544 0.273194 

H -3.11703 -0.87217 0.048948 

C -1.22775 -0.90017 -0.19519 

H -1.14067 -1.01001 -1.2877 

C -1.14111 0.573975 0.175886 

H -1.24614 0.656484 1.266294 

C 0.206741 1.126956 -0.23785 

H 0.313451 1.055337 -1.32988 

C 1.073457 -1.16709 0.059421 

C 1.29972 0.287848 0.409639 

H 1.204719 0.39747 1.499204 

C 1.963722 -1.97811 -0.49232 

H 2.952224 -1.61938 -0.74229 

H 1.705485 -3.00879 -0.69578 

O -0.1753 -1.61913 0.420306 

O -2.20919 1.22164 -0.4802 

H -2.11323 2.16918 -0.33776 

O 0.255194 2.475261 0.175188 

H 1.127556 2.819019 -0.04321 

O 2.53143 0.80867 -0.03896 

H 3.24176 0.464415 0.508371 

E(elec) -610.6927462 au 

ZPVE 0.171024348 au 

G correction (873K) 0.009896273 au 

TS: CB12Mac M06-2X/6-311++G(d,p) 

O -0.01492 -1.15554 0.130264 

C -2.71663 1.137499 -0.48629 

C -1.29157 -0.77162 -0.30806 

C -2.34549 -1.60208 0.426717 

H -2.79697 0.953203 -1.56905 

H -1.37016 -0.91922 -1.40119 

H -2.19033 -1.4734 1.507035 

C 2.239788 -1.36843 -0.66818 

C 1.06068 -0.41513 -0.46744 

C 1.419265 0.836958 0.383296 

C 2.821283 0.738435 0.992544 
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C 3.20482 -0.60403 1.358589 

H 0.755943 -0.06147 -1.46119 

H 0.69876 0.89101 1.206002 

H 3.690001 0.93656 0.226509 

H 3.779701 -0.83497 2.25275 

C -3.73603 -1.08756 0.043722 

H -3.90533 -1.31033 -1.02196 

C -3.86327 0.427519 0.242419 

H -3.79473 0.647335 1.319525 

H 1.885819 -2.36772 -0.91845 

O -2.3059 -2.98111 0.070347 

H -1.47976 -3.36529 0.404646 

O -4.75804 -1.69802 0.826507 

H -4.70616 -2.65903 0.694079 

O -5.09325 0.906736 -0.28177 

H -5.80436 0.363232 0.097524 

C -2.61656 2.64023 -0.25031 

H -3.52575 3.128461 -0.60867 

H -2.5221 2.829869 0.831113 

O -1.47704 0.593611 -0.00062 

O -1.5298 3.200944 -0.96892 

H -0.71449 2.711358 -0.74526 

O 1.295053 1.999317 -0.43524 

H 1.662356 2.751114 0.061571 

O 3.011137 1.693276 2.018934 

H 3.950659 1.952348 1.964352 

O 5.213141 0.611936 0.220324 

H 6.061958 1.027246 -0.00853 

O 2.932456 -1.61436 0.617556 

C 3.256732 -0.85408 -1.73886 

H 2.893467 -1.24165 -2.69978 

H 3.217104 0.242372 -1.79576 

O 4.556119 -1.30888 -1.52394 

H 4.984548 -0.65077 -0.89186 

E(elec) -1297.762967 au 

ZPVE 0.370537368 au 

G correction (873K) 0.102379256 au 

TS: CB21Mac M06-2X/6-311++G(d,p) 

O -0.15222 0.924158 0.353496 

C 2.652258 -1.07055 -0.56631 
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C 1.114602 0.676978 -0.15661 

C 2.124758 1.489972 0.636765 

H 2.692121 -0.76878 -1.62324 

H 1.154437 0.946525 -1.22709 

H 2.023675 1.212444 1.693968 

C -2.41526 1.060674 -0.33423 

C -1.17948 0.165798 -0.27332 

C -1.41548 -1.17936 0.452306 

C -2.83939 -1.35492 0.943286 

C -3.90286 -0.59671 0.377495 

H -0.88 -0.09325 -1.29699 

H -0.71017 -1.24995 1.280765 

H -3.08748 -2.32193 1.373719 

H -3.71028 -0.0566 1.75279 

C 3.521872 1.141748 0.150064 

H 3.617324 1.468478 -0.89642 

C 3.758912 -0.36141 0.205278 

H 3.721967 -0.68103 1.256922 

H -2.5584 1.543582 0.64229 

O 1.953257 2.879033 0.453979 

H 1.094419 3.128552 0.808958 

O 4.519886 1.754712 0.939689 

H 4.35912 2.704125 0.937143 

O 4.995545 -0.69962 -0.37781 

H 5.666556 -0.13446 0.020057 

C 2.689603 -2.58263 -0.4817 

H 3.622851 -2.95072 -0.90824 

H 2.649308 -2.87303 0.577613 

O 1.396351 -0.69201 -0.00812 

O 1.623617 -3.1443 -1.21058 

H 0.812047 -2.67376 -0.97201 

O -1.17543 -2.20953 -0.50484 

H -1.38064 -3.06702 -0.11876 

O -2.80748 -0.3524 2.489137 

H -2.97842 -0.77226 3.347001 

O -5.07208 -1.27295 0.092379 

H -5.81221 -0.67683 0.229491 

O -3.55541 0.287424 -0.66214 

C -2.28633 2.118828 -1.41377 

H -1.41388 2.742096 -1.21005 
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H -2.14595 1.61969 -2.38185 

O -3.41255 2.963772 -1.4376 

H -4.18359 2.397294 -1.54252 

E(elec) -1297.727936 au 

ZPVE 0.367788848 au 

G correction (873K) 0.094345526 au 

TS: CB23Mac M06-2X/6-311++G(d,p) 

O -0.14544 0.748269 0.594677 

C 2.671875 -1.02788 -0.67512 

C 1.096979 0.607016 0.007441 

C 2.123343 1.363872 0.834923 

H 2.633239 -0.60605 -1.68975 

H 1.087203 0.983106 -1.03069 

H 2.088691 0.969884 1.858741 

C -2.33213 1.19854 -0.24306 

C -1.23103 0.146656 -0.14227 

C -1.71295 -1.11078 0.521266 

C -3.10659 -1.4244 0.478184 

C -4.08653 -0.29957 0.178185 

H -0.86135 -0.09523 -1.1503 

H -2.23405 -1.18842 1.955183 

H -3.43245 -2.40708 0.144586 

H -4.32126 0.246175 1.102268 

C 3.502519 1.125905 0.24086 

H 3.527444 1.572258 -0.76485 

C 3.797641 -0.36271 0.108461 

H 3.839862 -0.80045 1.116784 

H -2.51924 1.621685 0.754858 

O 1.897501 2.75718 0.814258 

H 1.05397 2.934224 1.242208 

O 4.522873 1.685329 1.04157 

H 4.331133 2.621922 1.156205 

O 5.006418 -0.57666 -0.58174 

H 5.679707 -0.03089 -0.16137 

C 2.774197 -2.53595 -0.77801 

H 3.712281 -2.80048 -1.26586 

H 2.775758 -2.96071 0.235698 

O 1.442637 -0.76235 -0.00279 

O 1.726102 -3.06333 -1.55814 

H 0.880911 -2.80721 -1.16781 
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O -0.89397 -2.24622 0.295337 

H -0.03473 -2.03374 0.677976 

O -3.30272 -1.60173 2.214288 

H -3.28405 -2.52873 2.495429 

O -5.21583 -0.86963 -0.38405 

H -5.84228 -0.16938 -0.5898 

O -3.5229 0.606384 -0.74523 

C -1.97085 2.316031 -1.20188 

H -1.04363 2.789938 -0.87503 

H -1.81326 1.884339 -2.19907 

O -2.96412 3.314718 -1.22964 

H -3.78702 2.888599 -1.48768 

E(elec) -1297.745618 au 

ZPVE 0.369026595 au 

G correction (873K) 0.09727671 au 

TS: CB32Mac M06-2X/6-311++G(d,p) 

O -0.07249 0.971771 0.589801 

C 2.567715 -1.06263 -0.66345 

C 1.156742 0.709146 -0.00961 

C 2.244112 1.39258 0.803812 

H 2.577743 -0.65319 -1.68428 

H 1.15867 1.082778 -1.04929 

H 2.173224 1.025177 1.835747 

C -2.30736 1.31997 -0.18497 

C -1.16765 0.312819 -0.03221 

C -1.62148 -0.85616 0.820453 

C -2.99927 -1.20534 0.833335 

C -4.01514 -0.21415 0.335125 

H -0.8817 -0.05391 -1.02373 

H -0.99362 -1.06747 1.681497 

H -2.35405 -2.12134 -0.08156 

H -4.37688 0.40969 1.170257 

C 3.596577 1.01587 0.222204 

H 3.669247 1.438317 -0.79128 

C 3.746245 -0.49615 0.120268 

H 3.735282 -0.91752 1.136344 

H -2.51336 1.795163 0.785412 

O 2.145489 2.79997 0.75259 

H 1.329593 3.066265 1.186954 

O 4.66022 1.492233 1.020104 
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H 4.562487 2.446017 1.109071 

O 4.935517 -0.83905 -0.55137 

H 5.653751 -0.34967 -0.13564 

C 2.52978 -2.57435 -0.74501 

H 3.447957 -2.93221 -1.2115 

H 2.477479 -2.9768 0.276705 

O 1.362444 -0.67693 -0.00525 

O 1.447641 -3.01016 -1.53056 

H 0.627752 -2.64435 -1.1666 

O -1.1397 -2.33658 -0.17885 

H -0.91364 -3.06041 0.423354 

O -3.41 -1.89589 1.989783 

H -4.11908 -2.49206 1.734204 

O -5.07265 -0.92078 -0.2267 

H -5.80777 -0.31858 -0.37551 

O -3.45545 0.635267 -0.6496 

C -1.99105 2.389481 -1.21336 

H -1.1022 2.943742 -0.90787 

H -1.78959 1.900569 -2.17609 

O -3.04604 3.314832 -1.32295 

H -3.83655 2.815638 -1.55173 

E(elec) -1297.745647 au 

ZPVE 0.368601894 au 

G correction (873K) 0.09653768 au 

TS: CB34Mac M06-2X/6-311++G(d,p) 

O 0.146143 0.916857 -0.46762 

C -2.65719 -1.06385 0.43966 

C -1.09142 0.6816 0.066114 

C -2.12109 1.522639 -0.67326 

H -2.67489 -0.8184 1.512545 

H -1.09838 0.900808 1.14728 

H -2.06061 1.273954 -1.74095 

C 2.389179 1.305766 0.110515 

C 1.243707 0.319171 0.263391 

C 1.497109 -1.07828 -0.18274 

C 2.939044 -1.53626 -0.23282 

C 3.797282 -0.38021 -0.72029 

H 0.755219 -0.89141 1.455741 

H 0.936215 -1.4125 -1.05582 

H 3.292099 -1.76914 0.778621 
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H 3.482514 -0.05039 -1.7241 

C -3.50627 1.188785 -0.14844 

H -3.5542 1.471749 0.913938 

C -3.77605 -0.30317 -0.26425 

H -3.77436 -0.57301 -1.33023 

H 2.317203 1.817985 -0.86506 

O -1.91937 2.90303 -0.46086 

H -1.027 3.120241 -0.75069 

O -4.52382 1.852789 -0.86957 

H -4.32058 2.794384 -0.86587 

O -5.00096 -0.6552 0.337961 

H -5.6687 -0.04063 0.013511 

C -2.76559 -2.56153 0.275129 

H -3.6878 -2.91599 0.740792 

H -2.76686 -2.81109 -0.79132 

O -1.41266 -0.69569 -0.12367 

O -1.61551 -3.11864 0.913166 

H -1.6529 -4.0777 0.883869 

O 0.860543 -1.85805 1.021882 

H -0.03656 -2.21875 0.811737 

O 3.026875 -2.66088 -1.07792 

H 3.958796 -2.89255 -1.15116 

O 5.112773 -0.83594 -0.72864 

H 5.688448 -0.1249 -1.02441 

O 3.672248 0.678834 0.188632 

C 2.381119 2.355348 1.204098 

H 1.414883 2.863701 1.201878 

H 2.50415 1.84577 2.166989 

O 3.375909 3.339359 1.004299 

H 4.216874 2.87585 0.948898 

E(elec) -1297.762011 au 

ZPVE 0.371119396 au 

G correction (873K) 0.103624014 au 

TS: CB43Mac M06-2X/6-311++G(d,p) 

O -0.14627 -1.05407 -0.18625 

C 2.691819 0.867972 0.745727 

C 1.145232 -0.877 0.221311 

C 2.139284 -1.54193 -0.72821 

H 2.801186 0.488818 1.772581 

H 1.293272 -1.28486 1.238135 



137 

 

1
37
 

H 1.987572 -1.11285 -1.72818 

C -2.59494 -0.82296 0.949627 

C -1.47762 0.173639 0.733262 

C -1.52146 1.076071 -0.34269 

C -2.74243 1.133342 -1.22088 

C -3.47923 -0.1949 -1.14628 

H -0.79898 0.383101 1.555425 

H -0.72149 0.10345 -0.74125 

H -3.4256 1.913278 -0.8598 

H -2.85975 -1.00194 -1.56914 

C 3.549848 -1.24985 -0.25189 

H 3.683131 -1.70141 0.742622 

C 3.771492 0.250147 -0.13761 

H 3.694441 0.684489 -1.14555 

H -2.26 -1.82414 0.664072 

O 1.978807 -2.94425 -0.74901 

H 1.053001 -3.12479 -0.94389 

O 4.529091 -1.75132 -1.14156 

H 4.355015 -2.68906 -1.27309 

O 5.028298 0.53869 0.432549 

H 5.685978 0.026239 -0.04983 

C 2.72742 2.386913 0.757044 

H 3.646704 2.726538 1.234401 

H 2.725718 2.742189 -0.28311 

O 1.412274 0.519612 0.238559 

O 1.640429 2.91723 1.477852 

H 0.829397 2.63718 1.032049 

O -0.83779 2.282025 -0.20512 

H -0.55099 2.554168 -1.0842 

O -2.30289 1.421 -2.5322 

H -3.0782 1.558909 -3.08531 

O -4.66848 -0.04278 -1.83912 

H -5.11825 -0.89093 -1.89451 

O -3.7584 -0.47683 0.210058 

C -3.01846 -0.81391 2.415977 

H -2.19171 -1.16921 3.033444 

H -3.26222 0.215374 2.710705 

O -4.10282 -1.67914 2.627198 

H -4.81206 -1.40107 2.038468 

E(elec) -1297.752143 au 
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ZPVE 0.368740806 au 

G correction (873K) 0.095242439 au 

TS: CB45Mac M06-2X/6-311++G(d,p) 

O 0.179616 0.126594 0.075443 

C -3.20247 1.247174 -0.0421 

C -1.14492 0.084987 -0.27864 

C -1.77994 -1.24011 0.165524 

H -3.27852 1.346268 -1.13551 

H -1.24681 0.180034 -1.37518 

H -1.66847 -1.32154 1.254006 

C 2.172736 -1.17095 -0.28126 

C 1.792751 -0.02367 -1.02624 

C 2.482077 1.303985 -0.8249 

C 3.809295 1.101887 -0.11273 

C 3.612273 0.1489 1.057611 

H 1.228171 -0.12499 -1.9471 

H 1.85114 1.930509 -0.18553 

H 4.528567 0.631384 -0.7974 

H 2.790982 0.489615 1.708236 

C -3.25508 -1.22811 -0.19516 

H -3.3439 -1.17593 -1.2911 

C -3.94045 -0.01189 0.399728 

H -3.89167 -0.08677 1.496187 

H 1.02737 -0.84798 0.327741 

O -1.19564 -2.34318 -0.49597 

H -0.46171 -2.71434 0.014513 

O -3.92474 -2.37608 0.285996 

H -3.46034 -3.14598 -0.05898 

O -5.27926 0.081941 -0.03384 

H -5.68599 -0.78007 0.106101 

C -3.74352 2.504502 0.609768 

H -4.78243 2.649932 0.314738 

H -3.69957 2.381269 1.70034 

O -1.83383 1.159482 0.338695 

O -3.01495 3.639219 0.197431 

H -2.08517 3.437174 0.345539 

O 2.649228 1.88607 -2.09795 

H 3.110363 2.722485 -1.97463 

O 4.24535 2.374468 0.298469 

H 5.054575 2.263523 0.808367 
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O 4.817118 0.089783 1.741658 

H 4.710101 -0.43861 2.537529 

O 3.310175 -1.13634 0.5553 

C 1.958212 -2.5587 -0.81979 

H 1.250297 -2.52611 -1.64824 

H 2.906692 -2.97827 -1.17008 

O 1.372216 -3.42021 0.154935 

H 1.978236 -3.49361 0.898251 

E(elec) -1297.745374 au 

ZPVE 0.368419249 au 

G correction (873K) 0.092899033 au 

TS: CB65Mac M06-2X/6-311++G(d,p) 

O -0.17037 -0.40672 -0.52071 

C 2.829676 1.241684 0.454718 

C 1.066824 -0.27793 0.080891 

C 1.984248 -1.32188 -0.54028 

H 2.751377 1.076813 1.539954 

H 0.992584 -0.44821 1.170766 

H 2.013878 -1.14452 -1.62284 

C -2.14454 -1.18298 0.498692 

C -1.30101 0.051107 0.20866 

C -2.08116 1.042991 -0.63814 

C -3.48556 1.220931 -0.08488 

C -4.17846 -0.12482 0.061098 

H -0.97335 0.568722 1.120657 

H -2.15729 0.629349 -1.65403 

H -3.43011 1.669583 0.916682 

H -4.24323 -0.63469 -0.91357 

C 3.373435 -1.15382 0.046291 

H 3.325072 -1.37391 1.1239 

C 3.858561 0.277972 -0.12909 

H 3.962931 0.478427 -1.20537 

H -1.99088 -2.1508 -0.59641 

O 1.550322 -2.63242 -0.2446 

H 0.694149 -2.79546 -0.6691 

O 4.318209 -2.00211 -0.57439 

H 3.977472 -2.90167 -0.52953 

O 5.083549 0.482605 0.538235 

H 5.682113 -0.2192 0.26096 

C 3.139391 2.703348 0.189793 
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H 4.056036 2.984832 0.707653 

H 3.286849 2.840017 -0.89002 

O 1.566005 1.010149 -0.15751 

O 2.099303 3.523341 0.669973 

H 1.277201 3.190262 0.288845 

O -1.39128 2.271146 -0.65066 

H -1.94485 2.90336 -1.12142 

O -4.17169 2.066877 -0.98246 

H -5.0619 2.204946 -0.64355 

O -5.43675 0.125066 0.592894 

H -5.91521 -0.70436 0.679173 

O -3.4513 -0.93181 0.961817 

C -1.5231 -2.3289 1.050472 

H -0.45756 -2.3617 1.243868 

H -2.14075 -2.99956 1.638277 

O -1.38008 -3.2129 -0.55222 

H -1.86184 -4.04431 -0.67732 

E(elec) -1297.750925 au 

ZPVE 0.368222257 au 

G correction (873K) 0.098286349 au 

TS: CB1’2’Mac M06-2X/6-311++G(d,p) 

O -0.17286 0.407544 0.717767 

C -2.34456 -0.16737 1.653868 

C -2.07854 -0.16706 2.708135 

C -2.62338 1.062653 0.989716 

H -1.43863 1.157921 0.708549 

H -3.43082 0.902027 -0.27779 

H -4.47104 0.638201 -0.03888 

C -2.63723 -1.514 -0.31568 

C -3.56761 -2.08396 -0.32968 

C -2.79773 -0.20575 -1.10229 

C -1.80996 0.151793 -1.4148 

C -1.47825 -2.32659 -0.87975 

H -1.74532 -2.58281 -1.91207 

H -0.60502 -1.67186 -0.89634 

H -2.35571 -1.32014 1.111288 

H -3.06037 2.053597 1.870436 

C -2.86388 2.905528 1.469146 

H -3.38106 2.132048 -0.9582 

C -3.90916 2.05249 -1.75897 
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H -3.6396 -0.42918 -2.22012 

H -3.11237 -0.65975 -2.98849 

O -1.23006 -3.5016 -0.16217 

H -0.41975 -3.36237 0.34515 

O 5.137579 0.014942 -0.48031 

H 5.452222 -0.89554 -0.51423 

O 3.750104 -0.03638 -0.56489 

H 3.432484 -0.24783 -1.60128 

C 3.170702 -1.11503 0.352376 

H 3.508051 -0.91517 1.377251 

H 1.665598 -1.02381 0.26704 

O 1.378028 -1.19008 -0.78212 

O 1.869729 1.373373 -0.26322 

H 1.53748 1.184405 -1.29648 

O 1.203789 0.375018 0.688996 

H 1.629859 0.575218 1.691165 

O 1.581312 2.814413 0.099143 

H 0.51065 3.001269 0.008332 

O 1.881576 2.981065 1.142412 

H 3.289063 1.230925 -0.18413 

O 3.684652 -2.35095 -0.11229 

C 3.300823 -3.05572 0.417695 

H 1.030125 -2.01069 1.075797 

H 0.272408 -1.54317 1.458779 

O 2.244749 3.705894 -0.76956 

H 3.169889 3.43701 -0.78636 

E(elec) -1297.752788 au 

ZPVE 0.368402892 au 

G correction (873K) 0.090453149 au 

TS: CB2’1’Mac M06-2X/6-311++G(d,p) 

O 0.089771 0.680166 -0.70567 

C -1.0868 0.59001 0.047213 

C -1.19962 1.953661 1.171034 

C -2.09547 1.527683 -0.42392 

H -1.91722 2.127585 -1.31728 

H -3.54832 1.162863 -0.20762 

H -3.82634 1.427678 0.820467 

C -2.75235 -1.0581 0.556879 

C -2.81831 -0.68178 1.588261 

C -3.76704 -0.34138 -0.33186 



142 

 

1
42
 

C -3.60721 -0.65066 -1.37361 

C -2.88771 -2.56968 0.558882 

H -3.85236 -2.8549 0.984113 

H -2.83835 -2.93116 -0.47924 

H -1.47452 -0.78445 0.024499 

H -1.80661 2.718876 0.765067 

C -1.27082 3.460786 0.439863 

H -4.32718 1.887961 -1.12849 

C -5.24288 1.618786 -0.99762 

H -5.11431 -0.5441 0.058943 

H -5.41662 -1.40496 -0.24012 

O -1.90005 -3.1736 1.357041 

H -1.03619 -2.85502 1.068145 

O 5.286616 -0.62622 0.34782 

H 5.506398 -1.53549 0.11377 

O 4.069709 -0.33598 -0.25518 

H 4.207615 -0.10906 -1.32624 

C 3.076714 -1.47971 -0.10149 

H 2.953229 -1.67622 0.972337 

H 1.739296 -1.0807 -0.69436 

O 1.868679 -0.89446 -1.77123 

O 2.356603 1.273586 -0.17339 

H 2.516791 1.504136 -1.23752 

O 1.260433 0.214133 -0.04587 

H 1.037162 0.036266 1.013636 

O 2.019753 2.552353 0.568284 

H 1.128406 2.994941 0.119842 

O 1.809413 2.309378 1.619024 

H 3.566309 0.800248 0.40114 

O 3.631949 -2.6017 -0.75473 

C 2.963745 -3.29503 -0.76903 

H 0.856147 -2.16659 -0.50083 

H -0.03816 -1.84706 -0.68941 

O 3.053652 3.499107 0.458977 

H 3.869505 3.054428 0.715154 

E(elec) -1297.730268 au 

ZPVE 0.36958997 au 

G correction (873K) 0.09673415 au 

TS: CB2’3’Mac M06-2X/6-311++G(d,p) 

O -0.09695 0.766173 0.703944 
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C 1.096198 0.581992 0.030399 

C 1.004719 0.881463 -1.02359 

C 2.187075 1.393611 0.70714 

H 1.89191 1.896996 1.625476 

H 3.534159 0.956888 0.514861 

H 3.251542 2.105988 -0.45949 

C 2.629495 -1.07237 -0.63589 

C 2.573302 -0.62171 -1.63644 

C 3.808993 -0.46947 0.12553 

C 3.98167 -1.05256 1.04389 

C 2.6741 -2.58223 -0.76917 

H 3.569715 -2.87329 -1.32131 

H 2.72348 -3.02533 0.235706 

H 1.429153 -0.78691 0.080853 

H 2.284144 2.77041 -0.38431 

C 2.447065 3.604398 0.081286 

H 4.412086 1.435324 1.516001 

C 5.275122 1.540476 1.107329 

H 4.992161 -0.49163 -0.67015 

H 5.449608 -1.32513 -0.53571 

O 1.570978 -3.07224 -1.49307 

H 0.762273 -2.81596 -1.03355 

O -5.29513 -0.53117 -0.30636 

H -5.54302 -1.40565 0.015169 

O -4.07051 -0.21854 0.266684 

H -4.19847 0.118296 1.309739 

C -3.1118 -1.40059 0.224624 

H -2.99153 -1.6959 -0.82686 

H -1.76292 -0.99213 0.786998 

O -1.88545 -0.72388 1.846606 

O -2.31829 1.333144 0.031438 

H -2.4781 1.690074 1.059855 

O -1.25004 0.238015 0.044497 

H -0.99634 -0.04417 -0.98617 

O -1.93146 2.504485 -0.85236 

H -1.00064 2.945061 -0.49216 

O -1.77442 2.132008 -1.87423 

H -3.5326 0.828174 -0.4999 

O -3.69985 -2.44116 0.974186 

C -3.06429 -3.16217 1.034547 
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H -0.91499 -2.11781 0.668502 

H -0.01922 -1.84128 0.904407 

O -2.91607 3.508602 -0.82265 

H -3.75231 3.093252 -1.05939 

E(elec) -1297.739277 au 

ZPVE 0.36839583 au 

G correction (873K) 0.094316998 au 

TS: CB3’2’Mac M06-2X/6-311++G(d,p) 

O -0.06302 0.811777 0.565561 

C 1.11296 0.652667 -0.16016 

C 0.911672 0.844045 -1.22812 

C 2.180775 1.578448 0.346247 

H 2.625549 1.491884 1.760564 

H 3.53607 1.1074 0.319068 

H 4.290832 1.812942 -0.01641 

C 2.711314 -0.99142 -0.7288 

C 2.659305 -0.55655 -1.73619 

C 3.86721 -0.35982 0.040969 

C 3.973454 -0.91004 0.98396 

C 2.7932 -2.50263 -0.83705 

H 3.694097 -2.77807 -1.38547 

H 2.855855 -2.92766 0.175172 

H 1.524687 -0.69845 -0.01229 

H 2.009038 2.898735 -0.11591 

C 1.492043 3.383234 0.531007 

H 3.768104 1.374807 2.0789 

C 4.030469 0.646095 2.661747 

H 5.023249 -0.49017 -0.75471 

H 5.79856 -0.22449 -0.25255 

O 1.691715 -3.01879 -1.54341 

H 0.883589 -2.78204 -1.07238 

O -5.24856 -0.6965 -0.18196 

H -5.44964 -1.5676 0.178898 

O -4.01416 -0.31928 0.328914 

H -4.1137 0.052688 1.363143 

C -3.01541 -1.46802 0.29303 

H -2.92324 -1.79864 -0.7507 

H -1.66507 -0.98823 0.788803 

O -1.75991 -0.68156 1.840752 

O -2.32849 1.2831 -0.04074 
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H -2.45976 1.684194 0.975348 

O -1.22282 0.225944 -0.02187 

H -1.00518 -0.09464 -1.04983 

O -2.02005 2.421571 -0.99458 

H -1.08946 2.908423 -0.69965 

O -1.89464 2.005051 -2.00353 

H -3.54671 0.715099 -0.49732 

O -3.5378 -2.50107 1.101012 

C -2.87229 -3.19416 1.164784 

H -0.7735 -2.08264 0.684723 

H 0.11914 -1.75125 0.854019 

O -3.0363 3.39457 -0.96852 

H -3.86721 2.940762 -1.14628 

E(elec) -1297.738611 au 

ZPVE 0.367525892 au 

G correction (873K) 0.090027346 au 

TS: CB3’4’Mac M06-2X/6-311++G(d,p) 

O 0.096651 0.825713 -0.68684 

C -1.11671 0.649502 -0.03529 

C -1.0597 1.006466 1.00652 

C -2.18305 1.400264 -0.81999 

H -2.15134 1.008237 -1.84227 

H -3.52672 1.093814 -0.19521 

H -3.98544 1.955306 0.288945 

C -2.5618 -1.03683 0.770055 

C -2.30072 -0.81849 1.818077 

C -3.77455 -0.2167 0.36463 

C -4.51515 -0.09918 -1.04332 

C -2.74457 -2.53515 0.628486 

H -3.61878 -2.84554 1.204035 

H -2.9249 -2.76256 -0.43048 

H -1.4403 -0.71584 -0.05631 

H -1.9869 2.79258 -0.79034 

C -1.1548 2.985872 -1.23382 

H -4.5659 0.90655 -1.55835 

C -5.42239 1.342311 -1.43173 

H -4.72606 -0.15357 1.423578 

H -5.37454 -0.84733 1.296685 

O -1.64306 -3.25096 1.140244 

H -0.84269 -2.95587 0.690677 
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O 5.245551 -0.6164 0.384924 

H 5.482516 -1.47954 0.026505 

O 4.043929 -0.24785 -0.2026 

H 4.207737 0.144745 -1.22087 

C 3.061761 -1.41031 -0.25577 

H 2.903662 -1.76429 0.772183 

H 1.740296 -0.93863 -0.83252 

O 1.904492 -0.60149 -1.8669 

O 2.314221 1.323966 0.076191 

H 2.507413 1.736649 -0.92565 

O 1.228008 0.252348 -0.02718 

H 0.943112 -0.08681 0.977379 

O 1.930566 2.450991 1.016863 

H 1.011366 2.926144 0.669581 

O 1.753037 2.025849 2.014365 

H 3.504955 0.766345 0.606978 

O 3.653102 -2.41708 -1.04785 

C 3.006406 -3.12017 -1.17119 

H 0.863646 -2.04688 -0.82099 

H -0.02935 -1.72282 -1.00261 

O 2.927932 3.441544 1.054158 

H 3.754724 3.003983 1.284327 

E(elec) -1297.742037 au 

ZPVE 0.368763623 au 

G correction (873K) 0.095860373 au 

TS: CB4’3’Mac M06-2X/6-311++G(d,p) 

O 0.068174 0.761311 -0.75456 

C -1.15178 0.550733 -0.13017 

C -1.12628 0.903085 0.914144 

C -2.23852 1.271577 -0.90883 

H -2.11033 1.017266 -1.97137 

H -3.60055 0.829496 -0.44896 

H -4.12025 0.971098 0.967568 

C -2.5409 -1.18043 0.64525 

C -2.36388 -0.85376 1.676618 

C -3.77538 -0.4781 0.099875 

C -4.57763 -1.10745 -0.28522 

C -2.63293 -2.69492 0.61459 

H -3.48097 -3.01618 1.222254 

H -2.80174 -3.02089 -0.42115 
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H -1.4142 -0.83894 -0.14723 

H -2.13871 2.676259 -0.73765 

C -1.38978 2.990428 -1.25347 

H -4.63042 1.199098 -1.34392 

C -4.69811 2.157373 -1.3186 

H -4.54507 0.064843 1.603967 

H -5.51205 0.024298 1.561624 

O -1.48015 -3.28278 1.161998 

H -0.70575 -2.96496 0.681137 

O 5.245711 -0.43531 0.469872 

H 5.534195 -1.28623 0.119873 

O 4.044364 -0.12542 -0.15181 

H 4.21738 0.266588 -1.16881 

C 3.118823 -1.33277 -0.2223 

H 2.951933 -1.68837 0.803734 

H 1.793274 -0.92426 -0.83569 

O 1.968485 -0.59062 -1.86907 

O 2.238268 1.368247 0.065746 

H 2.441438 1.77955 -0.93456 

O 1.204291 0.248083 -0.05703 

H 0.908369 -0.09541 0.942787 

O 1.779839 2.486714 0.983014 

H 0.851747 2.918541 0.604439 

O 1.591653 2.064315 1.979823 

H 3.438144 0.867647 0.634906 

O 3.776437 -2.31425 -0.99361 

C 3.167216 -3.04746 -1.12959 

H 0.966306 -2.0722 -0.83578 

H 0.080227 -1.79673 -1.10511 

O 2.734906 3.517687 1.038098 

H 3.572255 3.114846 1.291995 

E(elec) -1297.743289 au 

ZPVE 0.368328234 au 

G correction (873K) 0.094074357 au 

TS: CB4’5’Mac M06-2X/6-311++G(d,p) 

O 0.096612 0.710456 -0.75429 

C -1.12725 0.537777 -0.14374 

C -1.09107 0.83136 0.919314 

C -2.17843 1.342909 -0.88879 

H -2.2362 0.949288 -1.91202 
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H -3.52287 1.163656 -0.18701 

H -3.46454 1.724618 0.750383 

C -2.72449 -1.20671 0.28336 

C -3.12052 -0.88643 1.660385 

C -3.81692 -0.29152 0.154913 

C -4.81604 -0.63333 -0.10671 

C -2.89858 -2.68223 0.050408 

H -3.91173 -2.98278 0.326295 

H -2.7497 -2.91493 -1.01424 

H -1.46413 -0.82948 -0.24203 

H -1.80762 2.696342 -0.87136 

C -2.48288 3.192036 -1.34531 

H -4.50347 1.720104 -1.04215 

C -5.25927 2.006193 -0.52245 

H -4.08381 -0.21156 1.963085 

H -4.84596 -0.68447 2.33017 

O -2.01775 -3.45525 0.841732 

H -1.11681 -3.16051 0.668878 

O 5.247375 -0.49514 0.559127 

H 5.52522 -1.3681 0.258686 

O 4.056634 -0.20139 -0.09268 

H 4.247242 0.126106 -1.12909 

C 3.112237 -1.39619 -0.10214 

H 2.932658 -1.68938 0.941375 

H 1.795239 -1.00565 -0.74605 

O 1.97953 -0.73235 -1.79561 

O 2.273983 1.328085 0.012637 

H 2.492579 1.659822 -1.01317 

O 1.224856 0.216881 -0.03607 

H 0.932265 -0.06215 0.98506 

O 1.820562 2.518894 0.835655 

H 0.923202 2.949597 0.388058 

O 1.583095 2.171803 1.851483 

H 3.46093 0.846547 0.627111 

O 3.758094 -2.4327 -0.80969 

C 3.130633 -3.15541 -0.91665 

H 0.950958 -2.13718 -0.68324 

H 0.057477 -1.85031 -0.91777 

O 2.809514 3.520378 0.861526 

H 3.627315 3.102007 1.151479 
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E(elec) -1297.731556 au 

ZPVE 0.367073561 au 

G correction (873K) 0.087703242 au 

TS: CB6’5’Mac M06-2X/6-311++G(d,p) 

O 0.168269 0.744777 -0.6232 

C -1.07157 0.4813 -0.0589 

C -1.03376 0.58144 1.037812 

C -2.07244 1.46651 -0.64869 

H -2.06538 1.337413 -1.73883 

H -3.46378 1.163952 -0.11729 

H -3.47473 1.328947 0.969118 

C -2.72806 -1.1612 0.203146 

C -2.61481 -1.56026 1.77196 

C -3.8191 -0.29173 -0.37919 

C -3.88926 -0.42161 -1.47236 

C -2.93905 -2.56951 0.360547 

H -3.96907 -2.90542 0.321852 

H -2.20614 -3.27249 -0.03143 

H -1.46737 -0.83432 -0.39338 

H -1.76736 2.798494 -0.29184 

C -0.95285 3.052759 -0.73575 

H -4.44196 1.965833 -0.74772 

C -4.19451 2.887545 -0.62169 

H -5.04588 -0.63761 0.225052 

H -5.69576 0.01593 -0.05449 

O -2.667 -2.65389 2.025601 

H -1.79211 -3.01669 2.237629 

O 5.359851 -0.63994 0.263926 

H 5.584831 -1.51607 -0.06961 

O 4.119102 -0.31061 -0.26468 

H 4.215675 0.039321 -1.30668 

C 3.150068 -1.48069 -0.20064 

H 3.055688 -1.7757 0.85365 

H 1.789679 -1.06037 -0.72488 

O 1.885563 -0.79174 -1.78764 

O 2.389994 1.25512 0.048782 

H 2.526514 1.641636 -0.97237 

O 1.303409 0.176538 0.026718 

H 1.042202 -0.1065 1.055969 

O 2.042467 2.401424 0.980469 
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H 1.099718 2.85724 0.675298 

O 1.92202 1.997461 1.995015 

H 3.614724 0.729551 0.533335 

O 3.703346 -2.53033 -0.96509 

C 3.039873 -3.22517 -1.03481 

H 0.940621 -2.17813 -0.57715 

H 0.027893 -1.88928 -0.73356 

O 3.02926 3.403025 0.944605 

H 3.872006 2.97709 1.135416 

E(elec) -1297.751751 au 

ZPVE 0.369372569 au 

G correction (873K) 0.096849794 au 

Water M06-2X/6-311++G(d,p) 

O 0 0 0.116592 

H 0 0.761649 -0.46637 

H 0 -0.76165 -0.46637 

E(elec) -76.420889 au 

ZPVE 0.02162761 au 

G correction (873K) 0.00333169 au 

Product: CB12Mac M06-2X/6-311++G(d,p) 

O 0.343714 -1.09892 0.15719 

C -2.40707 1.058934 -0.54827 

C -0.93175 -0.77329 -0.29364 

C -1.95517 -1.60505 0.459659 

H -2.46882 0.845247 -1.62536 

H -1.00673 -0.95701 -1.38036 

H -1.82831 -1.40595 1.531666 

C 2.587754 -1.0782 -0.69814 

C 1.34632 -0.25203 -0.39777 

C 1.61997 0.930975 0.543016 

C 2.821342 0.690994 1.398015 

C 3.525442 -0.4366 1.371542 

H 0.984899 0.172283 -1.34178 

H 0.756225 1.032393 1.206071 

H 4.335412 -0.65217 2.059433 

C -3.34485 -1.17212 0.018727 

H -3.4632 -1.42213 -1.04649 

C -3.53209 0.331359 0.179264 

H -3.48046 0.575647 1.250422 

H 2.284144 -2.02616 -1.14579 
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O -1.83922 -2.98277 0.17707 

H -0.97218 -3.28131 0.469282 

O -4.35529 -1.80394 0.776985 

H -4.22646 -2.75577 0.70839 

O -4.76001 0.74703 -0.37107 

H -5.44789 0.181957 -0.00304 

C -2.38499 2.560743 -0.33991 

H -3.30358 2.995359 -0.73409 

H -2.33463 2.764773 0.73849 

O -1.16447 0.589202 -0.03659 

O -1.30343 3.146325 -1.0263 

H -0.48417 2.721548 -0.73851 

O 1.746931 2.102811 -0.25521 

H 2.115706 2.800428 0.297982 

O 3.057112 1.751959 2.236689 

H 3.871324 1.619534 2.730636 

O 3.297614 -1.45563 0.486178 

C 3.544886 -0.36327 -1.64837 

H 3.036624 -0.16872 -2.59435 

H 3.855366 0.599966 -1.22794 

O 4.656602 -1.18231 -1.9353 

H 5.001509 -1.50466 -1.09653 

E(elec) -1221.409922 au 

ZPVE 0.348281022 au 

G correction (873K) 0.088490969 au 

Product: CB21Mac M06-2X/6-311++G(d,p) 

O -0.3821 -0.87374 -0.31634 

C 2.560827 1.108963 0.018168 

C 0.871085 -0.51046 0.171138 

C 1.831218 -1.6581 -0.10937 

H 2.471431 1.235824 1.107802 

H 0.809723 -0.30293 1.252373 

H 1.829262 -1.84021 -1.19169 

C -2.72208 -0.82364 -0.38432 

C -1.48729 -0.15615 0.205902 

C -1.47296 1.341134 -0.1334 

C -2.86508 1.897364 -0.09468 

C -3.93134 1.124455 0.120552 

H -1.51452 -0.26156 1.301294 

H -1.01167 1.460853 -1.11717 
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H -3.0117 2.962976 -0.20764 

C 3.22582 -1.2557 0.337113 

H 3.216247 -1.13562 1.430964 

C 3.639549 0.073012 -0.27973 

H 3.722431 -0.05438 -1.36875 

H -2.75313 -0.66399 -1.46882 

O 1.489242 -2.8278 0.606331 

H 0.631463 -3.13177 0.29542 

O 4.194019 -2.21606 -0.03335 

H 3.92978 -3.06368 0.338746 

O 4.859127 0.518313 0.267749 

H 5.48686 -0.20918 0.200756 

C 2.793615 2.467836 -0.60385 

H 3.787006 2.823651 -0.32706 

H 2.748683 2.360426 -1.6964 

O 1.323979 0.630373 -0.5085 

O 1.847878 3.403746 -0.14111 

H 0.995975 2.958194 -0.02969 

O -0.62088 2.052465 0.769308 

H -1.1592 2.388452 1.492727 

O -5.17054 1.600938 0.304581 

H -5.79668 0.875175 0.208827 

O -3.89809 -0.22798 0.184365 

C -2.80753 -2.30482 -0.06959 

H -1.97261 -2.81363 -0.54889 

H -2.73097 -2.44382 1.017286 

O -3.98743 -2.87795 -0.58043 

H -4.73505 -2.42658 -0.17855 

E(elec) -1221.427569 au 

ZPVE 0.348342807 au 

G correction (873K) 0.091215326 au 

Product: CB23Mac M06-2X/6-311++G(d,p) 

O -0.35972 -0.5713 -0.64209 

C 2.577029 1.03417 0.604467 

C 0.862839 -0.51171 0.005861 

C 1.837287 -1.42314 -0.72132 

H 2.483506 0.732992 1.657032 

H 0.763892 -0.8137 1.062069 

H 1.878657 -1.10833 -1.7719 

C -2.59611 -0.93426 0.10829 
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C -1.44997 0.068192 0.033461 

C -1.87646 1.304485 -0.72246 

C -3.15783 1.554787 -0.97731 

C -4.24616 0.634918 -0.51589 

H -1.12756 0.358441 1.042994 

H -3.45184 2.445674 -1.51757 

H -4.633 0.030963 -1.35386 

C 3.210018 -1.27388 -0.08843 

H 3.155082 -1.62769 0.952211 

C 3.643641 0.184567 -0.07915 

H 3.753652 0.519936 -1.12118 

H -2.71256 -1.40003 -0.88152 

O 1.46873 -2.77946 -0.60468 

H 0.64879 -2.91821 -1.0887 

O 4.194117 -1.99776 -0.79446 

H 3.913097 -2.91773 -0.84118 

O 4.848532 0.348937 0.629637 

H 5.478838 -0.29223 0.282942 

C 2.858116 2.521997 0.536996 

H 3.814375 2.719603 1.021028 

H 2.930928 2.82303 -0.51656 

O 1.327322 0.822657 -0.05869 

O 1.876039 3.265458 1.220216 

H 1.037268 3.16934 0.75797 

O -0.8979 2.164622 -1.08681 

H -0.03401 1.737383 -0.98642 

O -5.26478 1.400256 0.037289 

H -5.98224 0.81158 0.29062 

O -3.78672 -0.27089 0.478791 

C -2.3531 -2.00974 1.149191 

H -1.42685 -2.54232 0.922397 

H -2.25084 -1.52906 2.131663 

O -3.39098 -2.96047 1.153479 

H -4.21211 -2.47843 1.294128 

E(elec) -1221.426054 au 

ZPVE 0.348103855 au 

G correction (873K) 0.087858397 au 

Product: CB32Mac M06-2X/6-311++G(d,p) 

O -0.20599 0.680062 0.576587 

C 2.63398 -1.11589 -0.62449 
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C 1.036637 0.511212 -0.00814 

C 2.045719 1.302773 0.809579 

H 2.612824 -0.74062 -1.65806 

H 1.024945 0.873292 -1.05212 

H 2.012227 0.929133 1.840919 

C -2.40686 1.111168 -0.19323 

C -1.29168 0.071986 -0.13334 

C -1.7449 -1.17877 0.559103 

C -3.03017 -1.39724 0.814781 

C -4.09529 -0.39546 0.431311 

H -0.95094 -0.16436 -1.15092 

H -0.99191 -1.89972 0.853634 

H -4.39497 0.183157 1.320907 

C 3.429582 1.08196 0.228827 

H 3.451517 1.498247 -0.78967 

C 3.739932 -0.40376 0.148489 

H 3.776954 -0.80704 1.171126 

H -2.50488 1.572238 0.800198 

O 1.787365 2.689733 0.758278 

H 0.935321 2.854288 1.174344 

O 4.436252 1.68158 1.017364 

H 4.22105 2.614996 1.114992 

O 4.957906 -0.63074 -0.52264 

H 5.62229 -0.06593 -0.11342 

C 2.801435 -2.62153 -0.64773 

H 3.743402 -2.86953 -1.13603 

H 2.831659 -2.99058 0.385887 

O 1.377446 -0.85763 0.002438 

O 1.765911 -3.23642 -1.38107 

H 0.932544 -2.96682 -0.98276 

O -3.47571 -2.48503 1.486225 

H -4.39363 -2.63996 1.231054 

O -5.1774 -1.12004 -0.06412 

H -5.91826 -0.52569 -0.21282 

O -3.63584 0.491004 -0.55452 

C -2.14777 2.186698 -1.22797 

H -1.20021 2.682142 -1.00679 

H -2.0732 1.712957 -2.21586 

O -3.15145 3.174928 -1.21088 

H -3.98834 2.731281 -1.37908 
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E(elec) -1221.420834 au 

ZPVE 0.348042514 au 

G correction (873K) 0.086209204 au 

Product: CB34Mac M06-2X/6-311++G(d,p) 

O -0.21314 -0.96791 -0.45734 

C 2.571709 1.205263 0.021609 

C 0.987638 -0.51907 0.095257 

C 2.027103 -1.60501 -0.1443 

H 2.442426 1.338314 1.106514 

H 0.846271 -0.3404 1.174066 

H 2.090576 -1.7793 -1.22604 

C -2.57064 -1.08931 -0.52962 

C -1.35667 -0.27572 -0.15196 

C -1.42791 0.936481 0.391952 

C -2.765 1.568975 0.655416 

C -3.8179 0.891665 -0.20366 

H -0.54862 1.533408 0.60489 

H -3.06277 1.437747 1.70477 

H -3.62931 1.125167 -1.2631 

C 3.367016 -1.11688 0.37392 

H 3.293365 -0.99848 1.465611 

C 3.723653 0.234264 -0.22733 

H 3.860467 0.110823 -1.31166 

H -2.63997 -1.15452 -1.62605 

O 1.726784 -2.79675 0.550376 

H 0.903424 -3.15443 0.204608 

O 4.413549 -2.01052 0.055369 

H 4.184117 -2.87581 0.40972 

O 4.890345 0.753313 0.368701 

H 5.555786 0.056967 0.351465 

C 2.783648 2.567197 -0.59354 

H 3.79242 2.91287 -0.34715 

H 2.684711 2.47477 -1.68135 

O 1.385107 0.661247 -0.54483 

O 1.794171 3.4211 -0.0498 

H 1.679337 4.18522 -0.61687 

O -2.67808 2.943082 0.335817 

H -3.53051 3.339906 0.540673 

O -5.06249 1.346753 0.208356 

H -5.74065 0.984102 -0.3688 
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O -3.75744 -0.50634 -0.01466 

C -2.5242 -2.49932 0.049335 

H -1.70195 -3.05334 -0.40239 

H -2.35711 -2.42677 1.132108 

O -3.70779 -3.1999 -0.24479 

H -4.44085 -2.6602 0.068914 

E(elec) -1221.41579 au 

ZPVE 0.347179591 au 

G correction (873K) 0.081298779 au 

Product: CB43Mac M06-2X/6-311++G(d,p) 

C 1.272587 -0.4223 0.4877 

C 0.206119 -1.47361 0.361078 

C -1.02801 -1.17468 -0.03479 

C -1.42602 0.241684 -0.36126 

C -0.45637 1.186682 0.324451 

H 0.461606 -2.49802 0.607818 

H -1.361 0.417291 -1.44315 

H -0.57375 1.110552 1.416729 

H 1.546069 -0.27713 1.544126 

O -1.99757 -2.10658 -0.18574 

H -2.84898 -1.6507 -0.17898 

O -2.7549 0.421002 0.092444 

H -3.0466 1.300601 -0.16546 

O -0.73799 2.468249 -0.13155 

H -0.16829 3.096751 0.321354 

O 0.853988 0.838875 -0.0413 

C 2.530018 -0.78208 -0.28947 

H 2.947893 -1.71161 0.10139 

H 2.254341 -0.93515 -1.34037 

O 3.52062 0.209872 -0.15347 

H 3.125596 1.041839 -0.4328 

E(elec) -610.6993567 au 

ZPVE 0.172199345 au 

G correction (873K) 0.011395378 au 

Product: CB45Mac M06-2X/6-311++G(d,p) 

C 1.22805 -0.44936 -0.12714 

C 0.36512 -1.42744 0.179333 

C -1.10674 -1.18541 0.358963 

C -1.4743 0.190475 -0.19604 

C -0.43753 1.219402 0.246949 
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H 0.724837 -2.44479 0.293631 

H -1.37122 -1.20037 1.429551 

H -1.46101 0.144773 -1.29451 

H -0.3631 1.257239 1.344379 

O -1.82502 -2.22541 -0.3065 

H -2.77145 -2.07253 -0.14745 

O -2.77212 0.517313 0.284043 

H -3.02454 1.380482 -0.08252 

O -0.80782 2.456042 -0.28118 

H -0.24335 3.15361 0.088281 

O 0.859885 0.875146 -0.2674 

C 2.697522 -0.61763 -0.39267 

H 2.986246 -1.65793 -0.23089 

H 2.906992 -0.35945 -1.44262 

O 3.51036 0.167103 0.479688 

H 3.261572 1.097125 0.356693 

E(elec) -610.6921918 au 

ZPVE 0.171550086 au 

G correction (873K) 0.008039444 au 

Product: CB65Mac M06-2X/6-311++G(d,p) 

O 0.167087 -0.96444 0.529263 

C -2.42023 1.211586 -0.57706 

C -1.03891 -0.64619 -0.08239 

C -2.16275 -1.41107 0.596634 

H -2.35884 0.995544 -1.65409 

H -1.00166 -0.90171 -1.15683 

H -2.16807 -1.13642 1.658788 

C 2.217052 -1.57122 -0.5516 

C 1.307362 -0.43354 -0.12303 

C 2.03593 0.552221 0.786738 

C 3.394181 0.892465 0.196927 

C 4.178768 -0.37073 -0.09216 

H 1.002074 0.123679 -1.01943 

H 2.182542 0.075653 1.766232 

H 3.252354 1.417868 -0.75738 

H 4.348565 -0.94731 0.829371 

C -3.4727 -0.98832 -0.04997 

H -3.45303 -1.29297 -1.10731 

C -3.64565 0.523518 0.014984 

H -3.73314 0.809504 1.073445 
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O -2.04402 -2.80947 0.430452 

H -1.28943 -3.11055 0.945134 

O -4.58852 -1.56464 0.597135 

H -4.46789 -2.51983 0.600027 

O -4.78108 0.936674 -0.70954 

H -5.52724 0.41222 -0.39997 

C -2.38214 2.714256 -0.3458 

H -3.1485 3.203345 -0.94698 

H -2.59166 2.90758 0.715047 

O -1.2595 0.724596 0.079617 

O -1.12966 3.237355 -0.71888 

H -0.45531 2.726078 -0.24839 

O 1.2679 1.728281 0.920747 

H 1.80997 2.359352 1.408054 

O 4.052968 1.713194 1.136229 

H 4.903927 1.970727 0.767641 

O 5.371684 0.010534 -0.68332 

H 5.907669 -0.7701 -0.85186 

O 3.454987 -1.17873 -1.01055 

C 1.865192 -2.84824 -0.59468 

H 0.868526 -3.1491 -0.30944 

H 2.567719 -3.58887 -0.95299 

E(elec) -1221.422204 au 

ZPVE 0.347637337 au 

G correction (873K) 0.08841564 au 

Product: CB1’2’Mac M06-2X/6-311++G(d,p) 

C -0.48684 -1.71817 0.20067 

H -0.61803 -2.77599 0.380203 

C -1.49882 -0.90605 -0.09344 

C -1.3062 0.568258 -0.30251 

H -1.34223 0.809749 -1.37431 

C 1.09297 -0.0195 -0.25567 

H 1.044513 -0.09223 -1.35136 

C 0.049325 0.978784 0.238167 

H 0.006615 0.944546 1.334563 

C 2.505314 0.321976 0.177336 

H 2.817362 1.256552 -0.29239 

H 2.518727 0.448866 1.269751 

O 0.818823 -1.30576 0.295645 

O -2.76877 -1.38122 -0.24649 
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H -3.36945 -0.6777 0.028678 

O -2.37166 1.226148 0.364425 

H -2.31753 2.163728 0.156471 

O 0.289739 2.296182 -0.22615 

H 0.942738 2.725285 0.331544 

O 3.420634 -0.66543 -0.22931 

H 3.072726 -1.51401 0.064494 

E(elec) -610.6858885 au 

ZPVE 0.171768184 au 

G correction (873K) 0.010343062 au 

Product: CB2’1’Mac M06-2X/6-311++G(d,p) 

O -0.00325 0.87496 -1.01548 

C -1.25876 0.704552 -0.55352 

C -2.17136 1.666735 -0.45267 

H -1.90189 2.686713 -0.68731 

C -3.58294 1.354595 -0.04697 

H -3.76777 1.714678 0.975804 

C -2.62348 -0.84006 0.600983 

H -2.41784 -0.40361 1.586949 

C -3.82245 -0.15153 -0.03859 

H -3.91296 -0.48737 -1.08013 

C -2.70869 -2.34839 0.719381 

H -3.52698 -2.61442 1.390629 

H -2.91522 -2.7736 -0.27387 

O -1.49046 -0.59901 -0.24198 

O -4.47045 2.001949 -0.93805 

H -5.36292 1.858339 -0.60692 

O -5.02397 -0.37142 0.677898 

H -5.4149 -1.20759 0.414398 

O -1.53272 -2.88444 1.274918 

H -0.77845 -2.63245 0.725555 

O 5.003667 -0.50166 0.66469 

H 5.289613 -1.37605 0.376181 

C 3.870796 -0.1793 -0.0685 

H 4.139959 0.137645 -1.09065 

C 2.895251 -1.34651 -0.13721 

H 2.643147 -1.63192 0.89338 

C 1.630634 -0.92234 -0.86341 

H 1.883992 -0.67158 -1.90331 

C 2.131904 1.40264 -0.08928 
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H 2.431142 1.722293 -1.09838 

C 1.051737 0.325575 -0.20399 

H 0.667085 0.076796 0.791545 

C 1.669417 2.611754 0.702788 

H 0.814726 3.071216 0.205042 

H 1.359423 2.278062 1.702501 

O 3.255529 0.88612 0.606559 

O 3.555226 -2.39893 -0.80428 

H 2.928056 -3.11942 -0.92551 

O 0.763856 -2.04401 -0.83937 

H -0.06585 -1.7909 -1.26019 

O 2.686048 3.580422 0.779308 

H 3.46745 3.144981 1.1365 

E(elec) -1221.417866 au 

ZPVE 0.347892487 au 

G correction (873K) 0.088219922 au 

Product: CB2’3’Mac M06-2X/6-311++G(d,p) 

O 0.004082 0.91649 -0.56832 

C -1.17197 0.826965 0.166751 

H -0.96354 1.065543 1.223596 

C -2.20352 1.750282 -0.39808 

H -1.91622 2.77557 -0.5929 

C -3.45064 1.337197 -0.61076 

C -2.90712 -0.74459 0.618308 

H -3.00847 -0.28591 1.611122 

C -3.8933 -0.08392 -0.33896 

H -3.90922 -0.63152 -1.29162 

C -3.05968 -2.25054 0.731033 

H -4.03936 -2.49368 1.14845 

H -2.98896 -2.6898 -0.27488 

O -1.60103 -0.52771 0.110711 

O -4.40251 2.150365 -1.11619 

H -5.26209 1.77944 -0.87777 

O -5.20557 -0.00766 0.202545 

H -5.6786 -0.82558 0.033786 

O -2.09837 -2.79959 1.596394 

H -1.22458 -2.57908 1.252327 

O 5.14926 -0.73275 0.171613 

H 5.323177 -1.61921 -0.16527 

C 3.922419 -0.33515 -0.34189 
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H 4.023019 -0.00323 -1.38939 

C 2.887767 -1.44767 -0.25469 

H 2.799694 -1.73989 0.800849 

C 1.545707 -0.94203 -0.74867 

H 1.635129 -0.67168 -1.81112 

C 2.292597 1.332514 -0.01564 

H 2.423917 1.681352 -1.05073 

C 1.151716 0.312652 0.025652 

H 0.9391 0.038998 1.068158 

C 2.042818 2.525696 0.887756 

H 1.143822 3.051017 0.562159 

H 1.891425 2.161333 1.913716 

O 3.49585 0.742044 0.451835 

O 3.363756 -2.52389 -1.03378 

H 2.668389 -3.18873 -1.0766 

O 0.627384 -2.00661 -0.59718 

H -0.25845 -1.65672 -0.7633 

O 3.110171 3.439301 0.826172 

H 3.916956 2.943436 1.004058 

E(elec) -1221.420672 au 

ZPVE 0.348077476 au 

G correction (873K) 0.087661136 au 

Product: CB3’2’Mac M06-2X/6-311++G(d,p) 

O -0.07919 0.858401 -0.62819 

C -1.29707 0.779331 0.039366 

H -1.16537 1.068521 1.096416 

C -2.27116 1.711591 -0.64035 

C -3.54059 1.361492 -0.81947 

H -4.21638 2.053912 -1.31158 

C -3.07213 -0.69127 0.522244 

H -3.10558 -0.23225 1.519513 

C -4.07926 0.028907 -0.36849 

H -4.29797 -0.59411 -1.24786 

C -3.3111 -2.18239 0.644349 

H -4.3028 -2.34982 1.065252 

H -3.2753 -2.63128 -0.35818 

O -1.76054 -0.54413 -0.02008 

O -1.77929 2.926751 -0.97921 

H -0.83349 2.833081 -1.14748 

O -5.25049 0.155034 0.425996 
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H -5.94657 0.561122 -0.09639 

O -2.37512 -2.78433 1.507845 

H -1.49342 -2.63224 1.149939 

O 4.997406 -0.88923 0.301565 

H 5.167417 -1.77568 -0.0377 

C 3.795162 -0.46565 -0.24472 

H 3.934937 -0.11421 -1.28139 

C 2.741247 -1.56258 -0.21289 

H 2.606736 -1.86826 0.833851 

C 1.428128 -1.02676 -0.75261 

H 1.56708 -0.74406 -1.80669 

C 2.183729 1.225753 0.062271 

H 2.361369 1.608248 -0.95452 

C 1.026649 0.224568 0.022086 

H 0.744039 -0.05965 1.044285 

C 1.916192 2.389249 0.999785 

H 1.019455 2.92775 0.686564 

H 1.750023 1.989091 2.009541 

O 3.356971 0.603225 0.55635 

O 3.229095 -2.63376 -0.98977 

H 2.530834 -3.29353 -1.05948 

O 0.486458 -2.07397 -0.64998 

H -0.3894 -1.71695 -0.85025 

O 2.979866 3.307287 0.982594 

H 3.784217 2.814674 1.179789 

E(elec) -1221.418005 au 

ZPVE 0.347525137 au 

G correction (873K) 0.085547103 au 

Product: CB3’4’Mac M06-2X/6-311++G(d,p) 

O 0.086476 0.824379 0.844219 

C 1.322531 0.793721 0.213424 

H 1.272927 1.257535 -0.78516 

C 2.343647 1.518808 1.070558 

H 2.223137 1.167235 2.104283 

C 3.718819 1.209277 0.551567 

H 4.52289 1.88077 0.827354 

C 2.862508 -0.76847 -0.69338 

H 2.626611 -0.58895 -1.75455 

C 3.954887 0.17978 -0.25778 

C 3.177778 -2.25067 -0.51357 
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H 4.056127 -2.54332 -1.09465 

H 3.387979 -2.43517 0.54761 

O 1.698044 -0.56248 0.086072 

O 2.142539 2.917027 1.001436 

H 1.325097 3.124403 1.464373 

O 5.192877 -0.01815 -0.78922 

H 5.239751 -0.85829 -1.25117 

O 2.116924 -3.03994 -0.98798 

H 1.299392 -2.75906 -0.55736 

O -4.90933 -0.78577 -0.6357 

H -5.14706 -1.65911 -0.30365 

C -3.77565 -0.38221 0.055156 

H -4.03612 -0.03442 1.069599 

C -2.7479 -1.50344 0.151358 

H -2.50294 -1.82345 -0.87057 

C -1.49482 -0.98729 0.831441 

H -1.74515 -0.6938 1.861457 

C -2.10928 1.276726 -0.03729 

H -2.39711 1.633734 0.962956 

C -0.98609 0.248909 0.097774 

H -0.63512 -0.04589 -0.89926 

C -1.71611 2.462143 -0.89869 

H -0.85653 2.969816 -0.45725 

H -1.43403 2.092431 -1.89438 

O -3.22751 0.683145 -0.67806 

O -3.34996 -2.55342 0.876538 

H -2.6865 -3.23464 1.028688 

O -0.55699 -2.04673 0.850044 

H 0.281795 -1.6882 1.16724 

O -2.76239 3.397984 -0.97961 

H -3.54248 2.926221 -1.29101 

E(elec) -1221.416808 au 

ZPVE 0.347892313 au 

G correction (873K) 0.088042985 au 

Product: CB4’3’Mac M06-2X/6-311++G(d,p) 

O -0.21298 0.732287 -0.69165 

C -1.40774 0.54304 -0.00995 

H -1.36299 0.97922 1.001606 

C -2.52126 1.187154 -0.81376 

H -2.43425 0.846535 -1.85379 
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C -3.85038 0.751533 -0.2421 

C -2.78092 -1.16909 0.889937 

H -2.49934 -1.00148 1.94076 

C -3.97183 -0.32961 0.525008 

H -4.9413 -0.59701 0.929305 

C -2.98566 -2.66181 0.695077 

H -3.84725 -2.98896 1.279734 

H -3.19193 -2.85226 -0.3659 

O -1.65308 -0.83783 0.073809 

O -2.47758 2.60011 -0.74834 

H -1.72355 2.911203 -1.25787 

O -4.9063 1.521996 -0.58959 

H -4.56799 2.386059 -0.85778 

O -1.87477 -3.39573 1.154451 

H -1.08238 -3.07992 0.705262 

O 5.010719 -0.41946 0.364073 

H 5.290779 -1.2727 0.012794 

C 3.78796 -0.12045 -0.21919 

H 3.924649 0.267033 -1.24333 

C 2.866952 -1.33298 -0.25159 

H 2.736659 -1.6842 0.781119 

C 1.518723 -0.93474 -0.82098 

H 1.656749 -0.60327 -1.86102 

C 1.982553 1.365948 0.050752 

H 2.149184 1.771816 -0.95851 

C 0.952797 0.238533 -0.02745 

H 0.693408 -0.1 0.98383 

C 1.550036 2.487517 0.976762 

H 0.609623 2.915558 0.624524 

H 1.393348 2.069339 1.980698 

O 3.202911 0.87517 0.581748 

O 3.503778 -2.3147 -1.0397 

H 2.898347 -3.05616 -1.14437 

O 0.695047 -2.08222 -0.78718 

H -0.21283 -1.80059 -0.96193 

O 2.501679 3.522281 0.997587 

H 3.348213 3.124328 1.227999 

E(elec) -1221.425174 au 

ZPVE 0.348057319 au 

G correction (873K) 0.089348799 au 
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Product: CB4’5’Mac M06-2X/6-311++G(d,p) 

O 0.203654 -0.64544 -0.6774 

C 1.388748 -0.44017 -0.01521 

H 1.290392 -0.64316 1.061999 

C 2.490492 -1.28681 -0.61859 

H 2.631556 -0.97136 -1.66076 

C 3.78363 -1.0285 0.147837 

H 3.724009 -1.58695 1.092213 

C 2.976575 1.314462 0.255031 

C 3.964209 0.439078 0.427169 

H 4.918842 0.790342 0.800983 

C 3.014796 2.797246 0.480783 

H 3.977796 3.082169 0.902855 

H 2.898021 3.303485 -0.48696 

O 1.728572 0.943083 -0.16923 

O 2.105651 -2.63456 -0.53075 

H 2.831079 -3.16468 -0.87645 

O 4.814622 -1.58457 -0.65871 

H 5.631621 -1.62416 -0.15539 

O 2.016977 3.20939 1.389481 

H 1.15402 2.974059 1.029657 

O -5.04169 0.371123 0.396416 

H -5.33698 1.237442 0.093283 

C -3.81132 0.128436 -0.19926 

H -3.93845 -0.18745 -1.2489 

C -2.90967 1.355017 -0.14264 

H -2.79426 1.636687 0.913112 

C -1.54949 1.018716 -0.7244 

H -1.67005 0.767426 -1.7882 

C -1.98793 -1.34602 -0.03061 

H -2.14665 -1.66867 -1.07019 

C -0.97622 -0.19987 -0.01085 

H -0.74397 0.068933 1.028468 

C -1.53433 -2.53358 0.797506 

H -0.60331 -2.92953 0.388489 

H -1.35572 -2.19248 1.827484 

O -3.21646 -0.91054 0.533476 

O -3.55407 2.379659 -0.86777 

H -2.9512 3.128132 -0.92689 

O -0.74353 2.174132 -0.5896 
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H 0.146543 1.946262 -0.88731 

O -2.49204 -3.56451 0.765781 

H -3.3338 -3.17689 1.028381 

E(elec) -1221.418035 au 

ZPVE 0.347975964 au 

G correction (873K) 0.086749744 au 

Product: CB6’5’Mac M06-2X/6-311++G(d,p) 

O -0.04252 0.471718 -0.60902 

C -1.24415 0.255179 0.031923 

H -1.19226 0.556554 1.089614 

C -2.31847 1.042496 -0.70185 

H -2.31522 0.724459 -1.75237 

C -3.66965 0.736564 -0.08291 

H -3.66962 1.079146 0.961875 

C -2.76484 -1.47951 0.54086 

C -3.92531 -0.7661 -0.1009 

H -3.97687 -1.08047 -1.1547 

C -2.84006 -2.37441 1.510983 

H -3.80908 -2.65688 1.897223 

H -1.94198 -2.8361 1.900697 

O -1.54504 -1.14003 -0.03016 

O -2.10833 2.431871 -0.58584 

H -1.31608 2.665595 -1.07958 

O -4.72341 1.341829 -0.79896 

H -4.5634 2.29108 -0.82236 

O -5.11357 -1.08615 0.572142 

H -5.80729 -0.52751 0.20542 

O 5.262365 -0.35841 0.270683 

H 5.556591 -1.23746 0.005112 

C 3.985471 -0.18424 -0.24379 

H 4.026299 0.097851 -1.30971 

C 3.132196 -1.43023 -0.07155 

H 3.084693 -1.65566 1.002605 

C 1.727942 -1.17597 -0.59042 

H 1.780672 -0.97862 -1.67182 

C 2.127625 1.235675 0.000426 

H 2.211886 1.552892 -1.05012 

C 1.144305 0.064333 0.078905 

H 0.910179 -0.16428 1.127146 

C 1.690509 2.415763 0.848386 
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H 0.702368 2.756123 0.533942 

H 1.631044 2.08744 1.895159 

O 3.4017 0.860371 0.49372 

O 3.764846 -2.47642 -0.77514 

H 3.177149 -3.23964 -0.75877 

O 0.994773 -2.35301 -0.34028 

H 0.050713 -2.17327 -0.44988 

O 2.575197 3.499359 0.703475 

H 3.45868 3.172326 0.905208 

E(elec) -1221.424253 au 

ZPVE 0.347637337 au 

G correction (873K) 0.088275995 au 

TS: GLC12Pin M06-2X/6-311++G(d,p) 

O -2.20508 -2.51517 0.058274 

H -2.46547 -3.1353 -0.6279 

C -0.76593 -0.96079 -0.34084 

H -0.91729 -1.15132 -1.40608 

C -1.62545 -0.0213 0.336503 

H -1.37882 0.007995 1.416857 

C -0.73765 1.250187 -0.25966 

H -0.78204 1.245032 -1.35749 

C 1.346468 -0.10179 -0.25429 

H 1.43884 -0.11292 -1.34692 

C 0.707108 1.208759 0.20664 

H 0.724853 1.26016 1.303789 

C 2.678132 -0.40957 0.388141 

H 3.367835 0.396486 0.133467 

H 2.54868 -0.43307 1.477036 

O 0.440811 -1.19048 0.148754 

O -2.87944 0.057296 -0.02343 

H -2.84986 -1.75958 0.031478 

O -1.38061 2.37759 0.24456 

H -2.33203 2.189705 0.169936 

O 1.472117 2.250232 -0.35842 

H 1.008158 3.077768 -0.19085 

O 3.22426 -1.61029 -0.09814 

H 2.644552 -2.33136 0.164874 

E(elec) -687.0166155 au 

ZPVE 0.194487153 au 

G correction (873K) 0.017430426 au 
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TS: GLC21Pin M06-2X/6-311++G(d,p) 

O 1.422501 -2.58949 0.09715 

H 3.170284 -1.31472 0.006259 

C 0.872991 -1.53023 0.427994 

H 0.484799 -1.37994 1.449907 

C 1.28431 -0.29635 -0.2909 

H 1.427144 -0.43211 -1.35715 

C 0.90714 1.067415 0.191644 

H 1.024632 1.121811 1.28173 

C -1.29935 -0.01104 0.227003 

H -1.28891 -0.1336 1.323403 

C -0.56959 1.279934 -0.14329 

H -0.64714 1.425768 -1.22987 

C -2.74193 -0.04946 -0.25614 

H -3.34576 0.696607 0.268688 

H -2.75665 0.174432 -1.33288 

O -0.60795 -1.0484 -0.41463 

O 3.046089 -0.35245 0.133442 

H 3.589102 0.148758 -0.48815 

O 1.749332 2.004291 -0.44662 

H 1.438922 2.883736 -0.20551 

O -0.96152 2.447676 0.552406 

H -1.80623 2.756903 0.215857 

O -3.31584 -1.30528 0.006074 

H -2.67246 -1.95999 -0.29276 

E(elec) -687.0245873 au 

ZPVE 0.195491063 au 

G correction (873K) 0.019030746 au 

TS: GLC23Pin M06-2X/6-311++G(d,p) 

O 0.866606 2.622151 0.296089 

H 0.335761 3.337865 -0.06666 

C 0.46254 1.432168 -0.27196 

H 0.507856 1.453027 -1.36886 

C 1.298087 0.317453 0.289125 

H 1.565064 0.400567 1.339383 

C 1.222187 -0.98001 -0.29449 

H 0.974596 -0.94001 -1.37467 

C -1.31061 -0.15873 -0.25135 

H -1.31469 -0.24313 -1.34625 

C -0.35901 -1.18265 0.34029 
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H -0.32135 -1.10634 1.433722 

C -2.7281 -0.30431 0.269931 

H -3.10365 -1.28896 -0.009 

H -2.71282 -0.22978 1.36475 

O -0.86901 1.143294 0.140375 

O 3.278554 0.56316 -0.26083 

H 3.852529 1.000515 0.375628 

O 2.018713 -1.9228 0.109025 

H 3.37908 -0.40608 -0.13536 

O -0.65497 -2.47003 -0.07005 

H 0.17316 -2.97332 0.040144 

O -3.59 0.655316 -0.29863 

H -3.24537 1.523304 -0.06997 

E(elec) -687.0150602 au 

ZPVE 0.195028804 au 

G correction (873K) 0.017790641 au 

TS: GLC32Pin M06-2X/6-311++G(d,p) 

O 0.608822 2.741565 -0.00762 

H 1.583102 2.768755 0.015361 

C 0.296055 1.469948 -0.39502 

H 0.285208 1.364456 -1.48865 

C 1.500515 0.533738 0.286426 

H 1.210631 0.628302 1.350848 

C 1.029969 -0.69579 -0.28387 

H 1.3322 -0.92805 -1.30272 

C -1.31118 -0.19711 -0.23455 

H -1.41653 -0.26195 -1.32576 

C -0.2344 -1.27852 0.189637 

H -0.25661 -1.37401 1.279723 

C -2.64606 -0.4891 0.429395 

H -2.96331 -1.49921 0.172011 

H -2.51351 -0.41746 1.516948 

O -0.92401 1.090429 0.158062 

O 2.703724 0.94746 -0.04621 

H 3.183863 -0.71472 0.251311 

O 2.838232 -1.6505 0.358004 

H 3.323171 -2.19168 -0.27156 

O -0.60967 -2.46728 -0.46041 

H -0.10578 -3.19796 -0.09182 

O -3.63376 0.397355 -0.02997 
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H -3.33856 1.292328 0.167333 

E(elec) -687.0191387 au 

ZPVE 0.194610959 au 

G correction (873K) 0.019026007 au 

TS: GLC34Pin M06-2X/6-311++G(d,p) 

O -0.60993 2.814724 -0.52653 

H -0.02029 3.518289 -0.23944 

C -0.30964 1.649712 0.155036 

H -0.27796 1.812936 1.242968 

C -1.48145 0.660934 -0.14625 

H -1.64963 0.680235 -1.22776 

C -0.99396 -0.65773 0.298062 

H -1.19839 -0.94437 1.326783 

C 1.158284 -0.14225 0.291663 

H 1.123958 -0.09953 1.386963 

C 0.112029 -1.31914 -0.3436 

H 0.188914 -1.05744 -1.41811 

C 2.533914 -0.60884 -0.15087 

H 2.695596 -1.61156 0.238844 

H 2.558338 -0.64184 -1.24623 

O 0.902642 1.115977 -0.28555 

O -2.6209 1.034363 0.581493 

H -2.90594 1.896816 0.262604 

O -2.27168 -2.2588 -0.29185 

H -2.89805 -2.57652 0.364111 

O 0.35255 -2.54588 0.016587 

H -1.4326 -2.78468 -0.1849 

O 3.534028 0.239603 0.366807 

H 3.407318 1.111625 -0.01772 

E(elec) -687.0179216 au 

ZPVE 0.194381271 au 

G correction (873K) 0.016681771 au 

TS: GLC43Pin M06-2X/6-311++G(d,p) 

O 0.92181 -2.78952 -0.225 

H 1.877487 -2.89333 -0.15291 

C 0.601003 -1.53534 0.277555 

H 0.633074 -1.52661 1.378443 

C 1.511278 -0.45038 -0.27874 

H 1.469039 -0.45622 -1.37392 

C 1.093943 1.076412 0.304027 
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H 1.048278 0.871258 1.393736 

C -1.18816 -0.00253 0.271499 

H -1.18847 0.046358 1.366758 

C -0.194 0.963726 -0.308 

H -0.26042 1.185998 -1.37072 

C -2.60069 0.141708 -0.2627 

H -3.01406 1.098942 0.058971 

H -2.56643 0.116677 -1.36002 

O -0.71929 -1.28012 -0.16053 

O 2.809931 -0.61873 0.179443 

H 3.249227 0.241127 0.055422 

O 1.928209 1.98974 -0.10357 

H 0.353155 3.098276 0.048624 

O -0.62542 2.973845 0.117685 

H -1.02324 3.527879 -0.56088 

O -3.42686 -0.86971 0.250559 

H -3.02489 -1.7159 0.02599 

E(elec) -687.0120624 au 

ZPVE 0.194838779 au 

G correction (873K) 0.018299378 au 

Product: GLC12Pin M06-2X/6-311++G(d,p) 

C -0.9507530 -0.5411890 -0.6052200 

H -0.9795250 -0.5824230 -1.7063360 

C -2.0863880 -1.3905040 -0.0930420 

H -1.8103000 -2.4083780 0.2370060 

C -0.9923070 0.9412020 -0.1578690 

H -1.3611420 1.5794960 -0.9664070 

C 1.2313930 -0.0269310 -0.2947490 

H 1.5151810 0.0579410 -1.3535950 

C 0.4941510 1.2468870 0.1199990 

H 0.5906310 1.4056680 1.2008390 

C 2.4416080 -0.3672500 0.5424030 

H 3.1780350 0.4330250 0.4501550 

H 2.1323000 -0.4441110 1.5931640 

O 0.2732210 -1.0685960 -0.1365490 

O -3.2198140 -0.9919090 -0.0547470 

O -1.7118350 1.1603370 1.0335320 

H -2.6323670 0.9149010 0.8865830 

O 1.0264450 2.3277360 -0.6103720 

H 0.7319620 3.1513220 -0.2137520 
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O 3.0589070 -1.5563020 0.1032750 

H 2.3936110 -2.2508640 0.1221010 

E(elec) -610.6861839 au 

ZPVE 0.17072301 au 

G correction (873K) 0.004220631 au 

Product: GLC21Pin M06-2X/6-311++G(d,p) 

O 3.133522 -1.1916 0.204757 

C 1.988981 -1.55952 0.243241 

H 1.693392 -2.51981 0.704528 

C 0.879944 -0.71032 -0.32679 

H 0.935659 -0.76579 -1.42499 

C 1.006212 0.755191 0.097924 

H 1.243686 0.81323 1.169037 

C -1.23736 0.012554 0.337931 

H -1.47005 0.097355 1.40397 

C -0.42322 1.227767 -0.10583 

H -0.56515 1.416623 -1.18037 

C -2.50804 -0.21002 -0.45286 

H -3.17932 0.639505 -0.30983 

H -2.25544 -0.28137 -1.52023 

O -0.38075 -1.13516 0.152601 

O 1.906633 1.507581 -0.66783 

H 2.792146 1.157455 -0.51641 

O -0.79264 2.349459 0.654539 

H -0.29008 3.10686 0.340376 

O -3.18879 -1.36293 -0.01463 

H -2.56786 -2.09677 -0.06327 

E(elec) -610.6872943 au 

ZPVE 0.170265771 au 

G correction (873K) 0.001553707 au 

Product: GLC23Pin M06-2X/6-311++G(d,p) 

O 0.308817 2.348779 -0.09969 

H 0.750242 2.920499 0.535505 

C -0.1265 1.192556 0.561367 

H -0.72413 1.462381 1.439153 

C -0.89358 0.332433 -0.45472 

H -0.56042 0.664596 -1.4466 

C -2.38288 0.541104 -0.4249 

H -2.71589 1.59605 -0.39468 

C 1.016317 -0.83606 0.298326 
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H 1.330687 -1.5986 1.012277 

C -0.40693 -1.0946 -0.18066 

H -0.42727 -1.71354 -1.08466 

C 2.034071 -0.71175 -0.8268 

H 2.180479 -1.68491 -1.30048 

H 1.671306 -0.00621 -1.5875 

O 0.946823 0.405247 1.01767 

O -3.18632 -0.35425 -0.45241 

O -1.10769 -1.70622 0.877334 

H -2.03071 -1.78643 0.611767 

O 3.283354 -0.30179 -0.32414 

H 3.122833 0.469983 0.229397 

E(elec) -610.6993319 au 

ZPVE 0.171619059 au 

G correction (873K) 0.007827638 au 

Product: GLC32Pin M06-2X/6-311++G(d,p) 

O -0.45827 -1.9391 0.763734 

H 0.139129 -2.68394 0.878875 

C -0.29126 -1.41542 -0.53163 

H -0.48915 -2.17904 -1.28779 

C -2.53147 -0.2897 0.025565 

H -3.083 -1.23668 -0.11762 

C -1.17031 -0.17612 -0.60974 

H -1.30414 0.104644 -1.66203 

C 1.116771 0.447305 -0.38012 

H 1.403949 1.008886 -1.27403 

C -0.28188 0.873594 0.063185 

H -0.38235 0.774933 1.15098 

C 2.180353 0.588303 0.687482 

H 2.281633 1.640603 0.961836 

H 1.868046 0.020916 1.574604 

O 1.013711 -0.94502 -0.74939 

O -3.0175 0.619768 0.644937 

O -0.53985 2.194042 -0.34092 

H -1.38238 2.450829 0.048999 

O 3.438378 0.154099 0.221071 

H 3.323273 -0.73922 -0.11773 

E(elec) -610.701193 au 

ZPVE 0.17117257 au 

G correction (873K) 0.005866875 au 



174 

 

1
74
 

Product: GLC34Pin M06-2X/6-311++G(d,p) 

O 0.990769 1.915338 -1.00356 

H 1.714641 2.515682 -0.80495 

C 0.357641 1.557042 0.193024 

H 0.144752 2.435111 0.807376 

C -0.92885 0.794851 -0.14983 

H -0.91616 0.564222 -1.21938 

C -0.80652 -0.48923 0.670437 

H -1.21196 -0.29671 1.672604 

C 0.71174 -0.66186 0.798875 

H 1.018075 -1.20622 1.693821 

C -1.58244 -1.64477 0.097853 

H -1.37827 -2.64531 0.526771 

C 1.364567 -1.2933 -0.42627 

H 1.083764 -2.34821 -0.49363 

H 1.024499 -0.78548 -1.3385 

O 1.167028 0.684052 0.962778 

O -2.0542 1.574202 0.174898 

H -2.81925 1.179219 -0.25409 

O -2.4148 -1.50906 -0.75991 

O 2.766185 -1.24714 -0.3167 

H 3.003121 -0.32782 -0.15467 

E(elec) -610.6963895 au 

ZPVE 0.170966316 au 

G correction (873K) 0.005115652 au 

Product: GLC43Pin M06-2X/6-311++G(d,p) 

O 1.374176 1.968168 -0.28657 

H 1.982394 2.390484 0.326213 

C 0.344834 1.357033 0.445523 

H -0.06552 2.03448 1.196877 

C -0.7426 0.90524 -0.54314 

H -0.44641 1.205781 -1.55172 

C -1.92716 -1.07536 0.433792 

H -1.75476 -1.10489 1.527443 

C 0.582341 -0.93673 0.276225 

H 0.542071 -1.79971 0.946561 

C -0.74948 -0.64586 -0.41512 

H -0.84402 -1.12381 -1.39255 

C 1.733776 -1.11955 -0.70507 

H 1.599655 -2.06109 -1.24262 
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H 1.738484 -0.29777 -1.43197 

O 0.794784 0.203055 1.116649 

O -1.95354 1.519803 -0.16593 

H -2.66975 1.183184 -0.71407 

O -2.99682 -1.35205 -0.03566 

O 2.96271 -1.2016 -0.02492 

H 3.017124 -0.4343 0.554053 

E(elec) -610.6955333 au 

ZPVE 0.170856903 au 

G correction (873K) 0.003815526 au 

TS: CB12Pin M06-2X/6-311++G(d,p) 

O 0.002501 -1.08548 -0.32526 

C 2.72828 1.16077 0.177625 

C 1.228406 -0.65241 0.175352 

C 2.292467 -1.63662 -0.29217 

H 2.689277 1.152792 1.277062 

H 1.192514 -0.60971 1.277598 

H 2.258013 -1.67073 -1.3886 

C -2.31912 -1.41525 -0.18409 

C -1.14797 -0.50372 0.269271 

C -1.36449 0.985516 -0.05508 

C -2.8832 1.227905 0.122026 

C -3.48179 0.465321 -1.00318 

H -1.06509 -0.57171 1.363908 

H -1.0212 1.192896 -1.07657 

H -3.1351 0.656582 1.043686 

H -3.87513 0.965351 -1.88283 

C 3.655325 -1.13949 0.157608 

H 3.687443 -1.16272 1.257382 

C 3.890958 0.294748 -0.29402 

H 3.928913 0.315228 -1.39286 

H -1.90157 -2.23062 -0.77158 

O 2.116025 -2.92248 0.265868 

H 1.30789 -3.3008 -0.09192 

O 4.700727 -1.92855 -0.37212 

H 4.552321 -2.83988 -0.09979 

O 5.082514 0.802874 0.258923 

H 5.782485 0.170104 0.065808 

C 2.779497 2.596943 -0.29503 

H 3.727149 3.0423 0.01095 
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H 2.726247 2.602095 -1.3929 

O 1.516188 0.615004 -0.34574 

O 1.736211 3.347507 0.275007 

H 0.935695 2.801836 0.2857 

O -0.71905 1.833782 0.860241 

H -1.3417 2.572326 0.992156 

O -3.31649 2.490263 0.170539 

H -4.73402 1.889402 0.111016 

O -5.31247 1.039493 -0.08944 

H -6.06352 1.304361 -0.62752 

O -3.21286 -0.77162 -1.16712 

C -3.16546 -2.0161 0.932079 

H -2.48669 -2.56186 1.592011 

H -3.66385 -1.241 1.521621 

O -4.08656 -2.94689 0.421828 

H -4.83139 -2.47322 0.041567 

E(elec) -1297.76531 au 

ZPVE 0.371758791 au 

G correction (873K) 0.1013489 au 

TS: CB21Pin M06-2X/6-311++G(d,p) 

O 5.407623 -0.64686 -0.16535 

H 4.613451 -2.48274 -0.8344 

C 4.279651 -0.22865 -0.47027 

H 4.13405 0.441892 -1.33473 

C 3.121279 -1.0943 -0.12932 

H 3.193115 -1.56843 0.84316 

C 1.757536 -0.85482 -0.69173 

H 1.837225 -0.61279 -1.75907 

C 2.298506 1.408703 0.140931 

H 2.527356 1.806013 -0.86171 

C 1.184172 0.373739 0.035753 

H 0.897852 0.060261 1.048834 

C 1.930713 2.569171 1.052489 

H 1.10183 3.135812 0.621702 

H 1.61799 2.164259 2.02626 

O 3.401282 0.740794 0.694734 

O 3.665662 -2.56723 -1.07035 

H 3.302327 -3.38927 -0.71863 

O 0.985629 -2.02418 -0.50736 

H 0.067779 -1.77635 -0.69336 
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O 0.052469 0.86379 -0.66744 

O 3.022559 3.444139 1.199014 

H 3.785356 2.891982 1.408708 

C -1.15549 0.670753 -0.03096 

H -1.11471 1.022846 1.012567 

C -2.25866 1.390373 -0.78675 

H -2.21407 1.069065 -1.83631 

C -3.6085 0.998823 -0.19755 

H -3.66256 1.388605 0.830424 

C -2.615 -1.10557 0.641422 

H -2.60475 -0.70262 1.664243 

C -3.79228 -0.51014 -0.12937 

H -3.80739 -0.91647 -1.14939 

C -2.59519 -2.6199 0.709033 

H -3.50328 -2.97613 1.199345 

H -2.56841 -3.02046 -0.31462 

O -1.42015 -0.72898 -0.03545 

O -2.0443 2.772114 -0.66229 

H -2.81099 3.218472 -1.03741 

O -4.59286 1.614518 -0.99895 

H -5.45335 1.406486 -0.62062 

O -5.03264 -0.72508 0.522855 

H -5.38759 -1.58416 0.284141 

O -1.51296 -3.09206 1.474726 

H -0.69019 -2.77311 1.085652 

E(elec) -1297.752302 au 

ZPVE 0.371932823 au 

G correction (873K) 0.098962284 au 

TS: CB23Pin M06-2X/6-311++G(d,p) 

O 4.985395 1.110222 -0.19516 

H 5.713488 0.736638 0.310714 

C 3.797741 0.610018 0.293734 

H 3.679518 0.774514 1.373099 

C 2.669913 1.200358 -0.4929 

H 2.835413 1.230814 -1.56733 

C 1.317969 1.197404 -0.0524 

H 1.185947 1.188614 1.044443 

C 2.464153 -1.3181 0.406087 

H 2.334387 -1.21542 1.492165 

C 1.317948 -0.58529 -0.28363 
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H 1.281443 -0.73467 -1.36837 

C 2.488889 -2.7931 0.039871 

H 1.535151 -3.24182 0.316496 

H 2.618446 -2.88309 -1.04633 

O 3.719825 -0.78101 0.014569 

O 2.825189 3.285364 -0.41877 

H 3.357308 3.695798 -1.10712 

O 0.460361 1.848398 -0.78186 

H 1.889057 3.320048 -0.70542 

O 0.165306 -1.04926 0.332505 

O 3.503312 -3.4783 0.737197 

H 4.343999 -3.08263 0.490433 

C -1.06014 -0.58925 -0.15088 

H -0.95616 -0.26607 -1.19634 

C -2.10987 -1.67924 -0.01332 

H -2.13271 -1.99836 1.037009 

C -3.46448 -1.08963 -0.39278 

H -3.44506 -0.85959 -1.46913 

C -2.58293 1.1553 0.129696 

H -2.44424 1.33456 -0.94771 

C -3.76704 0.212326 0.339757 

H -3.88432 0.008257 1.412277 

C -2.64076 2.498477 0.824133 

H -3.5737 3.010904 0.560823 

H -2.63529 2.326593 1.910426 

O -1.44316 0.490269 0.654156 

O -1.77312 -2.7494 -0.86465 

H -2.52281 -3.35407 -0.87426 

O -4.43261 -2.08651 -0.1346 

H -5.29229 -1.72215 -0.3695 

O -4.98227 0.683394 -0.22177 

H -5.32809 1.40243 0.311917 

O -1.5663 3.309915 0.432127 

H -0.84334 2.748316 0.077505 

E(elec) -1297.739567 au 

ZPVE 0.371006309 au 

G correction (873K) 0.097451586 au 

TS: CB32Pin M06-2X/6-311++G(d,p) 

O 5.13306 -0.86959 0.004818 

H 5.088448 -1.81569 -0.21438 
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C 3.937764 -0.34382 -0.40295 

H 3.938144 -0.10596 -1.47583 

C 2.817955 -1.49092 -0.0824 

H 2.844268 -1.49298 1.023436 

C 1.653382 -0.79205 -0.57016 

H 1.420847 -0.85093 -1.63027 

C 2.449743 1.395442 -0.02883 

H 2.483778 1.700195 -1.08269 

C 1.201942 0.413015 0.132145 

H 1.034738 0.24328 1.201313 

C 2.253624 2.61842 0.854583 

H 1.309975 3.100919 0.599396 

H 2.223582 2.287487 1.900967 

O 3.643087 0.781584 0.360431 

O 3.114771 -2.64165 -0.68125 

H 1.714205 -3.02915 -0.68184 

O 0.6781 -2.81693 -0.56351 

H 0.252933 -2.96458 -1.41289 

O 0.126826 1.077208 -0.47583 

O 3.281721 3.548965 0.635982 

H 4.117557 3.122658 0.851427 

C -1.10231 0.780714 0.107513 

H -1.08119 1.033982 1.181761 

C -2.18971 1.576414 -0.59049 

H -2.12908 1.363152 -1.66617 

C -3.54085 1.116602 -0.06157 

H -3.61136 1.398911 1.000079 

C -2.5189 -1.05391 0.567591 

H -2.52464 -0.7622 1.628045 

C -3.69889 -0.39312 -0.14854 

H -3.69958 -0.69308 -1.20523 

C -2.50331 -2.56932 0.483349 

H -3.44075 -2.95605 0.893535 

H -2.44742 -2.85841 -0.57704 

O -1.32132 -0.59691 -0.05207 

O -1.98213 2.940774 -0.32488 

H -2.7533 3.41727 -0.65078 

O -4.52316 1.801025 -0.8085 

H -5.38556 1.52522 -0.48066 

O -4.94605 -0.68218 0.461191 
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H -5.24771 -1.5546 0.197883 

O -1.45974 -3.12326 1.231442 

H -0.6318 -3.00661 0.735867 

E(elec) -1297.749652 au 

ZPVE 0.370137226 au 

G correction (873K) 0.102794477 au 

TS: CB43Pin M06-2X/6-311++G(d,p) 

O -5.26997 -0.52428 -0.57696 

H -5.4921 -1.43414 -0.34784 

C -4.1188 -0.19241 0.125421 

H -4.35474 0.077031 1.167436 

C -3.09196 -1.3049 0.087456 

H -2.82574 -1.52272 -0.95426 

C -1.69124 -0.94054 0.942406 

H -2.11293 -0.59044 1.909639 

C -2.37004 1.366484 0.082614 

H -2.58223 1.682383 1.113143 

C -1.40656 0.195553 0.084031 

H -0.88847 -0.02722 -0.84934 

C -1.90405 2.556739 -0.74398 

H -1.01972 3.00611 -0.29377 

H -1.65417 2.199194 -1.75303 

O -3.56747 0.920975 -0.53964 

O -3.5721 -2.43139 0.735872 

H -2.77224 -2.94722 0.95655 

O -0.97174 -2.0316 0.983601 

H 0.253113 0.73611 1.708317 

O 0.170626 1.177859 0.847952 

O -2.90239 3.542702 -0.78317 

H -3.70886 3.125494 -1.10548 

C 1.322409 0.830628 0.09315 

H 1.145673 1.225914 -0.91705 

C 2.610417 1.401936 0.661985 

H 2.693148 1.095515 1.716266 

C 3.77187 0.786983 -0.11333 

H 3.704494 1.118512 -1.16115 

C 2.363201 -1.19132 -0.63335 

H 2.262648 -0.9029 -1.68986 

C 3.720134 -0.73488 -0.09935 

H 3.84168 -1.08564 0.934686 
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C 2.056515 -2.67587 -0.47387 

H 2.746268 -3.25706 -1.09454 

H 2.2233 -2.94387 0.580185 

O 1.355575 -0.5514 0.138089 

O 2.586732 2.797387 0.533646 

H 3.475505 3.120777 0.719654 

O 4.95065 1.288114 0.476743 

H 5.700591 0.895137 0.017276 

O 4.802983 -1.16069 -0.90768 

H 4.969733 -2.09574 -0.76511 

O 0.754584 -2.96048 -0.87931 

H 0.123762 -2.60335 -0.20402 

E(elec) -1297.740673 au 

ZPVE 0.371805216 au 

G correction (873K) 0.101025434 au 

TS: CB1’2’Pin M06-2X/6-311++G(d,p) 

O -0.5242 -0.62098 -1.08844 

C 1.488926 -0.17194 -0.22543 

H 0.908596 0.05927 0.670888 

C 1.845006 -1.5322 -0.52575 

H 2.397554 -1.60025 -1.48116 

C 3.073556 -1.46617 0.591005 

H 2.641894 -1.29932 1.586298 

C 3.404052 0.977073 0.179216 

H 3.043205 1.286601 1.166835 

C 4.093561 -0.38714 0.26047 

H 4.544948 -0.62439 -0.71311 

C 4.261256 2.05887 -0.43411 

H 5.162512 2.146663 0.175048 

H 4.550544 1.751634 -1.44635 

O 2.236728 0.806348 -0.71077 

O 0.9691 -2.46739 -0.23439 

H -0.16255 -1.54007 -0.81512 

O 3.677405 -2.71796 0.523194 

H 2.960481 -3.37146 0.526273 

O 5.079317 -0.28008 1.260913 

H 5.448291 -1.15805 1.408031 

O 3.61978 3.309074 -0.42844 

H 2.891163 3.283264 -1.05429 

O -5.25696 1.079562 1.017934 
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H -5.34705 2.039117 1.038963 

C -4.19168 0.787666 0.176409 

H -4.4792 0.917085 -0.88151 

C -2.98175 1.666546 0.478673 

H -2.71954 1.524862 1.535935 

C -1.82271 1.234727 -0.39655 

H -2.08839 1.407709 -1.44838 

C -2.84026 -1.03977 -0.44859 

H -3.14781 -0.91809 -1.49769 

C -1.55276 -0.24711 -0.20014 

H -1.24649 -0.42025 0.844038 

C -2.69781 -2.51744 -0.13185 

H -1.94066 -2.96952 -0.77502 

H -2.37136 -2.62363 0.911262 

O -3.86272 -0.5542 0.413565 

O -3.367 3.001208 0.230021 

H -2.59378 3.561341 0.351588 

O -0.69682 2.03021 -0.04755 

H -0.06482 1.998394 -0.77182 

O -3.90901 -3.19676 -0.36306 

H -4.58893 -2.74186 0.145254 

E(elec) -1297.739485 au 

ZPVE 0.370378949 au 

G correction (873K) 0.093243735 au 

TS: CB2’3’Pin M06-2X/6-311++G(d,p) 

O 0.068565 0.653345 -0.62158 

C -1.10785 0.466185 0.068247 

H -1.02851 0.795095 1.114046 

C -2.23239 1.154227 -0.64876 

H -2.19515 1.142073 -1.73469 

C -3.50452 1.258298 -0.01235 

H -3.41899 1.291224 1.0934 

C -2.72712 -1.22217 0.579481 

H -2.75991 -0.93123 1.637144 

C -3.75859 -0.43666 -0.20883 

H -3.72209 -0.68727 -1.27616 

C -2.88431 -2.7275 0.470503 

H -3.86866 -3.00402 0.848888 

H -2.82365 -3.01629 -0.58735 

O -1.43947 -0.91962 0.031187 
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O -1.88917 3.178849 -0.60575 

H -1.4764 3.57878 -1.37855 

O -4.45408 1.944446 -0.56585 

H -2.85799 3.308768 -0.69314 

O -5.03172 -0.57834 0.306426 

H -5.52432 0.20841 0.005316 

O -1.92703 -3.40613 1.24983 

H -1.04807 -3.17791 0.929566 

O 5.315947 -0.47 0.330035 

H 5.592542 -1.33052 -0.0059 

C 4.077915 -0.19131 -0.22922 

H 4.185659 0.166806 -1.26741 

C 3.160282 -1.40633 -0.19994 

H 3.061623 -1.72634 0.846406 

C 1.7921 -1.03265 -0.74059 

H 1.895276 -0.73991 -1.79607 

C 2.277933 1.298179 0.04347 

H 2.416885 1.669084 -0.98325 

C 1.249189 0.166899 0.028342 

H 1.012717 -0.13811 1.056048 

C 1.863286 2.450181 0.940182 

H 0.914219 2.863987 0.594488 

H 1.731739 2.066201 1.961443 

O 3.510662 0.825343 0.558374 

O 3.775899 -2.40939 -0.97674 

H 3.172839 -3.15785 -1.03571 

O 0.978476 -2.18156 -0.63212 

H 0.067466 -1.92557 -0.82709 

O 2.813456 3.485669 0.903601 

H 3.664906 3.099601 1.135981 

E(elec) -1297.740362 au 

ZPVE 0.371265639 au 

G correction (873K) 0.096543708 au 

TS: CB3’2’Pin M06-2X/6-311++G(d,p) 

O -0.10189 0.324841 0.67803 

C 1.052668 0.211964 -0.03438 

H 0.90897 0.423234 -1.10125 

C 2.032017 1.415803 0.655504 

H 2.054049 1.014234 1.688466 

C 3.182113 1.018552 -0.1142 
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H 3.296797 1.480353 -1.09286 

C 2.820065 -1.2909 -0.44895 

H 2.742479 -1.14766 -1.53477 

C 3.87587 -0.25864 0.093429 

H 4.055987 -0.47035 1.152062 

C 3.244534 -2.7199 -0.15986 

H 4.253348 -2.87465 -0.54122 

H 3.243753 -2.8697 0.927546 

O 1.583083 -1.07396 0.177665 

O 1.589204 2.624295 0.468362 

H 3.255547 3.136294 0.653108 

O 4.21044 2.837779 0.638454 

H 4.669528 3.440137 0.046933 

O 5.027566 -0.42273 -0.69342 

H 5.722021 0.146652 -0.34909 

O 2.404999 -3.63686 -0.81556 

H 1.502885 -3.50873 -0.50591 

O -5.3773 -0.20991 -0.55382 

H -5.75683 -1.05231 -0.27886 

C -4.15909 -0.07944 0.099997 

H -4.30856 0.185222 1.160899 

C -3.33959 -1.3651 0.014094 

H -3.21099 -1.6127 -1.04839 

C -1.98327 -1.13301 0.648179 

H -2.12317 -0.91066 1.715805 

C -2.23731 1.287039 0.069697 

H -2.40563 1.550729 1.123939 

C -1.32442 0.067427 -0.01173 

H -1.12147 -0.16934 -1.06371 

C -1.68392 2.49356 -0.66466 

H -0.74048 2.803032 -0.20739 

H -1.49545 2.208247 -1.7106 

O -3.47525 0.958093 -0.55116 

O -4.07672 -2.3685 0.67858 

H -3.53826 -3.16571 0.71409 

O -1.21106 -2.30808 0.495081 

H -0.3334 -2.12471 0.852505 

O -2.58703 3.572635 -0.59357 

H -3.43755 3.253291 -0.91311 

E(elec) -1297.736137 au 
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ZPVE 0.369731606 au 

G correction (873K) 0.091587442 au 

TS: CB3’4’Pin M06-2X/6-311++G(d,p) 

O 0.143114 0.707381 -0.59494 

C -1.02441 0.531172 0.116183 

H -0.90865 0.861503 1.160724 

C -2.1212 1.409593 -0.55731 

H -2.06103 1.243679 -1.6373 

C -3.40541 0.912246 -0.01489 

H -3.78272 1.387735 0.887151 

C -2.65733 -1.03301 0.688476 

H -2.6756 -0.6411 1.711683 

C -3.90385 -0.41082 -0.29274 

H -3.55357 -0.79424 -1.27272 

C -2.92236 -2.52809 0.721323 

H -3.92543 -2.68727 1.111814 

H -2.87418 -2.91805 -0.30271 

O -1.40402 -0.81679 0.07892 

O -1.93977 2.756593 -0.20922 

H -1.18409 3.098542 -0.69665 

O -5.0551 1.757011 -1.04495 

H -5.47342 2.528118 -0.65186 

O -5.11376 -0.67984 0.086516 

H -5.52799 0.953975 -0.70561 

O -2.00303 -3.17293 1.571962 

H -1.12048 -3.08534 1.197677 

O 5.396749 -0.51425 0.181308 

H 5.64508 -1.37895 -0.16566 

C 4.143899 -0.21284 -0.33076 

H 4.218726 0.147812 -1.37091 

C 3.205994 -1.41056 -0.26882 

H 3.13766 -1.72769 0.780832 

C 1.827112 -1.01198 -0.762 

H 1.897813 -0.72293 -1.82105 

C 2.381816 1.308944 0.018658 

H 2.489158 1.696123 -1.00583 

C 1.331522 0.197235 0.023558 

H 1.113463 -0.10686 1.055609 

C 2.022595 2.448895 0.954077 

H 1.065773 2.884075 0.659663 
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H 1.925651 2.045641 1.971541 

O 3.62436 0.810223 0.481591 

O 3.775246 -2.42581 -1.06473 

H 3.15443 -3.16095 -1.10458 

O 0.998693 -2.14633 -0.61975 

H 0.085651 -1.88543 -0.79612 

O 2.983145 3.472881 0.899622 

H 3.838444 3.071766 1.089099 

E(elec) -1297.742802 au 

ZPVE 0.370669393 au 

G correction (873K) 0.09523133 au 

TS: CB4’3’Pin M06-2X/6-311++G(d,p) 

O 0.154381 0.700819 -0.71015 

C -1.03192 0.581653 -0.01916 

H -0.93131 0.931699 1.019709 

C -2.12474 1.353795 -0.73716 

H -2.19466 1.030408 -1.78149 

C -3.64005 1.138914 0.018958 

H -3.37056 1.395471 1.064736 

C -2.6281 -1.08929 0.604278 

H -2.60958 -0.75734 1.648428 

C -3.59058 -0.27161 -0.20611 

H -3.86366 -0.63299 -1.1949 

C -2.80265 -2.59491 0.536894 

H -3.74746 -2.8735 1.005984 

H -2.82668 -2.90144 -0.5179 

O -1.37315 -0.80733 -0.01752 

O -1.93597 2.71499 -0.62225 

H -2.79799 3.118643 -0.82741 

O -4.55355 1.8577 -0.56225 

H -5.69334 0.432594 0.079319 

O -5.58603 -0.49102 0.414395 

H -6.19539 -1.04076 -0.08799 

O -1.77582 -3.24048 1.242845 

H -0.9261 -2.98008 0.866534 

O 5.342587 -0.51588 0.450333 

H 5.620049 -1.38092 0.127423 

C 4.138627 -0.2152 -0.17142 

H 4.304133 0.114586 -1.21142 

C 3.18978 -1.40781 -0.16156 
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H 3.040402 -1.70848 0.884571 

C 1.856824 -1.00594 -0.76364 

H 2.010406 -0.7328 -1.81773 

C 2.36694 1.324531 -0.01466 

H 2.558678 1.65731 -1.04542 

C 1.314857 0.215693 -0.03154 

H 1.058953 -0.06555 0.99841 

C 1.945243 2.516016 0.825159 

H 1.037968 2.955671 0.407077 

H 1.735512 2.166502 1.846421 

O 3.565667 0.832536 0.566634 

O 3.812123 -2.43848 -0.89702 

H 3.190652 -3.16957 -0.9758 

O 1.003588 -2.13213 -0.67765 

H 0.124132 -1.85389 -0.96171 

O 2.939774 3.510296 0.82412 

H 3.761611 3.091086 1.100985 

E(elec) -1297.738527 au 

ZPVE 0.371371997 au 

G correction (873K) 0.097201755 au 

Product: CB12Pin M06-2X/6-311++G(d,p) 

O 0.329594 -1.09059 0.390204 

C -2.45902 1.087553 -0.05824 

C -0.87767 -0.65475 -0.14751 

C -1.9222 -1.7275 0.125146 

H -2.34541 1.211626 -1.14574 

H -0.77072 -0.48392 -1.23305 

H -1.96495 -1.88612 1.21033 

C 2.704403 -1.06001 0.573351 

C 1.474276 -0.3805 -0.04002 

C 1.577375 1.073377 0.458176 

C 3.855571 1.48619 -0.66723 

C 3.094257 1.228174 0.630303 

H 1.515648 -0.38946 -1.14019 

H 1.10417 1.118576 1.441093 

H 4.947772 1.323623 -0.58807 

H 3.361228 2.009621 1.347786 

C -3.26998 -1.23716 -0.3718 

H -3.21836 -1.13144 -1.46606 

C -3.6076 0.123474 0.221187 
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H -3.72461 0.01265 1.309136 

H 2.396494 -1.70708 1.39695 

O -1.63995 -2.93142 -0.55709 

H -0.82183 -3.2939 -0.20422 

O -4.31331 -2.12316 -0.02196 

H -4.09576 -2.99252 -0.37357 

O -4.78097 0.644282 -0.35894 

H -5.45723 -0.03953 -0.3047 

C -2.62478 2.454933 0.568862 

H -3.58669 2.870917 0.266524 

H -2.62075 2.335439 1.661381 

O -1.2612 0.535834 0.488458 

O -1.61672 3.338243 0.141705 

H -0.76705 2.874865 0.146048 

O 0.969103 2.056231 -0.3358 

H 1.471782 2.155204 -1.15486 

O 3.349259 1.794153 -1.71479 

O 3.525031 -0.01798 1.145076 

C 3.537253 -1.84737 -0.42068 

H 2.940783 -2.6663 -0.83052 

H 3.830387 -1.19354 -1.25626 

O 4.664777 -2.41686 0.19811 

H 5.108794 -1.71719 0.688891 

E(elec) -1221.42 au 

ZPVE 0.347547 au 

G correction (873K) 0.087258 au 

Product: CB21Pin M06-2X/6-311++G(d,p) 

O 4.648744 -2.63275 -0.9874 

C 4.264207 -1.50165 -1.04934 

H 4.573023 -0.81508 -1.86486 

C 3.307041 -0.87843 -0.05466 

H 3.312814 -1.45735 0.874534 

C 1.885834 -0.80138 -0.61459 

H 1.917487 -0.55811 -1.68786 

C 2.565371 1.354506 0.077609 

H 2.597229 1.889199 -0.87896 

C 1.352456 0.436754 0.108464 

H 1.091753 0.163559 1.140773 

C 2.646761 2.345112 1.218182 

H 1.802852 3.036578 1.160213 
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H 2.592706 1.797753 2.169454 

O 3.695491 0.472822 0.166322 

O 1.190065 -1.99802 -0.39617 

H 0.284457 -1.82748 -0.68687 

O 0.247737 1.038871 -0.53982 

O 3.824585 3.113617 1.141628 

H 4.566089 2.500014 1.121428 

C -0.97265 0.759756 0.043725 

H -0.9791 1.064161 1.103435 

C -2.08343 1.464441 -0.71551 

H -1.99446 1.187986 -1.7749 

C -3.43074 0.989138 -0.18312 

H -3.53222 1.337717 0.856041 

C -2.36527 -1.09277 0.613191 

H -2.39636 -0.71301 1.644549 

C -3.5488 -0.52841 -0.17164 

H -3.51701 -0.90024 -1.20429 

C -2.27438 -2.60559 0.658323 

H -3.19235 -3.01207 1.087867 

H -2.17138 -2.98822 -0.36759 

O -1.1766 -0.6443 -0.02935 

O -1.9397 2.849063 -0.53217 

H -2.71768 3.271427 -0.91195 

O -4.41834 1.590936 -0.99126 

H -5.27896 1.326391 -0.65009 

O -4.79685 -0.81629 0.435948 

H -5.09801 -1.69006 0.176851 

O -1.22029 -3.03796 1.482236 

H -0.37804 -2.74997 1.108855 

E(elec) -1221.41 au 

ZPVE 0.346834 au 

G correction (873K) 0.081875 au 

Product: CB23Pin M06-2X/6-311++G(d,p) 

O 4.256732 1.349251 0.855144 

H 4.948946 1.153587 1.493381 

C 3.135354 0.56157 1.150601 

H 2.885725 0.639074 2.214298 

C 1.992484 1.015851 0.219151 

H 2.409618 1.68415 -0.53606 

C 0.927093 1.776316 0.970663 
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H 0.506861 1.265818 1.854589 

C 2.773328 -1.16343 -0.3574 

H 2.518518 -2.222 -0.29627 

C 1.519003 -0.29849 -0.44359 

H 1.200881 -0.12622 -1.47701 

C 3.755999 -0.91427 -1.49638 

H 3.343475 -1.30803 -2.42795 

H 3.929269 0.163166 -1.61913 

O 3.363303 -0.80365 0.893444 

O 0.56597 2.882649 0.664444 

O 0.48434 -0.94303 0.281999 

O 4.967813 -1.59057 -1.26137 

H 5.258056 -1.34651 -0.37628 

C -0.78171 -0.79326 -0.25591 

H -0.78006 -1.0387 -1.33165 

C -1.74878 -1.70474 0.479988 

H -1.66163 -1.49334 1.554575 

C -3.16468 -1.39406 0.018483 

H -3.249 -1.66087 -1.04627 

C -2.43671 0.895246 -0.60337 

H -2.48424 0.64722 -1.67387 

C -3.4893 0.083244 0.154649 

H -3.46534 0.357566 1.218003 

C -2.59672 2.396058 -0.43334 

H -3.5969 2.683916 -0.76904 

H -2.50049 2.640295 0.633243 

O -1.15818 0.557782 -0.08205 

O -1.41309 -3.03812 0.191524 

H -2.11847 -3.59158 0.543483 

O -4.03218 -2.20107 0.786253 

H -4.93289 -2.01086 0.503894 

O -4.79409 0.242417 -0.37958 

H -5.18296 1.060389 -0.06166 

O -1.67882 3.119133 -1.2099 

H -0.83595 3.144453 -0.74092 

E(elec) -1221.42 au 

ZPVE 0.347345 au 

G correction (873K) 0.084495 au 

Product: CB32Pin M06-2X/6-311++G(d,p) 

O -3.5062 1.688281 0.797116 
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H -4.45075 1.787573 0.948616 

C -3.30077 1.236382 -0.52123 

H -3.75499 1.914488 -1.24579 

C -0.99929 2.183585 -0.10246 

H -0.8393 2.147255 0.989313 

C -1.7928 1.050789 -0.69185 

H -1.55713 0.956853 -1.75376 

C -2.90876 -1.04096 -0.30996 

H -2.7499 -1.71814 -1.15312 

C -1.60172 -0.30287 0.005246 

H -1.49724 -0.15271 1.089618 

C -3.4806 -1.80228 0.86902 

H -2.78013 -2.58481 1.170322 

H -3.61582 -1.10507 1.707117 

O -3.8497 -0.03637 -0.72788 

O -0.56316 3.094868 -0.76046 

O -0.51925 -1.06443 -0.47698 

O -4.69405 -2.43411 0.530209 

H -5.26724 -1.76344 0.145602 

C 0.690621 -0.82196 0.148291 

H 0.59102 -0.92578 1.24251 

C 1.704045 -1.82437 -0.37921 

H 1.700047 -1.76027 -1.4756 

C 3.083599 -1.46371 0.141014 

H 3.088171 -1.58604 1.234942 

C 2.338587 0.889912 0.405948 

H 2.309579 0.775824 1.499533 

C 3.431502 -0.01955 -0.16612 

H 3.485827 0.114069 -1.25499 

C 2.570303 2.35423 0.074462 

H 3.611914 2.598201 0.306356 

H 2.411701 2.494462 -1.00171 

O 1.088448 0.503528 -0.16068 

O 1.324989 -3.10501 0.059966 

H 2.042809 -3.70688 -0.16424 

O 3.994165 -2.36736 -0.44833 

H 4.875171 -2.13807 -0.13475 

O 4.697804 0.201363 0.435288 

H 5.120252 0.968814 0.043663 

O 1.760878 3.216253 0.834795 
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H 0.996259 3.472391 0.302985 

E(elec) -1221.43 au 

ZPVE 0.34784 au 

G correction (873K) 0.088979 au 

Product: CB43Pin M06-2X/6-311++G(d,p) 

O 1.373351 1.968567 -0.28703 

H 1.981425 2.391391 0.325564 

C 0.344474 1.35704 0.445444 

H -0.06593 2.03442 1.196819 

C -0.74302 0.904499 -0.54294 

H -0.4472 1.20486 -1.55168 

C -1.92679 -1.07725 0.433522 

H -1.7535 -1.11227 1.52689 

C 0.582871 -0.9367 0.27662 

H 0.543121 -1.79946 0.947256 

C -0.749 -0.64673 -0.41466 

H -0.84289 -1.1245 -1.39225 

C 1.734158 -1.11953 -0.70493 

H 1.600403 -2.06161 -1.24163 

H 1.738142 -0.29836 -1.43253 

O 0.795298 0.203384 1.116548 

O -1.954 1.51864 -0.16548 

H -2.67065 1.180097 -0.71191 

O -2.99757 -1.34909 -0.03621 

O 2.963401 -1.20021 -0.02517 

H 3.017024 -0.43289 0.553862 

E(elec) -610.696 au 

ZPVE 0.170857 au 

G correction (873K) 0.001281 au 

Product: CB1’2’Pin M06-2X/6-311++G(d,p) 

C -0.95077 -0.54078 -0.6054 

H -0.97947 -0.58152 -1.70653 

C -2.08649 -1.39022 -0.09365 

H -1.81065 -2.40842 0.23563 

C -0.99226 0.941249 -0.15725 

H -1.36185 1.579925 -0.96514 

C 1.23143 -0.02686 -0.29478 

H 1.515386 0.058082 -1.35358 

C 0.494278 1.247079 0.119868 

H 0.591175 1.406254 1.200608 
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C 2.441477 -0.36739 0.54251 

H 3.178124 0.432677 0.450186 

H 2.132099 -0.44404 1.593267 

O 0.273178 -1.06851 -0.13692 

O -3.21984 -0.9914 -0.05503 

O -1.71101 1.159344 1.034793 

H -2.63172 0.914425 0.888116 

O 1.026222 2.327687 -0.61112 

H 0.732327 3.151429 -0.2144 

O 3.058445 -1.55668 0.103581 

H 2.392667 -2.25081 0.121616 

E(elec) -610.686 au 

ZPVE 0.170728 au 

G correction (873K) 0.001582 au 

Product: CB2’3’Pin M06-2X/6-311++G(d,p) 

O -0.31226 0.487343 -0.47312 

C -1.42705 0.439751 0.375845 

H -1.25354 1.09047 1.241725 

C -2.67076 0.814803 -0.4426 

H -2.39534 0.696579 -1.49821 

C -3.09379 2.250981 -0.27872 

H -2.28032 3.000394 -0.33111 

C -2.81948 -1.4421 0.245697 

H -3.27659 -2.0984 0.986723 

C -3.71161 -0.24057 -0.04645 

H -4.41704 -0.4416 -0.85945 

C -2.4401 -2.23935 -0.99774 

H -3.36086 -2.60231 -1.46283 

H -1.92818 -1.58887 -1.72024 

O -1.65725 -0.85867 0.874629 

O -4.23449 2.596655 -0.12313 

O -4.38103 0.088272 1.147349 

H -4.88256 0.896937 0.994565 

O -1.66407 -3.3693 -0.69091 

H -0.75213 -3.09791 -0.5227 

O 5.057401 -0.11167 0.32191 

H 5.353146 -1.0295 0.315581 

C 3.771154 -0.09366 -0.19699 

H 3.789016 -0.15963 -1.29834 

C 2.915649 -1.21688 0.370566 
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H 2.903846 -1.10648 1.463924 

C 1.495541 -1.10748 -0.16229 

H 1.516853 -1.22435 -1.25391 

C 1.916692 1.347846 -0.35065 

H 1.954925 1.3014 -1.44925 

C 0.945401 0.278093 0.159163 

H 0.841199 0.384149 1.249383 

C 1.516717 2.747728 0.079086 

H 0.537181 2.990734 -0.3348 

H 1.456649 2.773516 1.176442 

O 3.210011 1.136235 0.188595 

O 3.520715 -2.43377 -0.00383 

H 2.953004 -3.15357 0.292191 

O 0.731664 -2.17339 0.379251 

H -0.02695 -1.81698 0.868793 

O 2.425837 3.703856 -0.40372 

H 3.305235 3.425873 -0.12425 

E(elec) -1221.43 au 

ZPVE 0.347889 au 

G correction (873K) 0.089719 au 

Product: CB3’2’Pin M06-2X/6-311++G(d,p) 

O 0.453606 0.677168 -0.15549 

C 1.456658 0.425448 -1.10484 

H 1.125712 0.743764 -2.09816 

C 2.592856 2.444323 0.000832 

H 1.928208 3.158631 -0.51992 

C 2.736283 1.068426 -0.59721 

H 3.449608 1.128706 -1.42865 

C 2.767376 -1.29772 -0.196 

H 3.585574 -1.79257 -0.72284 

C 3.247513 0.028433 0.402885 

H 2.76059 0.202404 1.370507 

C 2.182035 -2.22534 0.855488 

H 2.961466 -2.40282 1.602735 

H 1.346914 -1.71597 1.353878 

O 1.773686 -0.94508 -1.19298 

O 3.197942 2.770748 0.986406 

O 4.6438 0.014443 0.553428 

H 4.887733 0.794423 1.063474 

O 1.79265 -3.47359 0.337072 
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H 0.882435 -3.40783 0.028375 

O -4.8709 -0.37701 0.397255 

H -5.07893 -1.31076 0.517731 

C -3.50058 -0.23901 0.561371 

H -3.22991 -0.23413 1.630882 

C -2.73168 -1.33027 -0.16458 

H -3.00874 -1.28043 -1.22622 

C -1.23347 -1.10261 -0.03347 

H -0.958 -1.17916 1.029218 

C -1.79531 1.331509 0.178683 

H -1.56241 1.348609 1.253804 

C -0.87989 0.309197 -0.50616 

H -1.00923 0.372583 -1.59694 

C -1.63557 2.730137 -0.39161 

H -0.61436 3.076378 -0.232 

H -1.83582 2.691332 -1.47185 

O -3.15759 0.995459 -0.01425 

O -3.12004 -2.56368 0.398297 

H -2.61593 -3.26192 -0.0326 

O -0.61174 -2.14029 -0.77086 

H 0.25218 -1.83092 -1.09605 

O -2.4918 3.638563 0.25271 

H -3.38132 3.270579 0.209471 

E(elec) -1221.43 au 

ZPVE 0.347975 au 

G correction (873K) 0.089949 au 

Product: CB3’4’Pin M06-2X/6-311++G(d,p) 

O 0.02579 0.642741 -0.69505 

C -1.16304 0.623327 -0.01509 

H -1.0605 1.017875 1.006734 

C -2.26526 1.404693 -0.73709 

H -2.2313 1.216022 -1.81306 

C -3.57846 0.86461 -0.17918 

H -4.13437 1.517528 0.510527 

C -2.858 -0.24343 0.756502 

H -2.69882 0.221509 1.727761 

C -4.4969 0.058971 -1.00709 

H -3.99122 -0.47596 -1.85886 

C -3.80887 -1.4606 0.940319 

H -4.77061 -1.12839 1.317457 
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H -3.9352 -1.97176 -0.01794 

O -1.74374 -0.63586 0.0863 

O -2.05538 2.770215 -0.4384 

H -1.28235 3.054527 -0.93901 

O -5.65281 -0.1798 -0.72834 

O -3.20616 -2.2917 1.902312 

H -2.39075 -2.65483 1.541605 

O 5.177153 -0.7627 0.324595 

H 5.39638 -1.66147 0.050169 

C 3.953133 -0.44279 -0.24332 

H 4.070721 -0.16966 -1.30614 

C 2.956625 -1.58702 -0.11522 

H 2.854784 -1.81892 0.95368 

C 1.616741 -1.16287 -0.67605 

H 1.727525 -0.96855 -1.75168 

C 2.264401 1.183298 -0.06149 

H 2.414714 1.48411 -1.1093 

C 1.162782 0.127157 -0.00026 

H 0.90564 -0.0847 1.045643 

C 1.937647 2.409085 0.773866 

H 1.011704 2.867329 0.421897 

H 1.797531 2.091501 1.816517 

O 3.47057 0.664436 0.472247 

O 3.497391 -2.68611 -0.81501 

H 2.843125 -3.39256 -0.8166 

O 0.726854 -2.24404 -0.47088 

H -0.15771 -1.97147 -0.74087 

O 2.951032 3.376735 0.666899 

H 3.780372 2.949948 0.908553 

E(elec) -1221.42 au 

ZPVE 0.346372 au 

G correction (873K) 0.077728 au 

Product: CB4’3’Pin M06-2X/6-311++G(d,p) 

O -0.30505 0.780173 -0.05121 

C -1.34331 0.656498 0.879131 

H -1.06295 1.061901 1.854602 

C -2.58646 1.311613 0.295095 

H -2.33795 2.234539 -0.2349 

C -4.53917 0.245977 -0.9838 

H -4.94205 -0.64779 -1.49922 
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C -2.64528 -1.1054 0.060523 

H -3.47226 -1.58714 0.588994 

C -3.07282 0.201351 -0.6459 

H -2.52688 0.278668 -1.59662 

C -2.01963 -2.09414 -0.915 

H -2.76078 -2.3132 -1.6918 

H -1.16024 -1.61188 -1.39934 

O -1.70691 -0.69502 1.07273 

O -3.45601 1.533779 1.375531 

H -4.29853 1.836309 1.018098 

O -5.25792 1.178351 -0.73674 

O -1.66556 -3.31363 -0.3177 

H -0.78346 -3.22342 0.062615 

O 5.020997 -0.39759 -0.21213 

H 5.2152 -1.342 -0.21862 

C 3.664578 -0.25793 -0.46778 

H 3.454728 -0.36186 -1.54628 

C 2.835649 -1.25942 0.320135 

H 3.05514 -1.10617 1.385429 

C 1.352006 -1.02447 0.080384 

H 1.137816 -1.19882 -0.98477 

C 1.969103 1.363928 -0.34404 

H 1.793508 1.267503 -1.42599 

C 1.002926 0.430609 0.395292 

H 1.086385 0.601634 1.478696 

C 1.799383 2.81723 0.061829 

H 0.789719 3.149576 -0.17879 

H 1.951329 2.897102 1.147285 

O 3.314188 1.034406 -0.04466 

O 3.230844 -2.54902 -0.09268 

H 2.699902 -3.19287 0.387496 

O 0.664146 -1.98042 0.870406 

H -0.19124 -1.61194 1.153059 

O 2.695216 3.642555 -0.64041 

H 3.579274 3.285986 -0.50042 

E(elec) -1221.43 au 

ZPVE 0.347916 au 

G correction (873K) 0.090756 au 

“Axial” Glucose M06-2X/6-311++G(d,p) 

C -1.33718 -1.00884 0.02193 
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C -0.03047 -1.27628 -0.72084 

C 0.725768 0.998803 -0.46375 

C -0.51545 1.361902 0.355126 

C -1.1559 0.132292 1.034496 

H -0.20449 -1.96582 -1.55041 

H -1.62198 -1.92361 0.553245 

H 0.89136 1.817227 -1.169 

H -0.23207 2.068073 1.140488 

H -2.14299 0.45348 1.382107 

O 0.477226 -0.11758 -1.32192 

O 0.864425 -1.82196 0.223187 

H 1.768053 -1.65935 -0.08993 

O -2.28882 -0.67112 -0.97547 

H -3.16256 -0.64885 -0.57577 

O -0.43788 -0.3008 2.169711 

H 0.193272 -0.97512 1.887051 

O -1.46357 2.018856 -0.46093 

H -1.76147 1.384337 -1.12524 

C 1.999076 0.8229 0.387361 

H 2.41399 1.817341 0.585811 

H 1.788361 0.355591 1.346808 

O 2.958854 -0.00677 -0.24874 

H 3.073699 0.287055 -1.15776 

E(elec) -687.1395596 au 

ZPVE 0.202795956 au 

G correction (873K) 0.03768798 au 

TS: GLC13Grob M06-2X/6-311++G(d,p) 

O -1.24815 1.735894 0.645373 

C 1.057221 -1.34997 -0.59347 

C 1.516933 -0.86499 0.686859 

C 0.979184 0.763959 0.814072 

C -0.35385 0.821051 0.038764 

C -1.08062 -0.51772 -0.06438 

H 1.696698 -1.70567 -1.39254 

O -0.18558 -1.35452 -0.8834 

H 2.599992 -0.83992 0.781234 

H 0.758946 0.711451 1.898628 

H -0.11866 1.141692 -0.98564 

H -1.21824 -0.99125 0.907621 

C -2.40017 -0.44313 -0.81943 
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H -2.26458 0.148871 -1.73373 

H -2.7072 -1.45101 -1.10532 

O 2.189307 0.57124 -1.79427 

H 3.016864 0.759525 -2.23976 

O 0.850155 -1.49904 1.76423 

H 1.198675 -2.38825 1.874162 

O 1.853744 1.650798 0.441859 

H 2.155158 1.173711 -0.96609 

O -3.40525 0.081865 0.008836 

H -3.10551 0.945315 0.320025 

H -0.75817 2.550451 0.805835 

E(elec) -687.1395596 au 

ZPVE 0.202795956 au 

G correction (873K) 0.03768798 au 

TS: GLC24Grob M06-2X/6-311++G(d,p) 

C -0.99051 -0.37085 0.907958 

C -0.05943 -1.37704 0.255002 

C 0.894651 0.366181 -1.07826 

C -0.38813 1.194696 -0.99009 

C -1.06926 1.044844 0.675225 

H -0.57116 -2.31989 0.065947 

H -1.15183 -0.67268 1.945515 

H 1.230266 0.423727 -2.11903 

H -0.19942 2.282453 -1.01997 

H -2.00407 1.42596 0.286097 

O 0.560482 -1.00935 -0.92359 

O 0.892518 -1.52306 1.306832 

H 1.774932 -1.44465 0.909005 

O -2.731 -1.23429 -0.31708 

H -3.63904 -0.96124 -0.15906 

O -0.77202 1.773286 1.831759 

H 0.021012 1.423038 2.247491 

O -1.35769 0.69352 -1.66706 

H -2.37331 -0.63776 -1.01668 

C 2.02925 0.816126 -0.15911 

H 2.456806 1.745281 -0.55061 

H 1.673956 1.01729 0.85299 

O 3.02777 -0.18253 -0.00908 

H 3.321974 -0.46606 -0.88029 

E(elec) -686.980287 au 
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ZPVE 0.193505886 au 

G correction (873K) 0.014623608 au 

TS: GLC31Grob M06-2X/6-311++G(d,p) 

C -1.68448 -0.49892 0.6238 

C -0.7486 -1.3596 -0.75466 

C 0.617301 0.667125 -0.89053 

C 0.03415 1.29736 0.413573 

C -0.6597 0.256788 1.255617 

H -1.65664 -1.68644 -1.27716 

H -2.17554 -1.25712 1.229644 

H 0.64047 1.520215 -1.57488 

H 0.833658 1.772538 0.979565 

H -0.55082 0.279324 2.328139 

O -0.31669 -0.21721 -1.47157 

O 0.075773 -2.21695 -0.33624 

H 0.712032 -1.69412 0.844739 

O -2.58416 0.190807 -0.23152 

H -3.30643 0.511013 0.317016 

O 0.899068 -1.06923 1.644768 

H 1.732452 -0.60279 1.488088 

O -0.87482 2.326651 0.065481 

H -1.56458 1.915401 -0.4735 

C 2.038643 0.055593 -0.83071 

H 1.970481 -1.02587 -0.75725 

H 2.557135 0.287812 -1.76407 

O 2.80372 0.500297 0.28556 

H 3.200736 1.355008 0.105262 

E(elec) -687.0107623 au 

ZPVE 0.195330727 au 

G correction (873K) 0.027016637 au 

TS: GLC42Grob M06-2X/6-311++G(d,p) 

C -1.42112 -0.96633 -0.31131 

C -0.15654 -0.6943 -1.18381 

C 0.716493 1.12379 0.180626 

C -0.4245 0.881707 1.130043 

C -0.87172 -0.45245 1.345606 

H -0.46971 -0.79354 -2.22702 

H -1.47663 -2.04057 -0.06038 

H 0.802719 2.19856 0.005084 

H -0.81245 1.708759 1.704021 
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H -1.75111 -0.53906 1.97847 

O 0.350863 0.612753 -1.10733 

O 0.837495 -1.64157 -0.86157 

H 1.694978 -1.29489 -1.15067 

O -2.51251 -0.40912 -0.68603 

H -2.33442 0.951983 -0.44972 

O 0.081555 -1.42035 1.701315 

H 0.430562 -1.86012 0.911419 

O -1.92612 1.867611 -0.12311 

H -1.42919 2.165599 -0.89205 

C 2.100108 0.599902 0.652569 

H 2.550795 1.366435 1.291818 

H 2.010372 -0.31527 1.228739 

O 2.935421 0.295712 -0.44713 

H 2.994068 1.057975 -1.03121 

E(elec) -687.0060854 au 

ZPVE 0.194411308 au 

G correction (873K) 0.026848873 au 

TS: axGLC46Grob M06-2X/6-311++G(d,p) 

C -1.47841 -1.14716 -0.14808 

C -1.90217 0.308827 -0.32157 

C -0.83532 1.181845 0.389747 

C 0.505383 0.544541 0.329369 

C 0.80973 -0.58899 -0.52015 

H -2.22185 -1.84883 -0.53022 

O -0.32152 -1.36429 -0.91204 

H -2.86286 0.501796 0.157702 

H -0.76029 2.113992 -0.18378 

H 1.211677 0.762581 1.122089 

H 1.309344 -0.25468 -1.43329 

C 2.06296 -1.33612 0.210952 

H 1.668299 -1.79227 1.141967 

H 2.316625 -2.15334 -0.48619 

O -1.23443 -1.31943 1.225921 

H -0.90421 -2.20994 1.387107 

O -2.02431 0.617546 -1.6821 

H -1.35238 0.129787 -2.17315 

O -1.18505 1.518433 1.707651 

H -1.26854 0.6952 2.202817 

O 2.127293 1.766494 -0.72046 
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O 2.970199 -0.38302 0.377956 

H 2.679832 0.996638 -0.33765 

H 2.553838 2.595425 -0.48452 

E(elec) -687.0019474 au 

ZPVE 0.193521466 au 

G correction (873K) 0.021322469 au 

TS: eqGLC46Grob M06-2X/6-311++G(d,p) 

O 2.457058 -1.84777 0.242917 

H 2.283992 -2.70368 0.647013 

C 1.363921 -1.01962 0.441176 

H 1.173506 -0.84778 1.513634 

C 1.677275 0.290113 -0.26973 

H 1.816402 0.058641 -1.33308 

C 0.502039 1.253357 -0.10817 

H 0.469993 1.531517 0.963242 

C -0.95217 -0.82732 0.041336 

H -1.30393 -0.90364 1.079085 

C -0.78687 0.572829 -0.30983 

H -1.59483 1.069992 -0.83532 

C -2.29759 -1.29232 -0.73896 

H -2.06344 -1.32806 -1.818 

H -2.45636 -2.32662 -0.39049 

O 0.225314 -1.58883 -0.16025 

O 2.797533 0.951185 0.26437 

H 3.565479 0.38087 0.153756 

O 0.615713 2.387561 -0.92034 

H 1.467842 2.795529 -0.73188 

O -2.2507 1.207207 1.435476 

H -2.73628 2.014958 1.622501 

O -3.19832 -0.38718 -0.37041 

H -2.83483 0.618559 0.860465 

E(elec) -686.9976 au 

ZPVE 0.192134499 au 

G correction (873K) 0.014825373 au 

TS: GLC53Grob M06-2X/6-311++G(d,p) 

C -1.74152 -0.58025 -0.81149 

C -1.84586 0.662266 -0.14779 

C -0.61796 0.572636 1.245354 

C 0.772316 0.737938 0.612736 

C 1.029042 -0.43503 -0.374 
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H -1.2807 -0.64882 -1.79231 

O 0.069924 -1.46383 -0.17738 

H -2.73264 0.76232 0.47387 

H -0.96317 1.492763 1.738553 

H 1.458586 0.631996 1.459673 

H 0.921691 -0.04063 -1.39513 

C 2.414947 -1.03954 -0.22475 

H 2.506698 -1.43621 0.794801 

H 2.514223 -1.87204 -0.93123 

O -2.46501 -1.5768 -0.35598 

H -2.11254 -2.41639 -0.68115 

O -1.51724 1.783573 -0.93039 

H -2.29675 2.123559 -1.3769 

O -0.77864 -0.55554 1.858641 

H -0.27206 -1.32347 0.843044 

O 1.031841 2.003916 0.067861 

H 0.323438 2.220689 -0.54734 

O 3.362681 -0.0226 -0.47727 

H 4.238996 -0.35164 -0.27001 

E(elec) -687.0237903 au 

ZPVE 0.194204547 au 

G correction (873K) 0.020586699 au 

TS: GLC64Grob M06-2X/6-311++G(d,p) 

O 2.303079 -1.97615 -0.41683 

H 3.153433 -1.52162 -0.42996 

C 1.402667 -1.12882 0.211896 

H 1.536446 -1.16007 1.306771 

C 1.563397 0.306932 -0.2716 

H 1.455575 0.307971 -1.36463 

C 0.505074 1.215178 0.321924 

H 0.575999 1.229102 1.418194 

C -0.88533 -0.97563 0.605659 

H -0.63029 -0.73506 1.638945 

C -0.89364 0.770665 -0.0948 

H -0.90836 0.417678 -1.14197 

C -2.17918 -1.46111 0.411731 

H -2.35418 -2.25936 -0.29925 

H -2.92024 -1.31431 1.182308 

O 0.122705 -1.62111 -0.11131 

O 2.868125 0.704008 0.098431 
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H 2.959876 1.641424 -0.10336 

O 0.749746 2.508696 -0.1953 

H -0.00939 3.057213 0.036017 

O -1.87278 1.491188 0.307818 

H -2.92336 0.70064 -0.26836 

O -3.39126 -0.17054 -0.62179 

H -3.25041 -0.21565 -1.57174 

E(elec) -687.0237903 au 

ZPVE 0.194033634 au 

G correction (873K) 0.023021272 au 

Product: GLC13Grob M06-2X/6-311++G(d,p) 

O -2.45136 0.36348 0.274056 

C 1.757617 0.540966 -0.5323 

C 2.833406 0.242237 0.192627 

C -0.66734 1.899748 0.483367 

C -1.16877 0.670896 -0.26752 

C -0.29025 -0.56652 -0.06421 

H 1.574147 1.528635 -0.93527 

O 0.879824 -0.47596 -0.87279 

H 3.574176 0.983695 0.459375 

H -0.47085 1.73491 1.561397 

H -1.23041 0.897801 -1.33798 

H -0.00902 -0.65216 0.995261 

C -1.00811 -1.85039 -0.48191 

H -1.52493 -1.68838 -1.43662 

H -0.2475 -2.61663 -0.63851 

O 3.113975 -0.99592 0.652212 

H 2.471808 -1.60645 0.267494 

O -0.57008 2.984755 -0.01848 

O -1.87919 -2.328 0.513011 

H -2.5521 -1.6538 0.652888 

H -3.07001 1.063931 0.047577 

E(elec) -610.6540629 au 

ZPVE 0.168281543 au 

G correction (873K) -0.009258166 au 

Product: GLC24Grob M06-2X/6-311++G(d,p) 

C -1.16427 -0.98669 0.278511 

C -0.04601 -1.20892 -0.70141 

C 1.057663 0.943925 -0.28934 

C 0.011393 1.991738 0.071573 
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C -2.33012 -0.46863 -0.0967 

H -0.41852 -1.64339 -1.63355 

H -0.98807 -1.31489 1.298931 

H 1.778816 1.53773 -0.87801 

H 0.336727 2.697113 0.864778 

H -2.51536 -0.1392 -1.1132 

O 0.61146 -0.0384 -1.18421 

O 0.859145 -2.07858 -0.07591 

H 1.726355 -1.96088 -0.48043 

O -3.3988 -0.24319 0.695827 

H -3.2101 -0.55099 1.588112 

O -1.01907 2.138273 -0.47528 

C 1.829069 0.43252 0.929566 

H 2.102125 1.288962 1.558204 

H 1.221757 -0.25009 1.521251 

O 2.978122 -0.29927 0.546634 

H 3.573002 0.281306 0.064187 

E(elec) -610.6558466 au 

ZPVE 0.167664285 au 

G correction (873K) -0.011576885 au 

Product: GLC31Grob M06-2X/6-311++G(d,p) 

C 1.958688 -0.30739 1.094525 

C 0.314453 1.897904 -0.54979 

C -0.95032 -0.18233 -0.60939 

C -0.07742 -1.29848 -0.02028 

C 0.749456 -0.84709 1.162185 

H 0.9979 2.460808 -1.19841 

H 2.51363 -0.02181 1.981448 

H -1.45719 -0.61874 -1.47525 

H -0.77419 -2.06598 0.325664 

H 0.328596 -0.97478 2.151832 

O -0.10749 0.821725 -1.21545 

O 0.004682 2.230328 0.555893 

O 2.567333 -0.03065 -0.10551 

H 3.496478 0.166498 0.029092 

O 0.68544 -1.9001 -1.04392 

H 1.385448 -1.28553 -1.29038 

C -2.02029 0.343737 0.350957 

H -1.60675 0.569531 1.330693 

H -2.45937 1.264069 -0.04754 
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O -2.99642 -0.66564 0.545065 

H -3.50027 -0.7775 -0.265 

E(elec) -610.6851383 au 

ZPVE 0.169822449 au 

G correction (873K) 6.95918E-05 au 

Product: GLC42Grob M06-2X/6-311++G(d,p) 

C -2.00487 -0.53007 0.271979 

C -0.64697 -1.2456 0.382232 

C 0.758262 0.042296 -1.11959 

C -0.11326 1.270232 -1.13748 

C -0.42564 2.107028 -0.13557 

H -0.85331 -2.31025 0.533875 

H -2.20896 0.240765 1.039707 

H 1.054068 -0.14969 -2.15222 

H -0.52095 1.548138 -2.10155 

H -0.99381 3.005568 -0.35471 

O 0.106667 -1.19601 -0.78842 

O 0.027082 -0.69953 1.492089 

H 0.922283 -1.07814 1.508151 

O -2.80553 -0.84412 -0.55794 

O -0.1557 2.010814 1.175951 

H 0.062396 1.092001 1.418023 

C 2.063787 0.235386 -0.29677 

H 2.830043 0.633314 -0.96876 

H 1.940314 0.953575 0.511443 

O 2.512255 -0.96379 0.317558 

H 2.501869 -1.66975 -0.3367 

E(elec) -610.6660901 au 

ZPVE 0.17075832 au 

G correction (873K) 0.007802327 au 

Product: axGLC46Grob M06-2X/6-311++G(d,p) 

C -1.29645 -0.83837 0.772728 

C -1.75539 0.493191 0.180667 

C -0.55186 1.24078 -0.40916 

C 0.275257 0.272469 -1.2158 

C 0.151141 -1.04641 -1.07694 

H -2.14161 -1.41397 1.15384 

O -0.71476 -1.66607 -0.21816 

H -2.20497 1.096443 0.970522 

H -0.94697 2.022585 -1.06119 
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H 0.994535 0.651162 -1.93129 

H 0.72069 -1.76919 -1.64742 

C 3.015919 0.29195 0.245974 

H 2.878854 1.339209 -0.07493 

H 2.395855 -0.03478 1.102134 

O -0.36124 -0.55246 1.78088 

H -0.07357 -1.37674 2.185392 

O -2.753 0.257847 -0.78414 

H -2.37223 -0.25537 -1.50548 

O 0.207993 1.911464 0.583277 

H 0.400518 1.266937 1.274544 

O 3.785648 -0.45178 -0.29323 

E(elec) -610.665431 au 

ZPVE 0.167842845 au 

G correction (873K) -0.008117667 au 

Product: eqGLC46Grob M06-2X/6-311++G(d,p) 

O 2.665774 -0.95177 -0.91305 

H 3.142106 -1.75811 -0.69363 

C 1.756438 -0.66351 0.091029 

H 2.249323 -0.55294 1.068153 

C 1.040027 0.618247 -0.29358 

H 0.474327 0.417098 -1.21385 

C 0.066833 1.000197 0.807927 

H 0.644996 1.418835 1.643493 

C -0.29934 -1.44953 0.892861 

H -0.85486 -2.34462 1.140611 

C -0.68878 -0.22334 1.236801 

H -1.5931 -0.0958 1.817414 

C -3.06322 0.125073 -0.76172 

H -3.22129 0.971738 -0.07202 

H -2.1863 0.213267 -1.42876 

O 0.829615 -1.7375 0.187792 

O 1.939974 1.687432 -0.46553 

H 2.577076 1.439193 -1.14331 

O -0.86332 1.968478 0.35029 

H -0.36187 2.743795 0.076287 

O -3.78982 -0.82855 -0.78879 

E(elec) -610.6641447 au 

ZPVE 0.16702915 au 

G correction (873K) -0.011643855 au 
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Product: GLC53Grob M06-2X/6-311++G(d,p) 

C 0.049178 0.63703 1.482375 

C 0.802115 0.920512 0.201537 

C 1.334893 -0.36042 -0.50112 

O 0.656554 -1.56025 -0.16253 

H -0.75077 1.36225 1.730993 

H 1.691959 1.479244 0.526958 

H 1.182027 -0.19705 -1.57047 

C 2.821806 -0.56882 -0.23475 

H 2.973276 -0.72707 0.843729 

H 3.135229 -1.47219 -0.76679 

O 0.318601 -0.27374 2.225019 

H 0.671996 -1.64314 0.801889 

O 0.104087 1.793277 -0.64779 

H -0.85555 1.690922 -0.57981 

O 3.516437 0.576738 -0.68742 

H 4.46096 0.419806 -0.63392 

E(elec) -458.069163 au 

ZPVE 0.130769636 au 

G correction (873K) -0.01133237 au 

Product: GLC64Grob M06-2X/6-311++G(d,p) 

O -1.45631 -1.96138 -0.46681 

H -0.8919 -2.74171 -0.40355 

C -0.79567 -0.91779 0.185591 

H -0.84469 -1.06361 1.276593 

C 0.656738 -0.83534 -0.25451 

H 0.680663 -0.62724 -1.33294 

C 1.47892 0.226389 0.499955 

H 1.232028 0.171426 1.569787 

C -2.70303 0.434051 0.255015 

H -3.13621 -0.44741 0.716952 

C 1.196768 1.638735 0.013047 

H 0.184982 2.038002 0.165727 

C -3.36043 1.569464 0.078536 

H -2.89885 2.415573 -0.41439 

H -4.38294 1.652306 0.416006 

O -1.40656 0.288782 -0.16325 

O 1.18606 -2.11341 0.017617 

H 2.147341 -2.04679 -0.0352 

O 2.83826 -0.08045 0.320424 
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H 3.241771 0.668448 -0.1429 

O 2.067041 2.277449 -0.51822 

E(elec) -610.6744719 au 

ZPVE 0.167406158 au 

G correction (873K) -0.009236991 au 

TS: CB13Grob M06-2X/6-311++G(d,p) 

O -0.29358 0.927224 0.449352 

C 2.405626 -1.2631 -0.2627 

C 0.923932 0.544097 -0.09301 

C 1.97877 1.512544 0.404125 

H 2.336182 -1.17847 -1.35751 

H 0.871638 0.57413 -1.19612 

H 1.972713 1.488137 1.501803 

C 3.328766 1.04317 -0.11225 

H 3.329848 1.137229 -1.20858 

C 3.578931 -0.42336 0.235539 

H 3.645057 -0.51744 1.32915 

O 1.737508 2.816856 -0.08012 

H 0.797084 3.006718 0.048577 

O 4.397363 1.793971 0.43356 

H 4.238099 2.722654 0.236857 

O 4.762091 -0.88257 -0.37884 

H 5.457754 -0.25193 -0.16481 

C 2.431634 -2.73323 0.104498 

H 3.345967 -3.18674 -0.2814 

H 2.436903 -2.8143 1.201107 

O 1.220575 -0.75081 0.333786 

O 1.338874 -3.40766 -0.46353 

H 0.506908 -2.943 -0.25474 

C -4.00315 -0.58707 0.093118 

C -3.20164 -1.17339 1.131115 

C -1.58649 -1.16368 0.527199 

C -1.40628 0.255157 -0.10861 

C -2.54595 1.266561 0.065391 

H -4.78543 -1.09763 -0.45441 

O -3.81162 0.618666 -0.28338 

H -3.44134 -2.21105 1.349305 

H -1.10861 -1.15305 1.520606 

H -1.25614 0.089595 -1.18374 

H -2.59105 1.611465 1.097599 
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C -2.48714 2.436962 -0.90792 

H -2.36994 2.044777 -1.92472 

H -3.4416 2.971641 -0.84614 

O -3.00845 -1.61752 -1.94278 

H -3.24509 -2.30148 -2.57203 

O -3.08486 -0.34347 2.269859 

H -3.90015 -0.38769 2.777124 

O -1.30631 -2.17887 -0.23811 

H -2.22419 -1.98395 -1.38297 

O -1.40869 3.279896 -0.54599 

H -1.41989 4.046638 -1.12438 

E(elec) -1221.385879 au 

ZPVE 0.34608644 au 

G correction (873K) 0.08497923 au 

TS: CB31Grob M06-2X/6-311++G(d,p) 

O -0.18538 -1.03965 -0.54641 

C 2.456074 1.100044 0.505545 

C 1.017552 -0.75659 0.097662 

C 2.132117 -1.59601 -0.50333 

H 2.370077 0.983834 1.595431 

H 0.934447 -0.96727 1.178177 

H 2.178412 -1.39368 -1.58124 

C 3.436094 -1.17723 0.157334 

H 3.371387 -1.41074 1.230902 

C 3.664167 0.318812 -0.00321 

H 3.792158 0.526398 -1.076 

O 1.956424 -2.97158 -0.24424 

H 1.168031 -3.27248 -0.70587 

O 4.549165 -1.83129 -0.41323 

H 4.403796 -2.78085 -0.34816 

O 4.792131 0.743248 0.724494 

H 5.530535 0.179286 0.470058 

C 2.508721 2.577257 0.136858 

H 3.284556 3.068594 0.724061 

H 2.772563 2.661685 -0.92568 

O 1.279412 0.60116 -0.12101 

O 1.283086 3.212101 0.405177 

H 0.633965 2.856195 -0.21768 

C -3.25248 1.246674 -0.87982 

C -1.65853 1.715821 -0.1766 
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C -1.41115 0.652389 0.740428 

C -1.35185 -0.77316 0.249977 

C -2.54875 -1.09011 -0.69929 

H -3.22872 1.972238 -1.70255 

O -2.86788 0.014076 -1.50405 

H -1.76374 2.694444 0.285955 

H -1.12055 0.867317 1.756253 

H -1.34952 -1.46105 1.097803 

H -2.1231 -1.8244 -1.38729 

C -3.80409 -1.71618 -0.05571 

H -4.55678 -0.94737 0.112132 

H -4.2078 -2.44508 -0.76306 

O -4.23173 1.277631 -0.06982 

H -3.79653 0.791447 1.154683 

O -0.88606 1.852068 -1.33747 

H -0.53569 0.992052 -1.59899 

O -3.17393 0.422245 1.918963 

H -3.3396 -0.52531 2.013735 

O -3.43929 -2.35948 1.1659 

H -4.15279 -2.93988 1.441656 

E(elec) -1297.742701 au 

ZPVE 0.371616031 au 

G correction (873K) 0.107801843 au 

TS: CB42Grob M06-2X/6-311++G(d,p) 

C 2.202896 1.751903 -0.53547 

C 3.135316 1.320464 0.630975 

C 2.576569 -1.0407 0.493296 

C 1.78805 -0.7231 -0.73897 

C 2.213926 0.321485 -1.60999 

H 3.045871 2.091966 1.400518 

H 2.735256 2.416087 -1.23505 

H 1.960425 -1.67517 1.131126 

H 0.922018 -1.33403 -0.95494 

H 1.518084 0.542622 -2.41595 

O 2.737178 0.148065 1.271383 

O 4.469032 1.228781 0.168255 

H 4.95564 0.644045 0.769537 

O 1.021895 2.148349 -0.17859 

H 0.447628 1.126737 0.32854 

O 3.521785 0.281434 -2.11803 
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H 4.13896 0.697866 -1.49396 

O 0.081891 0.092299 0.537733 

C 3.939232 -1.74069 0.215111 

H 3.763808 -2.81984 0.165309 

H 4.370514 -1.41947 -0.7295 

O 4.891987 -1.42311 1.210471 

H 4.517 -1.59764 2.079497 

C -1.14542 -0.06024 -0.05199 

H -1.10134 0.101686 -1.14639 

C -1.70429 -1.44987 0.23193 

H -1.71922 -1.58711 1.32046 

C -3.11383 -1.55848 -0.31747 

H -3.07527 -1.452 -1.41246 

C -3.32244 0.894654 -0.07926 

H -3.24944 1.021746 -1.17017 

C -3.99131 -0.44578 0.227611 

H -4.08807 -0.56587 1.31503 

C -4.04124 2.092374 0.512196 

H -5.04404 2.175442 0.086548 

H -4.12617 1.948668 1.598875 

O -2.02813 0.905175 0.501192 

O -0.85606 -2.40451 -0.37964 

H -1.31638 -3.25089 -0.36234 

O -3.59881 -2.84246 0.021633 

H -4.50466 -2.90633 -0.29869 

O -5.25031 -0.59324 -0.41158 

H -5.92271 -0.1132 0.077253 

O -3.36705 3.287154 0.206912 

H -2.44004 3.158906 0.440962 

E(elec) -1297.73401 au 

ZPVE 0.370019595 au 

G correction (873K) 0.102472586 au 

TS: axCB46Grob M06-2X/6-311++G(d,p) 

C 4.163625 0.336243 0.58594 

C 3.082467 1.024848 1.416544 

C 1.78857 1.016149 0.566582 

C 1.719477 -0.18074 -0.3043 

C 2.611037 -1.30836 -0.17214 

H 5.145618 0.375239 1.06055 

O 3.844543 -1.02655 0.481136 
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H 3.344613 2.063503 1.622706 

H 0.936067 0.931239 1.252592 

H 1.126837 -0.11097 -1.20911 

H 2.131525 -2.12562 0.371635 

C 2.626039 -1.98552 -1.66971 

H 3.154854 -1.28094 -2.34148 

H 3.262333 -2.87587 -1.53233 

O 4.149045 0.97288 -0.66834 

H 4.780721 0.546525 -1.25758 

O 2.918787 0.366191 2.641154 

H 3.052114 -0.58005 2.508578 

O 1.615649 2.200537 -0.18149 

H 2.3823 2.293961 -0.7616 

O -0.12961 -1.60731 0.013255 

O 1.347423 -2.19534 -1.94885 

H 0.355925 -1.99738 -0.81161 

C -1.32667 -1.02989 -0.35463 

H -1.56998 -1.26278 -1.4023 

C -2.45857 -1.48729 0.557275 

H -2.1563 -1.27942 1.593652 

C -3.72076 -0.706 0.236054 

H -4.0312 -0.95054 -0.79107 

C -2.29542 1.141854 -0.60669 

H -2.56153 0.905639 -1.64734 

C -3.47023 0.787548 0.308529 

H -3.21983 1.054453 1.344342 

C -1.91016 2.60748 -0.51583 

H -2.77838 3.216877 -0.7801 

H -1.63182 2.832077 0.524585 

O -1.15907 0.384185 -0.2143 

O -2.66078 -2.86304 0.353482 

H -3.47522 -3.10118 0.808726 

O -4.71507 -1.12077 1.151306 

H -5.51961 -0.63227 0.949147 

O -4.68174 1.410646 -0.09321 

H -4.71205 2.31101 0.237154 

O -0.88179 2.948881 -1.40628 

H -0.05253 2.605951 -1.04794 

E(elec) -1297.730055 au 

ZPVE 0.370016349 au 
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G correction (873K) 0.101443149 au 

TS: eqCB46Grob M06-2X/6-311++G(d,p) 

O 0.155019 -1.6312 -0.04582 

C 2.410822 1.011544 0.690036 

C 1.388726 -1.10633 0.249204 

C 2.396602 -1.41946 -0.85068 

H 2.793845 0.628728 1.647183 

H 1.759085 -1.47867 1.216372 

H 1.974153 -1.0608 -1.80037 

C -2.56102 -1.331 0.494348 

C -1.6869 -0.19126 0.688958 

C -1.83897 1.024861 -0.11857 

C -3.26883 1.223538 -0.61385 

C -3.85951 -0.11494 -1.03678 

H -0.97127 -0.21186 1.505156 

H -1.20919 0.782907 -1.00012 

H -3.88638 1.597148 0.21258 

H -3.26675 -0.57345 -1.84528 

C 3.700003 -0.69059 -0.57445 

H 4.12671 -1.08197 0.361298 

C 3.465845 0.796436 -0.39838 

H 3.100359 1.211927 -1.34754 

H -2.10675 -2.03239 -0.21687 

O 2.603862 -2.80934 -0.88056 

H 3.354639 -2.97124 -1.46135 

O 4.572459 -0.96455 -1.65297 

H 5.402234 -0.50879 -1.47859 

O 4.726156 1.355627 -0.05704 

H 4.725212 2.298846 -0.23346 

C 2.043253 2.474853 0.853815 

H 2.943261 3.04206 1.104443 

H 1.655607 2.844415 -0.10768 

O 1.224708 0.317507 0.330356 

O 1.125468 2.689374 1.892428 

H 0.276571 2.328802 1.606841 

O -1.34611 2.160602 0.542899 

H -1.4714 2.919916 -0.03837 

O -3.19402 2.156096 -1.66321 

H -4.08756 2.329835 -1.9779 

O -5.16024 0.140426 -1.43582 
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H -5.58224 -0.68394 -1.69682 

O -3.86418 -0.96314 0.089118 

C -2.40985 -2.19773 1.867927 

H -2.89034 -1.62648 2.680484 

H -3.02255 -3.09131 1.665753 

O -1.09823 -2.38333 1.993768 

H -0.25752 -2.0878 0.789423 

E(elec) -1297.725084 au 

ZPVE 0.369236903 au 

G correction (873K) 0.09758905 au 

TS: CB53Grob M06-2X/6-311++G(d,p) 

C 3.318451 -1.55042 -0.74022 

C 2.036178 -1.85285 -0.20713 

C 1.739218 -0.63982 1.053523 

C 1.461366 0.751074 0.437043 

C 2.694586 1.263965 -0.33539 

H 3.422831 -1.0596 -1.70313 

O 3.833985 0.501557 0.00422 

H 2.073659 -2.72916 0.441955 

H 0.81465 -1.10548 1.438337 

H 1.283807 1.398293 1.305306 

H 2.480827 1.139887 -1.40631 

C 2.977453 2.732512 -0.06086 

H 3.178668 2.847606 1.011852 

H 3.875966 3.025705 -0.61591 

O 4.364849 -2.02449 -0.13437 

H 5.161546 -1.55085 -0.41309 

O 1.038909 -1.94694 -1.18387 

H 0.416983 -1.21074 -1.09813 

O 2.759734 -0.58691 1.866155 

H 3.606939 0.094645 0.965207 

O 0.330787 0.841989 -0.42772 

O 1.844544 3.471904 -0.46736 

H 1.878813 4.350203 -0.08536 

C -0.89147 0.584423 0.168801 

H -0.81644 0.621108 1.266962 

C -1.96742 1.551 -0.29755 

H -1.96667 1.563244 -1.39572 

C -3.31892 1.060448 0.210463 

H -3.31049 1.112934 1.31018 
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C -2.43641 -1.25701 0.291801 

H -2.38799 -1.24553 1.390598 

C -3.59506 -0.38173 -0.18439 

H -3.66937 -0.44112 -1.27862 

C -2.49883 -2.69393 -0.2031 

H -3.35556 -3.19895 0.249287 

H -2.6336 -2.68266 -1.29407 

O -1.23924 -0.72565 -0.24918 

O -1.67878 2.819385 0.232796 

H -2.43216 3.387304 0.03954 

O -4.29549 1.941428 -0.30419 

H -5.15351 1.648133 0.019764 

O -4.82904 -0.72682 0.425381 

H -5.21005 -1.49034 -0.01415 

O -1.35255 -3.41931 0.160917 

H -0.59553 -3.04965 -0.31471 

E(elec) -1297.754955 au 

ZPVE 0.370248951 au 

G correction (873K) 0.098373725 au 

TS: CB1’3’Grob M06-2X/6-311++G(d,p) 

O -4.09976 1.310563 -1.07865 

C -1.47922 -0.88046 1.079037 

C -1.66652 0.403443 1.693989 

C -2.16517 1.45104 0.397403 

C -3.01846 0.573385 -0.54069 

C -3.61598 -0.66924 0.118353 

H -0.52948 -1.40919 1.016737 

O -2.44557 -1.48045 0.490885 

H -0.75613 0.838202 2.101337 

H -2.82968 2.060792 1.036777 

H -2.35592 0.226121 -1.34642 

H -4.18741 -0.42753 1.013631 

C -4.44532 -1.52258 -0.83165 

H -3.91793 -1.62423 -1.78912 

H -4.56983 -2.51753 -0.40017 

O 0.152754 0.105956 -0.83977 

O -2.77725 0.458313 2.564424 

H -2.55544 0.013764 3.387879 

O -1.18703 2.079635 -0.18315 

H -0.3197 1.014295 -0.66005 
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O -5.72656 -0.97226 -0.9896 

H -5.62102 -0.06975 -1.31455 

H -3.74646 2.13148 -1.43961 

O 5.430096 -0.40654 0.476167 

H 5.759424 -1.30912 0.399085 

C 4.223565 -0.35426 -0.21248 

H 4.394293 -0.36647 -1.30296 

C 3.315494 -1.52205 0.161021 

H 3.176013 -1.50631 1.250522 

C 1.983411 -1.33861 -0.53121 

H 2.140237 -1.36941 -1.61784 

C 2.393201 1.104323 -0.5406 

H 2.57617 1.086669 -1.62525 

C 1.380349 0.012809 -0.17386 

H 1.251098 0.053501 0.923957 

C 1.975085 2.503493 -0.12561 

H 1.066748 2.803264 -0.64712 

H 1.760837 2.500589 0.952437 

O 3.613341 0.850741 0.156082 

O 3.973491 -2.70401 -0.24416 

H 3.366069 -3.4405 -0.12151 

O 1.131084 -2.41471 -0.14945 

H 0.423324 -2.45814 -0.80054 

O 2.984112 3.434954 -0.44302 

H 3.802433 3.104178 -0.05761 

E(elec) -1297.756138 au 

ZPVE 0.371151777 au 

G correction (873K) 0.09893446 au 

TS: CB2’4’Grob M06-2X/6-311++G(d,p) 

O -5.22024 0.59894 -0.29259 

C -1.78893 1.215742 0.465396 

C -3.98075 0.348533 0.276462 

C -3.48575 -0.97158 -0.28984 

H -1.8378 1.180248 1.564153 

H -4.04635 0.292529 1.375048 

H -3.45138 -0.86927 -1.3832 

C -2.08982 -1.27115 0.231435 

H -2.14482 -1.42825 1.318683 

C -1.1729 -0.09105 -0.04509 

H -1.03094 -0.01112 -1.13084 
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O -4.30897 -2.04897 0.095752 

H -5.19553 -1.88859 -0.24306 

O -1.54763 -2.40828 -0.40194 

H -2.15377 -3.14332 -0.25996 

O 0.069493 -0.24501 0.614791 

C -0.98239 2.430312 0.039679 

H -1.47224 3.331689 0.421468 

H 0.021985 2.373968 0.462382 

O -3.0908 1.385767 -0.0821 

O -0.83737 2.484779 -1.36641 

H -1.71893 2.533859 -1.75113 

C 1.122242 -0.86191 -0.15684 

C 1.664492 0.27336 -0.99908 

C 3.002421 0.809502 -0.9711 

C 3.948282 -0.13761 0.065347 

C 3.046743 -0.54909 1.234991 

H 0.701535 -1.65786 -0.7688 

O 2.011081 -1.4093 0.728974 

H 0.897839 0.974795 -1.34422 

H 3.539694 0.562367 -1.88791 

H 4.702385 0.601248 0.393956 

H 3.625065 -1.21346 1.879111 

C 2.481529 0.600932 2.05753 

H 3.309477 1.115053 2.550127 

H 1.982762 1.337062 1.41057 

O 2.644885 -1.39806 -2.3844 

H 2.434422 -2.27051 -2.72866 

O 2.91006 2.190394 -0.73524 

H 3.518238 2.663441 -1.3088 

O 1.607554 0.157049 3.070018 

H 0.905616 -0.33631 2.630945 

O 4.387627 -1.16086 -0.63102 

H 3.414863 -1.48661 -1.67938 

H -5.59871 1.391429 0.099377 

E(elec) -1297.711876 au 

ZPVE 0.368400374 au 

G correction (873K) 0.098407739 au 

TS: CB4’2’Grob M06-2X/6-311++G(d,p) 

C 2.435926 1.504088 -0.66842 

C 1.377847 0.362759 -0.84631 
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C 2.640438 -1.29582 0.470232 

C 3.661373 -0.22465 0.730053 

C 3.197005 1.09801 0.936183 

H 1.065857 0.397471 -1.8944 

H 1.925571 2.415892 -0.30128 

H 3.174687 -2.19929 0.161647 

H 4.691006 -0.50586 0.888508 

H 3.957502 1.860623 1.087791 

O 1.869456 -0.94765 -0.68791 

O 0.281865 0.633181 -0.00612 

O 3.278939 1.672847 -1.61204 

H 4.110631 0.532405 -1.57597 

O 2.142962 1.192129 1.855867 

H 1.354676 1.567203 1.443042 

O 4.541728 -0.36404 -1.25276 

H 4.013892 -1.03201 -1.70339 

C 1.719714 -1.68827 1.632996 

H 2.316351 -1.95845 2.510359 

H 1.06921 -0.86108 1.895767 

O 0.883782 -2.75471 1.214446 

H 1.357944 -3.58848 1.269528 

O -5.08462 -0.34604 -0.04062 

H -5.31009 -1.27956 -0.12521 

C -3.72972 -0.27901 0.253151 

H -3.5513 -0.46461 1.326278 

C -2.91902 -1.25776 -0.57949 

H -3.09862 -1.02247 -1.63792 

C -1.43662 -1.10212 -0.27851 

H -1.25706 -1.36901 0.77306 

C -1.97128 1.284184 0.277351 

H -1.8279 1.119874 1.356901 

C -1.02956 0.354045 -0.49429 

H -1.0781 0.585769 -1.56697 

C -1.74311 2.751397 -0.04117 

H -0.72694 3.038722 0.231196 

H -1.8704 2.89714 -1.12255 

O -3.32119 1.025991 -0.06948 

O -3.37565 -2.556 -0.27366 

H -2.77373 -3.17721 -0.69843 

O -0.76163 -2.00192 -1.12851 
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H 0.085988 -2.21977 -0.71873 

O -2.62225 3.568019 0.691951 

H -3.51445 3.247114 0.520819 

E(elec) -1297.733039 au 

ZPVE 0.370319587 au 

G correction (873K) 0.10335586 au 

TS: CB5’3’Grob M06-2X/6-311++G(d,p) 

C -0.73958 -1.13106 -0.82099 

C -1.81126 -1.98359 -0.42432 

C -2.48789 -1.37296 1.099979 

C -3.53646 -0.2968 0.772104 

C -2.87798 0.867533 0.016222 

H -0.8311 -0.40814 -1.63324 

O -1.58323 1.051093 0.538803 

H -1.44594 -2.94346 -0.05947 

H -2.95681 -2.30734 1.433531 

H -3.8348 0.066276 1.762627 

H -2.83712 0.592413 -1.05463 

C -3.69998 2.148069 0.117867 

H -3.8309 2.399175 1.179265 

H -3.14449 2.96155 -0.35323 

O 0.358928 -1.21734 -0.18059 

O -2.84928 -2.06501 -1.3672 

H -2.70506 -2.80145 -1.96716 

O -1.52412 -0.90745 1.868726 

H -1.4076 0.178756 1.345614 

O -4.72057 -0.76599 0.163326 

H -4.47615 -1.18766 -0.66806 

O -4.93914 2.047042 -0.55307 

H -5.36239 1.22607 -0.27702 

O 5.006433 1.630386 0.188949 

H 4.887878 2.586493 0.231242 

C 3.765772 1.053762 0.411011 

H 3.525743 1.031336 1.487068 

C 2.660953 1.766523 -0.35199 

H 2.923024 1.740822 -1.41945 

C 1.3288 1.053977 -0.14931 

H 1.065217 1.087321 0.918436 

C 2.702012 -1.03674 0.180294 

H 2.48415 -1.05651 1.258152 
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C 1.517204 -0.40499 -0.55097 

H 1.636121 -0.48143 -1.63693 

C 3.024958 -2.44149 -0.30018 

H 2.18228 -3.10493 -0.09951 

H 3.202227 -2.40672 -1.38446 

O 3.86021 -0.26675 -0.07402 

O 2.602244 3.090076 0.117182 

H 1.81519 3.497174 -0.26371 

O 0.362403 1.703372 -0.92095 

H -0.49462 1.613776 -0.40211 

O 4.135155 -2.9609 0.383122 

H 4.853528 -2.32517 0.290437 

E(elec) -1297.763601 au 

ZPVE 0.368782086 au 

G correction (873K) 0.100126306 au 

TS: axCB6’4’Grob M06-2X/6-311++G(d,p) 

O 5.272743 0.53076 -0.5121 

C 1.753608 1.01967 -0.82011 

C 3.958133 0.188396 -0.79907 

C 3.582455 -0.95774 0.122683 

H 1.642255 0.676987 -1.86013 

H 3.845589 -0.11684 -1.85232 

H 3.746395 -0.61633 1.153977 

C 2.117304 -1.32554 -0.05228 

H 1.965232 -1.71885 -1.06785 

C 1.252233 -0.08332 0.118744 

H 1.346357 0.276423 1.151624 

O 4.336036 -2.11951 -0.15097 

H 5.266853 -1.91137 -0.0222 

O 1.745162 -2.29467 0.90515 

H 2.353544 -3.03632 0.816146 

O -0.1017 -0.31811 -0.20961 

C 0.987954 2.315778 -0.6595 

H 1.466092 3.085315 -1.27333 

H -0.0404 2.177805 -0.98793 

O 3.124303 1.297382 -0.54621 

O 0.919697 2.727092 0.699702 

H 1.807149 2.945974 0.999531 

C -0.90247 -0.82906 0.850645 

C -1.52147 0.329863 1.63972 
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C -2.48179 1.221512 0.826734 

C -3.00705 0.571715 -0.45079 

C -3.15341 -1.24435 0.138264 

H -0.26544 -1.42909 1.506839 

O -1.84172 -1.70996 0.322099 

H -0.68934 0.956945 1.989035 

H -3.34317 1.438633 1.468957 

H -2.19907 0.338816 -1.16013 

H -3.68596 -1.03475 1.064905 

C -3.87052 -1.91845 -0.84506 

H -3.38548 -2.69636 -1.4197 

H -4.9474 -1.94647 -0.7626 

O -2.25049 -0.17676 2.746745 

H -1.69486 -0.78746 3.239696 

O -1.8749 2.420552 0.390468 

H -1.13368 2.658863 0.96011 

O -4.06311 -0.77252 -2.5168 

H -4.88738 -1.0029 -2.95395 

O -4.11608 0.995379 -0.9217 

H -4.21314 0.144782 -1.95421 

H 5.556397 1.228147 -1.1105 

E(elec) -1297.742884 au 

ZPVE 0.369764445 au 

G correction (873K) 0.103422068 au 

TS: eqCB6’4’Grob M06-2X/6-311++G(d,p) 

O 0.243675 0.281459 -0.74431 

C -2.58674 -0.89892 0.994296 

C -0.91922 0.411163 -0.01464 

C -1.87521 1.29264 -0.80503 

H -2.58625 -0.17946 1.815025 

H -0.72493 0.878184 0.966613 

H -1.94291 0.887039 -1.82288 

C 2.33683 1.12026 0.04359 

C 1.401954 -0.09401 -0.01649 

C 2.087433 -1.24817 -0.7309 

C 3.462274 -1.49458 -0.12798 

C 4.272429 -0.21109 -0.10219 

H 1.13109 -0.42177 0.995221 

H 2.214444 -0.96684 -1.78739 

H 3.346179 -1.8301 0.911642 
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H 4.432696 0.163314 -1.12604 

C -3.26484 1.304343 -0.18935 

H -3.22972 1.752356 0.813753 

C -3.87624 -0.08953 -0.0963 

H -3.61651 -0.71053 -0.97246 

H 2.515585 1.474829 -0.98237 

O -1.32696 2.591951 -0.81136 

H -1.98474 3.178681 -1.20044 

O -4.06563 2.100448 -1.04092 

H -4.97903 1.995771 -0.74898 

O -5.07294 -0.15872 0.356278 

H -5.19711 -1.58922 0.329891 

C -3.09324 -2.15999 1.309266 

H -2.62342 -3.04593 0.899803 

H -3.69686 -2.28204 2.195551 

O -1.44667 -0.8874 0.193474 

O -4.87191 -2.58623 0.367372 

H -4.73769 -2.88439 -0.53669 

O 1.29111 -2.4028 -0.62108 

H 1.795183 -3.12728 -1.00673 

O 4.080605 -2.48998 -0.91539 

H 4.943776 -2.68078 -0.53503 

O 5.478101 -0.49928 0.523925 

H 6.047243 0.275073 0.491083 

O 3.577748 0.761049 0.646514 

C 1.77794 2.266251 0.867379 

H 0.861919 2.637523 0.404308 

H 1.550089 1.897461 1.878049 

O 2.690124 3.339836 0.918361 

H 3.522767 2.985126 1.245255 

E(elec) -1297.750538 au 

ZPVE 0.369676709 au 

G correction (873K) 0.098536275 au 

TS: GLC12PinGLC13Grob M06-2X/6-311++G(d,p) 

O -0.7021 2.360735 -0.07763 

C -1.17891 0.08183 0.301831 

C -0.16527 1.07105 -0.26583 

C 1.128344 0.903383 0.522125 

C 1.647705 -1.40869 -0.45855 

C 0.79257 -1.11856 0.584951 
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H 0.038696 0.863035 -1.32547 

H 0.983316 1.055227 1.603721 

H 1.23395 -1.74713 -1.41343 

H 1.136514 -1.18987 1.613019 

H -1.43742 0.392545 1.322666 

O 2.269535 1.16334 0.037075 

H 2.876977 -0.01973 -0.15021 

O 2.894491 -1.08653 -0.40158 

O -0.56218 -1.21516 0.347267 

C -2.4399 -0.0517 -0.52158 

H -2.9431 0.914915 -0.56592 

H -2.16578 -0.3554 -1.54104 

O -3.33502 -0.96983 0.062096 

H -2.87036 -1.80692 0.158917 

H -0.07785 3.008963 -0.41775 

TS: GLC21PinGLC13Grob M06-2X/6-311++G(d,p) 

O -3.02209 -1.03322 0.195974 

C -1.90492 -1.39497 -0.3485 

H -1.92105 -1.85264 -1.33938 

C -0.71928 -1.01026 0.242063 

H -0.72579 -0.82752 1.315573 

C -1.12637 0.836318 -0.25283 

H -1.20263 0.802114 -1.35414 

C 1.235253 0.054087 -0.32823 

H 1.532356 0.272747 -1.35739 

C 0.307342 1.167415 0.17537 

H 0.323377 1.24252 1.270456 

C 2.465181 -0.13311 0.534316 

H 3.035289 0.797965 0.554738 

H 2.150051 -0.37229 1.560337 

O 0.497514 -1.19243 -0.35615 

O -2.13948 1.198772 0.423977 

H -2.86598 0.012645 0.465046 

O 0.745441 2.366525 -0.41892 

H 0.234301 3.096289 -0.05631 

O 3.3076 -1.13362 0.015186 

H 2.784891 -1.93703 -0.07274 

TS: GLC23PinGLC31Grob M06-2X/6-311++G(d,p) 

O 1.13386 2.193543 -0.08371 

H 2.08307 1.894172 -0.11148 
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C 0.503101 1.165082 -0.49432 

H 1.056659 0.42683 -1.06579 

C 0.813061 -0.91995 1.040598 

H 0.436217 -1.18536 2.021584 

C 2.088174 -0.38371 1.01032 

H 2.546635 -0.28399 2.007476 

C -1.20517 -0.36137 -0.44395 

H -1.54268 -0.48627 -1.474 

C -0.05327 -1.34875 -0.11476 

H -0.56719 -2.28262 0.150965 

C -2.36229 -0.44287 0.530361 

H -2.7985 -1.44059 0.45785 

H -1.98382 -0.3023 1.550186 

O -0.74913 1.05431 -0.32426 

O 2.764409 0.049568 0.013182 

O 0.672779 -1.5566 -1.32215 

H 1.603424 -1.67283 -1.09145 

O -3.38209 0.474008 0.218027 

H -3.05416 1.363715 0.376515 

TS: GLC23PinGLC24Grob M06-2X/6-311++G(d,p) 

O -0.9316 2.079366 0.059523 

H -1.26109 2.607181 -0.6734 

C 0.034538 1.180227 -0.44003 

H 0.688237 1.673622 -1.16354 

C 0.824068 0.706641 0.7683 

H 0.384987 0.975849 1.722596 

C 2.202685 0.605282 0.720537 

H 2.800983 0.709896 1.629625 

C -0.80643 -0.98694 -0.30889 

H -1.07402 -1.80414 -0.98409 

C 0.526831 -1.34328 0.337939 

H 0.493467 -1.73606 1.363737 

C -1.93229 -0.77049 0.700955 

H -2.16951 -1.72639 1.174133 

H -1.62263 -0.06977 1.485469 

O -0.5886 0.133442 -1.14311 

O 2.808029 0.221574 -0.34262 

O 1.477868 -1.70785 -0.41727 

H 2.249345 -0.7102 -0.64138 

O -3.10335 -0.32395 0.065443 
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H -2.88496 0.510698 -0.36172 

TS: GLC32PinGLC31Grob M06-2X/6-311++G(d,p) 

O 1.795358 -1.70088 0.545727 

H 2.61679 -1.00297 -0.02197 

C 0.788649 -0.98085 0.797714 

H 0.590156 -0.693 1.836363 

C 1.96027 0.577194 -0.85019 

H 1.611951 0.702706 -1.88471 

C 1.124319 0.942006 0.199253 

H 1.558696 1.2138 1.154882 

C -1.16861 0.04386 0.240711 

H -1.47403 0.127009 1.291172 

C -0.30567 1.292886 -0.09653 

H -0.41466 1.502899 -1.17124 

C -2.38616 -0.11501 -0.64024 

H -2.99821 0.784983 -0.55682 

H -2.05633 -0.21976 -1.68261 

O -0.35394 -1.11044 0.06188 

O 3.025246 -0.0981 -0.66877 

O -0.83946 2.345272 0.678974 

H -0.40945 3.167667 0.431662 

O -3.18426 -1.20393 -0.24331 

H -2.64525 -1.99921 -0.29711 

TS: GLC32PinGLC24Grob M06-2X/6-311++G(d,p) 

O -0.55319 2.138749 -0.80869 

H 0.099054 2.819295 -0.99886 

C -0.25638 1.568549 0.434942 

H -0.2538 2.329583 1.220702 

C -2.36135 0.194439 -0.06797 

H -2.70259 0.867043 -0.8558 

C -1.2204 0.453483 0.668905 

H -1.11056 -0.08242 1.605332 

C 1.045405 -0.43556 0.320956 

H 1.107964 -0.8913 1.314639 

C -0.2321 -0.90683 -0.36095 

H -0.32248 -0.51919 -1.38953 

C 2.27461 -0.80501 -0.49311 

H 2.347028 -1.89103 -0.57116 

H 2.170105 -0.38191 -1.50099 

O 1.042999 0.993165 0.439416 
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O -2.9291 -0.9581 0.036528 

O -0.77196 -2.02295 -0.07803 

H -2.0914 -1.66904 0.078895 

O 3.450353 -0.34957 0.134425 

H 3.345097 0.594193 0.290921 

TS: GLC34PinGLC42Grob M06-2X/6-311++G(d,p) 

O 0.994249 2.084604 -0.73099 

H 1.681391 2.65499 -0.37472 

C 0.297505 1.499649 0.333444 

H -0.03266 2.246934 1.059634 

C -0.9398 0.855171 -0.33651 

H -0.69668 0.588082 -1.37719 

C -0.69259 -0.80302 0.672347 

H -1.1644 -0.38591 1.557525 

C 0.801171 -0.79464 0.734405 

H 1.186876 -1.3531 1.590342 

C -1.54892 -1.44465 -0.20268 

H -1.20109 -2.11677 -0.99075 

C 1.51895 -1.26469 -0.52392 

H 1.329405 -2.33008 -0.67856 

H 1.151812 -0.71333 -1.39938 

O 1.12227 0.577968 1.017707 

O -2.12934 1.216728 -0.07602 

H -2.77518 -0.01379 -0.09005 

O -2.79249 -1.10281 -0.2291 

O 2.909613 -1.11046 -0.38391 

H 3.068223 -0.19216 -0.14091 

TS: GLC43PinGLC42Grob M06-2X/6-311++G(d,p) 

O 1.166708 2.02036 -0.12202 

H 1.670022 2.510878 0.533487 

C 0.173252 1.267835 0.531045 

H -0.31186 1.842791 1.322947 

C -0.86222 0.952335 -0.57052 

H -0.41138 0.974576 -1.57317 

C -1.74296 -1.25249 0.438869 

H -1.62166 -1.52208 1.492805 

C 0.716661 -1.03336 0.27249 

H 0.892118 -1.86761 0.956578 

C -0.6399 -1.07623 -0.37055 

H -0.75611 -1.2003 -1.44172 
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C 1.852213 -0.97323 -0.74312 

H 1.911607 -1.93278 -1.26223 

H 1.654077 -0.1901 -1.4862 

O 0.718499 0.123526 1.133694 

O -2.07766 1.267265 -0.45139 

H -2.78808 0.093452 -0.33032 

O -2.92466 -0.90597 0.055261 

O 3.08892 -0.7632 -0.11111 

H 3.00448 0.046195 0.40294 

TS: GLC13Cond M06-2X/6-311++G(d,p) 

C 1.634165 -0.28506 -0.23988 

C 0.715339 0.595157 -1.05668 

C -1.29062 -0.46554 -0.21866 

C -0.42717 -1.25151 0.774703 

C 0.866833 -0.46755 1.065357 

H 1.103616 1.342298 -1.74624 

H 2.552161 0.270426 -0.05134 

H -1.78913 -1.15441 -0.90371 

H -0.98936 -1.28951 1.710913 

H 1.462022 -1.04965 1.788035 

O -0.51388 0.400314 -1.15674 

O 1.96693 2.583182 0.17601 

H 1.87901 3.495318 0.455622 

O 1.861022 -1.42907 -1.07053 

H 2.796975 -1.5234 -1.26212 

O 0.561604 0.815652 1.418332 

H 1.456687 2.016121 0.831084 

O -0.23856 -2.58981 0.363963 

H 0.511277 -2.6208 -0.24082 

C -2.28841 0.487835 0.42347 

H -2.86425 -0.09095 1.154661 

H -1.72713 1.256439 0.954605 

O -3.12236 1.117331 -0.52283 

H -3.77084 0.487285 -0.84636 

TS: GLC31Cond M06-2X/6-311++G(d,p) 

C -0.79798 0.100313 1.474732 

C -1.82126 -0.09498 0.354022 

C -0.97623 0.332145 -0.82416 

C 0.36013 -0.33884 -0.99254 

C 1.078963 -0.7542 0.302438 
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H -1.21078 0.010255 2.484879 

O 0.20131 -0.92095 1.398696 

H -2.63902 0.609999 0.510531 

H -1.4802 0.512326 -1.76627 

H 1.033556 0.257327 -1.60933 

H 1.502956 -1.7414 0.098465 

C 2.254742 0.156355 0.644751 

H 1.922983 1.188243 0.765625 

H 2.67641 -0.19912 1.590489 

O -0.33463 1.314428 1.127396 

H -0.72366 2.370092 -0.02587 

O -2.28302 -1.39899 0.048406 

H -3.24225 -1.43044 0.043812 

O -0.95142 2.523754 -0.9804 

H -0.16881 2.890603 -1.40287 

O -0.01881 -1.46191 -1.78675 

H -0.584 -2.0315 -1.24661 

O 3.182782 0.018476 -0.42641 

H 3.952796 0.560415 -0.24579 

TS: GLC16Cond M06-2X/6-311++G(d,p) 

C 0.502459 1.229415 0.341458 

C -0.22454 1.02783 -0.96384 

C -0.17427 -1.34114 -0.81422 

C 1.143112 -1.18341 -0.07738 

C 1.116285 -0.05483 0.96554 

H -0.41581 1.900146 -1.5794 

H -0.25201 1.600465 1.039122 

H -0.05383 -2.04664 -1.63622 

H 1.352805 -2.12599 0.440595 

H 2.157152 0.194872 1.201817 

O -0.44226 -0.07032 -1.52011 

O -2.39612 1.383503 -0.31773 

H -2.9322 2.01837 0.161398 

O 1.4605 2.227035 0.026687 

H 1.609773 2.770034 0.804274 

O 0.485788 -0.42625 2.142989 

H -0.48716 -0.55233 1.875412 

O 2.097044 -0.90394 -1.08978 

H 2.940495 -0.68854 -0.68263 

C -1.41969 -1.64424 0.035731 
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H -2.24832 -1.81531 -0.66914 

H -1.21514 -2.61036 0.528647 

O -1.68667 -0.63292 0.922609 

H -2.26217 0.536527 0.275084 

TS: GLC61Cond M06-2X/6-311++G(d,p) 

C -1.10989 -1.20907 0.004496 

C 0.319601 -1.14901 -0.54281 

C 0.483422 1.156301 -0.41005 

C -0.88985 1.286482 0.283271 

C -1.32627 -0.02759 0.963181 

H 0.485744 -1.94652 -1.27865 

H -1.22731 -2.14904 0.554719 

H 0.638888 2.042467 -1.02945 

H -0.8527 2.071451 1.043432 

H -2.39401 0.075253 1.182748 

O 0.466952 0.062217 -1.31073 

O 1.221344 -1.14484 0.480981 

H 2.613042 -0.83165 -0.0411 

O -1.99411 -1.14532 -1.10535 

H -2.8759 -1.39472 -0.81608 

O -0.65397 -0.24025 2.186895 

H 0.121398 -0.78732 1.981596 

O -1.82588 1.692192 -0.6861 

H -1.91033 0.967696 -1.32168 

C 1.633331 1.034164 0.563741 

H 2.472724 1.698449 0.417693 

H 1.436747 0.777225 1.595347 

O 3.253239 -0.1062 -0.33766 

H 3.089091 -0.01339 -1.2838 

TS: GLC24Cond M06-2X/6-311++G(d,p) 

C 1.276532 0.136231 0.700535 

C 0.270109 1.234861 0.379162 

C -0.84271 -0.2175 -1.1503 

C 0.295318 -1.21016 -0.87817 

C 0.756292 -1.28139 0.59938 

H 0.750394 2.212876 0.357752 

H 1.839659 0.372017 1.600971 

H -0.97668 -0.16473 -2.23328 

H 0.035653 -2.19729 -1.28372 

H 1.583057 -1.98975 0.595522 
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O -0.40608 1.103158 -0.81632 

O -0.62372 1.134884 1.487723 

H -1.51475 1.318693 1.141525 

O 2.890515 1.032418 -0.26609 

H 3.711536 0.578777 -0.04732 

O -0.02922 -1.58767 1.723232 

H -0.55305 -0.80871 1.95281 

O 1.467806 -0.68512 -1.34682 

H 2.4966 0.524649 -1.02231 

C -2.18695 -0.56586 -0.47474 

H -2.7733 -1.19185 -1.15521 

H -2.0428 -1.132 0.444668 

O -2.92275 0.592254 -0.10012 

H -2.98032 1.180759 -0.85953 

TS: GLC42Cond M06-2X/6-311++G(d,p) 

C -1.49717 -0.69285 -0.84717 

C -1.70177 0.556327 0.016816 

C -0.74659 0.531383 1.215359 

C 0.570152 0.625491 0.495825 

C 0.865616 -0.18045 -0.70457 

H -2.18373 -0.6951 -1.69525 

O -0.21602 -0.72033 -1.42418 

H -2.75608 0.608454 0.3213 

H -0.92499 1.437685 1.792975 

H 1.457633 0.87724 1.06547 

H 1.446661 0.465602 -1.37317 

C 1.785703 -1.35206 -0.28483 

H 1.260717 -1.98393 0.440283 

H 1.974866 -1.92989 -1.19427 

O -1.70578 -1.83919 -0.03404 

H -1.67291 -2.62606 -0.58562 

O -1.2179 1.64042 -0.648 

H 0.081367 2.571999 -0.50185 

O -0.61784 -0.55339 2.109695 

H -0.92767 -1.34112 1.640764 

O 1.033858 2.730727 -0.2603 

H 1.070498 3.51128 0.298701 

O 2.966814 -0.79835 0.250798 

H 3.572902 -1.50236 0.49025 

TS: GLC36Cond M06-2X/6-311++G(d,p) 
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C -0.84751 1.143518 -0.31867 

C -0.30435 1.056843 1.11301 

C 0.203196 -1.32581 0.848819 

C -0.46466 -1.36026 -0.51899 

C -0.25201 0.017105 -1.16261 

H -0.97397 1.627016 1.762334 

H -0.62486 2.119585 -0.74408 

H -0.06147 -2.20819 1.430557 

H -0.00753 -2.12562 -1.13805 

H -0.3969 0.065347 -2.23481 

O -0.33483 -0.24206 1.629323 

O 0.983182 1.620901 1.102047 

H 1.332846 1.596982 1.997914 

O -2.253 0.983477 -0.17796 

H -2.66715 1.027657 -1.04528 

O 1.33333 1.288297 -1.64796 

H 1.451375 1.974178 -0.97959 

O -1.84774 -1.63869 -0.48266 

H -2.26713 -1.05404 0.160507 

C 1.707935 -1.25015 0.527289 

H 2.221547 -0.62742 1.270711 

H 2.117512 -2.26727 0.603874 

O 1.842429 -0.79108 -0.77359 

H 1.83314 0.41745 -1.2108 

TS: GLC63Cond M06-2X/6-311++G(d,p) 

C -1.42127 -0.37416 0.807121 

C -1.13574 -1.28248 -0.38995 

C 0.46062 0.345846 -1.27754 

C 0.195272 1.361412 -0.08703 

C -0.14915 0.436081 1.117934 

H -2.06346 -1.69185 -0.78813 

H -1.65284 -1.01449 1.662664 

H 0.513578 0.995884 -2.15977 

H 1.123739 1.893722 0.127751 

H -0.33931 1.118817 1.96545 

O -0.63202 -0.50937 -1.48643 

O -0.29177 -2.32349 -0.04163 

H 0.314185 -1.94913 0.633708 

O -2.54236 0.442874 0.46904 

H -2.94503 0.771452 1.276876 
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O 0.876693 -0.43871 1.339088 

H 2.253123 -0.02858 1.150197 

O -0.75932 2.29899 -0.4399 

H -1.62137 1.856394 -0.43738 

C 1.75135 -0.29632 -1.13425 

H 1.827249 -1.35538 -0.92149 

H 2.630436 0.211932 -1.49913 

O 3.130984 0.160858 0.639609 

H 3.495475 0.999812 0.933202 

TS: GLC46Cond M06-2X/6-311++G(d,p) 

O -2.25454 1.55751 0.712266 

C -0.79446 -1.14026 0.261981 

C -0.93022 0.253594 -0.30399 

C 0.168894 1.181023 0.103764 

C 1.478649 0.472014 -0.27576 

C 1.538588 -0.90775 0.370474 

H -1.24522 0.338454 -1.33841 

H 0.167965 1.317656 1.191504 

H 1.523769 0.326984 -1.36324 

H 1.480768 -0.81872 1.46797 

H -0.88543 -1.08362 1.355538 

O 0.051373 2.410193 -0.56272 

H 0.859519 2.908036 -0.39713 

O 2.515511 1.314206 0.170731 

H 3.355352 0.904548 -0.06193 

O 2.738488 -1.4807 -0.02826 

H 2.797858 -2.37064 0.332148 

O 0.466854 -1.69134 -0.09913 

C -2.0597 -1.76907 -0.29609 

H -1.89499 -2.09232 -1.33716 

H -2.40037 -2.63383 0.285108 

O -2.8725 -0.66 -0.18527 

H -2.86859 0.800903 0.548109 

H -2.46252 2.266261 0.094261 

TS: GLC64Cond M06-2X/6-311++G(d,p) 

O 2.312014 -2.07136 -0.0706 

H 3.151279 -1.65403 0.156833 

C 1.310898 -1.18751 0.296758 

H 1.136764 -1.21908 1.385485 

C 1.668135 0.250051 -0.11342 
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H 1.84993 0.246248 -1.19708 

C 0.553829 1.250146 0.187405 

H 0.340249 1.25808 1.266359 

C -0.86757 -0.68901 -0.0996 

H -1.02354 -0.60257 0.989918 

C -0.6761 0.751549 -0.55741 

H -0.45906 0.798201 -1.63977 

C -2.20018 -1.00206 -0.66502 

H -2.53759 -0.49373 -1.55715 

H -2.68268 -1.93579 -0.3983 

O 0.136629 -1.62748 -0.36664 

O 2.858563 0.556898 0.584143 

H 3.050793 1.489423 0.437558 

O 1.031901 2.515456 -0.22532 

H 0.322193 3.156156 -0.12029 

O -1.92371 1.213283 -0.24331 

H -3.16163 0.51518 0.745486 

O -3.68047 -0.29847 0.934867 

H -4.60026 -0.10375 0.733593 

Product: GLC13Cond, GLC31Cond M06-2X/6-311++G(d,p) 

C -1.85632 -0.41195 -0.41556 

C -0.81595 -1.47798 0.003915 

C 0.868222 0.184223 -0.20649 

C -0.10841 1.010701 0.679267 

C -1.39597 0.225129 0.896539 

H -0.98276 -2.54012 -0.16404 

H -2.87812 -0.79068 -0.35096 

H 0.901878 0.668783 -1.18834 

H 0.343577 1.176973 1.661234 

H -2.10869 0.740849 1.538849 

O 0.46157 -1.17682 -0.4258 

O -1.63172 0.363729 -1.56315 

H -1.78151 -0.16092 -2.3538 

O -1.01615 -1.08671 1.369111 

O -0.34993 2.287485 0.134888 

H -0.77711 2.156422 -0.7205 

C 2.259435 0.175301 0.400151 

H 2.530816 1.21197 0.642596 

H 2.235781 -0.40485 1.325308 

O 3.227118 -0.43137 -0.42593 
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H 3.282928 0.058587 -1.25021 

Product: GLC24Cond, GLC42Cond M06-2X/6-311++G(d,p) 

C 1.704939 -0.31 -0.33745 

C 1.026934 1.022023 -0.63214 

C -0.97657 -0.34793 -0.60013 

C 0.032261 -1.44009 -0.29668 

C 1.006581 -1.02267 0.838744 

H 1.156883 1.283383 -1.69003 

H 2.790255 -0.23866 -0.39606 

H -1.25205 -0.40412 -1.66042 

H -0.39915 -2.44172 -0.31782 

H 1.591408 -1.88669 1.149688 

O -0.36746 0.93109 -0.34591 

O 1.567843 1.981029 0.216033 

H 1.194752 2.839855 -0.00376 

O 0.590624 -0.34914 1.977421 

H 0.307461 0.53827 1.728594 

O 1.128736 -1.28106 -1.23075 

C -2.22906 -0.4004 0.254979 

H -2.76754 -1.32736 0.04691 

H -1.95192 -0.38947 1.315724 

O -3.10228 0.660969 -0.0615 

H -2.60027 1.477762 0.020836 

Product: GLC36Cond, GLC63Cond M06-2X/6-311++G(d,p) 

C -0.24853 -1.18313 0.632428 

C 0.66604 -1.17485 -0.60591 

C 0.220061 1.20166 -0.85431 

C -1.01592 1.15963 0.04938 

C -0.42318 0.254688 1.145692 

H 0.442769 -2.04727 -1.21816 

H 0.237527 -1.79196 1.402649 

H 0.149786 1.920859 -1.66819 

H -1.19385 2.152531 0.47008 

H -0.97134 0.287634 2.089456 

O 0.399487 -0.07343 -1.45885 

O 2.012975 -1.26523 -0.24353 

H 2.148112 -0.77693 0.576049 

O -1.47316 -1.77608 0.231707 

H -2.09316 -1.76526 0.967022 

O 0.889357 0.792669 1.355701 
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O -2.20677 0.755192 -0.54969 

H -2.08931 -0.14026 -0.8901 

C 1.27726 1.545839 0.181024 

H 2.28482 1.259628 -0.11758 

H 1.255148 2.613062 0.416295 

Product: GLC46Cond, GLC64Cond M06-2X/6-311++G(d,p) 

O 2.144845 -1.79113 -0.36168 

H 2.958533 -1.30746 -0.17928 

C 1.112442 -1.08797 0.240481 

H 1.188414 -1.14253 1.339646 

C 1.178398 0.405084 -0.17228 

H 1.230109 0.432921 -1.26895 

C -0.02741 1.270673 0.251735 

H -0.07726 1.336647 1.345953 

C -1.111 -0.91664 0.323751 

H -1.01967 -0.80892 1.413919 

C -1.16778 0.457321 -0.29465 

H -1.08456 0.401686 -1.38838 

C -2.60821 -0.92747 0.002945 

H -2.83653 -1.26773 -1.01098 

H -3.3006 -1.34609 0.730963 

O -0.08536 -1.72431 -0.16697 

O 2.383559 0.882562 0.386864 

H 2.475963 1.808452 0.139073 

O 0.206577 2.544467 -0.3182 

H -0.48381 3.151406 -0.03933 

O -2.56328 0.530367 0.060672 

TS: CB16Cond M06-2X/6-311++G(d,p) 

C -2.90766 1.066768 0.13731 

C -3.61402 0.354918 -0.97016 

C -1.41294 0.83724 -0.09235 

O -3.17804 -0.70935 -1.46988 

O -5.49694 0.388475 0.572901 

C -1.1741 -0.6746 0.025617 

C -2.24902 -1.52891 -0.67518 

C -3.18186 -2.28093 0.311354 

O -3.8411 -1.40067 1.086134 

H -3.17611 0.603683 1.089405 

H -4.40123 0.848293 -1.53182 

H -1.11123 1.179166 -1.09196 
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H -1.19572 -0.91452 1.096173 

H -1.78028 -2.17097 -1.41846 

H -3.82749 -2.93672 -0.30446 

H -2.49755 -2.95053 0.870249 

H -4.97515 -0.46285 0.828205 

O -3.20245 2.436923 0.097188 

H -4.05317 2.552248 0.539253 

O -0.68233 1.52207 0.898329 

H -1.13999 2.353383 1.078267 

H -6.43434 0.206102 0.657717 

O 0.054556 -1.10343 -0.5447 

C 1.216812 -0.63195 0.06039 

H 1.065073 -0.52143 1.146106 

C 2.33451 -1.62349 -0.23489 

H 2.421052 -1.7179 -1.32516 

C 3.635955 -1.08557 0.334673 

H 3.543413 -1.0466 1.430552 

C 2.694148 1.194524 0.122192 

H 2.528213 1.239825 1.209053 

C 3.91054 0.323979 -0.16875 

H 4.070526 0.284706 -1.25591 

O 1.554254 0.608447 -0.50647 

O 2.107075 -2.87872 0.370746 

H 1.315185 -3.26301 -0.01668 

O 4.740211 -1.88889 -0.02763 

H 4.564405 -2.78689 0.271585 

O 5.027772 0.882043 0.483055 

H 5.747146 0.244648 0.418806 

O 1.628722 3.333716 -0.0511 

H 0.888115 2.715102 -0.08258 

C 2.782151 2.606429 -0.41409 

H 2.895744 2.562392 -1.50562 

H 3.652459 3.106422 0.011925 

TS: CB1’6’Cond M06-2X/6-311++G(d,p) 

O -0.44562 -1.20499 0.014059 

O 1.685387 1.644023 -1.71224 

O 4.231549 2.012891 -0.4721 

O 5.511105 -0.51696 0.327483 

O 2.47583 -1.64796 -0.71074 

O 1.384037 -0.68996 1.55896 
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C 1.737326 -0.65178 -1.00552 

C 2.156448 0.769624 -0.72066 

C 3.693952 0.732925 -0.70466 

C 4.137938 -0.18609 0.434718 

C 3.347682 -1.51029 0.463485 

C 2.352092 -1.6321 1.661336 

O -5.2666 1.372 0.21393 

O -5.18886 -1.37067 -0.47944 

O -2.59231 -2.21853 -1.34932 

O -3.02339 1.370947 0.638383 

O -0.49752 2.393712 -0.08188 

C -4.18654 0.562312 0.557636 

C -4.06548 -0.51563 -0.52385 

C -2.7999 -1.32312 -0.2794 

C -1.58122 -0.39076 -0.13684 

C -1.83774 0.640442 0.976974 

C -0.75656 1.698397 1.144206 

H 0.8838 2.05326 -1.33744 

H 3.791122 2.610722 -1.08968 

H 0.23041 -1.00067 0.80316 

H 1.007148 -0.85087 -1.78156 

H 1.830816 1.058325 0.275989 

H 4.063464 0.321845 -1.65782 

H 3.935457 0.35211 1.371295 

H 4.03781 -2.35025 0.384413 

H 2.986635 -1.52367 2.56412 

H 1.978107 -2.67525 1.661805 

H -5.96417 -0.80679 -0.58131 

H -1.70669 -2.57461 -1.19949 

H -1.35877 2.662734 -0.4251 

H -4.34678 0.07265 1.535782 

H -3.98364 -0.00779 -1.49763 

H -2.92105 -1.87676 0.668278 

H -1.49513 0.174995 -1.07872 

H -1.96761 0.124063 1.942496 

H 0.173255 1.235403 1.476167 

H -1.08664 2.412913 1.909817 

H -5.46251 1.952707 0.956739 

H 5.998189 0.315382 0.317218 

Product: CB16Cond (CBN) M06-2X/6-311++G(d,p) 
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C 0.970799 -0.72402 0.130334 

C 2.071106 -1.53251 -0.53948 

C 3.414468 -1.08858 0.018309 

C 3.596031 0.4175 -0.11639 

C 2.408893 1.126009 0.524944 

O 1.215027 0.648044 -0.0942 

O 1.949227 -2.9137 -0.27871 

O 4.490425 -1.70033 -0.66034 

O 4.769587 0.844893 0.532729 

C 2.398996 2.630552 0.342739 

O 1.284967 3.210151 0.981358 

H 1.142789 -3.23135 -0.69607 

H 4.374792 -2.65472 -0.60565 

H 0.478857 2.848775 0.593169 

H 2.033232 -1.32559 -1.61672 

H 3.44836 -1.34615 1.087729 

H 3.626252 0.669047 -1.18681 

H 2.379841 0.89675 1.599631 

H 5.492799 0.291839 0.217724 

H 3.295746 3.052714 0.79587 

H 2.411338 2.858445 -0.73208 

H 0.955362 -0.91552 1.216655 

C -4.17841 -0.21719 -0.00067 

C -3.36788 1.032796 -0.37797 

C -1.96072 0.609944 -0.7827 

C -1.39898 -0.46004 0.156548 

C -2.4707 -1.54877 0.392223 

O -3.55542 -1.37234 -0.51519 

O -4.01633 1.677609 -1.4521 

O -1.1717 1.781644 -0.84349 

O -0.24277 -1.05779 -0.44683 

C -3.20567 -1.3773 1.722251 

O -4.17367 -0.38002 1.411141 

H -3.45539 2.406614 -1.73637 

H -0.2708 1.515627 -1.06914 

H -3.31604 1.690909 0.49698 

H -2.03601 0.149671 -1.77459 

H -1.10234 0.005047 1.104315 

H -2.044 -2.53798 0.237837 

H -3.70841 -2.3035 2.010977 
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H -2.57068 -1.02911 2.538264 

H -5.19819 -0.15713 -0.37749 

TS: CBN1’6’Cond M06-2X/6-311++G(d,p) 

O 3.217284 -2.00115 1.529137 

O 1.320214 0.047766 2.204837 

O 2.899114 -0.54098 -1.37971 

O 4.677458 0.562008 -0.54091 

C 3.913174 -0.62974 -0.41618 

C 3.291049 -0.6871 0.995615 

C 1.853769 -0.19472 0.912384 

C 1.752569 1.078602 0.072707 

C 2.510476 0.834589 -1.26511 

C 3.888105 1.489297 -1.29201 

H 4.090589 -2.28183 1.813717 

H 1.478111 -0.75078 2.720821 

H 4.533129 -1.50241 -0.62946 

H 3.867665 -0.03221 1.65855 

H 1.27245 -0.97897 0.40963 

H 2.234382 1.89061 0.629598 

H 1.867402 1.076982 -2.10897 

H 3.921848 2.465597 -0.80793 

H 4.275811 1.559973 -2.31104 

H -4.89796 1.960852 0.187824 

O -4.77622 1.167061 -0.34337 

C -3.75865 0.397418 0.246793 

O -4.62099 -1.713 -0.54575 

C -3.53279 -0.8174 -0.64215 

H -3.4158 -0.44661 -1.66687 

C -2.26223 -1.59562 -0.27518 

H -2.50598 -2.61665 0.01275 

H -1.60991 -1.91645 -2.27018 

C -1.16684 -1.46203 -1.36549 

O -0.871 -0.15065 -1.50531 

H -0.01399 0.748645 -0.77075 

H -0.31502 -2.10083 -1.06834 

O -1.58999 -1.03425 0.903129 

C -1.47075 0.217906 0.990688 

H -2.11095 1.493165 -0.60771 

C -2.45565 1.174682 0.376455 

O -2.65805 2.253892 1.26055 
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H -1.95394 2.895753 1.119326 

O 0.421073 1.452037 -0.14427 

H -0.76365 0.549185 1.748654 

H -4.06978 0.054145 1.244279 

H -5.40901 -1.24537 -0.84158 

C 2.782151 2.606429 -0.41409 

H 2.895744 2.562392 -1.50562 

H 3.652459 3.106422 0.011925 

TS: rDA of GLC12Mac product M06-2X/6-311++G(d,p) 

C -0.30116 -1.59545 0.593598 

H -0.78398 -2.52559 0.272601 

C 0.954407 -1.26087 0.097472 

C 1.392703 0.035857 0.41251 

H 1.181837 0.407958 1.407683 

C -1.15052 1.009394 0.058874 

H -1.61045 1.537478 0.886172 

C 0.132782 1.36801 -0.34194 

H 0.414179 1.18587 -1.3786 

C -2.03221 0.253278 -0.87686 

H -2.40311 0.921503 -1.66146 

H -1.41875 -0.51648 -1.38342 

O -0.92003 -0.7333 1.290023 

O 1.591997 -2.02769 -0.82704 

H 2.480162 -1.67302 -0.95092 

O 2.602741 0.408884 -0.14308 

H 3.12353 0.886738 0.506751 

O 0.674167 2.51983 0.213511 

H 1.51056 2.699838 -0.22369 

O -3.15435 -0.30273 -0.2466 

H -2.82627 -0.70547 0.568459 

TS: rDA of GLC21Mac product M06-2X/6-311++G(d,p) 

O 1.947295 1.987455 -0.14263 

H 2.685753 1.686693 0.397724 

C 0.835925 1.32752 0.269148 

C -0.37638 1.633723 -0.3119 

H -0.47534 2.324766 -1.1352 

C -1.44874 0.814835 0.118972 

H -1.49692 0.606159 1.188068 

C 0.178404 -1.32747 0.192155 

H 0.29978 -1.8507 1.134685 
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C -1.11277 -0.99636 -0.24073 

H -1.28489 -0.95299 -1.31528 

C 1.300373 -1.38888 -0.78793 

H 1.184309 -2.27858 -1.41649 

H 1.22379 -0.51347 -1.45825 

O 0.95135 0.369187 1.094195 

O -2.65779 1.039978 -0.47327 

H -3.29573 0.43726 -0.07462 

O -2.21103 -1.49049 0.492705 

H -2.34074 -2.42005 0.290184 

O 2.558069 -1.47723 -0.17228 

H 2.535922 -0.85056 0.561053 

TS: rDA of GLC23Mac product M06-2X/6-311++G(d,p) 

O 0.338807 1.919482 1.169504 

H -0.45514 2.455453 1.06083 

C 1.043013 1.957641 0.033096 

H 1.046248 2.901983 -0.50289 

C 1.894971 0.959339 -0.33237 

H 2.606282 1.151069 -1.12386 

C 1.622784 -0.383 -0.03317 

C -0.93243 -0.20031 -0.5587 

H -0.80868 -1.03439 -1.28076 

C 0.441277 -0.82064 0.61829 

H 0.166065 -0.32641 1.541 

C -2.1316 -0.39092 0.37961 

H -2.18156 -1.38382 0.837289 

H -2.05241 0.358501 1.178935 

O -0.81004 0.983139 -1.01456 

O 2.370326 -1.29219 -0.64969 

H 2.019863 -2.16493 -0.40719 

O 0.386007 -2.22127 0.672828 

H -0.48513 -2.52447 0.397008 

O -3.32116 -0.22954 -0.35808 

H -3.19512 0.557239 -0.9009 

TS: rDA of GLC32Mac product M06-2X/6-311++G(d,p) 

O -2.24699 -1.18271 -1.22992 

H -2.41987 -1.80833 -0.51063 

C -1.59238 -0.15053 -0.73889 

H -1.38172 0.633753 -1.44364 

C -1.43352 -0.0067 0.639793 
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C -0.50254 0.850795 1.196772 

H -0.25382 0.710423 2.246183 

C 1.368062 0.214976 -0.4939 

H 1.886935 0.992547 -1.07737 

C 0.368397 1.646352 0.44474 

H 1.120638 2.217159 0.98543 

C 2.196805 -0.45849 0.590018 

H 2.796266 0.260447 1.153196 

H 1.515589 -0.98231 1.274747 

O 0.53971 -0.52208 -1.10741 

O -2.06959 -0.98916 1.37972 

H -1.50676 -1.2773 2.103701 

O -0.07864 2.270215 -0.7226 

H -0.75461 2.91157 -0.47936 

O 3.102096 -1.36875 -0.00167 

H 2.595656 -1.89648 -0.62853 

TS: rDA of GLC34Mac product M06-2X/6-311++G(d,p) 

O -1.94577 1.480599 0.445757 

H -2.82189 1.124096 0.2607 

C -1.16122 0.452697 0.955146 

H -1.71491 -0.23866 1.598763 

C -1.16679 -0.73415 -0.61901 

H -1.04263 0.132765 -1.25279 

C -0.11112 -1.6195 -0.38989 

H -0.36808 -2.64727 -0.14705 

C 1.518912 0.137294 0.050424 

H 2.327585 0.360942 0.746029 

C 1.169652 -1.20848 -0.0523 

C 1.37571 1.190453 -1.01692 

H 2.315099 1.17876 -1.58223 

H 0.585434 0.949299 -1.73166 

O 0.019401 0.769213 1.261512 

O -2.46103 -1.24772 -0.6216 

H -2.81976 -1.22532 -1.5126 

O 1.938412 -2.1702 0.567159 

H 2.855547 -1.88904 0.582144 

O 1.243779 2.48234 -0.49382 

H 0.574286 2.430684 0.201834 

TS: rDA of GLC43Mac product M06-2X/6-311++G(d,p) 

O -0.01011 2.428679 0.122228 
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H -0.87658 2.833967 0.011342 

C -0.18162 1.216638 0.802481 

H -1.03121 1.265132 1.503609 

C -1.03567 0.250645 -0.56092 

H -0.30188 0.502871 -1.30963 

C -1.11916 -1.0875 -0.09667 

C 1.276702 -1.30966 0.29612 

H 1.967732 -1.68245 1.049802 

C -0.00783 -1.79829 0.365727 

C 2.009344 -0.70876 -0.87255 

H 2.557326 -1.54757 -1.32123 

H 1.336569 -0.3358 -1.64891 

O 0.884345 0.65212 1.176214 

O -2.28582 0.867089 -0.73771 

H -2.39668 1.131318 -1.65428 

O 2.961252 0.239612 -0.48895 

H 2.503011 0.832305 0.12729 

O -2.32341 -1.55148 0.249195 

H -2.98409 -0.89837 -0.02594 

H -0.23488 -2.56803 1.095044 

TS: rDA of GLC45Mac product M06-2X/6-311++G(d,p) 

O 0.577776 1.444142 -1.05095 

H 1.50298 1.483545 -0.73949 

C -0.28769 1.478495 -0.04476 

H -0.11721 2.118217 0.811477 

C -1.49627 0.819054 -0.29122 

H -1.7284 0.639804 -1.33841 

C -1.26786 -1.03259 0.158677 

H -1.3802 -0.79074 1.21429 

C 1.056837 -0.79381 0.352824 

C 0.012586 -1.47323 -0.25065 

H 0.13691 -2.11787 -1.10995 

C 2.499474 -0.87341 -0.12759 

H 3.072389 -1.57289 0.491526 

H 2.556209 -1.19501 -1.16711 

O 0.817896 0.095167 1.229248 

O -2.59073 1.074823 0.542696 

H -3.05328 1.858694 0.235765 

O -2.35434 -1.62287 -0.42202 

H -3.14535 -1.25788 -0.01164 
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O 3.068396 0.429439 -0.05198 

H 2.901424 0.72145 0.85393 

TS: rDA of GLC46Grob product M06-2X/6-311++G(d,p) 

O 1.663908 -1.15202 0.963536 

H 2.541696 -0.97662 0.60432 

C 0.793421 -1.24802 -0.05177 

H 1.093195 -1.72814 -0.9743 

C -0.53967 -1.02137 0.272384 

H -0.78843 -0.96173 1.32814 

C -0.9317 0.862252 -0.1326 

H -0.90014 0.599499 -1.18858 

C 1.351555 1.420258 -0.20281 

H 2.233066 1.957839 0.170885 

C 0.104276 1.688729 0.340929 

H -0.04567 2.362431 1.172751 

O 1.505936 0.489593 -1.05054 

O -1.53637 -1.53437 -0.56928 

H -1.71205 -2.45003 -0.33826 

O -2.1739 1.019407 0.396279 

H -2.76551 0.40473 -0.0517 

Formaldehyde M06-2X/6-311++G(d,p) 

C 3.015919 0.29195 0.245974 

H 2.878854 1.339209 -0.07493 

H 2.395855 -0.03478 1.102134 

O 3.785648 -0.45178 -0.29323 

TS: rDA of CB12Mac product M06-2X/6-311++G(d,p) 

O -0.26567 -0.68584 -0.53606 

C 2.634799 1.082263 0.572474 

C 0.97445 -0.52377 0.074424 

C 1.959501 -1.42418 -0.65534 

H 2.586736 0.814166 1.637959 

H 0.91281 -0.80163 1.140498 

H 1.961415 -1.13361 -1.71371 

C -2.01666 -0.77449 1.082557 

C -1.32253 -0.04621 0.122787 

C -2.44354 0.172308 -1.53196 

C -3.76054 0.473443 -1.12265 

C -4.37981 -0.40523 -0.25533 

H -1.17806 1.023908 0.253059 

H -2.20362 -0.8583 -1.75737 
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H -5.34655 -0.1373 0.19611 

C 3.340361 -1.21852 -0.06328 

H 3.322617 -1.54259 0.988188 

C 3.717805 0.252025 -0.11033 

H 3.788436 0.557494 -1.16459 

H -1.7468 -1.81167 1.249402 

O 1.637827 -2.7891 -0.49815 

H 0.776963 -2.9464 -0.89869 

O 4.331245 -1.93264 -0.77218 

H 4.06721 -2.85841 -0.79966 

O 4.934372 0.486973 0.560583 

H 5.577809 -0.1445 0.220707 

C 2.874988 2.573078 0.440612 

H 3.808223 2.832099 0.939584 

H 2.962289 2.823148 -0.62484 

O 1.373534 0.821718 -0.04371 

O 1.841607 3.312042 1.053448 

H 1.017296 3.028359 0.647118 

O -1.77847 1.059953 -2.29847 

H -2.2516 1.902246 -2.27942 

O -4.2204 1.719426 -1.47272 

H -4.96117 1.976737 -0.91693 

O -3.75006 -1.43811 0.137841 

C -2.7754 -0.07328 2.160643 

H -2.07653 0.333614 2.898506 

H -3.29681 0.790883 1.709808 

O -3.66169 -0.91717 2.846042 

H -4.07957 -1.47102 2.173626 

 

TS: rDA of CB21Mac product M06-2X/6-311++G(d,p) 

O -0.22421 -1.06905 -0.28333 

C 2.568764 1.120272 0.113906 

C 1.014826 -0.64357 0.185812 

C 2.045185 -1.66626 -0.27823 

H 2.551391 1.134962 1.214299 

H 1.002301 -0.57099 1.286127 

H 1.987009 -1.72247 -1.37283 

C -2.51472 -1.35729 -0.01864 

C -1.36638 -0.70446 0.439265 
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C -1.56555 1.199511 0.181886 

C -2.91368 1.628909 0.25366 

C -3.82264 0.97124 -0.55351 

H -1.21255 -0.63591 1.516228 

H -1.10479 1.082508 -0.79617 

H -3.2474 2.347381 0.991179 

C 3.430036 -1.20448 0.134358 

H 3.482946 -1.20119 1.2337 

C 3.697043 0.209891 -0.35853 

H 3.713271 0.202061 -1.45794 

H -2.42677 -2.00148 -0.8859 

O 1.834631 -2.93245 0.310241 

H 0.991783 -3.273 -0.00474 

O 4.442253 -2.03623 -0.39414 

H 4.264 -2.93857 -0.10982 

O 4.912958 0.699171 0.158166 

H 5.590792 0.041037 -0.0296 

C 2.668755 2.54521 -0.38456 

H 3.647282 2.948823 -0.12227 

H 2.569739 2.539461 -1.47851 

O 1.329294 0.605161 -0.37483 

O 1.687357 3.358402 0.215944 

H 0.8615 2.858743 0.246429 

O -0.67579 1.772731 1.065597 

H -1.15676 2.14669 1.811125 

O -5.12882 1.321692 -0.46214 

H -5.61739 0.819751 -1.12379 

O -3.48614 -0.0131 -1.26784 

C -3.69302 -1.54665 0.868512 

H -3.44612 -2.27347 1.649391 

H -3.90766 -0.59064 1.380955 

O -4.81345 -2.04034 0.182136 

H -4.85904 -1.55558 -0.64998 

TS: rDA of CB23Mac product M06-2X/6-311++G(d,p) 

O 0.446051 0.598198 -0.51495 

C -2.5988 -1.03207 0.382014 

C -0.77813 0.479405 0.135552 

C -1.68126 1.604746 -0.34306 

H -2.48232 -1.00444 1.474304 

H -0.64276 0.521776 1.22792 
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H -1.75376 1.542246 -1.43679 

C 3.076271 0.833284 -0.53538 

C 1.49688 -0.15377 0.034555 

C 1.691924 -1.4316 -0.54797 

C 2.839868 -2.19687 -0.30691 

C 3.806856 -1.78271 0.563648 

H 1.601359 -0.05774 1.108531 

H 3.096025 -2.94421 -1.0454 

H 4.820352 -2.16074 0.476284 

C -3.05735 1.416079 0.269979 

H -2.96873 1.510296 1.362867 

C -3.60082 0.032368 -0.05386 

H -3.74261 -0.03575 -1.14289 

H 2.664882 1.042932 -1.53833 

O -1.20764 2.866692 0.068796 

H -0.38386 3.054708 -0.39221 

O -3.9876 2.355275 -0.22333 

H -3.64225 3.237604 -0.05138 

O -4.8111 -0.20847 0.623336 

H -5.39248 0.540446 0.451885 

C -2.99341 -2.43186 -0.04489 

H -3.94718 -2.68749 0.41615 

H -3.11682 -2.44668 -1.13615 

O -1.3356 -0.76464 -0.23274 

O -2.04649 -3.38483 0.377801 

H -1.19713 -3.15233 -0.0109 

O 0.948992 -1.81013 -1.58984 

H 0.160643 -1.2477 -1.63557 

O 3.509861 -1.12451 1.691413 

H 4.286353 -0.62902 1.975961 

O 4.178121 0.199113 -0.46809 

C 2.934612 2.007249 0.435272 

H 1.92751 2.427352 0.433832 

H 3.174559 1.648618 1.445856 

O 3.811883 3.041445 0.04342 

H 4.666477 2.629348 -0.12421 

TS: rDA of CB32Mac product M06-2X/6-311++G(d,p) 

O -0.27451 0.462061 0.820025 

C 2.605977 -1.17689 -0.50294 

C 0.92064 0.356399 0.115338 
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C 1.915415 1.315353 0.750569 

H 2.462679 -0.91482 -1.56148 

H 0.761484 0.6197 -0.94536 

H 2.011732 1.052804 1.811865 

C -2.7786 1.319988 0.143561 

C -1.36172 -0.16122 0.224286 

C -2.0468 -1.08773 1.005724 

C -3.30648 -1.58063 0.703356 

C -3.97048 -1.17709 -0.44353 

H -1.28732 -0.26794 -0.85151 

H -1.70779 -1.21368 2.02997 

H -5.05326 -1.25062 -0.49198 

C 3.257288 1.155837 0.060397 

H 3.147818 1.463612 -0.99061 

C 3.70065 -0.29744 0.093062 

H 3.860816 -0.58855 1.14166 

H -2.54504 1.676277 1.156923 

O 1.520085 2.659989 0.586682 

H 0.70817 2.806567 1.082467 

O 4.266025 1.921063 0.685003 

H 3.972361 2.83795 0.708292 

O 4.874004 -0.48672 -0.66324 

H 5.510681 0.178212 -0.37928 

C 2.90635 -2.65822 -0.39204 

H 3.813561 -2.88553 -0.95107 

H 3.071702 -2.90526 0.665064 

O 1.387434 -0.96525 0.210602 

O 1.860344 -3.42821 -0.93956 

H 1.047536 -3.15713 -0.5007 

O -4.03472 -2.12868 1.739686 

H -4.47427 -2.9261 1.437173 

O -3.29736 -1.07784 -1.60646 

H -3.78263 -0.48256 -2.18911 

O -3.94756 0.871373 -0.07499 

C -2.12885 2.127021 -0.97421 

H -1.06142 2.277036 -0.80251 

H -2.27448 1.595358 -1.92413 

O -2.70415 3.417803 -1.01875 

H -3.65936 3.307597 -1.05914 

TS: rDA of CB34Mac product M06-2X/6-311++G(d,p) 
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O -0.08733 -0.8456 -0.68048 

C 2.699864 1.159761 0.269509 

C 1.107559 -0.54512 -0.02679 

C 2.144348 -1.55011 -0.50451 

H 2.590328 1.077627 1.361123 

H 0.97564 -0.62076 1.066208 

H 2.208442 -1.4751 -1.59767 

C -1.822 -0.65873 0.953343 

C -1.2042 -0.17298 -0.19807 

C -1.87543 0.63634 -1.09477 

C -3.21968 0.954449 -0.88865 

C -4.10067 -0.76873 -0.66607 

H -1.44286 0.783522 -2.07902 

H -3.54868 1.20575 0.115931 

H -4.15928 -1.02635 -1.72471 

C 3.483243 -1.19592 0.110888 

H 3.408552 -1.31545 1.202476 

C 3.840592 0.250361 -0.1888 

H 3.968328 0.35996 -1.27586 

H -1.40139 -1.58497 1.337909 

O 1.829809 -2.86531 -0.09935 

H 0.998538 -3.11626 -0.51468 

O 4.528434 -2.00282 -0.39186 

H 4.282142 -2.92391 -0.25762 

O 5.018004 0.624257 0.490895 

H 5.676425 -0.0576 0.317893 

C 2.948739 2.607697 -0.07908 

H 3.972302 2.861934 0.213901 

H 2.841484 2.722739 -1.16473 

O 1.497144 0.756064 -0.37355 

O 1.998861 3.390125 0.620361 

H 2.070681 4.301025 0.329192 

O -3.87265 1.634308 -1.88338 

H -4.81542 1.60213 -1.68122 

O -5.33489 -0.27706 -0.25203 

H -5.26501 -0.10121 0.697962 

O -3.42385 -1.50548 0.115443 

C -2.4585 0.232529 2.008611 

H -1.87743 0.08312 2.926584 

H -2.36299 1.282751 1.733766 
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O -3.83105 -0.0078 2.278171 

H -3.96283 -0.96174 2.224884 

TS: rDA of CB12Mac product M06-2X/6-311++G(d,p) 

O -0.26567 -0.68584 -0.53606 

C 2.634799 1.082263 0.572474 

C 0.97445 -0.52377 0.074424 

C 1.959501 -1.42418 -0.65534 

H 2.586736 0.814166 1.637959 

H 0.91281 -0.80163 1.140498 

H 1.961415 -1.13361 -1.71371 

C -2.01666 -0.77449 1.082557 

C -1.32253 -0.04621 0.122787 

C -2.44354 0.172308 -1.53196 

C -3.76054 0.473443 -1.12265 

C -4.37981 -0.40523 -0.25533 

H -1.17806 1.023908 0.253059 

H -2.20362 -0.8583 -1.75737 

H -5.34655 -0.1373 0.19611 

C 3.340361 -1.21852 -0.06328 

H 3.322617 -1.54259 0.988188 

C 3.717805 0.252025 -0.11033 

H 3.788436 0.557494 -1.16459 

H -1.7468 -1.81167 1.249402 

O 1.637827 -2.7891 -0.49815 

H 0.776963 -2.9464 -0.89869 

O 4.331245 -1.93264 -0.77218 

H 4.06721 -2.85841 -0.79966 

O 4.934372 0.486973 0.560583 

H 5.577809 -0.1445 0.220707 

C 2.874988 2.573078 0.440612 

H 3.808223 2.832099 0.939584 

H 2.962289 2.823148 -0.62484 

O 1.373534 0.821718 -0.04371 

O 1.841607 3.312042 1.053448 

H 1.017296 3.028359 0.647118 

O -1.77847 1.059953 -2.29847 

H -2.2516 1.902246 -2.27942 

O -4.2204 1.719426 -1.47272 

H -4.96117 1.976737 -0.91693 

O -3.75006 -1.43811 0.137841 



252 

 

2
52
 

C -2.7754 -0.07328 2.160643 

H -2.07653 0.333614 2.898506 

H -3.29681 0.790883 1.709808 

O -3.66169 -0.91717 2.846042 

H -4.07957 -1.47102 2.173626 

TS: rDA of CB2’1’Mac product M06-2X/6-311++G(d,p) 

O 0.048438 0.754211 0.58804 

C 1.246328 0.667941 -0.06289 

C 2.230138 1.578461 0.253831 

H 2.11254 2.335493 1.014716 

C 3.469183 1.338434 -0.398 

H 3.402169 1.058042 -1.44961 

C 3.16865 -1.3131 0.019013 

H 3.09089 -2.01132 -0.80694 

C 4.16998 -0.33282 0.022527 

H 4.565094 -0.05055 0.998302 

C 2.505154 -1.65134 1.312447 

H 3.278811 -1.99966 2.006152 

H 2.117352 -0.7114 1.751526 

O 1.482017 -0.3049 -0.842 

O 4.481674 2.204571 -0.10048 

H 5.238142 1.978897 -0.65339 

O 5.140064 -0.34972 -0.99763 

H 5.749297 -1.07737 -0.84968 

O 1.55094 -2.66585 1.244882 

H 0.802841 -2.4093 0.68294 

O -5.13875 -0.57123 -0.46467 

H -5.30106 -1.5202 -0.51618 

C -3.87888 -0.40263 0.092557 

H -3.9128 -0.52884 1.188235 

C -2.86217 -1.3624 -0.50549 

H -2.83759 -1.18462 -1.58971 

C -1.48418 -1.09247 0.079041 

H -1.51091 -1.28775 1.159658 

C -2.24942 1.269929 0.380544 

H -2.3161 1.160108 1.473041 

C -1.12073 0.371985 -0.13781 

H -0.9668 0.558777 -1.20904 

C -2.03611 2.732819 0.035197 

H -1.11136 3.087634 0.489979 
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H -1.95285 2.825456 -1.05644 

O -3.48427 0.909289 -0.21626 

O -3.29828 -2.67289 -0.22233 

H -2.61278 -3.28357 -0.51443 

O -0.56914 -2.00353 -0.51255 

H 0.124989 -1.49179 -0.96721 

O -3.0875 3.52277 0.534917 

H -3.90907 3.14134 0.20679 

TS: rDA of CB2’3’Mac product M06-2X/6-311++G(d,p) 

O -0.37205 0.987921 0.573584 

C -1.14535 0.859551 1.618598 

H -0.64151 0.632095 2.557024 

C -2.48689 1.184203 1.632346 

H -2.95825 1.331603 2.594487 

C -3.30024 1.055178 0.522858 

C -2.53328 -1.17363 -0.35925 

H -3.55365 -1.61532 -0.30476 

C -2.86932 0.3944 -0.72084 

H -1.96605 0.846342 -1.12877 

C -1.81444 -1.71294 -1.61239 

H -2.4228 -1.65306 -2.52182 

H -0.90979 -1.10416 -1.76916 

O -1.82213 -1.38779 0.741509 

O -4.57725 1.32707 0.641747 

H -4.99144 1.131504 -0.22032 

O -3.93563 0.476016 -1.64796 

H -4.07022 -0.38605 -2.05524 

O -1.48845 -3.0641 -1.41856 

H -1.27639 -3.14441 -0.47895 

O 4.757083 -0.5784 -0.45919 

H 4.926361 -1.51545 -0.30692 

C 3.380539 -0.41187 -0.48885 

H 2.966434 -0.72095 -1.46356 

C 2.688206 -1.18257 0.626225 

H 3.109018 -0.84198 1.583177 

C 1.195517 -0.89346 0.597925 

H 0.796721 -1.21735 -0.37467 

C 1.78855 1.330085 -0.39363 

H 1.383251 1.025276 -1.37092 

C 1.015732 0.617778 0.714126 
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H 1.36412 0.958389 1.696671 

C 1.753775 2.843785 -0.28126 

H 0.726966 3.200172 -0.37209 

H 2.141324 3.129359 0.7065 

O 3.154047 0.966731 -0.30097 

O 2.950577 -2.54971 0.423246 

H 2.368448 -3.04456 1.011821 

O 0.58102 -1.59601 1.636518 

H -0.37241 -1.68352 1.366246 

O 2.498128 3.438025 -1.31424 

H 3.380199 3.050943 -1.28942 

TS: rDA of CB3’2’Mac product M06-2X/6-311++G(d,p) 

O 0.056149 0.799672 0.097157 

C 1.225229 0.496347 -0.5801 

H 1.021884 0.314292 -1.6454 

C 2.182102 1.643909 -0.41551 

C 3.089966 1.760206 0.603721 

H 3.687798 2.665602 0.630409 

C 3.110548 -0.86118 -0.52041 

H 3.880283 -0.14257 -0.27313 

C 3.413579 0.764101 1.529184 

H 2.77059 -0.06666 1.77823 

C 3.445024 -2.29712 -0.73272 

H 3.48193 -2.86033 0.211228 

H 2.655792 -2.76416 -1.34226 

O 1.811573 -0.68514 -0.05999 

O 1.975945 2.720667 -1.20874 

H 1.361488 2.510901 -1.91783 

O 4.417777 1.0535 2.381074 

H 4.564332 0.320036 2.983382 

O 4.719663 -2.45085 -1.31873 

H 4.755255 -1.87892 -2.09148 

O -5.07366 -1.02573 0.244954 

H -5.15713 -1.95398 0.49179 

C -3.76936 -0.64391 0.526588 

H -3.64054 -0.44919 1.604993 

C -2.76454 -1.68777 0.06641 

H -2.91159 -1.83583 -1.01237 

C -1.34478 -1.2023 0.310319 

H -1.18338 -1.09869 1.393564 
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C -2.279 1.117066 0.095684 

H -2.1937 1.306986 1.175774 

C -1.15275 0.171381 -0.3294 

H -1.14951 0.061536 -1.42351 

C -2.24359 2.440207 -0.64803 

H -1.3129 2.961472 -0.42157 

H -2.28732 2.23465 -1.72767 

O -3.54145 0.540536 -0.19293 

O -3.03381 -2.87691 0.775099 

H -2.34171 -3.50992 0.555581 

O -0.50158 -2.20062 -0.22374 

H 0.417897 -1.96293 -0.03983 

O -3.30303 3.272467 -0.24748 

H -4.11466 2.761225 -0.33768 

TS: rDA of CB3’4’Mac product M06-2X/6-311++G(d,p) 

O 0.197265 0.464005 0.433302 

C 1.300033 0.642588 -0.45362 

H 1.238542 1.61413 -0.95951 

C 2.473739 1.189198 1.01008 

H 2.144731 0.313831 1.554439 

C 3.728825 1.217759 0.406139 

H 4.171669 2.192597 0.221488 

C 3.621075 -1.08499 -0.41658 

H 3.843031 -1.6516 -1.32081 

C 4.250958 0.147477 -0.31122 

C 3.137696 -1.96561 0.705846 

H 3.974098 -2.63906 0.931786 

H 2.948301 -1.40238 1.622963 

O 1.740999 -0.35584 -1.06073 

O 1.996542 2.376103 1.507566 

H 1.09348 2.22125 1.803952 

O 5.225197 0.503103 -1.21801 

H 5.672731 -0.2846 -1.53379 

O 2.066608 -2.78857 0.348357 

H 1.343939 -2.2423 0.000694 

O -5.09626 -0.55862 -0.34163 

H -5.71161 0.124404 -0.06013 

C -3.84027 -0.29537 0.185831 

H -3.88113 -0.17991 1.281127 

C -2.94258 -1.46214 -0.18913 
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H -2.95002 -1.54613 -1.28405 

C -1.5222 -1.20461 0.28647 

H -1.52004 -1.18566 1.386715 

C -2.04779 1.236168 0.116611 

H -2.1045 1.353885 1.20983 

C -1.02804 0.142916 -0.21295 

H -0.88058 0.080479 -1.29808 

C -1.69562 2.572365 -0.50955 

H -0.72895 2.912904 -0.13447 

H -1.62368 2.443721 -1.59797 

O -3.33344 0.89017 -0.3888 

O -3.36478 -2.66321 0.418422 

H -4.24836 -2.86933 0.097899 

O -0.65267 -2.20589 -0.18751 

H -0.98369 -3.05785 0.119227 

O -2.64322 3.558224 -0.17261 

H -3.50285 3.23123 -0.45568 

TS: rDA of CB4’3’Mac product M06-2X/6-311++G(d,p) 

O 0.27357 0.769034 0.295396 

C 1.413814 0.70889 -0.61145 

H 1.417091 1.649687 -1.19979 

C 2.593402 1.059755 0.549882 

H 2.320396 0.459966 1.41367 

C 3.87888 0.690423 -0.00131 

C 3.349096 -1.68963 -0.18108 

H 3.57194 -2.57039 -0.78208 

C 4.178274 -0.61968 -0.38659 

H 5.006121 -0.72581 -1.07775 

C 2.360155 -2.0404 0.906715 

H 2.953228 -2.12924 1.829769 

H 1.600389 -1.27797 1.064779 

O 1.540777 -0.37109 -1.28743 

O 2.580594 2.432549 0.834528 

H 1.665599 2.699053 0.978327 

O 4.687573 1.654917 -0.36829 

H 4.298213 2.502033 -0.08638 

O 1.763542 -3.28048 0.65327 

H 0.892904 -3.10727 0.255619 

O -4.92939 -0.72916 -0.19855 

H -5.57971 -0.16055 0.222727 
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C -3.66223 -0.40343 0.266807 

H -3.62815 -0.40992 1.368466 

C -2.69917 -1.44698 -0.28386 

H -2.79621 -1.45007 -1.37791 

C -1.2667 -1.09236 0.085705 

H -1.16667 -1.19301 1.177834 

C -2.04238 1.302947 0.259809 

H -2.02051 1.290646 1.360249 

C -0.96306 0.366442 -0.27723 

H -0.92354 0.458499 -1.37134 

C -1.86733 2.728071 -0.2297 

H -0.9087 3.117608 0.114025 

H -1.87267 2.725889 -1.32785 

O -3.32181 0.887156 -0.1975 

O -2.99401 -2.70905 0.264589 

H -3.8835 -2.94767 -0.01345 

O -0.38026 -1.98356 -0.55287 

H 0.335424 -1.45053 -0.98081 

O -2.87085 3.57376 0.282509 

H -3.71602 3.182127 0.040397 

TS: rDA of CB4’5’Mac product M06-2X/6-311++G(d,p) 

O -0.49404 -1.41006 0.069202 

C -1.44905 -1.61123 -0.77179 

H -1.22754 -1.60616 -1.83722 

C -2.7661 -1.72999 -0.31019 

H -2.86836 -2.06538 0.723173 

C -3.34282 0.003742 -0.07918 

H -3.15904 0.45683 -1.05027 

C -1.86018 1.736342 0.826558 

C -2.69185 0.639166 1.023255 

H -2.85217 0.260216 2.027761 

C -1.2299 2.409781 2.042185 

H -1.89137 3.227087 2.361375 

H -1.1265 1.707658 2.870752 

O -1.57279 2.262972 -0.28749 

O -3.60894 -2.32405 -1.22811 

H -4.49234 -1.96634 -1.06478 

O -4.70162 -0.30698 0.031594 

H -4.96996 -0.1644 0.944713 

O 0.053176 2.89751 1.720893 
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H -0.02234 3.25557 0.825735 

O 4.430921 0.856595 -0.5512 

H 4.426775 1.739627 -0.93808 

C 3.127576 0.573553 -0.16934 

H 2.849569 1.124896 0.744159 

C 2.125799 0.889942 -1.27361 

H 2.418781 0.331114 -2.17335 

C 0.740526 0.458642 -0.81404 

H 0.502137 1.016053 0.100558 

C 1.858161 -1.26843 0.600344 

H 1.594354 -0.71132 1.511271 

C 0.794068 -1.01973 -0.46366 

H 0.990419 -1.62514 -1.35587 

C 2.056888 -2.7352 0.9359 

H 1.136896 -3.14751 1.353801 

H 2.299899 -3.27727 0.011538 

O 3.098858 -0.81335 0.089411 

O 2.180586 2.278134 -1.50178 

H 1.471813 2.508594 -2.11241 

O -0.23064 0.696107 -1.79391 

H -0.86705 1.350798 -1.39537 

O 3.064167 -2.89321 1.901716 

H 3.849864 -2.44383 1.57129 

TS: CB43Mac Water catalysis M06-2X/6-311++G(d,p) 

O 0.024513 0.978372 0.502108 

C 2.726546 -1.03754 -0.62923 

C 1.253969 0.740186 -0.05702 

C 2.352935 1.474553 0.710392 

H 2.723776 -0.68525 -1.67118 

H 1.270454 1.065593 -1.1134 

H 2.308087 1.148709 1.759757 

C -2.35107 1.303057 -0.35638 

C -1.38268 0.154925 -0.58908 

C -1.74454 -1.1131 -0.12115 

C -3.20794 -1.40948 0.097201 

C -3.9534 -0.15552 0.517838 

H -0.7142 0.216271 -1.44537 

H -1.22051 -0.9668 1.192542 

H -3.65552 -1.75684 -0.84507 

H -3.61391 0.173955 1.513341 



259 

 

2
59
 

C 3.707538 1.111182 0.130955 

H 3.754759 1.478541 -0.9051 

C 3.894496 -0.39853 0.113287 

H 3.900205 -0.76154 1.151966 

H -2.16639 1.732523 0.63571 

O 2.211333 2.874492 0.610369 

H 1.337276 3.108344 0.939712 

O 4.770556 1.658395 0.885602 

H 4.638331 2.610637 0.938468 

O 5.089379 -0.75218 -0.54381 

H 5.79436 -0.21401 -0.16788 

C 2.736708 -2.55189 -0.62689 

H 3.660395 -2.90894 -1.08323 

H 2.708615 -2.89793 0.416985 

O 1.508367 -0.65379 0.00472 

O 1.657269 -3.06098 -1.36984 

H 0.845552 -2.61785 -1.08111 

O -1.05353 -2.20687 -0.68902 

H -1.35023 -2.99774 -0.22422 

O -3.29481 -2.43014 1.076452 

H -4.2143 -2.70744 1.141938 

O -5.30474 -0.46578 0.51699 

H -5.80239 0.277942 0.868426 

O -3.70251 0.864961 -0.42392 

C -2.1866 2.388957 -1.40325 

H -1.17064 2.783689 -1.34162 

H -2.33702 1.94982 -2.39849 

O -3.07204 3.456973 -1.17554 

H -3.9621 3.091299 -1.16409 

O -0.55891 -0.64433 2.152273 

H -0.15649 0.180318 1.550651 

H 0.146985 -1.29719 2.240029 

TS: CB43Mac Methanol catalysis M06-2X/6-311++G(d,p) 

O 0.020459 0.974644 0.516922 

C 2.72044 -0.86394 -0.88717 

C 1.244611 0.819894 -0.07588 

C 2.345348 1.443335 0.780603 

H 2.717787 -0.38593 -1.87813 

H 1.25689 1.287635 -1.07849 

H 2.306101 0.971443 1.773783 
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C -2.33537 1.401575 -0.36452 

C -1.37017 0.263253 -0.65225 

C -1.75667 -1.02954 -0.28162 

C -3.22329 -1.32827 -0.10652 

C -3.96755 -0.09597 0.376074 

H -0.6891 0.373629 -1.4936 

H -1.29474 -0.95304 1.070599 

H -3.66011 -1.6232 -1.07119 

H -3.64621 0.165286 1.397554 

C 3.698034 1.169056 0.150666 

H 3.73828 1.674027 -0.826 

C 3.889175 -0.32366 -0.07104 

H 3.899645 -0.82196 0.910537 

H -2.17009 1.760993 0.658343 

O 2.199247 2.842748 0.880622 

H 1.311653 3.024315 1.207412 

O 4.763096 1.61448 0.967655 

H 4.625148 2.549428 1.151843 

O 5.08232 -0.58316 -0.77411 

H 5.787245 -0.09608 -0.33364 

C 2.733577 -2.3688 -1.06605 

H 3.64256 -2.6641 -1.59087 

H 2.741628 -2.83686 -0.06989 

O 1.503231 -0.56725 -0.20994 

O 1.631297 -2.79463 -1.82687 

H 0.826711 -2.40541 -1.45204 

O -1.0597 -2.08912 -0.90597 

H -1.34088 -2.90453 -0.47645 

O -3.33166 -2.40111 0.817747 

H -4.25346 -2.6769 0.851373 

O -5.32183 -0.39276 0.328803 

H -5.8203 0.339022 0.703528 

O -3.68934 0.980903 -0.49107 

C -2.14249 2.553304 -1.33282 

H -1.127 2.938711 -1.22336 

H -2.27212 2.181556 -2.35801 

O -3.02961 3.608655 -1.05555 

H -3.92029 3.245226 -1.08329 

O -0.69508 -0.70254 2.068929 

H -0.18795 0.089371 1.550222 
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C 0.148021 -1.7984 2.444556 

H 0.73709 -1.50796 3.314473 

H -0.49598 -2.63663 2.707945 

H 0.806056 -2.06609 1.61571 

TS: CB43Mac Formic acid catalysis M06-2X/6-311++G(d,p) 

O 0.065402 1.10727 0.175817 

C 2.71394 -0.97696 -0.96858 

C 1.343707 0.833379 -0.31081 

C 2.423585 1.419718 0.599955 

H 2.803323 -0.53676 -1.97274 

H 1.421314 1.275924 -1.31643 

H 2.293702 1.000461 1.605321 

C -2.31563 1.325257 -0.60966 

C -1.34532 0.162929 -0.76784 

C -1.68106 -1.07803 -0.19299 

C -3.17278 -1.36237 -0.05808 

C -3.94481 -0.09752 0.271462 

H -0.69969 0.155539 -1.644 

H -1.2598 -1.04893 1.088213 

H -3.54542 -1.72813 -1.02474 

H -3.65295 0.28478 1.263206 

C 3.783348 1.015185 0.05638 

H 3.916974 1.477245 -0.93362 

C 3.871849 -0.49504 -0.10251 

H 3.789577 -0.95517 0.893238 

H -2.1649 1.787638 0.374267 

O 2.392032 2.830926 0.62763 

H 1.623495 3.118528 1.12962 

O 4.828149 1.412268 0.919047 

H 4.748805 2.360961 1.064068 

O 5.077936 -0.8661 -0.72826 

H 5.795126 -0.43431 -0.25144 

C 2.618523 -2.48336 -1.10013 

H 3.542756 -2.8632 -1.53645 

H 2.502545 -2.91353 -0.09552 

O 1.486138 -0.55857 -0.373 

O 1.555915 -2.84634 -1.94509 

H 0.734171 -2.50267 -1.56428 

O -1.00788 -2.1902 -0.74376 

H -1.07178 -2.90469 -0.09884 
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O -3.33788 -2.34853 0.935122 

H -4.25237 -2.64649 0.910213 

O -5.29145 -0.41619 0.220205 

H -5.80996 0.327323 0.540209 

O -3.65715 0.879363 -0.70992 

C -2.11608 2.373526 -1.68956 

H -1.10386 2.773721 -1.61193 

H -2.23713 1.897169 -2.67164 

O -3.0086 3.446337 -1.52687 

H -3.89978 3.083506 -1.54482 

H -0.00682 0.888074 1.21191 

O -0.02676 0.668065 2.590075 

O -0.87907 -1.37611 2.26348 

C -0.3335 -0.48276 2.963208 

H -0.11632 -0.75835 4.00525 

H 0.806056 -2.06609 1.61571 

TS: CB43Mac Glucose catalysis M06-2X/6-311++G(d,p) 

O -1.05919 1.473277 -0.71952 

C -2.88405 -0.79158 1.351656 

C -2.16259 1.064242 -0.04695 

C -3.33909 0.823475 -0.99216 

H -3.18521 -0.15168 2.195016 

H -2.47415 1.797874 0.724571 

H -3.01442 0.103421 -1.75731 

C 0.595582 3.344956 -0.23276 

C 0.330325 2.11788 0.613102 

C 1.373502 1.276218 0.98624 

C 2.756618 1.901062 1.009044 

C 2.887153 2.999389 -0.03616 

H -0.51216 2.155672 1.299224 

H 1.720349 0.157337 -0.10719 

H 2.916051 2.352463 1.997197 

H 2.844692 2.559023 -1.04672 

C -4.50969 0.246691 -0.22171 

H -4.82197 0.970026 0.546724 

C -4.09403 -1.04723 0.459605 

H -3.80988 -1.76815 -0.322 

H 0.607504 3.061775 -1.2919 

O -3.77033 2.029046 -1.58624 

H -3.00753 2.425829 -2.02139 
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O -5.6028 -0.06101 -1.06528 

H -5.81311 0.730289 -1.57252 

O -5.13004 -1.56579 1.261639 

H -5.93132 -1.57082 0.726358 

C -2.25128 -2.07789 1.85806 

H -2.91511 -2.57366 2.567128 

H -2.08848 -2.73723 0.995 

O -1.85219 -0.16892 0.608516 

O -1.00618 -1.81634 2.496156 

H -0.71267 -0.92244 2.256033 

O 1.0843 0.492236 2.123845 

H 1.544245 -0.35906 2.06789 

O 3.750915 0.91173 0.775612 

H 4.612817 1.326453 0.891084 

O 4.1094 3.62163 0.190724 

H 4.265623 4.272311 -0.49972 

O 1.849409 3.933812 0.106791 

C -0.45344 4.418705 -0.01021 

H -1.4275 4.027087 -0.30493 

H -0.47905 4.6714 1.058322 

O -0.19564 5.558246 -0.79585 

H 0.689867 5.86183 -0.57331 

H -0.5172 0.391335 -1.52628 

O -0.09178 -0.45135 -1.95848 

O 1.842622 -0.7594 -0.71978 

C 0.412408 -1.20481 -0.97111 

C 2.817236 -1.74009 -0.21778 

C 2.110553 -2.83346 0.566897 

H 2.861092 -3.58997 0.816701 

C 1.001352 -3.53192 -0.24006 

H 0.158614 -3.73182 0.437361 

C 0.467846 -2.6629 -1.37091 

H 1.119202 -2.75194 -2.25015 

C 3.678916 -2.24453 -1.36746 

H 3.177766 -3.04048 -1.92547 

H 3.891403 -1.40546 -2.03772 

O 1.626297 -2.21229 1.742661 

H 0.738746 -2.50924 2.003981 

O 1.525908 -4.74511 -0.7431 

H 0.826055 -5.19027 -1.23242 
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O -0.83133 -3.11396 -1.68081 

H -1.20803 -2.49027 -2.31369 

H 3.457328 -1.17448 0.456784 

O 4.856354 -2.73338 -0.7515 

H 5.303235 -3.33366 -1.35128 

H -0.08666 -1.05229 -0.01256 

TS: GEDGGA M06-2X/6-311++G(d,p) 

O -1.58947 -1.35474 -0.16576 

C 0.804876 1.2641 0.263052 

C -0.42676 -0.75108 0.301847 

C 0.745175 -1.56082 -0.23182 

H 0.832189 1.26719 1.362506 

H -0.42081 -0.73859 1.405578 

H 0.669769 -1.57668 -1.32701 

C -2.77451 -0.82578 0.338049 

C -3.52561 0.119611 -0.41246 

H -2.74044 -0.55113 1.397875 

H -3.20703 0.847504 -1.16047 

C 2.04136 -0.89093 0.179811 

H 2.116674 -0.91639 1.277368 

C 2.047959 0.559887 -0.27133 

H 2.025059 0.582669 -1.37076 

O 0.7596 -2.86787 0.297884 

H -0.05933 -3.30413 0.041304 

O 3.168207 -1.51791 -0.39606 

H 3.145512 -2.45009 -0.15546 

O 3.179905 1.240253 0.219078 

H 3.952598 0.704769 0.007891 

C 0.674811 2.688735 -0.2342 

H 1.540766 3.264253 0.091361 

H 0.650223 2.678415 -1.33196 

O -0.36207 0.57098 -0.1833 

O -0.47561 3.309346 0.296323 

H -1.22301 2.737278 0.09789 

O -4.75055 -0.01965 -0.11479 

H -4.24607 -1.05068 0.439066 

TS:CB Hydrolysis M06-2X/6-311++G(d,p) 

O -0.63532 0.833817 0.395638 

C 4.02147 -1.02648 0.241163 

C 1.821111 -0.47591 -0.43708 
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C 2.157835 0.979444 -0.3057 

H 4.65939 -1.83359 -0.11199 

H 0.853878 -0.81308 -0.82277 

H 2.28752 1.213269 0.763262 

C -3.01714 1.036825 0.611727 

C -1.83762 0.49659 -0.20912 

C -2.0012 -1.01407 -0.35377 

C -3.37196 -1.35428 -0.90268 

C -4.44081 -0.73825 -0.01473 

H -1.90382 0.930459 -1.22239 

H -1.8915 -1.47812 0.638122 

H -3.48614 -0.92103 -1.90524 

H -4.37208 -1.15468 1.003884 

C 3.515175 1.123537 -1.0026 

H 3.436113 0.722814 -2.02332 

C 4.562613 0.327241 -0.23884 

H 4.825748 0.920779 0.648365 

H -2.95263 0.636364 1.635331 

O 1.218989 1.777677 -0.91915 

H 0.326958 1.534815 -0.42568 

O 3.921832 2.464063 -1.03222 

H 3.165828 2.981715 -1.33894 

O 5.708773 0.080974 -1.02028 

H 6.057494 0.930744 -1.31079 

C 3.826639 -1.10109 1.756905 

H 4.82367 -1.11073 2.205104 

H 3.312018 -0.19706 2.104633 

O 2.713988 -1.36117 -0.35795 

O 3.152062 -2.25776 2.14842 

H 2.2121 -2.12977 1.947177 

O -0.9862 -1.51231 -1.21558 

H -1.19723 -2.43634 -1.39339 

O -3.47302 -2.76406 -0.94667 

H -4.34538 -2.99013 -1.28448 

O -5.67108 -1.03337 -0.5936 

H -6.37289 -0.68257 -0.03798 

O -4.27178 0.656633 0.035887 

C -3.02164 2.54954 0.668211 

H -2.09741 2.889819 1.132795 

H -3.0662 2.939147 -0.35762 
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O -4.09853 3.037624 1.441196 

H -4.90096 2.659989 1.068509 

O 0.731897 -0.78031 1.629679 

H 0.03254 -0.12072 1.155603 

H 0.813304 -0.44516 2.527801 

TS:CBN Hydrolysis M06-2X/6-311++G(d,p) 

O -0.69885 0.429236 0.475217 

O 0.934644 -2.0217 0.219857 

O 3.409031 -2.59652 -0.87568 

O 2.73408 0.8269 1.251323 

O 3.121001 3.102994 -0.18924 

C 1.768304 0.063896 1.042318 

C 1.815995 -0.98146 -0.01989 

C 3.236265 -1.5598 0.051088 

C 4.270189 -0.48912 -0.25351 

C 3.917606 0.874299 0.35038 

C 3.63478 1.931701 -0.72037 

O -4.49934 -2.33112 0.194008 

O -1.72226 -1.98218 -0.53418 

O -4.01062 0.736967 1.211999 

O -4.78119 1.102312 -0.87566 

C -4.73154 0.138583 0.169072 

C -3.98646 -1.11736 -0.337 

C -2.54517 -1.03117 0.13281 

C -1.95575 0.354875 -0.09423 

C -2.95695 1.396981 0.491587 

C -3.78829 2.089529 -0.58196 

H 0.015949 -1.76778 -0.01408 

H 2.672284 -3.20964 -0.76284 

H -0.04632 1.304678 -0.06168 

H 0.929351 0.132809 1.734029 

H 1.652988 -0.47168 -0.98247 

H 3.403672 -1.92915 1.07354 

H 4.29368 -0.37583 -1.34615 

H 4.69848 1.201794 1.033213 

H 2.955946 1.504478 -1.4681 

H 4.600626 2.12429 -1.20142 

H -5.32892 -2.54573 -0.23942 

H -2.11182 -2.85143 -0.38786 

H -5.73898 -0.09515 0.518792 
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H -4.02338 -1.12695 -1.43198 

H -2.53406 -1.22744 1.210237 

H -1.89787 0.507074 -1.1889 

H -2.43607 2.063921 1.175293 

H -3.23096 2.318422 -1.49074 

H -4.26919 2.992673 -0.19794 

O 0.724444 2.049927 -0.5583 

H 2.145117 2.962305 -0.17807 

H 0.329508 2.417071 -1.35179 

O 5.544629 -0.85178 0.227887 

H 5.801482 -1.67479 -0.20131 

TS:CBOC Hydrolysis M06-2X/6-311++G(d,p) 

O -0.84956 0.719575 1.05592 

C 2.276558 -0.47616 -1.3106 

C 1.702935 1.201433 0.338264 

C 2.947755 0.993262 1.162601 

H 2.715906 -0.06706 -2.22272 

H 0.959998 1.945695 0.623447 

H 2.66676 0.37359 2.015672 

C -2.61667 1.482764 -0.32975 

C -1.5123 0.440384 -0.133 

C -2.0058 -1.02051 -0.15691 

C -3.36532 -1.26448 0.512472 

C -3.25303 -0.96469 1.991377 

H -0.85251 0.520143 -1.01797 

H -1.26279 -1.61013 0.397335 

H -4.1139 -0.61243 0.047919 

H -3.01429 0.069648 2.27969 

C 3.997343 0.279759 0.329511 

H 4.373105 0.969168 -0.4405 

C 3.369678 -0.92584 -0.35084 

H 2.941774 -1.58649 0.411555 

H -3.26392 1.49512 0.560224 

O 3.449023 2.262273 1.53118 

H 3.090174 2.52159 2.384329 

O 5.055443 -0.1928 1.127812 

H 5.554651 0.558629 1.461267 

O 4.315464 -1.59027 -1.15511 

H 5.049262 -1.8465 -0.58601 

C 1.262598 -1.54961 -1.65863 



268 

 

2
68
 

H 1.850813 -2.42837 -1.95213 

H 0.697673 -1.79018 -0.75289 

O 1.49539 0.664268 -0.76666 

O 0.451044 -1.10843 -2.71025 

H -0.47923 -1.2236 -2.45326 

O -2.0512 -1.49254 -1.49713 

H -2.55096 -2.31848 -1.49152 

O -3.73514 -2.60889 0.306463 

H -3.71424 -3.04328 1.170939 

O -3.38192 -1.84317 2.807821 

H -3.88951 1.960927 -1.69104 

O -3.37396 1.173939 -1.48159 

C -2.00631 2.866383 -0.46156 

H -1.48849 3.125353 0.465518 

H -1.30015 2.861083 -1.30295 

O -3.08602 3.759081 -0.72201 

H -2.74193 4.618945 -0.96883 

O 0.871106 -0.90239 1.483668 

H -0.00767 -0.18621 1.338841 

H 0.717443 -1.40843 2.284475 

TS:GER Hydrolysis M06-2X/6-311++G(d,p) 

O 1.759296 1.108217 -0.70305 

O -0.12963 -1.8488 -0.59633 

O -2.71421 -2.70844 0.061417 

O -1.91145 1.127596 -1.02809 

O -2.4094 2.993081 0.875216 

C -0.92317 0.378579 -0.83385 

C -1.06854 -0.93706 -0.12753 

C -2.46062 -1.45489 -0.51042 

C -3.53668 -0.50056 -0.02241 

C -3.15346 0.966697 -0.24091 

C -2.93116 1.720316 1.071732 

O 5.167438 0.71931 -1.28194 

O 4.423204 -0.95367 0.77317 

O 1.929199 -1.94118 1.10781 

C 3.988839 0.933056 -1.43832 

C 2.860629 0.292441 -0.63573 

C 3.358692 -0.01558 0.791841 

C 2.293099 -0.67176 1.649404 

H 0.660707 -1.88063 -0.01032 
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H -1.99097 -3.29554 -0.18966 

H 0.981267 1.505038 0.226205 

H 0.015491 0.630019 -1.34596 

H -1.01358 -0.77568 0.9575 

H -2.51362 -1.51319 -1.60708 

H -3.64547 -0.66899 1.058648 

H -3.8934 1.463704 -0.864 

H -2.28662 1.116197 1.723382 

H -3.91191 1.802581 1.550073 

H 2.75677 -2.38351 0.873729 

H 3.630923 1.655229 -2.196 

H 2.685638 -0.69243 -1.11869 

H 3.66687 0.923971 1.271929 

H 1.386336 -0.07016 1.682615 

H 2.681156 -0.80781 2.663268 

O 0.058892 1.75935 0.838137 

H -1.45084 2.877168 0.735181 

H 0.317395 1.87833 1.755364 

H 5.097972 -0.61441 0.168627 

O -4.76275 -0.72766 -0.67717 

H -5.02462 -1.63977 -0.51112 

TS:GED Hydrolysis M06-2X/6-311++G(d,p) 

O -2.38994 -0.7407 -1.14057 

C 1.93273 1.101898 0.559707 

C -0.1684 0.021805 0.429153 

C 0.433808 -1.02762 -0.45747 

H 2.385183 1.603342 1.412102 

H -1.19486 -0.05763 0.79553 

H 0.666413 -0.57164 -1.43184 

C -3.36297 -0.77925 -0.2166 

C -3.75847 0.261962 0.528453 

H -3.8503 -1.74898 -0.07386 

H -3.34255 1.256209 0.411217 

C 1.747523 -1.40889 0.232839 

H 1.530922 -1.71001 1.267729 

C 2.678723 -0.20401 0.253909 

H 3.108346 -0.11952 -0.75462 

O -0.38158 -2.1351 -0.56376 

H -1.28158 -1.76786 -0.88931 

O 2.396356 -2.4425 -0.45497 
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H 1.747448 -3.14148 -0.60664 

O 3.700871 -0.34937 1.2113 

H 4.182978 -1.15939 1.012323 

C 1.829541 2.041827 -0.64416 

H 2.835116 2.429218 -0.8283 

H 1.524952 1.470898 -1.52983 

O 0.548908 0.868486 1.021429 

O 0.975377 3.117032 -0.4048 

H 0.06472 2.791578 -0.48194 

O -4.76231 0.227462 1.471333 

H -5.14478 -0.65422 1.48911 

O -1.14343 1.357109 -1.20652 

H -1.79335 0.4966 -1.25476 

H -0.98757 1.617173 -2.11952 

TS:GGA Hydrolysis M06-2X/6-311++G(d,p) 

O -2.23053 -0.05633 -0.05845 

C 2.320112 0.867998 0.394963 

C 0.185079 -0.00676 0.999492 

C 0.294739 -0.98847 -0.11079 

H 3.069042 1.231969 1.094889 

H -0.65241 -0.01454 1.69297 

H 0.253663 -0.41176 -1.05306 

C -3.45292 0.106305 0.572883 

C -4.613 -0.32324 -0.31178 

H -3.64402 1.156877 0.848726 

H -4.30836 -0.64792 -1.32973 

C 1.698461 -1.58744 0.045344 

H 1.805659 -1.98648 1.064314 

C 2.740757 -0.49649 -0.17127 

H 2.846392 -0.38289 -1.2593 

O -0.67637 -1.95964 -0.0363 

H -1.53429 -1.38493 -0.09907 

O 1.921722 -2.5947 -0.90082 

H 1.158355 -3.18627 -0.88093 

O 3.978904 -0.83136 0.411329 

H 4.29217 -1.64592 0.00387 

C 2.035194 1.907461 -0.69054 

H 3.002733 2.124445 -1.15498 

H 1.378025 1.475118 -1.45277 

O 1.113704 0.788461 1.264393 
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O 1.496093 3.076902 -0.16644 

H 0.531506 2.94508 -0.16194 

O -5.76285 -0.32001 0.033183 

H -3.53996 -0.47537 1.50599 

O -0.9579 1.980793 -0.70987 

H -1.56972 1.17372 -0.486 

H -1.40166 2.479703 -1.39899 

TS:CBOC HAGBC M06-2X/6-311++G(d,p) 

O 0.911716 -0.10895 0.704862 

O -2.65446 2.283228 0.817062 

O -4.68152 0.945558 -0.68261 

O -4.69869 -1.91342 -0.25878 

O -1.81814 -1.03761 1.403717 

O -0.66714 -0.85844 -0.99421 

C -1.6092 0.185636 1.204466 

C -2.45493 1.010806 0.270573 

C -3.79248 0.283191 0.17864 

C -3.55063 -1.10412 -0.39104 

C -2.39814 -1.83368 0.312583 

C -1.17822 -2.06499 -0.61331 

H -1.86888 2.806695 0.584014 

H -4.7758 1.853122 -0.37293 

H 0.330964 -0.4106 -0.13142 

H -0.96327 0.671207 1.930637 

H -2.00551 1.035332 -0.72275 

H -4.22629 0.192326 1.184668 

H -3.27951 -0.97552 -1.44618 

H -2.76411 -2.73478 0.80084 

H -1.56637 -2.66255 -1.45499 

H -0.46058 -2.69621 -0.06099 

H -5.41677 -1.48239 -0.73464 

C 1.892598 1.617036 -0.7945 

C 1.954082 0.799679 0.511572 

C 3.278779 0.050581 0.679335 

C 3.596765 -1.01943 -0.38125 

C 2.527485 -2.09193 -0.47794 

H 1.924337 1.540373 1.322925 

H 3.234636 -0.46678 1.646337 

H 3.701885 -0.53872 -1.36063 

H 1.591705 -1.83688 -0.99829 
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H 2.218071 1.011724 -1.65264 

O 4.336307 0.998545 0.679441 

H 5.16587 0.506779 0.706194 

O 4.839924 -1.58974 -0.03761 

H 4.657359 -2.48191 0.290587 

O 2.729094 -3.18996 -0.02368 

H 3.544066 2.51656 -0.28495 

O 2.697349 2.779845 -0.67035 

C 0.498101 2.11391 -1.1132 

H 0.560053 2.78292 -1.97705 

H -0.1512 1.275546 -1.35683 

O -0.07089 2.808693 -0.00019 

H 0.57566 3.471535 0.271271 

TS:GER HAGBC M06-2X/6-311++G(d,p) 

O -1.55597 2.371689 -1.47043 

O -4.44889 -0.02893 -0.33696 

C -2.51985 1.929429 -0.89863 

C -2.4267 1.035483 0.325058 

C -3.10865 -0.30495 0.018535 

C -3.05616 -1.23912 1.218494 

H -3.54361 2.148484 -1.24912 

H -3.01711 1.525075 1.114535 

H -2.57875 -0.78592 -0.81805 

H -2.02151 -1.47889 1.469099 

H 3.848334 0.881787 2.198247 

O 3.782638 0.057784 1.704071 

C 3.082083 0.312723 0.51304 

O 4.139676 -1.47617 -0.7218 

C 2.908675 -1.01851 -0.20495 

H 2.500897 -1.7251 0.527736 

C 1.922815 -0.93561 -1.37954 

H 2.424183 -1.18334 -2.31331 

H 0.94753 -2.77667 -1.00255 

C 0.615526 -1.72933 -1.12376 

O -0.01147 -1.2327 -0.03175 

H -0.73822 -0.01771 0.360131 

H 0.020508 -1.68379 -2.05435 

O 1.417471 0.426445 -1.58657 

C 1.080271 1.098686 -0.57904 

H 1.115512 0.17368 1.355054 
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C 1.698713 0.891269 0.776457 

O 1.816004 2.134116 1.422018 

H 0.963638 2.335052 1.825721 

O -1.11231 0.858371 0.750328 

H 0.477208 1.979317 -0.79472 

H 3.653577 0.997699 -0.12963 

H 4.745149 -1.5804 0.019794 

H -4.92973 -0.8617 -0.26183 

H -3.54621 -0.75945 2.06996 

O -3.8099 -2.41093 0.925185 

H -3.23976 -3.02592 0.456524 

TS:GED HAGBC M06-2X/6-311++G(d,p) 

O 4.934965 -0.4489 0.385156 

C 3.645637 -0.29672 -0.0814 

C 3.096383 0.9162 -0.14223 

H 3.147866 -1.17446 -0.48525 

H 3.637651 1.780908 0.229437 

H -3.45193 1.965131 -0.41598 

O -3.34141 1.029521 -0.61476 

C -2.30427 0.527754 0.189434 

O -3.23334 -1.69436 0.32734 

C -2.13697 -0.94518 -0.15243 

H -2.05766 -1.01519 -1.24352 

C -0.86564 -1.55336 0.455759 

H -1.11516 -2.36693 1.134243 

H -0.30412 -2.64478 -1.28106 

C 0.18545 -1.89762 -0.63188 

O 0.506076 -0.75163 -1.27216 

H 1.424784 0.297285 -0.99334 

H 1.030678 -2.40383 -0.13051 

O -0.13643 -0.59245 1.285318 

C 0.017375 0.579801 0.841411 

H -0.69341 1.159474 -1.09952 

C -0.98758 1.255549 -0.05442 

O -1.13079 2.596904 0.353107 

H -0.46813 3.127535 -0.10091 

O 1.87738 1.183235 -0.6636 

H 0.735949 1.176431 1.395491 

H -2.56732 0.617707 1.253608 

H -4.02746 -1.35024 -0.09489 
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H 4.994308 -1.26621 0.883567 

TS:GGA HAGBC M06-2X/6-311++G(d,p) 

O 4.968217 -0.53962 0.468316 

C 3.807777 -0.33056 0.251959 

C 3.291622 0.794761 -0.62713 

H 3.011117 -0.97142 0.692975 

H 3.822572 1.711236 -0.35416 

H -3.22277 2.194525 -0.47423 

O -3.19361 1.255845 -0.68744 

C -2.26745 0.637381 0.167697 

O -3.39249 -1.4977 0.192439 

C -2.21251 -0.83685 -0.2122 

H -2.08431 -0.88247 -1.29986 

C -1.03144 -1.57747 0.429878 

H -1.3843 -2.38678 1.066464 

H -0.47288 -2.6949 -1.2828 

C 0.041521 -1.98267 -0.61255 

O 0.478009 -0.86784 -1.23987 

H 1.410877 0.133661 -0.85891 

H 0.823253 -2.55332 -0.07786 

O -0.26912 -0.71 1.344638 

C -0.01182 0.466953 0.987163 

H -0.51621 1.114667 -0.99231 

C -0.87357 1.241902 0.029702 

O -0.90898 2.588717 0.435307 

H -0.16079 3.042732 0.032795 

O 1.912236 0.975201 -0.49195 

H 0.709765 0.989559 1.608458 

H -2.59561 0.722491 1.213993 

H -4.13079 -1.08838 -0.27101 

H 3.571127 0.550909 -1.66218 

XB M06-2X/6-311++G(d,p) 

O -0.01462 0.759279 -0.39931 

C -2.48251 -1.69414 0.398575 

C -1.1666 0.258896 0.177294 

C -2.33952 1.053237 -0.38267 

H -2.45523 -1.62309 1.493617 

H -1.12653 0.352407 1.275396 

H -2.32702 0.946884 -1.47507 

C 2.093725 1.725995 0.047977 
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C 1.230362 0.477334 0.241333 

C 1.92389 -0.72978 -0.38316 

C 3.354049 -0.80096 0.125543 

C 4.074618 0.51587 -0.12163 

H 1.065733 0.291161 1.309964 

H 1.939948 -0.58326 -1.47388 

H 3.339955 -0.97305 1.210601 

H 4.085991 0.734749 -1.20399 

C -3.63532 0.492201 0.171125 

H -3.63903 0.630742 1.262995 

C -3.72875 -0.9939 -0.12725 

H -3.78585 -1.12508 -1.21633 

H 2.119307 1.970239 -1.02397 

O -2.27358 2.408802 0.000713 

H -1.47982 2.792337 -0.38512 

O -4.7671 1.112141 -0.40036 

H -4.69418 2.060796 -0.25262 

O -4.84232 -1.57387 0.508566 

H -5.61523 -1.04874 0.274363 

O -1.31354 -1.10963 -0.16907 

O 1.332142 -1.96699 -0.0591 

H 0.386005 -1.92151 -0.25969 

O 4.088192 -1.81259 -0.5298 

H 3.581776 -2.62954 -0.46551 

O 5.364235 0.495882 0.390832 

H 5.741033 -0.36302 0.16801 

O 3.394724 1.541589 0.554636 

H -2.48349 -2.74543 0.116113 

H 1.657911 2.567923 0.585416 

XBO M06-2X/6-311++G(d,p) 

O -0.28957 0.771993 0.229675 

C 2.233264 -1.10625 -1.43503 

C 0.959449 0.519255 -0.32227 

C 1.990622 0.674967 0.786983 

H 2.453746 -0.41358 -2.25866 

H 1.165637 1.23714 -1.13615 

H 1.735092 -0.02972 1.589191 

C -2.15208 2.083981 -0.3044 

C -1.37301 0.834514 -0.70191 

C -2.14118 -0.49193 -0.6817 
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C -3.13671 -0.6468 0.485398 

C -2.41665 -0.68946 1.814324 

H -0.98953 0.949452 -1.72129 

H -1.38982 -1.28707 -0.59226 

H -3.82804 0.205183 0.467645 

H -1.87298 0.21642 2.127507 

C 3.363392 0.343583 0.233598 

H 3.614453 1.083433 -0.54188 

C 3.351669 -1.03578 -0.40234 

H 3.164406 -1.77825 0.38506 

H -2.36735 2.040828 0.77263 

O 2.043374 2.001342 1.269235 

H 1.184569 2.219167 1.643638 

O 4.354356 0.341477 1.239515 

H 4.338715 1.199352 1.675937 

O 4.566312 -1.30125 -1.0637 

H 5.278632 -1.1305 -0.43838 

O 0.985194 -0.79033 -0.83436 

O -2.83219 -0.60549 -1.90008 

H -3.42846 -1.35825 -1.81568 

O -3.86769 -1.83054 0.283453 

H -3.61826 -2.44687 0.986149 

O -2.42417 -1.6827 2.494334 

H -3.75378 3.010894 -0.9036 

O -3.33634 2.161712 -1.06315 

H -1.49963 2.948618 -0.47483 

H 2.145794 -2.11254 -1.84023 

XGRA M06-2X/6-311++G(d,p) 

O 1.069389 0.6136 -0.34554 

C -1.50688 -1.68357 0.51549 

C -0.12707 0.195788 0.22321 

C -1.24621 1.012352 -0.40564 

H -1.50983 -1.55203 1.605899 

H -0.10432 0.353498 1.316303 

H -1.20967 0.854921 -1.49137 

C 3.332434 1.040402 0.34726 

C 2.233032 -0.00646 0.180624 

C 2.655213 -1.12734 -0.76104 

H 2.024225 -0.45497 1.161894 

H 1.828039 -1.65489 -1.26578 
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C -2.57696 0.524809 0.136447 

H -2.60812 0.723927 1.218452 

C -2.71442 -0.97204 -0.0827 

H -2.74669 -1.16195 -1.16422 

H 3.613529 1.431886 -0.63797 

O -1.13884 2.381635 -0.0829 

H -0.31406 2.715808 -0.44925 

O -3.66859 1.151024 -0.50312 

H -3.56642 2.103283 -0.4034 

O -3.86595 -1.47656 0.55072 

H -4.61252 -0.94126 0.261325 

O -0.30468 -1.17536 -0.0485 

O 3.808421 -1.41081 -0.95539 

H 4.817808 -0.17863 0.478229 

O 4.436869 0.509063 1.036206 

H -1.53855 -2.74829 0.291957 

H 2.938739 1.864332 0.944183 

XGA M06-2X/6-311++G(d,p) 

O 1.544062 1.21667 -0.12666 

C -0.48077 -1.67573 0.30284 

C 0.456112 0.480125 0.322525 

C -0.80207 1.114907 -0.25001 

H -0.53266 -1.69814 1.399582 

H 0.421924 0.487426 1.426813 

H -0.70935 1.118499 -1.34377 

C 2.787 0.737234 0.345354 

C 3.304293 -0.44239 -0.46264 

H 2.73893 0.454485 1.403006 

H 2.828563 -0.58577 -1.44959 

C -2.00309 0.282427 0.158228 

H -2.09979 0.321529 1.25387 

C -1.80328 -1.16534 -0.25718 

H -1.77162 -1.20901 -1.35437 

O -1.00628 2.418358 0.25051 

H -0.26351 2.966677 -0.02113 

O -3.19303 0.738905 -0.44938 

H -3.30516 1.668319 -0.22451 

O -2.82946 -1.98612 0.248544 

H -3.6688 -1.58735 -0.00415 

O 0.588062 -0.84638 -0.1328 
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O 4.194193 -1.14126 -0.06785 

H -0.27184 -2.68101 -0.05803 

H 3.503714 1.555565 0.238608 

XAL M06-2X/6-311++G(d,p) 

O 1.409369 0.930434 -0.3967 

C -0.86013 -1.70343 0.374325 

C 0.278354 0.336375 0.174034 

C -0.94248 1.054932 -0.37915 

H -0.84141 -1.6412 1.470491 

H 0.324383 0.43323 1.271428 

H -0.92016 0.965206 -1.473 

C 3.292533 1.043547 1.038751 

C 2.61235 0.439065 0.074172 

C 3.117467 -0.78191 -0.63251 

H 2.490859 -1.11482 -1.47693 

C -2.19083 0.383934 0.163833 

H -2.2105 0.513322 1.256573 

C -2.16111 -1.10361 -0.14591 

H -2.20709 -1.22951 -1.23617 

H 4.249096 0.635648 1.339479 

O -0.98376 2.406632 0.023232 

H -0.21762 2.856244 -0.34657 

O -3.36682 0.915207 -0.40851 

H -3.37075 1.865505 -0.25374 

O -3.22499 -1.77756 0.482914 

H -4.03888 -1.32217 0.242754 

O 0.254456 -1.02148 -0.1858 

O 4.127619 -1.34864 -0.31512 

H -0.77339 -2.74802 0.081814 

H 2.911473 1.936336 1.518448 

TS:XBXBO M06-2X/6-311++G(d,p) 

O -0.00377 0.735285 0.152514 

C -2.49578 -1.62923 -0.78962 

C -1.17607 -0.00459 0.262324 

C -2.32104 0.998276 0.314769 

H -2.49817 -2.25879 0.111095 

H -1.17611 -0.61451 1.183678 

H -2.28207 1.594576 -0.60552 

C 1.433268 -0.95231 1.105496 

C 1.184344 -0.0043 -0.07178 
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C 2.317937 1.003546 -0.20209 

C 3.606351 0.275894 -0.5683 

C 4.126219 -0.64926 0.525633 

H 1.091686 -0.55556 -1.01296 

H 2.45204 1.525043 0.75949 

H 3.431871 -0.33057 -1.46571 

H 4.570752 -0.10305 1.368775 

C -3.63374 0.242828 0.38296 

H -3.66375 -0.32834 1.323455 

C -3.72843 -0.73257 -0.77795 

H -3.76361 -0.15503 -1.71144 

H 1.195036 -0.429 2.035795 

O -2.24171 1.819364 1.459499 

H -1.43495 2.340559 1.394647 

O -4.74788 1.106881 0.305892 

H -4.66034 1.768159 1.00044 

O -4.85957 -1.56305 -0.65731 

H -5.62418 -0.99206 -0.52814 

O -1.311 -0.84897 -0.85389 

O 1.982206 1.916205 -1.2155 

H 2.79411 2.380408 -1.44939 

O 4.573503 1.280048 -0.82706 

H 5.34084 0.878252 -1.24491 

O 4.638713 -1.79037 0.167496 

H 3.404046 -2.15608 0.627934 

O 2.797564 -1.37131 1.187687 

H -2.50009 -2.27434 -1.66628 

H 0.819978 -1.85202 1.035677 

TS:XBOXGRA M06-2X/6-311++G(d,p) 

O 0.127717 0.328188 1.072654 

C -2.85779 1.562509 -0.4118 

C -0.96207 0.306852 0.207275 

C -1.80635 -0.90199 0.590458 

H -2.62401 1.469767 -1.48224 

H -0.638 0.203624 -0.84371 

H -2.01884 -0.83005 1.665897 

C 1.207616 2.260025 0.05413 

C 1.352092 0.835392 0.575438 

C 1.897669 -0.10666 -0.51067 

C 3.978427 0.052073 0.144419 
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C 4.102564 -0.70415 -1.00425 

H 2.009949 0.822832 1.444678 

H 1.915442 0.306633 -1.52631 

H 4.150154 1.119246 0.165453 

H 4.292567 -0.20579 -1.95566 

C -3.10536 -0.88419 -0.19299 

H -2.86759 -1.00795 -1.26075 

C -3.81175 0.444704 -0.01099 

H -4.0804 0.560356 1.047726 

H 0.522309 2.285793 -0.80155 

O -1.14761 -2.10658 0.278054 

H -0.20064 -2.009 0.453277 

O -3.98782 -1.90656 0.222641 

H -3.51507 -2.74388 0.16747 

O -4.95383 0.535999 -0.83168 

H -5.46578 -0.26864 -0.69688 

O -1.67391 1.512626 0.370111 

O 1.656849 -1.36105 -0.3596 

H 2.668747 -1.93248 -0.71816 

O 3.895066 -0.53077 1.355003 

H 3.848004 -1.48967 1.228085 

O 3.839202 -1.97076 -0.9654 

H 2.458155 3.593154 -0.64677 

O 2.507005 2.688988 -0.32892 

H 0.785846 2.881605 0.848357 

H -3.3125 2.536458 -0.23809 

TS:XGRAXED M06-2X/6-311++G(d,p) 

O 1.019806 0.624555 -0.22333 

C -1.60184 -1.74058 0.214599 

C -0.198 0.136428 0.262062 

C -1.29407 1.065873 -0.23757 

H -1.62049 -1.79558 1.311389 

H -0.18376 0.116919 1.36553 

H -1.24156 1.091506 -1.33366 

C 3.757156 1.144785 -0.21692 

C 2.134462 -0.00369 0.306788 

C 2.664052 -1.09716 -0.34386 

H 2.320426 0.151455 1.366034 

H 2.215822 -1.43428 -1.28075 

C -2.63966 0.514326 0.196989 
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H -2.6847 0.529626 1.296665 

C -2.79222 -0.92225 -0.27159 

H -2.80987 -0.92748 -1.36993 

H 3.574343 1.213001 -1.2982 

O -1.17642 2.360403 0.311909 

H -0.35645 2.752167 -0.00366 

O -3.71267 1.256443 -0.34215 

H -3.59934 2.176298 -0.08145 

O -3.96005 -1.50816 0.252233 

H -4.69489 -0.91966 0.049069 

O -0.38651 -1.1604 -0.23928 

O 3.785256 -1.61552 0.031183 

H 4.437712 -0.76594 0.235552 

O 4.778731 0.544254 0.222198 

H -1.64085 -2.75165 -0.18619 

H 3.319093 1.964622 0.364396 

TS:XGRAXAL M06-2X/6-311++G(d,p) 

O 1.028856 0.67607 -0.64885 

C -1.39808 -1.73745 0.311744 

C -0.09256 0.185666 0.011907 

C -1.28778 1.015434 -0.43367 

H -1.27752 -1.68817 1.402689 

H 0.048915 0.264 1.103698 

H -1.37399 0.927934 -1.52435 

C 3.249079 1.135262 0.379306 

C 2.246177 0.176338 -0.1821 

C 2.852661 -0.93001 -0.86119 

H 2.754613 -0.27925 1.245349 

H 2.209473 -1.52787 -1.52404 

C -2.5387 0.466715 0.223552 

H -2.44406 0.588301 1.313487 

C -2.67991 -1.01361 -0.08532 

H -2.83868 -1.12671 -1.16635 

H 4.105798 1.394668 -0.24508 

O -1.16199 2.366609 -0.04001 

H -0.39043 2.732561 -0.4829 

O -3.70823 1.113121 -0.23497 

H -3.60057 2.05877 -0.08981 

O -3.743 -1.58604 0.640495 

H -4.52295 -1.04313 0.484577 
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O -0.27906 -1.16235 -0.34503 

O 4.03123 -1.25537 -0.65129 

H 4.342093 -0.39032 0.941919 

O 3.770795 0.232513 1.464698 

H -1.44092 -2.78344 0.013199 

H 2.813979 2.006294 0.861895 

TS:XB12Mac M06-2X/6-311++G(d,p) 

O -0.14408 0.673333 -0.25522 

C 2.501943 -1.70647 -0.34525 

C 1.132974 0.189803 -0.51358 

C 2.113218 1.058728 0.262449 

H 2.733869 -1.67235 -1.41845 

H 1.348093 0.247809 -1.59579 

H 1.848325 0.998563 1.325877 

C -2.19775 1.149674 -1.311 

C -1.18668 0.060834 -1.00072 

C -1.85092 -1.06717 -0.20377 

C -3.02395 -0.51686 0.583436 

C -3.06547 0.898828 0.816923 

H -0.80504 -0.36065 -1.93647 

H -1.11539 -1.48445 0.488815 

H -4.053 -0.41483 -0.06593 

H -3.42075 1.343031 1.738663 

C 3.517725 0.522692 0.055207 

H 3.77762 0.623668 -1.00964 

C 3.574093 -0.94844 0.428191 

H 3.375597 -1.03969 1.504705 

H -1.75922 1.972531 -1.86919 

O 2.103007 2.39504 -0.1921 

H 1.235395 2.76858 -0.00938 

O 4.464401 1.20302 0.851577 

H 4.3976 2.143182 0.655009 

O 4.821582 -1.5114 0.097343 

H 5.503083 -0.95619 0.490709 

O 1.220716 -1.14778 -0.09021 

O -2.26387 -2.03782 -1.14637 

H -2.80529 -2.68788 -0.68801 

O -3.37885 -1.3004 1.688435 

H -4.33474 -1.17384 1.780011 

O -5.19957 0.391349 0.334537 
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H -6.11126 0.631717 0.143046 

O -2.66136 1.737303 -0.07575 

H 2.463885 -2.74742 -0.02995 

H -3.06586 0.737309 -1.8333 

TS:XB21Mac M06-2X/6-311++G(d,p) 

O -0.01087 -0.69358 0.437127 

C -2.49106 1.625349 -0.65053 

C -1.17363 -0.2807 -0.18429 

C -2.33573 -0.9936 0.493353 

H -2.47898 1.405492 -1.72591 

H -1.15011 -0.52039 -1.26072 

H -2.30765 -0.743 1.561631 

C 2.09996 -1.62853 -0.17458 

C 1.219656 -0.38513 -0.22091 

C 1.910328 0.771009 0.502332 

C 3.374918 0.839748 0.112437 

C 4.055996 -0.34461 -0.35323 

H 1.031406 -0.11104 -1.26599 

H 1.840281 0.55113 1.574752 

H 3.692629 1.820762 -0.23327 

H 4.498951 -0.11149 1.147639 

C -3.63982 -0.50955 -0.11154 

H -3.66073 -0.7953 -1.17417 

C -3.72904 1.003967 -0.0162 

H -3.76852 1.281104 1.046034 

H 2.312463 -1.89084 0.873002 

O -2.2742 -2.38867 0.293901 

H -1.46727 -2.71515 0.704268 

O -4.76235 -1.04395 0.557002 

H -4.68479 -2.00371 0.549103 

O -4.8532 1.49491 -0.7064 

H -5.62227 1.010539 -0.38797 

O -1.31568 1.121135 -0.02484 

O 1.348135 2.025872 0.207644 

H 0.385359 1.945411 0.27024 

O 4.221309 0.851501 1.68443 

H 4.953092 1.486882 1.706821 

O 5.095028 -0.05487 -1.23666 

H 5.74631 -0.75623 -1.16626 

O 3.280855 -1.39783 -0.89131 
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H -2.48872 2.70519 -0.51401 

H 1.586792 -2.46328 -0.65341 

TS:XB23Mac M06-2X/6-311++G(d,p) 

O -0.05067 0.829458 0.246545 

C 2.431282 -1.64838 -0.43201 

C 1.121569 0.308987 -0.25808 

C 2.266836 1.075255 0.393963 

H 2.48259 -1.548 -1.52455 

H 1.15851 0.416929 -1.35591 

H 2.177544 0.946657 1.480563 

C -2.20225 1.690706 -0.11347 

C -1.2638 0.541622 -0.47425 

C -1.86281 -0.79338 -0.13767 

C -3.28298 -0.89535 -0.0161 

C -4.09672 0.376551 0.159636 

H -1.02722 0.568279 -1.54776 

H -2.1856 -1.22191 1.276691 

H -3.80465 -1.69761 -0.53208 

H -4.12624 0.658381 1.22158 

C 3.592466 0.513341 -0.07893 

H 3.676049 0.673626 -1.16457 

C 3.646378 -0.97829 0.195828 

H 3.621774 -1.1312 1.283192 

H -2.18802 1.83052 0.976387 

O 2.240171 2.441017 0.039573 

H 1.397188 2.803294 0.330557 

O 4.687822 1.10958 0.584397 

H 4.623687 2.062784 0.4645 

O 4.797118 -1.56306 -0.36747 

H 5.555929 -1.05038 -0.06919 

O 1.230803 -1.071 0.069819 

O -1.29827 -1.88326 -0.83641 

H -0.40325 -1.98737 -0.49116 

O -3.27113 -1.53874 1.632552 

H -3.39343 -2.49901 1.657644 

O -5.36475 0.136751 -0.34444 

H -5.85396 0.96506 -0.3235 

O -3.51428 1.433959 -0.56792 

H 2.407192 -2.70747 -0.17957 

H -1.87238 2.613288 -0.58945 
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TS:XB32Mac M06-2X/6-311++G(d,p) 

O 0.026903 1.013208 0.430739 

C 2.269008 -1.70201 -0.10031 

C 1.123411 0.342822 -0.09691 

C 2.370609 1.119833 0.30462 

H 2.188246 -1.77246 -1.19386 

H 1.04102 0.286376 -1.19581 

H 2.403948 1.162648 1.401137 

C -2.22032 1.790653 0.226146 

C -1.21866 0.712816 -0.17424 

C -1.76243 -0.63555 0.255115 

C -3.17662 -0.84325 0.183858 

C -4.07943 0.361178 0.159236 

H -1.11745 0.732753 -1.26403 

H -1.17984 -1.14834 1.015948 

H -2.54099 -1.50517 -1.02767 

H -4.38494 0.611071 1.191117 

C 3.595604 0.392853 -0.21658 

H 3.557569 0.390068 -1.31655 

C 3.593408 -1.04583 0.270264 

H 3.698997 -1.03997 1.363581 

H -2.32384 1.827122 1.319363 

O 2.381676 2.414758 -0.25686 

H 1.616934 2.891275 0.080468 

O 4.796069 0.991853 0.224798 

H 4.781207 1.917177 -0.04114 

O 4.627076 -1.79136 -0.32907 

H 5.447357 -1.30425 -0.19773 

O 1.182225 -0.96257 0.436114 

O -1.37713 -1.65496 -1.14339 

H -1.09384 -2.53781 -0.86544 

O -3.63395 -1.83584 1.086316 

H -4.38457 -2.27136 0.675649 

O -5.20391 0.067993 -0.60771 

H -5.82813 0.795117 -0.51966 

O -3.44555 1.499954 -0.40112 

H 2.211721 -2.70519 0.319593 

H -1.88823 2.765472 -0.13068 

TS:XB34Mac M06-2X/6-311++G(d,p) 

O 0.028801 0.815291 -0.25513 
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C -2.46914 -1.65271 0.429845 

C -1.14217 0.319646 0.25597 

C -2.28727 1.068447 -0.41319 

H -2.53335 -1.54347 1.520451 

H -1.17047 0.426752 1.351625 

H -2.1909 0.927766 -1.49789 

C 2.105909 1.685207 0.502897 

C 1.244465 0.434304 0.43098 

C 1.856382 -0.72349 -0.24564 

C 3.349693 -0.86848 -0.07898 

C 3.975495 0.509796 -0.24995 

H 1.033889 -1.10268 1.319806 

H 1.528333 -0.97426 -1.25705 

H 3.58457 -1.18858 0.943302 

H 3.75405 0.911254 -1.2541 

C -3.61654 0.512567 0.054984 

H -3.70678 0.677173 1.13929 

C -3.67182 -0.97942 -0.21664 

H -3.63356 -1.13567 -1.30317 

H 2.013427 2.268309 -0.43089 

O -2.26125 2.437987 -0.07594 

H -1.39969 2.784742 -0.33079 

O -4.70696 1.106857 -0.61792 

H -4.63507 2.061397 -0.51261 

O -4.82944 -1.5621 0.333851 

H -5.58323 -1.0428 0.033939 

O -1.25714 -1.08257 -0.05993 

O 1.211082 -1.89317 0.633227 

H 0.305355 -1.99338 0.25854 

O 3.826821 -1.78729 -1.03185 

H 4.786468 -1.81094 -0.953 

O 5.344925 0.346415 -0.06508 

H 5.762163 1.212971 -0.07224 

O 3.475717 1.377716 0.727324 

H -2.45023 -2.71387 0.183796 

H 1.804498 2.327016 1.330882 

TS:XB43Mac M06-2X/6-311++G(d,p) 

O -0.16481 0.427026 -0.57403 

C 2.775733 -1.5545 -0.54538 

C 1.160929 0.161021 -0.72872 
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C 1.993319 1.090318 0.158673 

H 3.066969 -1.4331 -1.59854 

H 1.470729 0.295664 -1.78231 

H 1.680433 0.920213 1.198513 

C -2.44559 -0.24829 -1.91867 

C -1.6023 -1.00306 -0.92353 

C -1.94728 -1.04084 0.441206 

C -3.21613 -0.36296 0.89053 

C -3.56589 0.735296 -0.10261 

H -0.87015 -1.71786 -1.28334 

H -0.99909 -0.1695 0.407116 

H -4.04795 -1.07897 0.903266 

H -2.77736 1.505402 -0.11534 

C 3.46395 0.765194 0.009399 

H 3.762366 0.953251 -1.03306 

C 3.695524 -0.70221 0.322314 

H 3.453942 -0.87202 1.380341 

H -1.88317 0.602479 -2.31154 

O 1.813073 2.442637 -0.20631 

H 0.863353 2.601455 -0.23695 

O 4.274324 1.524848 0.886465 

H 4.057684 2.453679 0.754997 

O 5.0259 -1.08154 0.048075 

H 5.599954 -0.446 0.488259 

O 1.420166 -1.19155 -0.35319 

O -1.5623 -2.16049 1.168285 

H -1.39843 -1.87789 2.073564 

O -2.97696 0.152358 2.184294 

H -3.79848 0.532427 2.511265 

O -4.79101 1.258009 0.279899 

H -5.03915 1.960417 -0.3283 

O -3.68951 0.16184 -1.38686 

H 2.870976 -2.60618 -0.27815 

H -2.67725 -0.92843 -2.74211 

TS:XB45Mac M06-2X/6-311++G(d,p) 

O -0.10087 1.622812 -0.16118 

C -1.53462 -1.57001 0.442112 

C -1.0297 0.738687 0.283605 

C -2.39767 1.03032 -0.33959 

H -1.59537 -1.50799 1.537779 
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H -1.11261 0.794567 1.386876 

H -2.28716 0.943776 -1.42963 

C 2.146049 1.534293 -1.22328 

C 1.954433 1.661225 0.167463 

C 2.198182 0.512497 1.105875 

C 3.084499 -0.51884 0.427316 

C 2.560151 -0.7825 -0.97665 

H 1.819442 2.637538 0.613658 

H 1.241458 0.025073 1.32957 

H 4.105072 -0.12298 0.330485 

H 1.497214 -1.05592 -0.95225 

C -3.41635 0.022902 0.150464 

H -3.52546 0.13479 1.239849 

C -2.9284 -1.38383 -0.1462 

H -2.87897 -1.50819 -1.2367 

H 0.856959 1.495569 -1.19403 

O -2.85335 2.316122 0.020031 

H -2.13026 2.928765 -0.15584 

O -4.67433 0.179426 -0.47816 

H -4.95134 1.093687 -0.35923 

O -3.77564 -2.35337 0.428074 

H -4.67667 -2.13342 0.168358 

O -0.64064 -0.5946 -0.06761 

O 2.787621 1.039061 2.273994 

H 2.990646 0.295059 2.85106 

O 3.054839 -1.67134 1.234412 

H 3.541526 -2.36625 0.778366 

O 3.346793 -1.79121 -1.51591 

H 3.005444 -2.03023 -2.38235 

O 2.729879 0.383507 -1.76517 

H -1.13715 -2.54857 0.174214 

H 2.423291 2.412976 -1.79479 

TS:XB1’2’Mac M06-2X/6-311++G(d,p) 

O 0.18314 -1.28645 0.649221 

C 2.278302 -0.79415 1.390433 

H 2.182696 -1.57953 2.130844 

C 2.590244 -1.12693 0.031419 

H 1.401383 -1.30356 -0.16315 

C 3.028816 0.020612 -0.85091 

H 4.095071 0.244084 -0.70072 
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C 2.405317 1.550173 1.004287 

H 3.438981 1.848866 1.191428 

C 2.198407 1.235327 -0.46968 

H 1.143859 1.01243 -0.65893 

O 2.132968 0.402296 1.855631 

O 3.341128 -2.30181 -0.07561 

H 3.047458 -2.76583 -0.86457 

O 2.794391 -0.36914 -2.18316 

H 3.06125 0.358353 -2.75439 

O 2.649629 2.326526 -1.24755 

H 1.923546 2.93632 -1.40079 

O -4.97902 -0.08312 -0.66519 

H -5.14338 0.866459 -0.67141 

C -3.5977 -0.25076 -0.66458 

H -3.18863 -0.09974 -1.68016 

C -2.91741 0.72487 0.292894 

H -3.32736 0.55252 1.296518 

C -1.43075 0.4459 0.287123 

H -1.05196 0.606621 -0.7341 

C -1.97694 -1.89684 -0.28389 

H -1.57346 -1.78953 -1.30188 

C -1.16734 -1.00983 0.670134 

H -1.58191 -1.16475 1.683669 

O -3.35733 -1.56616 -0.25438 

O -3.22997 2.034078 -0.1539 

H -2.7713 2.655953 0.418952 

O -0.75496 1.348657 1.159788 

H -0.18849 0.80772 1.723411 

H 1.723106 2.325027 1.347829 

H -1.89644 -2.94063 0.015225 

TS:XB2’1’Mac M06-2X/6-311++G(d,p) 

O 0.028762 0.711751 0.540374 

C 1.137037 0.252223 -0.16867 

H 1.389837 1.293507 -1.54982 

C 2.289548 1.108438 0.073469 

H 2.225737 1.901133 0.819682 

C 3.670506 0.518162 -0.07603 

H 3.927431 0.476674 -1.14222 

C 2.543455 -1.67286 -0.26781 

H 2.664009 -1.60289 -1.35803 
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C 3.671233 -0.91638 0.427342 

H 3.500266 -0.92433 1.511116 

O 1.308407 -1.13721 0.144106 

O 2.101369 2.057249 -1.34156 

H 1.654361 2.899068 -1.1568 

O 4.582564 1.333324 0.619274 

H 5.444651 0.907282 0.561469 

O 4.954148 -1.42386 0.106447 

H 5.10617 -2.24633 0.57824 

O -5.38019 0.479982 -0.04266 

H -5.71243 -0.42229 -0.11256 

C -4.06305 0.390583 0.391397 

H -4.02205 0.248003 1.485763 

C -3.32261 -0.745 -0.29789 

H -3.35846 -0.55706 -1.37987 

C -1.87281 -0.77974 0.151072 

H -1.83795 -0.98488 1.232197 

C -2.12346 1.670402 0.537371 

H -2.09784 1.55851 1.630674 

C -1.23969 0.588805 -0.08744 

H -1.13166 0.750406 -1.16775 

O -3.44912 1.607202 0.056458 

O -3.995 -1.94636 0.019652 

H -3.44668 -2.67262 -0.29677 

O -1.26636 -1.83099 -0.56819 

H -0.3267 -1.8549 -0.33037 

H -1.74219 2.659677 0.285192 

H 2.545879 -2.72548 0.021807 

TS:XB2’3’Mac M06-2X/6-311++G(d,p) 

O -0.00054 0.736437 0.429987 

C 1.14027 0.324236 -0.22531 

H 1.08925 0.557783 -1.29816 

C 2.327084 1.036255 0.408951 

H 2.076045 1.662677 1.261679 

C 3.612187 0.422391 0.318502 

H 3.518596 1.49126 -0.76057 

C 2.473273 -1.53687 -0.71189 

H 2.52956 -1.16738 -1.74395 

C 3.694272 -1.05334 0.065987 

H 3.740977 -1.57198 1.034369 
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O 1.283131 -1.07846 -0.08194 

O 2.64276 2.28309 -0.80478 

H 2.891691 3.131475 -0.40935 

O 4.507737 0.873679 1.316273 

H 5.392508 0.818805 0.94645 

O 4.88767 -1.31829 -0.66698 

H 5.173134 -2.21796 -0.48851 

O -5.3867 0.522311 -0.31036 

H -5.76543 -0.33764 -0.09517 

C -4.08973 0.526352 0.185234 

H -4.08619 0.724657 1.271643 

C -3.3804 -0.78954 -0.09654 

H -3.38113 -0.94032 -1.18479 

C -1.94365 -0.73674 0.394937 

H -1.94501 -0.61147 1.488453 

C -2.10465 1.728935 0.015119 

H -2.1163 1.952103 1.091558 

C -1.25011 0.479277 -0.21148 

H -1.09416 0.313783 -1.28489 

O -3.41309 1.56019 -0.48026 

O -4.11241 -1.81048 0.547819 

H -3.61026 -2.62802 0.462765 

O -1.36269 -1.97146 0.041247 

H -0.404 -1.91246 0.160049 

H 2.421342 -2.62565 -0.73154 

H -1.66888 2.578419 -0.50921 

TS:XB3’2’Mac M06-2X/6-311++G(d,p) 

O 0.060364 0.792784 0.210564 

C 1.182312 0.34344 -0.47099 

H 1.019612 0.441186 -1.55768 

C 2.375991 1.15479 -0.04414 

H 2.70909 1.2037 1.38115 

C 3.642417 0.507704 0.089337 

H 4.51634 1.044667 -0.26733 

C 2.554296 -1.55112 -0.74999 

H 2.639446 -1.25598 -1.80325 

C 3.744954 -1.01241 0.03371 

H 3.696076 -1.43496 1.042666 

O 1.372384 -1.0376 -0.16853 

O 2.418259 2.416645 -0.66722 
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H 1.903238 3.031145 -0.13996 

O 3.810979 0.986498 1.827506 

H 3.938989 0.326875 2.525973 

O 4.90937 -1.43114 -0.64065 

H 5.68205 -1.25296 -0.09796 

O -5.35418 0.408025 -0.18188 

H -5.6888 -0.45795 0.077712 

C -4.02882 0.467403 0.229145 

H -3.96392 0.712035 1.304169 

C -3.30113 -0.84091 -0.04111 

H -3.36144 -1.03783 -1.12035 

C -1.84134 -0.72827 0.361534 

H -1.78372 -0.55384 1.446866 

C -2.09126 1.710737 -0.11518 

H -2.04412 1.983629 0.94881 

C -1.21613 0.474987 -0.3384 

H -1.12545 0.264307 -1.41158 

O -3.42402 1.488643 -0.51941 

O -3.96416 -1.85339 0.687154 

H -3.44009 -2.65768 0.608108 

O -1.24661 -1.96379 0.03041 

H -0.28579 -1.8759 0.10925 

H 2.51532 -2.63794 -0.68976 

H -1.71359 2.545883 -0.70386 

TS:XB3’4’Mac M06-2X/6-311++G(d,p) 

O -0.01422 0.820168 -0.35091 

C -1.18222 0.313971 0.192051 

H -1.17638 0.40269 1.291196 

C -2.33448 1.100591 -0.42158 

H -2.26969 0.95014 -1.50452 

C -3.6284 0.5262 0.10011 

H -4.17883 1.196311 0.758942 

C -2.41965 -1.6606 0.504164 

H -2.19557 -1.72612 1.579798 

C -3.72054 -0.89428 0.310587 

H -4.47298 -0.5333 -1.01131 

O -1.3288 -1.04043 -0.17367 

O -2.28209 2.463558 -0.08072 

H -1.44997 2.813612 -0.41533 

O -4.66772 0.558419 -1.30442 
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H -5.56814 0.848126 -1.09537 

O -4.65814 -1.22348 1.329354 

H -5.21226 -1.93972 1.015974 

O 5.342565 0.395086 0.523248 

H 5.719168 -0.42153 0.175469 

C 4.066592 0.510582 -0.01083 

H 4.108068 0.901758 -1.04279 

C 3.331768 -0.82181 0.001503 

H 3.286886 -1.16701 1.043573 

C 1.917154 -0.65268 -0.52519 

H 1.964769 -0.32457 -1.57496 

C 2.088135 1.697237 0.303886 

H 2.143139 2.110856 -0.71372 

C 1.214424 0.441247 0.271909 

H 1.022674 0.085351 1.29184 

O 3.375425 1.420779 0.805412 

O 4.076441 -1.72274 -0.78993 

H 3.55767 -2.52941 -0.88033 

O 1.307496 -1.91927 -0.43262 

H 0.35134 -1.81819 -0.55109 

H -2.47875 -2.67447 0.107292 

H 1.644456 2.445994 0.959657 

TS:XB4’3’Mac M06-2X/6-311++G(d,p) 

O -0.04124 0.731239 -0.48898 

C -1.21456 0.210217 0.02046 

H -1.24864 0.307762 1.118196 

C -2.37476 0.953782 -0.6203 

H -2.23762 0.90847 -1.71011 

C -3.67277 0.309041 -0.23379 

H -4.02412 0.193679 1.174981 

C -2.38989 -1.80049 0.330157 

H -2.20006 -1.85155 1.406101 

C -3.7046 -1.07761 0.077088 

H -4.53704 -1.67122 -0.2894 

O -1.30746 -1.16381 -0.32904 

O -2.41057 2.304597 -0.19327 

H -1.65214 2.755481 -0.57695 

O -4.78459 0.769156 -0.96458 

H -4.89356 1.701636 -0.75767 

O -4.29999 -0.83486 1.784265 
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H -5.24946 -0.97664 1.908136 

O 5.274088 0.550769 0.671403 

H 5.70401 -0.24965 0.349113 

C 4.024073 0.607158 0.07054 

H 4.102596 0.992059 -0.96162 

C 3.347793 -0.7561 0.055907 

H 3.262853 -1.09675 1.096974 

C 1.958516 -0.64871 -0.54711 

H 2.049097 -0.32588 -1.59559 

C 1.983068 1.711748 0.269435 

H 2.074378 2.121783 -0.74682 

C 1.168414 0.41832 0.202045 

H 0.94066 0.060815 1.21388 

O 3.252973 1.49262 0.840594 

O 4.172535 -1.62847 -0.68721 

H 3.696942 -2.45893 -0.7962 

O 1.392231 -1.93783 -0.47707 

H 0.443193 -1.87338 -0.65514 

H 1.47285 2.443926 0.894615 

H -2.43946 -2.81303 -0.06798 

TS:XB4’5’Mac M06-2X/6-311++G(d,p) 

O -0.03392 0.881101 -0.49208 

C -1.17768 0.25565 -0.05274 

H -1.12285 0.041393 1.027785 

C -2.37342 1.149961 -0.35661 

H -2.4551 1.246751 -1.4477 

C -3.62663 0.49244 0.204913 

H -3.5406 0.508738 1.295135 

C -2.53895 -1.65556 -0.61504 

H -2.91918 -2.20821 0.665629 

C -3.72406 -0.94886 -0.25694 

H -4.67836 -1.24475 -0.68134 

O -1.31372 -0.96526 -0.76826 

O -2.16925 2.392796 0.262276 

H -2.9669 2.913993 0.125734 

O -4.72946 1.269271 -0.22328 

H -5.46614 1.141707 0.380021 

O -3.89253 -1.86813 1.340456 

H -4.62454 -2.48835 1.475838 

O 5.301772 0.42767 0.477281 
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H 5.642216 -0.46289 0.33485 

C 4.031851 0.466411 -0.08526 

H 4.093283 0.591689 -1.18086 

C 3.241024 -0.79361 0.237419 

H 3.178991 -0.8765 1.331247 

C 1.837722 -0.69622 -0.3329 

H 1.89919 -0.63522 -1.42969 

C 2.103744 1.77466 -0.09044 

H 2.175325 1.926598 -1.17672 

C 1.183633 0.583522 0.179225 

H 1.000494 0.488966 1.257287 

O 3.381197 1.574776 0.476013 

O 3.948874 -1.88939 -0.30432 

H 3.388545 -2.66753 -0.21243 

O 1.169526 -1.87771 0.058096 

H 0.2857 -1.86805 -0.33753 

H -2.62043 -2.41437 -1.38474 

H 1.687021 2.67462 0.358274 

Benzoic Acid M06-2X/6-311++G(d,p) 

C -0.51156 1.220808 -1.2E-05 

C 0.215349 0.030772 -2E-06 

C -0.44299 -1.19845 0.000011 

C -1.8321 -1.23281 0.000014 

C -2.55828 -0.0455 0.000005 

C -1.89892 1.181086 -8E-06 

C 1.700316 0.123841 -6E-06 

O 2.302718 -1.08205 0.000004 

O 2.323626 1.151371 -8E-06 

H 0.027298 2.160645 -2.1E-05 

H 0.133269 -2.11473 0.000018 

H -2.34876 -2.18486 0.000025 

H -3.6416 -0.07578 0.000007 

H -2.46711 2.103321 -1.6E-05 

H 3.255304 -0.92166 0.000007 

Protonated Benzoic Acid M06-2X/6-311++G(d,p) 

C -0.52754 1.225582 -2.7E-05 

C 0.184238 0.011755 -3E-06 

C -0.49769 -1.2184 0.000016 

C -1.88044 -1.22586 0.000021 

C -2.58066 -0.02066 0.000003 
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C -1.908 1.203287 -2.2E-05 

C 1.619027 -0.00135 -3E-06 

O 2.238011 -1.12716 -5.9E-05 

O 2.381152 1.041514 0.00006 

H -0.03098 2.191312 -6.4E-05 

H 0.059896 -2.14652 0.000033 

H -2.41553 -2.16664 0.000039 

H -3.66436 -0.03139 0.000006 

H -2.46483 2.131228 -4.3E-05 

H 3.205445 -1.02291 -3.5E-05 

H 1.903508 1.88396 0.000149 

TMMS M06-2X/6-311++G(d,p) 

Si 0.067236 -0.02861 0.362824 

O -1.10286 1.096092 0.597978 

O 1.432745 0.754988 -0.09838 

O -0.30339 -1.01141 -0.91528 

C 0.237152 -0.99351 1.930498 

H 0.51638 -0.33617 2.755593 

H -0.70368 -1.48167 2.194767 

H 1.003923 -1.76538 1.829507 

C -1.41219 2.088106 -0.3679 

H -2.18299 2.734933 0.050196 

H -0.52862 2.686492 -0.60517 

H -1.78973 1.63252 -1.28894 

C 2.515353 0.151412 -0.78364 

H 3.187451 0.94323 -1.1138 

H 3.069285 -0.52301 -0.12209 

H 2.162528 -0.4107 -1.65211 

C -1.44694 -1.84408 -0.93636 

H -2.3559 -1.27559 -0.71152 

H -1.53856 -2.27297 -1.93417 

H -1.35364 -2.66018 -0.21203 

Protonated TMMS M06-2X/6-311++G(d,p) 

Si -0.11177 -0.23528 0.414459 

O 0.075856 1.584109 0.485255 

O 1.423877 -0.66342 0.265777 

O -0.89669 -0.42755 -0.9745 

C -0.96726 -0.59298 1.989454 

H -0.33845 -0.34663 2.84833 

H -1.91298 -0.05266 2.073393 
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H -1.18544 -1.66247 2.048626 

C 0.859155 2.267602 -0.55952 

H 0.568176 3.31417 -0.551 

H 1.916179 2.124256 -0.34967 

H 0.569261 1.793285 -1.49395 

C 2.094192 -1.51298 -0.68041 

H 3.069324 -1.07418 -0.87961 

H 2.221542 -2.50052 -0.24025 

H 1.518029 -1.58329 -1.60373 

C -2.29973 -0.40651 -1.272 

H -2.6549 0.624044 -1.31307 

H -2.43046 -0.87582 -2.24367 

H -2.8621 -0.96448 -0.52115 

H 0.144114 2.022337 1.345937 

TS: BA+TMMS-MeOH M06-2X/6-311++G(d,p) 

C -2.78206 1.089417 0.252043 

C -2.47102 -0.23172 -0.08675 

C -3.48121 -1.14075 -0.41903 

C -4.8014 -0.71819 -0.42238 

C -5.1109 0.597734 -0.08675 

C -4.10486 1.500498 0.25382 

C -1.08042 -0.67836 -0.08498 

O -0.83719 -1.92273 -0.23721 

O -0.13899 0.171191 0.059929 

C 1.624585 0.462174 2.200585 

O 3.334277 0.217896 0.021501 

C 3.919691 -0.00676 -1.25326 

O 1.564135 -1.59512 -0.00097 

C 2.594313 -2.5926 0.145713 

H -1.99201 1.774752 0.532586 

H -3.22549 -2.16158 -0.6742 

H -5.59015 -1.41233 -0.68293 

H -6.14467 0.922706 -0.08685 

H -4.35699 2.518358 0.523341 

H 0.191523 -2.02245 -0.19253 

H 2.563857 0.201795 2.691108 

H 1.454322 1.53046 2.354324 

H 0.810232 -0.07745 2.686495 

H 4.999001 -0.06877 -1.12187 

H 3.561806 -0.9379 -1.70242 
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H 3.692815 0.817351 -1.93763 

H 2.753892 -3.07199 -0.81943 

H 3.519437 -2.13338 0.490919 

H 2.254741 -3.32937 0.873065 

Si 1.731516 0.050914 0.411389 

O 1.466698 1.703379 -0.57124 

H 0.541994 1.933755 -0.73035 

C 2.349226 2.85992 -0.57155 

H 1.947518 3.611134 0.106409 

H 3.31395 2.507615 -0.22133 

H 2.415875 3.239409 -1.58896 

Product: BA+TMMS-MeOH (m/z 227) M06-2X/6-311++G(d,p) 

C 2.422405 -1.10188 0.254187 

C 2.013317 0.216865 0.008844 

C 2.951207 1.229669 -0.24322 

C 4.298566 0.914817 -0.24749 

C 4.705587 -0.39683 -0.00508 

C 3.772769 -1.40312 0.244663 

C 0.605602 0.538075 0.016095 

O 0.236622 1.742381 -0.22854 

O -0.25758 -0.38288 0.264693 

C -2.4395 -0.8712 2.11469 

O -2.55407 -1.42815 -0.68389 

C -2.39092 -1.41236 -2.10473 

O -2.24807 1.189047 0.002565 

C -3.55149 1.804856 -0.06601 

H 1.684208 -1.87038 0.445365 

H 2.61804 2.242863 -0.43001 

H 5.034092 1.685914 -0.43752 

H 5.762332 -0.63751 -0.01024 

H 4.103475 -2.41677 0.431064 

H -0.76155 1.820881 -0.19634 

H -3.52592 -0.87467 2.230663 

H -2.08086 -1.87818 2.336185 

H -2.01593 -0.17782 2.843477 

H -3.11376 -2.10842 -2.5229 

H -2.574 -0.41234 -2.50517 

H -1.38255 -1.73782 -2.36585 

H -3.42634 2.789855 -0.50859 

H -4.21325 1.204654 -0.69228 
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H -3.96641 1.903152 0.937504 

Si -1.99157 -0.40071 0.412449 

TS: BA+TMMS-2MeOH M06-2X/6-311++G(d,p) 

C -2.58225 1.183493 -0.32183 

C -2.02394 -0.06502 -0.02419 

C -2.82938 -1.19427 0.165835 

C -4.20369 -1.06774 0.056843 

C -4.76305 0.174797 -0.24023 

C -3.95847 1.29715 -0.43009 

C -0.58999 -0.20119 0.095872 

O 0.041064 -1.25415 0.354415 

O 0.217848 0.826947 -0.04864 

Si 1.706695 0.021567 0.384261 

C 2.01975 -0.16083 2.18089 

O 2.808347 0.975815 -0.34592 

C 2.854458 2.404546 -0.28456 

O 2.305169 -1.40486 -0.55889 

C 3.503623 -1.52074 -1.40409 

H -1.93753 2.042053 -0.46376 

H -2.36962 -2.14721 0.398514 

H -4.84202 -1.92961 0.203471 

H -5.83949 0.269225 -0.32398 

H -4.40762 2.255125 -0.65885 

H 1.703423 -2.1636 -0.59409 

H 2.980883 -0.65809 2.333385 

H 2.094751 0.831699 2.633161 

H 1.245246 -0.72707 2.695845 

H 3.679788 2.731224 -0.9128 

H 1.921211 2.829707 -0.65782 

H 3.031418 2.739183 0.740143 

H 3.863696 -2.54105 -1.30248 

H 3.222909 -1.28248 -2.42617 

H 4.217429 -0.80221 -1.01871 

Prod: BA+TMMS-2MeOH (m/z 195) M06-2X/6-311++G(d,p) 

C 2.130811 -0.01371 1.22662 

C 1.448046 -0.06752 0.000071 

C 2.130431 -0.01073 -1.22657 

C 3.508186 0.100636 -1.21738 

C 4.189771 0.154058 -0.00011 

C 3.50857 0.097655 1.217245 
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C 0.028514 -0.18373 0.000085 

O -0.72238 -0.24785 -1.06209 

O -0.72233 -0.25027 1.062084 

O -3.07233 0.853117 0.000803 

C -2.8416 2.272904 0.001855 

Si -2.12686 -0.41583 -0.00025 

C -2.92412 -2.04308 -0.00202 

H 1.576323 -0.06047 2.1563 

H 1.575619 -0.05524 -2.15616 

H 4.05626 0.145519 -2.14958 

H 5.270162 0.24113 -0.00017 

H 4.056973 0.14024 2.149358 

H -3.81758 2.749615 -0.01325 

H -2.30318 2.556656 0.906049 

H -2.27691 2.554776 -0.88687 

H -3.55565 -2.14327 -0.88766 

H -2.18201 -2.8427 -0.0006 

H -3.55939 -2.14353 0.880891 

m/z 195 Extended Isomer M06-2X/6-311++G(d,p) 

C 2.000261 1.126519 0.267408 

C 1.569832 -0.14921 -0.1108 

C 2.487839 -1.18734 -0.31 

C 3.838789 -0.94369 -0.1266 

C 4.269331 0.326408 0.253467 

C 3.354771 1.358577 0.450074 

C 0.160168 -0.46566 -0.31549 

O -0.34579 -1.49825 -0.62505 

O -0.6986 0.657062 -0.11579 

O -3.1542 -0.61945 0.325871 

C -3.16545 -2.03845 0.616241 

Si -2.3006 0.632495 -0.03964 

C -3.14047 2.211757 -0.33211 

H 1.282625 1.922777 0.413954 

H 2.129613 -2.16557 -0.6069 

H 4.557998 -1.73836 -0.2788 

H 5.32698 0.513666 0.396506 

H 3.700014 2.341506 0.744117 

H -4.12868 -2.40961 0.278932 

H -2.34473 -2.51872 0.091246 

H -3.0668 -2.15419 1.693175 
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H -4.17254 2.157597 0.013471 

H -2.60726 3.015664 0.179507 

H -3.13054 2.431898 -1.40367 

m/z 195 Folded Isomer M06-2X/6-311++G(d,p) 

C -2.36631 -0.67529 -0.0769 

C -1.07465 -0.69839 0.410582 

C -0.46567 0.486314 0.914028 

C -1.19391 1.693246 0.907235 

C -2.47134 1.718751 0.369946 

C -3.05936 0.538628 -0.09157 

C -0.16931 -1.87509 0.161936 

O 1.056745 -1.39208 -0.24038 

O -0.4406 -3.01915 0.23405 

Si 1.117299 0.236845 -0.56664 

C 0.542873 0.876137 -2.17208 

O 2.428497 0.923478 0.016065 

C 3.31744 0.53509 1.079226 

H -2.80686 -1.58415 -0.47114 

H 0.364778 0.39459 1.621131 

H -0.76353 2.584953 1.348764 

H -3.0313 2.645218 0.344417 

H -4.06866 0.567495 -0.4868 

H 1.195025 0.495381 -2.96283 

H -0.48163 0.564242 -2.38213 

H 0.600844 1.96609 -2.17551 

H 4.324131 0.801745 0.767933 

H 3.053927 1.093316 1.977611 

H 3.255356 -0.53911 1.259226 

TS: CO2 Loss M06-2X/6-311++G(d,p) 

C -1.5074 -1.13217 -0.41927 

C -0.55188 -0.10296 -0.14711 

C -1.0009 1.254601 -0.18099 

C -2.3247 1.554921 -0.40949 

C -3.23511 0.515382 -0.62879 

C -2.82957 -0.82397 -0.64586 

C 0.053332 -0.40142 1.599242 

O 1.299184 -0.6217 1.393395 

O -0.70105 -0.34601 2.473235 

Si 1.317821 -0.44997 -0.36392 

C 1.792958 -1.99924 -1.20059 



302 

 

3
02
 

O 2.203443 0.817971 -0.75628 

C 2.527221 2.077209 -0.15838 

H -1.19226 -2.17156 -0.4154 

H -0.29213 2.056265 0.004801 

H -2.66332 2.583166 -0.41624 

H -4.2805 0.752894 -0.79392 

H -3.55333 -1.60744 -0.83141 

H 2.8519 -2.19513 -1.01562 

H 1.215213 -2.85221 -0.84077 

H 1.648387 -1.9029 -2.2788 

H 3.598335 2.230167 -0.26969 

H 1.992436 2.866007 -0.68688 

H 2.269429 2.084112 0.903375 

m/z 151 M06-2X/6-311++G(d,p) 

C 2.858667 0.958608 0.000042 

C 3.341959 -0.34834 -2.9E-05 

C 2.469562 -1.43648 -0.00011 

C 1.101394 -1.22386 -0.00012 

C 0.602913 0.093673 -5.3E-05 

C 1.491749 1.185556 0.000023 

H 3.546839 1.794255 0.000108 

H 4.411721 -0.52168 -1.8E-05 

H 2.860139 -2.44627 -0.00017 

H 0.417969 -2.06568 -0.00018 

H 1.123493 2.206083 0.000082 

Si -1.1646 0.3782 -1.5E-05 

O -2.05708 -0.93346 0.00001 

C -2.00133 2.004888 0.000152 

H -2.63838 2.09993 0.884496 

H -1.28336 2.825673 -0.00117 

H -2.64065 2.099033 -0.88263 

C -3.46751 -1.21967 0.000019 

H -4.05112 -0.29798 0.000156 

H -3.68507 -1.80326 -0.89139 

H -3.68501 -1.80347 0.891304 

m/z 105 M06-2X/6-311++G(d,p) 

C -2.1871 0.000002 0 

C -1.50732 1.221058 0 

C -0.12816 1.242158 0 

C 0.545881 0.000002 0 
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C -0.12816 -1.24215 0 

C -1.50732 -1.22105 0 

H -3.27114 0.000002 0 

H -2.0585 2.15261 0 

H 0.424757 2.173596 0 

H 0.424757 -2.17359 0 

H -2.0585 -2.15261 0 

C 1.933381 0.000004 0 

O 3.051421 -1.4E-05 0 

MW 90 Da M06-2X/6-311++G(d,p) 

Si -0.45414 0.208357 -0.00347 

O -0.41881 1.727793 0.00165 

O 0.866358 -0.73643 -0.00512 

C 2.212003 -0.25761 0.003879 

H 2.715371 -0.66272 0.881478 

H 2.711839 -0.6151 -0.89626 

H 2.237702 0.833492 0.032369 

C -1.91999 -0.90634 0.000954 

H -2.82734 -0.33691 -0.19357 

H -1.8025 -1.68838 -0.75045 

H -2.00961 -1.39454 0.973808 
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