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Zusammenfassung 

Reaktive Intermediate sind kurzlebige, hochreaktive Moleküle, die an verschiedenen 

chemischen Prozessen beteiligt sind.  Solche Zwischenstufen, wie Carbene und Enole, 

wurden unter anderem im interstellaren Raum nachgewiesen.  Es wird vermutet, dass 

diese Verbindungen bei der Entstehung komplexer, biologisch relevanter Substanzen 

eine entscheidende Rolle spielen können.  Um diese kurzlebigen Moleküle näher zu 

untersuchen, sind spezielle Methoden wie Matrixisolationsspektroskopie erforderlich, 

um Intermediate unter kryogenen Bedingungen zu stabilisieren und zu charakterisieren.  

Unter diesen Umständen beeinflussen Tunneleffekte den Ausgang einer Reaktion 

maßgeblich.  Daher tritt neben der thermodynamischen und kinetischen Kontrolle das 

Prinzip der Tunnelkontrolle als drittes Prinzip der Reaktivität hervor.   

In der ersten Veröffentlichung wurde erstmals Prop-1-en-1,1-diol in einer Matrix isoliert 

und mittels IR- und UV/Vis-Spektroskopie charakterisiert. Das Enol wird durch eine 

Hochvakuum-Pyrolyse ausgehend von Methylmalonsäure, erhalten. Unter UV-

Bestrahlung wandelt sich das Enol in ein Isomer der Propionsäure sowie in Methylketen 

um. Sowohl Enol als auch Keten und Propionsäure wurden im interstellaren Medium 

nachgewiesen, wobei Letzteres eine grundlegende Komponente des biologischen Lebens 

darstellt. 

2-Methylprop-1-en-1,1-diol wurde im Rahmen einer zweiten Publikation matrixisoliert 

und durch IR- und UV/Vis-Spektroskopie charakterisiert. Das Enol wurde ebenfalls 

durch eine Hochvakuum-Pyrolyse von Dimethylmalonsäure erhalten, wobei in diesem 

Fall auch Dimethylketen durch denselben Prozess generiert wurde. Dieses Enol weist 

ähnliche Reaktivität wie das zuvor isolierte Prop-1-en-1,1-diol auf und wandelt sich unter 

UV-Bestrahlung in Isobuttersäure um. Obwohl 2-Methylprop-1-en-1,1-diol bislang nicht 

im Weltraum nachgewiesen wurde, spielt die Isobuttersäure eine bedeutsame Rolle in 

biologischen Prozessen. 

Eine dritte, bislang unveröffentlichte Studie beschäftigt sich mit der Tunnelkontrolle von 

Alkylcarbenen.  Dabei wurde versucht, mithilfe von Wasserstoffisotopen den Ausgang 

zweier konkurrierender Tunnelreaktionen zu beeinflussen.  Dazu wurden im Verlauf 

dieser Arbeit unterschiedliche Alkylcarbene auf ihre Tunnelreaktivität untersucht.  Dabei 

wurde ein bis dato unbekanntes, unter kryogenen Bedingungen stabiles Alkylcarben, 

Pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]undecanyliden, in der Matrix isoliert und mittels IR- und 

UV/Vis-Spektroskopie charakterisiert. Es zeigt eine erhöhte kryogene Stabilität im 

Vergleich zum bereits bekannten Adamantyliden und wandelt sich erst unter Bestrahlung 

durch [1,2]-H-Migration zum Homohypostrophen um.  Erst die Untersuchung des 

Protoadamantylidens, dessen Isolierung aufgrund zu kurzer Halbwertszeit nicht gelang, 

weist zwei konkurrierende Tunnelreaktionen auf. Sowohl das Produkt der [1,2]-H-

Migration als auch das der C–H-Insertion wurden beobachtet. Anhand dieser 

Beobachtungen wurden Wasserstoffisotope gezielt zur Steuerung der Tunnelreaktion 

eingesetzt. Dieser Ansatz beeinflusste erfolgreich die Produktbildung und stellt den 

ersten experimentellen Nachweis für eine isotopenkontrollierte selektive Tunnelreaktion 

dar. 
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Abstract 

Reactive intermediates are transient, highly reactive molecular species involved in 

chemical processes. It is proposed that such species might participate in the interstellar 

synthesis of complex molecules and in atmospheric processes. Enols and carbenes 

represent a class of reactive species capable of undergoing reactions under certain 

conditions to form prebiotic compounds. While these species have been detected in 

interstellar space, knowledge about their origin remains limited. Intermediates can be 

stabilized with the help of matrix isolation and other specialized techniques and 

characterized spectroscopically. Under cryogenic conditions, tunneling effects 

significantly impact the reactivity of molecules. In addition to the principles of 

thermodynamic and kinetic reaction control, tunneling control has emerged as a third 

fundamental paradigm of reactivity. 

In the first publication, prop-1-en-1,1-diol was isolated in a matrix for the first time and 

characterized using IR and UV/Vis spectroscopy. The enol was obtained via high-vacuum 

flash pyrolysis starting from methylmalonic acid. Under UV irradiation, the enol is 

converted into an isomer of propionic acid as well as to methylketene. Enol, ketene, and 

propionic acid have previously been detected in the interstellar medium, with the latter 

representing a fundamental prebiotic molecule. 

In a subsequent publication, 2-methylprop-1-en-1,1-diol was isolated in a matrix and 

identified by IR and UV/Vis spectroscopy.  The enol was generated via high-vacuum 

flash pyrolysis of dimethylmalonic acid.  In this process, dimethylketene formed as well.  

This enol demonstrates similar reactivity to the previously isolated prop-1-en-1,1-diol 

and tautomerizes to isobutyric acid under UV irradiation. Although 2-methylprop-1-en-

1,1-diol has not yet been detected in space, isobutyric acid plays a significant role in 

biological processes. 

A third, yet unpublished study dealt with quantum mechanical tunneling control of alkyl 

carbenes. The aim was to influence the outcome of competing tunneling reactions through 

the appropriate selection of alkyl carbene isotopologs with protium and deuterium. In the 

course of the study, various alkyl carbenes were examined for their tunneling reactivity. 

Among these, the previously unknown alkyl carbene 

pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]undecanylidene, was isolated and characterized. This 

carbene showed increased cryogenic stability compared to the known adamantylidene 

and only undergoes a [1,2]-H shift to homohypostrophene under irradiation. Only the 

study of protoadamantylidene, the isolation of which was unsuccessful due to its short 

half-life, revealed two competing tunneling reactions. Both the product of the [1,2]-H- 

shift and that of C–H insertion was observed. Based on these observations, hydrogen 

isotopes were selectively employed to control the tunneling reaction. This approach 

successfully influenced product formation, marking the first experimental evidence of an 

isotope-controlled tunneling reaction. 
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1. Introduction 

1.1 Motivation and Goals 

Since the beginning, humans have wondered how life originated.  If life originated on 

Earth, one fundamental question remains: Where did the organic molecules that formed 

the first cell come from?1  It is known that roughly 300 tons of organic matter are falling 

on Earth every year in the form of interplanetary dust.2  In addition, large amounts of 

organic molecules were detected in carbonaceous meteorites3 such as the Murchison and 

Murray meteorites4-6 and in comets, for example, 67P/Churyumov-Gerasimenko, 

consisting of organic matter up to 45%.7  The organic molecules found in space could 

have seeded primordial Earth and therefore delivered all necessary molecules for the first 

cell to form.8-12  However, this does not explain how organic molecules are generated in 

interstellar space: In space, reactions occur under “extreme conditions” such as low 

temperatures (2.7 K) and at high dilution (1.46 × 10−18 Pa).13  Reactions that occur at 

ambient temperatures in the laboratory may be infeasible in space.  By understanding the 

formation and interaction of such reactions under interstellar conditions, we gain 

important insights into the processes that shaped the early chemical platforms of life. 

 

Figure 1: Examples of molecules detected in space.14 a) Highly stable molecular building blocks. 

b) Highly reactive molecular building blocks. c) “Complex” organic molecules. 

Complex organic molecules in interstellar space may form via small, highly reactive 

organic molecules.  About 300 of these fleeting molecules (Figure 1b) have been detected 

in the interstellar medium,1 where they remain intact due to the unique conditions of 

space.  However, in regions such as interstellar clouds, organic reactions are thought to 

take place.  It is argued that random energetic events such as gamma-ray bursts convert 

reactive intermediates into complex organic molecules (Figure 1c).15  Despite their 

fleeting nature, these reactive intermediates play critical roles in biological,16-18 

atmospheric,19-20 and combustion processes.19, 21  Due to their reactivity, 99.9% of these 

reactive molecules have yet to be generated and characterized.22   
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By simulating the conditions of space, such as extremely low temperatures (2.7 K)23 and 

low partial pressures (10–7 mbar), the matrix isolation technique is employed to capture 

and characterize these reactive intermediates.  In a typical fashion, a volatile substance is 

co-deposited with an excess of an inert host gas, such as argon or nitrogen, onto a cold 

window (Figure 2). The captured molecule is then analyzed with IR and UV/Vis 

spectroscopy, requiring either a CsI (for IR) or a BaF2 window (for UV/Vis).  Depending 

on how the reactive species are generated in situ, either pyrolysis of a precursor molecule 

or photolysis following deposition is employed.  This technique is used to investigate 

otherwise unobservable reactions, such as tunneling (vide infra).24 

 

Figure 2: Schematic representation of the matrix isolation apparatus. 

The subject of this work is the investigation of cryogenic organic reactions with cryo-

spectroscopy in combination with density functional theory computations. The thesis is 

divided into two research topics:  The first part deals with the potential formation of 

complex organic molecules, such as propionic acid, which has been confirmed to exist in 

space,25  and isobutyric acid under space-like conditions.  The publications suggest 

possible reaction pathways in which the corresponding enols can form the stable 

carboxylic acids.  The second part investigates the formation and reactivity, mainly the 

tunneling behavior, of alkyl carbenes.  Our strategy in this respect is to achieve controlled 

selective tunneling by implementing hydrogen isotopes as directing groups.   

 

1.2 Enol Chemistry 

Enols are intermediates including a carbon-carbon double bond (C=C) and at least one 

vinylic hydroxy group (–OH). Enols rapidly isomerize in solution to their 

thermodynamically more stable keto tautomer through a bimolecular acid-base reaction, 

as exemplified by 3-pentanone (1), which is more stable than its enol form 2 (Figure 3).26   

 

Figure 3: Keto-enol tautomerism of 1. 

Despite their highly reactive nature in solution, enols can be stabilized by changing their 

physicochemical properties, such as steric hindrance27 or electronic effects,28-29 including 
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resonance.30  O'Neill and Hegarty were able to investigate enols of carboxylic acids by 

hydrating a range of ketenes to form their sterically hindered enols with the general 

formula of Ar₂C=C(OH)₂, (2,2-bis(2,4,6-trimethylphenyl)-1,1-ethenediol (3) or 1,1-

ethenediol, 2,2-bis-(pentamethylphenyl) (4; Figure 4).31-32  Building upon this work, Frey 

and Rappoport were able to generate stabilized enols of acids by the addition of water 

and dimethylamine to the corresponding ketenes.33-34  Enols of carboxylic acids are more 

challenging to generate due to the high reactivity of the double bond and the two hydroxy 

groups. The authors achieved stabilization of these enols by introducing activated bulky 

groups, such as the Tip group, which shield the highly reactive double bond while 

providing additional reactive sites.33  The authors were able to characterize these 

kinetically stabilized enols through NMR spectroscopy; two representative examples are 

5 and 6 (Figure 4).   

 

Figure 4: Examples of investigated semi-persistent (isolable) enols. (Mes = 1,3,5-

trimethylbenzol, Pmp = 1,2,3,4,5-pentamethylphenyl, Tip = 2,4,6-triisopropylphenyl)  

Other than changing chemical reactivity, analytical methods, such as time-resolved 

spectroscopy,35-36 neutralization-reionization mass spectrometry,37-38 NMR, IR 

spectroscopy,39 and other methods40 can be utilized for characterizing enols.  Often, these 

methods are combined with computational chemistry to better understand structural and 

energetic properties.41-44  For instance, time-resolved UV spectroscopy in combination 

with kinetic studies provided valuable insights into the reactivity of benzofulvene-8,8-

diol (7),45 fulvene-6,6-diol (8),46 fluoren-9-carboxylic acid enol (9),35 and 2-phenyl-1,1,2-

ethenetriol (10) (Figure 4).47   

Investigating simpler and smaller enols that lack steric protection remains more difficult 

and requires different approaches to stabilize them. Schauermann et al. used metal 

surfaces to stabilize the enol of acetophenone (11).  By using a second acetophenone (12) 

equivalent, the authors achieved stabilization through intermolecular interactions, 

enabling them to investigate the formation of a keto-enol-dimer (Figure 5a).48  Turecek 

et al. used a different approach, taking advantage of the higher stability of enols in the 

gas phase (vide supra).  They were able to generate the enol of γ-butyrolactone (13) in 

the gas phase and characterized it using neutralization-reionization mass spectrometry 

(Figure 5b).37   



− Cold Organic Chemistry and Prebiotic Insights via Matrix Isolation – 

____________________________________________________________________________________ 

4 

 

 

Figure 5: a) Investigation of a ketone-enol dimer by infrared reflection adsorption spectroscopy 

in combination with scanning tunneling microscopy. b) Generation of γ-butyrolactone radical 

cation (13a) by McLafferty rearrangement of a suitable precursor ion. 

 

1.2.1 Enols as Potential Prebiotic Intermediates in Interstellar Space  

While enols in solution are highly unstable and rapidly isomerize, they are significantly 

more stable in the gas phase.49  This higher stability arises from the lack of bimolecular 

reactions in the gas phase and from substantial energy barriers, typically ranging from  

40 to 45 kcal mol–1,49-50 which hinder [1,3]H-shifts and prevent tautomerization.37  This 

stability is also observed in space.51  In 2001, ethenol was discovered in the interstellar 

cloud Sagittarius B2.51  The enol was detected via microwave emissions.  Furthermore, 

many enols were also identified in cold plasma discharges of alcohols.52  These findings 

suggest that enols are abundant in the interstellar medium.  Typically, they are generated 

through UV light and cosmic radiation of simpler molecules (Figure 1).52  These 

observations may hint that enols play an important role in the chemistry of interstellar 

space by forming amino acids,6 sugars,53 and carboxylic acids,54 which later were 

delivered to planets by celestial bodies.9, 55-56   

For instance, simple amino acids could potentially have originated from amino enols.  

Like their hydroxy counterparts, enols of simple amides are highly unstable.  These 

elusive molecules have the propensity to undergo fast interconversion to their more 

thermodynamically favorable amide isomer.57  For example, 1-aminoethenol (14) is 

suggested as a key intermediate in the formation of acetamide (15),58 which has been 

identified in many interstellar environments, such as Sagittarius B2 (Sgr B2)59 and Orion 

KL,60 as well as in comets61 (e.g., 67P/Churyumov–Gerasimenko).7  In addition, it has 

been suggested that 15 could give rise to dipeptides (Figure 6) or larger peptides.60  

Despite their relevance for prebiotic chemistry, no direct spectroscopic evidence of 14 or 

other enols of amides has been presented,62 and only a few indirect pieces of evidence 

are known.63-67   
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Figure 6: Possible pathway for the generation of small dipeptides with 15.  The first two steps 

involve neutral-neutral radical reactions, generating methylacetamide (16) and then 

methylglycinamide (17), with rates of 10–11 cm3 s–1.68  The third step could proceed on meteorite 

surfaces and generate N-[2-(methylamino)-2-oxoethyl]carbamic acid (18).60 

The enol tautomer of glycolaldehyde (19) could be part of the formation of carbohydrates, 

such as pentoses, under prebiotic conditions on primordial Earth (Figure 7).69  Besides, 

19 is the simplest sugar that has been detected in interstellar space.70  1,2-Ethendiol (20) 

could also be an intermediate for the formose reaction,71 in which formaldehyde (21) is 

converted into sugars in aqueous environments, catalyzed by organic bases or minerals.72 

In 1959, Breslow suggested a series of base-catalyzed aldol reactions, with 19 acting as 

an autocatalyst.  However, the uncatalyzed formation of 19 from formaldehyde remained 

unclear until 2018,73  when it was shown to occur through a nearly barrierless carbonyl-

ene reaction involving nucleophilic hydroxymethylene (22) (Figure 7).74   

 

Figure 7: Gas-phase sugar formation through carbonyl-ene reaction. Decarboxylation of 

glyoxylic acid (22) forms hydroxycarbene (23), which undergoes a facile carbonyl-ene reaction 

with formaldehyde to form 19. Photolysis generates 20a and 20b, which can react with 

formaldehyde to form glyceraldehyde (24) and even larger carbohydrates. 
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The reaction progresses through rapid enolization processes that facilitate aldol additions 

with formaldehyde, generating a variety of aldoses and ketoses.  This makes the enols of 

19, trans- and especially cis-1,2-ethendiol (20a and 20b), with the former having been 

detected in space,75  important prebiotic intermediates for the formation of three- to five-

carbon sugars.69, 76,77  

Moreover, enols with additional hydroxy groups such as 1,1,2-ethentriol (25), could serve 

as intermediates for the formation of glycolic (26) and glyceric acid (27).  These two 

compounds could potentially serve as a precursor for lipids.78  Both are also involved in 

glycolysis and play a fundamental role in biochemical processes.78  Despite 26 having 

been detected in meteorites such as Murchison and Bell,79-81 its origin remains unknown.  

    

1.2.2 Matrix Isolation Studies on Enols 

Since enols are highly unstable entities, special methods such as matrix isolation are used 

to capture and characterize them.  Notably, two research groups are investigating these 

small reactive intermediates, with the methods of enol generation differing significantly.  

The Kaiser group attempts to mimic meteorite surfaces. Typically, enriched ices are used, 

which are later bombarded with high-energy beams comparable to gamma-ray bursts82 or 

other highly energetic phenomena in interstellar space.  By using carbon dioxide (28) and 

methane-based ice (29) and subjecting it to high radiation, Kaiser et al. were able to 

generate 1,1-ethendiol (30) (Figure 8).83-84  Changing the composition of the ice to 

acetone (31) or methanol (32) and treating it with high-energy radiation produced propen-

2-ol (33) (as well as its isomer, methyl vinyl ether 34) and 20.77, 85  

 

Figure 8: High-energy irradiation of methane- and carbon dioxide-based ice results in the 

bottom-up generation of 30. 

During sublimation of the ices, the reactive intermediates were detected, using tunable 

vacuum ultraviolet photoionization and reflectron time-of-flight mass spectrometry.  The 

experiments were often conducted in conjunction with isotope labeling and isomer-

selective photoionization.86  Computational analysis reveals that the presence of water 

molecules, which are expected on interstellar grains, can reduce the energy barrier for 

keto-enol tautomerization by fifty percent. The authors demonstrated that these reactive 

intermediates remain intact on ice-coated nanoparticles, which are also found in 

molecular clouds and suggest that they persist after sublimation into the gas phase in star-

forming regions, thus further exemplifying the role of these enols in interstellar 

chemistry.87 
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Other methods to generate enols involve the fragmentation of more complex precursors.  

In 1976, Saito was able to generate ethenol (38) by decarbonylation (pyrolysis) of 

ethylene glycol (39) (Figure 9).40  It was not until this time that a conjugated enol had 

ever been produced, and few subsequent studies were conducted.  The desired enol was 

successfully generated and confirmed using microwave spectroscopy in conjunction with 

isotopic labeling. However, this method produced many side products, and the outcome 

depended on the temperature used. At lower temperatures, the number of side products 

increased. 

 

Figure 9: Generation of 38 by decarbonylation of 39.  At low temperatures, acetaldehyde (40) 

and ethylene oxide (41) predominantly form. 

Dicarboxylic acids are more suitable as precursor molecules since their fragmentation 

can occur under milder conditions and only produces a CO₂.  Mardyukov et al. were able 

to generate and characterize a variety of enols by fragmentation of different precursor 

molecules:  They generated 30 by pyrolysis (decarboxylation) of malonic acid (42) at  

400 °C and captured the enol 30 in an argon matrix (Figure 10). 

 

Figure 10: Generation of 30 from 42 and subsequent trapping in an argon matrix at 10 K. 

By implementing the same strategy and choosing the right precursor molecule, they were 

able to generate 1457 and 25.88  Structures 20a and 20b89 were not generated by 

decarboxylation, but rather by a retro-Diels-Alder reaction.  The pyrolysis of endo,cis-

bicyclo[2.2.1]hept-5-ene-2,3-diol (43) at 700 °C resulted in a retro-Diels–Alder reaction, 

which produced cyclopentadiene (44) and 20a.  By pyrolysis of trans-9,10-dihydro-9,10-

ethanoanthracene-11,12-diol (45), anthracene (46) and 20b formed (Figure 11). 
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Figure 11: Generation of 20a and 20b from 43 and 45 and capturing all formed products in an 

argon matrix at 10 K.  

Measuring IR spectra of the trapped molecules indicated the formation of enols and side 

products such as CO₂ and H₂O.  Most enols show similar vibrational bands, with the C=C 

stretching vibration being the most common and characteristic.  This vibration mode 

appears around 1700 cm⁻¹.90  Attaching an amino group red-shifts the vibrational band to 

1682 cm⁻¹, in comparison to a hydroxy group.57  Conversely, attaching a third hydroxy 

group increases the C=C stretching vibration to 1761 cm⁻¹.88  The IR assignments were 

confirmed by computed IR signals at the AE-CCSD(T)/cc-pVTZ level of theory.90  These 

assignments were also confirmed by isotopic labeling experiments.  For example, the 

deuterated 1-aminoethenol showed a significant redshift; for the C=C stretching 

vibration, the shift was –51 cm⁻¹ (computed –59 cm⁻¹).57  

The successful generation of 14,57 30,88  20a and 20b89 was confirmed by UV/Vis spectra, 

which aligned well with the computed values.  The UV/Vis spectra show a strong 

absorption maximum at 190 nm, which corresponds to a π-π* transition and correlates to 

a HOMO–LUMO+4 excitation.90  Only 14 shows an absorption of 212 nm due to its less 

electron-poor character.57  Comparing the reactivity of 14 with 30 reveals that substitution 

of one OH group with an NH₂ group destabilizes the HOMO, resulting in a smaller 

HOMO-LUMO gap in 14 (0.195 eV) compared to 30 (0.207 eV). This makes 14 more 

nucleophilic and prone to oxidation.57   

By comparing the energies of the different C2H4O2 isomers, computations at the AE-

CCSD(T)/cc-pVTZ level of theory show that 20a and 20b are 8.6 and 12.4 kcal mol−1 

higher than 3089:  Changing the position of the OH-group also changes the HOMO-

LUMO gap by increasing the HOMO-energy, making 20a and 20b more nucleophilic 

than their isomeric counterpart 30.90   
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Figure 12: Formation of 36 from 30 through a [1,3]H-shift.90 

Photolysis experiments resulted in the production of a carboxylic acid through a [1,3]H-

shift (Figure 12).  Both pathways were confirmed by computations at the AE-

CCSD(T)/ccpVTZ level of theory.  Quantum mechanical hydrogen tunneling from the 

enol to the carboxylic acid was not observed, since the enol remained unchanged over the 

course of several days.  This was further corroborated by a computed barrier of  

40-50 kcal mol–1.  Interestingly, in studies that investigated enols with additional hydroxy 

groups, the formation of a ketene + water complex was observed.  For example, the 

decarboxylation of malonic acid forms not only 30 but also ketene 47 by water 

elimination.  Ketene was identified by a strong band at 2138 cm⁻¹.  This identification 

was further confirmed by a significant redshift in the deuterated isotopolog and 

comparison to the calculated IR spectra.  These findings could indicate a potential 

pathway to the formation of the enol in interstellar space by surface-catalyzed hydration 

of ketene on ice grains.91-92  Additionally, 47 has been observed in space in large 

quantities.93  

 

Figure 13: Formation of 47 from 30 through water elimination.90 

In this thesis, we investigated the enol tautomer of propionic acid (48)94 and isobutyric 

acid (49).95  The goal of this study was providing spectroscopic data, which are needed 

for the detection of these molecules in space via radio astronomy, and for studying the 

reactivity of the enols.  Similar to the approaches of Mardyukov et al., we synthesized 

the enediol by pyrolysis of methylmalonic acid (50) at 500 °C or dimethylmalonic acid 

(51) at 750 °C and captured all generated products in an argon matrix at 3.5 K (Figure 

14).   

 
Figure 14: Generation of prop-1-ene-1,1-diol (48) from methylmalonic acid (50) and generation 

of 2-methyl-prop-1-ene-1,1-diol (49) from dimethylmalonic acid (51). 
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Spectroscopic studies revealed characteristic bands that can be attributed to the enols and 

were confirmed by computational studies at the B3LYP/def2-TZVP level of theory.  

Furthermore, isotope labeling validated the generation of the enols by displaying 

characteristic shifts. Both UV/Vis spectra showed absorption maxima at 190 nm, 

assigned to a π→π* transition, similar to the other characterized enols.57, 88-90   

Interestingly, methylketene (52) was also generated by pyrolysis of 50.  Compound 52 

could also be a key intermediate for prebiotic chemistry as it has been identified in 

interstellar space96 and can be converted back to its enol form (+35.5 kcal mol–1).  In 

contrast, dimethylketene (53) is only generated after irradiation with 254 nm. Moreover, 

irradiation experiments show the formation of the carboxylic acids through a [1,3]H-shift 

via a transition state of 41.9 kcal mol–1 for propionic acid (54) and 51.3 kcal mol–1 for 

isobutyric acid (55). 

Furthermore, we reported the formation of propene (56), which is likely to occur via a 

photochemical mechanism of the 53.  This mechanism may involve either a concerted 

[1,2]H-shift (TS1) or the conversion of the 53 into a singlet carbene (57), which then 

releases CO upon photoexcitation. Subsequently, 57 undergoes a [1,2]H-shift (TS2), 

resulting in the formation of 56. Given the small half-life of 57, it is not possible to 

distinguish between the two pathways (Figure 15). 

 

Figure 15: Potential energy profile (ΔH0) in kcal mol−1 of the reactions of 53 at DLPNO-

CCSD(T)/cc-pVQZ//B3LYP/def2-TZVP+ZPVE at 0 K. 

The attempt to detect singlet alkyl carbene 57 was unsuccessful.  Carbenes are highly 

reactive intermediates (see 1.3), and they may contribute to the formation of complex 

organic molecules in interstellar environments similar to enols.  This includes molecules 
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crucial for the origins of life, such as amino acids,97 nucleobases,98 and sugars  

(vide supra).97  The following part focuses on explaining the reactivity of these 

molecules, with particular emphasis on singlet alkyl carbenes and their unique tunneling 

reactivity. 

 

1.3 Carbene Chemistry 

Carbenes are defined by a carbon atom with a formal valence of two with six electrons. 

This deviation from the octet rule makes this reactive intermediate amphiphilic.  The two 

unpaired valence electrons on the carbon can exist in four states.  Either they exist in three 

spin-paired (singlet state, S = 0, σ1pπ
1, pπ

2, σ2) or in one spin unpaired (triplet state, S = 1, 

σ1pπ
1) configurations.  Depending on their electronic structure, the states show different 

behavior.  Typically singlet carbenes have a bond angle of <120°, which is comparable 

to typical sp²-hybridization and is caused by the significant orbital overlap, whereas 

triplet carbenes show bond angles greater than 120°.  Triplet carbenes can be considered 

as diradicals.99   

Carbenes can be stabilized by incorporating either electron-donating (EDG) or electron-

withdrawing (EWG) groups at the electron-deficient carbene center (Figure 16).  Three 

different types of stabilization are possible: (a) pull-pull stabilization with two EWG 

58,100-101  (b) push-pull or captodative stabilization,102 where one substituent donates and 

the other withdraws electrons, exemplified by 59a-c103-105 and (c) push-push stabilization 

with two EDG 60.100, 106-107  Stabilization can be enhanced by heteroatoms with a π-

donating lone pair, such as nitrogen, attached to the carbon center 61, 64, and 65.  This 

can favor a singlet ground state by p-pπ interaction between the lone pair and the empty 

pπ orbital of the carbene. 

  

Figure 16: Some examples of stabilized carbenes.  

Due to their fleeting character, it took nearly a century to isolate the first “stable” 

carbene.72, 108-111  In 1988, Bertrand synthesized the first persistent carbene (63)112 by 

implementing different substituents and enhancing stability through an electron donating 

effect.  Surprisingly, carbene 63 demonstrated remarkable stability over weeks.  The work 

by Wanzlick113 and Öfele114 on metal-carbene complexes and the equilibrium between 

monomeric 61 and dimeric imidazolidin-2-ylidenes (62), enabled Arduengo to 

successfully synthesize the first “bottle-able” carbene 64.100, 115  This carbene is stabilized 

by two π-electron donating nitrogen atoms and the aromaticity of the imidazole ring.116  

The dimerization proposed in the Wanzlick equilibrium was kinetically hindered by the 

bulky substituents. Eventually, Enders et al. achieved the synthesis of the first 

commercially available carbene 65 in 1995 (Figure 17).117 
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Figure 17: Historical developments in stable carbene chemistry. 

To study transient carbenes, techniques such as ultrafast gas-phase spectroscopy or 

kinetic stabilization at cryogenic temperatures are required.  The latter is often  

achieved through matrix isolation.  Notable examples (Figure 18) include 

dichlorocarbene (58a),101 difluorocarbene (58b),118 di-tert-butylcarbene (58c),119 

diadamantylcarbene (58d),120 dicyclopropylcarbene (58e),121 ethynylhydroxycarbene 

(59a),103 trifluoromethylhydroxycarbene (59b),104 cyanohydroxycarbene (59c),105 

cyclopropylidene (66),122 vinylidene carbene (propadienylidene, 67),123 propinylcarbene 

(propargylene, 68),124 and heterocyclic carbenes such as 2,3-dihydrothiazol-2-ylidene 

(69a)125 2,3-dihydroimidazol-2-ylidene (69b).126  

 

Figure 18: Several selected reactive carbenes that have been prepared experimentally. 

Despite multiple attempts, ethylidene, the simplest alkyl carbene besides methylene, has 

not been spectroscopically characterized due to its tendency to undergo rapid [1,2]H-

shift.127-134  By replacing hydrogen atoms with fluorine, the stability was enhanced and 

observation of 2,2,2-trifluoroethylidene was possible.135  Perhaps unsurprisingly, most 

research on singlet alkyl carbenes stems from computational work.136  Cyclic alkyl 

carbenes,137-138 due to their unique structure, are stabilized through through-space 

interactions, non-classic bonding schemes, and hyperconjugation.139 Some examples are 

norbornen-7-ylidene (70),140 cyclobutylidene (71),141 and tricyclooct-8-ylidene (72)142 

(Figure 19), which have only been investigated theoretically.  Adamantylidene (73)143 

and pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]undecanylidene (PCU-carbene) (74) are among the few 

singlet alkyl carbenes that have been spectroscopically characterized,119-121 the latter of 

which was investigated in this work.   

 

Figure 19: Examples of cyclic alkyl carbenes. 
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1.3.1 Tunneling Reactions of Alkyl Carbenes 

Quantum mechanical tunneling allows particles to penetrate a potential energy barrier 

without sufficient kinetic energy.144-146  The tunneling probability depends linearly on the 

barrier width,147 the square root of the barrier height,147 and the effective mass of the 

particles.148  This process, even if seemingly insignificant in comparison to 

thermodynamic or kinetic reactivity, enhances reaction rates by allowing more particles 

to transition to the product side of a reaction.  In very cold environments, such as outer 

space or matrix isolation setups, tunneling can play a significant role in determining 

reaction rates. This makes QMT particularly important for long-term processes, such as 

those occurring on astronomical timescales, and thus must be considered to gain accurate 

values of rate constants.149-150  Electron or hydrogen tunneling can change the reaction 

rates or the reaction outcomes entirely; this also holds true for organic chemistry, where 

QMT is widely regarded as a minor influence on a reaction outcome.  

  

Figure 20: Theoretical examples of H-shifts in cyclic singlet alkyl carbenes.141  Carbene 70 can 

either undergo a [1,2]H-shift to form norbornene (75) or a [1,3]H-shift to form nortricyclene (76).  

Carbene 71 can either undergo a [1,2]H-shift to form cyclobutene (77) or a [1,3]H-shift to form 

bicyclo[1.1.0]butane (78). 

Cyclic singlet alkyl carbenes can undergo different tunneling reactions.  Usually, H-shifts 

are most common (Figure 20); however, when the de Broglie wavelength of a particle 

approaches the same magnitude as the width of the energy barrier it is penetrating, heavy-

atom tunneling can occur.151  This suggests that even carbon tunneling should be 

considered for accurate reaction rates if the barriers are sufficiently narrow.  Usually, ring 

expansion and insertion- reactions of C–C bonds through heavy atom tunneling can take 

place (Figure 21).152-153  

This makes accurate predictions reliant on precise modeling of the potential energy 

surface (PES).  Accurate computational predictions can be achieved154 by techniques such 

as Canonical Variational Transition State Theory (CVT)155 corrected for small-curvature 

tunneling (SCT),156 and combined with density functional theory (DFT).157-158 
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Figure 21: Examples of heavy-atom QMT in cyclic carbenes. Automerization in cyclobutadiene 

(79)159 and 1,5-dimethylsemibullvalene (80)160-161 as well as ring closure of cyclopentane-1,3-diyl 

(81)162 to bicyclo[2.1.0]pentane (82).160  

As part of this thesis, we aimed to investigate the tunneling behavior of cage alkyl 

carbenes under cryogenic conditions. We began with adamantylidene (73), a singlet alkyl 

carbene known to be stable under cryogenic conditions.  Bally and Platz only observed 

the rearrangement of 73 to dehydroadamantane (83) after UV irradiation.143  Although 

the authors did not report any QMT reactivity,143 in 2014, Kozuch et al., computed a 

tunneling half-life of 62.2 h for 73 at the CVT/SCT//B3LYP/6-31G(d,p) level of 

theory.152  We replicated the experiment, but allowed the reaction to proceed overnight 

in the dark.  Interestingly, we noticed diminished IR signals corresponding to 73, and the 

concomitant formation of 83, indicating a QMT process.  We also extended our 

investigations to pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]undecanylidene (PCU-carbene) (75), 

marking only one of a few full spectroscopic characterization of a singlet alkyl  

carbene.119-121  Unexpectedly, PCU-carbene did not exhibited QMT reactivity, as it 

proved to be stable under the cryogenic conditions.  Only upon irradiation, a ring-opening 

reaction to homohypostrophene (84) occurred (Figure 22).  We then shifted our focus to 

a third cage alkyl carbene, protoadamantylidene (85).   

 

Figure 22: QMT reactivity of alkyl carbenes 73, 74, and 85. 

Despite having a half-life too short to capture 85, we could determine two competing 

QMT reactions: either a [1,2]H-shift forming 86 or a C–H-insertion generating 83.  In the 



                                                                                                                                         From Stars to Life 

____________________________________________________________________________________ 

15 

 

next section, we will explore how to influence these competing QMT processes through 

an isotope-controlled selective approach to specifically favor one of these reactions. 

 

1.3.2 Controlling Tunneling Reactivity 

In 2011, a new paradigm, known as tunneling control, was established.163  This makes it 

the third principle besides kinetic and thermodynamic control,136, 164 the established 

cornerstones of mechanistic reasoning.  In tunneling control, the consideration of width 

between species on the potential energy surface is as important as reaction free energies 

and barrier heights (vide supra).147, 165  In the many examples of tunneling control,144, 166-

167 reactions defy transition state theory (TST), as thermodynamic products can form 

more rapidly than kinetic ones due to the presence of a higher but narrower energy 

barrier.144  In the Schreiner group, tunneling control has been uncovered and extensively 

investigated. In 2017, Schreiner et al. demonstrated that matrix-isolated 

methylhydroxycarbene (87) does not react as expected to the kinetically favored vinyl 

alcohol (38) but to the thermodynamically more stable product (acetaldehyde, 88) instead 

(Figure 23a).144  Lacking external influence due to the cold environment of the matrix 

setup (11 K), tunneling control provides the only explanation for the observed 

phenomenon.  This was corroborated by high-level computations, employing a focal-

point analysis (FPA)168-170 on top of coupled-cluster-optimized geometries.171-172  In 

2017, Schreiner et al. could show the exclusive formation of a tunneling product, 

deviating from classic expectations (Figure 23b).173  

 

Figure 23: a) QMT control in methylhydroxycarbene (87). Relative energies in kcal mol−1 were 

computed at the FPA//AE-CCSD(T)/cc-pCVQZ level of theory.144 b) The formation of the 

tunneling product 89 from ketene 90, rather than the expected thermodynamic and kinetic product 

91, was observed. Relative energies in kcal mol−1 were computed at the CCSD(T)/cc-

pVTZ//MP2/aug-cc-pVDZ level of theory.173  
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In a theoretical study about influencing competing tunneling reactions, Nandi et al. 

investigated the QMT reactivity of cyclopropylmethylcarbene (92).174  They revealed 

that, in principle, three QMT reactions can occur: Ring expansion to 1-methylcyclobut-

1-ene (93) and two [1,2]H-shifts to 94 and 95, respectively (Figure 24).   

 

Figure 24: Isotope-controlled selectivity via QMT: The isotope significantly alters rate constants 

and determines whether 92 reacts to form 93 or 94, as shown by B3LYP/6-31G(d,p) 

computations.174  

At high temperatures, ring expansion is favored due to a lower energy barrier.  However, 

at low temperatures, a hydrogen shift by tunneling is enabled.  The hydrogen shift is 

favored despite the activation barrier being higher, making this reaction tunneling-

controlled.  Computations on the rate constants for both ring expansion and hydrogen 

shift were performed, which revealed that introducing methoxy groups with different 

hydrogen isotopes led to distinct outcomes for hydrogen and deuterium tunneling 

pathways.174  This novel concept was coined isotope-controlled selectivity (ICS). The 

ICS refers to a reactive system in which the formation of a specific product in a QMT 

reaction is determined entirely by the isotopic composition of the substrate.174 Although, 

theoretically investigated, to this date, there are no experimental studies to the concept of 

ICS.  

In this thesis, we applied this approach to the newly generated singlet alkyl carbene 85.  

As mentioned earlier, carbene 85 has two competing tunneling reactions.  Computations 

at the UB3LYP/6-31G(d) level of theory reveal the half-life for the C–H insertion to be 

4 × 10–9 h and 3 × 10–4 h for the competing [1,2]H-shift.  This makes 83 more favorable 

and indeed experiments showed a ratio of 2:1 in favor of 83.  The short half-life of 85 

prevents direct observation of the carbene under matrix isolation conditions, making 

product analysis necessary for its indirect detection. Replacing hydrogen with deuterium 

at the α-position changed the ratio to 20:1 in favor of d₂-83. This outcome also aligns 

with computational results, as there is a greater discrepancy in half-lifes for the deuterated 

isotopolog compared to the protium isotopolog.  This substantial shift in product 

distribution upon deuteration highlights the significant influence of isotopic substitution, 

providing strong support for ICS and making it the first experimental evidence. 
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Figure 25: Reactivity of matrix isolated of 85 and d2-85 after pyrolysis at 800 °C and ratios of 

formed products. 

 

1.4 Outlook 

Despite extensive research on various sulfur-containing compounds, there is a surprising 

lack of information about the formation of thioacetamide (96).  Thioamides, such as 96, 

are prevalent in different reactions such as prebiotic building block for amino acid 

synthesis.175  Additionally, thioamides serve as relevant compounds in the atmosphere by 

forming grain-like structures that facilitate water condensation like other sulfur 

containing compounds already investigated through matrix isolation (Figure 26).176   

 

Figure 26: Examples of sulfur-containing compounds including the vinylsulfinyl radical (97) 

alkynyl thiocyanate (98)177 and isomers,178 the phenylsulfinyl radical (99),179 disulfur dioxide 

(100),180 methoxysulfinyl radical (101),181 hypothiocyanide radical (102)182 and 

methanethioamide (103).183 

As previously discussed, enols could play a significant role in the formation of complex 

organic molecules in the interstellar medium.  Hence, we suggest the formation of 

thioacetamide (96) through its higher energy enol tautomer 104, which could form in 

space from hydrogen cyanide (HCN)184 and methanthiole (CH3SH),185 both of which 

have been detected in interstellar environments.  By generating the enol 104 similarly to 

the previously generated enols,57, 88-90, 94-95 we suggest a pathway to generate 96 from 105, 

without implying that the transformation of 105 to 104 occurs under interstellar 

conditions. (Figure 27).  
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Figure 27: Generation of 104 and subsequent photorearrangement to 96.  

 

1.5 Conclusion 

In our first two publications, we successfully isolated two novel enols, 48 and 49  

(Figure 28).  These reactive intermediates are predicted to be precursor molecules in 

the interstellar medium.6, 53, 54  These enols were generated by pyrolysis of a suitable 

precursor and subsequently trapped all products using matrix isolation techniques.  Their 

structures were confirmed through IR and UV/Vis spectroscopy.  In addition, the 

corresponding ketenes, 52 and 53, were also isolated and characterized.  The ketenes are 

considered significant prebiotic molecules as well.91-92  Upon UV irradiation, both enols 

underwent rearrangement, forming the corresponding carboxylic acids.  Quantum 

mechanical calculations were used to validate both the IR and the UV/Vis – spectra and 

to further investigate their potential energy surface. 

 

Figure 28: Overview of novel reactive intermediates generated in this work. 

In the third publication, we investigated different cage alkyl carbenes.  We successfully 

generated pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]undecanylidene (74) in the matrix and 

characterized it through IR and UV/Vis spectroscopy (Figure 28). Carbene 75 only 

underwent [1,2]H-migration to homohypostrophene (84) via irradiation with green light, 

making it otherwise stable under cryogenic conditions.  Isolating protoadamantylidene 

85 was unsuccessful due to fast tunneling.  Two competing QMT reactions were 

observed, mainly [1,2]H-migration and C–H insertion. To exploit the tunneling reactions 

and control product outcomes, hydrogen isotopes were strategically employed as 

directing groups.  This successfully changed the product ratio and demonstrated the 

ability to perform isotope-controlled selectivity in tunneling reactions.  
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2. Publications 

2.1 The enol of propionic acid 

 

 

Abstract:  

We demonstrate the gas-phase synthesis of prop-1-ene-1,1-diol, the hitherto unreported 

higher energy tautomer of propionic acid. The enol was trapped in an argon matrix and 

characterized by IR and UV/Vis spectroscopy in combination with density functional 

theory computations. Upon photolysis, the enol rearranges to propionic acid and 

methylketene. 

 

Reference: 

Akkad Danho, Artur Mardyukov and Peter R. Schreiner Chem Commun. 2023, 59, 

11524-11527. (DOI: 10.1039/d3cc03711h) 

 

Reproduced with permission from: 

© 2024, Royal Society of Chemistry  

Thomas Graham House (290)  

Science Park, Milton Read  

Cambridge (United Kingdom) 
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2.2 The enol of isobutyric acid 

 

 

Abstract: 

We present the gas-phase synthesis of 2-methyl-prop-1-ene-1,1-diol, an unreported 

higher energy tautomer of isobutyric acid. The enol was captured in an argon matrix at 

3.5 K, characterized spectroscopically and by DFT computations. The enol rearranges 

likely photochemically to isobutyric acid and dimethylketene. We also identified 

propene, likely photochemically formed from dimethylketene. 

 

Reference: 

Akkad Danho, Artur Mardyukov and Peter R. Schreiner Chem Commun. 2024, 60, 5161-

5164. (DOI: 10.1039/d4cc01140f) 

 

Reproduced with permission from: 

© 2024, Royal Society of Chemistry  

Thomas Graham House (290)  

Science Park, Milton Read  

Cambridge (United Kingdom) 
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3. Unpublished Results  

3.1 Cage Alkyl Carbenes Provide Experimental Evidence for Isotope 

Controlled Selectivity  

 

 

 

Akkad Danho, Bastian Bernhardt, Dennis Gerbig, Marija Alešković, and Peter R. 

Schreiner J. Am. Chem. Soc. 2025, Revision submitted on 10 February 2025. Published 

in ChemRxiv on 17 December 2024. DOI: 10.26434/chemrxiv-2024-qb4mt. 

 

3.1.1 Abstract 

We report the gas-phase synthesis and reactivity of adamantylidene (1) and 

pentacyclo[5.4.0.02,6.03,10.05,9]undecanylidene (2).  The latter previously unreported 

carbene, is persistent under cryogenic conditions and has been characterized 

spectroscopically.  The singlet carbenes were generated through irradiation of their 

corresponding diazirine precursors followed by trapping the products in argon or nitrogen 

matrices at 3.5 K.  Analyses using IR and UV/Vis spectroscopy, together with density 

functional theory computations provide strong evidence for the successful preparation of 

these reactive species. Carbene 1 (∆EST = –3.0 kcal mol–1) undergoes a slow hitherto 

unreported but theoretically predicted quantum mechanical tunneling (QMT) C–H-bond 

insertion and ring-closure to 2,4-dehydroadamantane (4).  In contrast, 2 (∆EST =  

–5.2 kcal mol–1) remains unchanged under cryogenic conditions but rearranges to 

homohypostrophene (9) upon = 627 nm irradiation.  Attempts to prepare 

protoadamantylidene (3) (∆EST = –5.1 kcal mol–1) in a similar fashion did not allow the 

direct observation of the free carbene, but enabled follow-up QMT reactions, whose 

selectivities are determined by the 1H and 2H isotopologs, thereby demonstrating isotope-

controlled selectivity (ICS). 

 

3.1.2 Introduction 

Isotope-controlled selectivity (ICS) is defined as a molecular system where one of two 

conceivable products both resulting from a quantum mechanical tunneling (QMT) 

reaction from the same starting material forms predominantly, only depending on isotopic 
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composition.1  This novel concept of controlling reactivity has been theoretically 

predicted1 but not been demonstrated experimentally.  Here we investigate the effect of 

isotopic substitution (hydrogen vs. deuterium) in the reactivity of singlet 

protoadamantylidene and provide spectroscopic evidence for the formation of different 

products as a result of ICS.  This work is organized to highlight important revelations and 

unexpected challenges associated with our quest of finding a cage carbene system that 

would demonstrate ICS, and to underscore that even structurally very similar systems can 

have quite varying reactivity when QMT operates. 

Singlet alkyl carbenes are highly unstable, with only  a few spectroscopic reports 

available, including di-tert-butylcarbene,2 diadamantylcarbene,3 dicyclopropylcarbene,4 

and adamantylidene5 (1, Figure 1).  The majority of research into these carbenes stems 

from computational and theoretical studies.6  Beyond methylene (which has a triplet 

ground state), singlet ethylidene represents the simplest alkyl carbene, which, however, 

undergoes a very facile [1,2]H-shift; despite multiple attempts, the direct spectroscopic 

characterization of ethylidene has remained elusive.7-14  Analogs such as 2,2,2-trifluo-

roethylidene15 have been generated and characterized in noble gas matrices at low 

temperatures.  Carbenes including norbornen-7-ylidene,16-17 cyclobutylidene,17 and 

tricyclooct-8-ylidene18 have all been investigated theoretically.  Such so-called foiled 

carbenes19-20 display a combination of through-space interactions, non-classical bonding, 

and hyperconjugative interaction.21  Apart from fast 1,2-shifts, cyclic singlet carbenes 

may also undergo ring expansion by heavy-atom QMT through C–C or C–H bond 

insertion reactions.22-23  Heavy-atom QMT is less common,24 owing to the mass 

dependence of the tunneling rate, which typically results in significantly extended tun-

neling half-lives unless the reaction barrier is narrow.25  Examples of reactions involving 

carbon tunneling include automerizations of cyclobutadiene,26 1,5-dimethyl-

semibullvalene,27 and the ring closure of cyclopentane-1,3-diyl.28  As QMT half-lives 

depend profoundly on particle mass but even more so on barrier height and width,25 

computational predictions require a suitable potential energy hypersurface (PES).  

Canonical Variational Transition State Theory (CVT)29 corrected for small-curvature 

tunneling (SCT)30 in conjunction with density functional theory (DFT)31-32 provides 

results in reasonably good agreement with experiment.33   

Alkyl carbene 1 was first isolated and spectroscopically characterized using the matrix 

isolation technique by Bally and Platz et al..5  In 2014, Kozuch et al. studied the tunneling 

reactivity of 1 and calculated a tunneling half-life of 62.2 h at the CVT/SCT//B3LYP/6-

31G(d,p) level of theory.22  While Bally and Platz et al.5 observed the rearrangement of 

1 to dehydroadamantane (4) upon UV irradiation, they (unintentionally) did not wait long 

enough to also observe its reactivity in the dark.  As such, we sought to experimentally 

examine the predicted QMT ring closure reaction of 1 to 4 in the dark, and to take this 

QMT reactivity as a model for possibly observing ICS with a carbene.  As we will outline, 

1 proved not to be suitable for this purpose, even though it does show the predicted QMT 

reactivity, because alternative rearrangements pathways are not competitive.  We then 

investigated pentacyclo[5.4.0.0²,⁶.0³,¹⁰.0⁵,⁹]-undecanylidene (PCU-carbene) (2), also a 

cage structure, with the hope that it would undergo competing QMT reactivity.34  

Surprisingly, 2 does not display observable QMT reactivity because it is unexpectedly 

stable under our conditions, most likely due to stabilization through a carbene-carbon-

nitrogen complex, which hinders QMT.35-36 We finally arrived at protoadamantylidene 
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(3), an isomer of 1 that has rather short QMT half-lives, but does demonstrate H/D-ICS 

in competing QMT reactions.  

 

Figure 1. Outlining the hitherto unreported reactivities of known carbene 1 and the reactivities 

of novel carbenes 2 and 3.  

 

3.1.3 Results and Discussion 

Adamantane diazirine (5) and pentacyclo[5.4.0.02,6.03,10.05,9]undecan-8-diazirine (PCU- 

diazirine 6, Figure 2) were synthesized according to literature procedures from the 

corresponding ketones 7 and 8.5, 37  Due to their high volatility 5 and 6 could easily be 

evaporated onto the cold matrix window using an excess of argon as the host gas.   

Our matrix-IR spectrum of 5 is in excellent agreement with reported data5 (see Supporting 

Information, SI, for matrix IR spectra and signal assignments).  Upon irradiation with 

365 nm, matrix-isolated 5 and 6 undergo a series of reactions, resulting in the formation 

of 1 and 2, and leading to the concomitant disappearance of all IR absorptions assigned 

to 5 and 6.  In parallel, new IR bands corresponding to 1 and 2 emerged (Fig. S23 and 

S24).  The experimentally observed IR spectra of 1 and 2 match well the computed IR 

spectra at B3LYP/6-311++G(3df,2pd).  Due to the overlapping of most bands above  

1500 cm–1, the assignments are difficult.  In the range of 1500-600 cm–1, cage vibrations 

dominate, with very weak intensities as compared to the stretching vibrations. 

In extension to the previous study by Bally and Platz et al., 1,5 we found that over the 

course of several hours the bands of 1 gradually disappeared (in the dark) while those of 

4 slowly emerged (Fig. S24).  The observed reactivity of 1 under these experimental 

conditions with a half-life of 6 h can only be explained by QMT, in line with the 

prediction by Kozuch22 and our computational data (vide infra).  Carbene 1, generated 

from irradiation of 5 at 365 nm, exhibits a UV/Vis spectrum with an absorption maximum 

at around 610 nm (Fig. 2a).  After 18 h in the dark, this UV/Vis signal disappears 
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completely, confirming the QMT reactivity observed also in the IR spectra.  Only 4 was 

obtained, rendering 1 unsuitable for the investigation of ICS.  Consequently, our attention 

shifted to 2, because the precursor materials can as easily be synthesized as for 1. 

To our surprise, 2, generated from 6 by 365 nm irradiation, did not display QMT 

reactivity even after several days in the dark; this strongly indicates that 2 is persistent 

under cryogenic conditions.  Only after irradiating 2 with 627 nm light, we observed the 

disappearance of the bands of 2 and the simultaneous appearance of bands corresponding 

to homohypostrophene (9).  This excludes 2 from experiments related to ICS.  In moving 

forward, however, we had to first understand the QMT behavior of 1 and 2 to identify a 

suitable cage carbene. 

 

Figure 2. Experimental UV/Vis spectra. A): The spectra of 5 (black) and 1 (red) are in good 

agreement with literature data.5 Carbene 1 vanishes when keeping the matrix in the dark for 18 h 

(green). B): Analogous spectra were recorded before (black) and after (red) irradiation of 6. 

However, 2 is persistent and its fine-structured UV/Vis absorption (red) only vanishes (green) 

when the matrix is irradiated at 627 nm. 

To understand the different QMT reactivities of 1 and 2, we conducted a detailed analysis 

of their intrinsic reaction coordinates (IRC) for the QMT pathways using the UB3LYP/6-

31G(d) level of theory (Figure 3), according to Kozuch et al.22  Concurrently, we em-

ployed CVT/SCT29-30 to compute the half-lives (τ) for these reactions at the same level 

of theory, which enabled us to quantitatively assess the likelihood of QMT occurring 

under our experimental conditions. For the 1 → 4 C–H bond insertion reaction, the 



                                                                                                                                         From Stars to Life 

____________________________________________________________________________________ 

41 

 

computed half-life of 20 h agrees well with the experimental value.  At UB3LYP/6-

31G(d) the reaction leading towards anti-Bredt adamantene38 (10) gives a computed half-

life of > 9 × 1022 h, indicating that this reaction is not competitive (Figure 3A); indeed, 

10 was not detectable in our experiments.  This also implies that ICS cannot be studied 

with 1.   

In comparing the IRCs for the 2 → 9 and 2 → 11 rearrangements (Figure 3a), it is evident 

that the former reaction involves a much lower energy barrier of 14.8 kcal mol−1, favoring 

the reaction to 9; this barrier can readily be surpassed by irradiation at 627 nm  

(45.6 kcal mol–1), leading to 9.  Still, QMT reactivity was not experimentally observed 

for 2, even though the computations indicate a very short QMT half-life for the reaction 

to 9 (7.1 × 10–9 h) and no QMT for the reaction to 11 (> 8 × 1011 h). As noted above, we 

reasoned that 2 is stabilized through a complex with N2 that is trapped (from precursor 6) 

in the same matrix site; the effects on the spectroscopy for such complexes, which have 

been reported before, are small.35-36 Hence, we needed a system that has a lower and 

thinner barrier and would show QMT behavior in the right time interval.  We turned our 

attention to hitherto also unreported carbene 3, which is an isomer of 1 that may show the 

right reactivity. 

According to our UB3LYP/6-31G(d) computations, the half-life for the C–H insertion 

reaction of 3 to 4 is 4 × 10–9 h while the half-life for the competing [1,2]H shift to 12 is  

3 × 10–4 h (Figure 3b).  These values suggest that the C–H insertion occurs much more 

readily than the [1,2]H shift, thus favoring the formation of 4 as the dominant product in 

the protio-case.  The extremely short half-lives of 3 in either reaction means, however, 

that the free carbene cannot be observed directly under our matrix isolation conditions, 

and that we must rely on product analysis.   
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Figure 3. Intrinsic reaction coordinates for the cage alkyl carbenes of the present study computed 

at the UB3LYP/def2-TZVPP level of theory. 

To generate 3, we initially irradiated the precursor diazirine (13) at 365 nm, leading to its 

expected and well-known rearrangement into the diazo form,39-40 as observed in similar 

molecules.34  As this intermediate absorbs at the same wavelength (254 nm) as the 

carbene (as judged from the computed UV spectrum), this route had to be abandoned.  

Instead, we generated 3 via high vacuum flash pyrolysis (HVFP) which also alleviates 

the potential complexation with matrix-trapped N2 and recorded the typical carbene 

follow-up reactions leading to products 4 and 12, whose ratio depending on isotopic 

substitution should then reveal whether ICS does occur.  

The determination of the product ratios of the reactions of 3 to investigate ICS is based 

on identifying the characteristic IR bands (Figure 4) and the corresponding, red-shifted 

bands of the isotopolog.  Specifically, the strongest vibrational signal for each product 

was identified and integrated.  To accurately compare the isotopolog ratios, a correction 

factor was applied.  This factor was derived from the computed intensity ratios of the 

vibrational signals in the deuterated and parent molecules, allowing for direct comparison 

between the undeuterated and deuterated peaks.  The experimental intensities were then 
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normalized using the correction factor (Tables S3-S6), ensuring that the observed data 

accurately reflect the underlying reaction dynamics.  The intensities obtained for the H- 

and D-isotopologs were subsequently used to calculate the selectivity between the 

competing reactions (Tables S3-S6). 

 

 

Figure 4. Representative IR spectra showing the pyrolysis products of protoadamantane diazirine 

(13) and d2-protoadamantane diazirine (d2-13), each trapped in an argon matrix at 3.5 K. The 

spectra were analyzed by integrating the peaks to determine the product distribution. 

As evident from the IR spectrum after HVFP, conducted three times for both H-/D-

isotopologs (Figures S35 and S37), the product distribution shows a ratio of 2:1 favoring 

4 (Figure 5). Substituting hydrogen with deuterium at the α-position of 13, leading to 

intermediate carbene d2-3, changed the product ratio to 20:1, favoring d2-4, which was 

also qualitatively predicted computationally (Table S27 and S28).  The markedly 

different product ratios highlight the significant impact of deuterium substitution, 

providing strong evidence for ICS. 
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Figure 5. Reactivity of matrix isolated of 3 and d2-3 after pyrolysis at 800 °C, with calculated 

half-lives at the UB3LYP/6-31G(d) level of theory at 10 K. 

 

3.1.4 Conclusion 

In conclusion, we generated three cage alkyl carbenes to test their suitability to provide 

evidence for ICS.  Known carbene 1 underwent a QMT reaction as computationally 

predicted, with a half-life of 6 h, while 2 unexpectedly remained stable under cryogenic 

conditions but rapidly rearranged to 9 upon 627 nm irradiation.  Much more reactive and 

closely related carbene 3 was generated in situ and α-deuterium substitution of the 

diazirene precursor significantly altered the ratio of the [1,2]H-shift vs. C–H-insertion 

products, thereby providing the first experimental evidence of isotope-controlled 

selectivity. 

 

3.1.5 Experimental Section 

General Information 

All chemicals were purchased from Sigma Aldrich, Carl Roth, Acros Organics, or TCI in 

the highest purity grade possible and used without further purification. All solvents were 

distilled prior to use. If necessary, reactions were carried out under argon atmosphere 

using standard Schlenk techniques. Dry solvents were ordered from Acros Organics (H2O 

<50 ppm). Analytical thin-layer chromatography was performed on plastic-backed silica 

gel 60 plates coated with a fluorescence indicator by Macherey Nagel. Visualization was 

performed by UV light (254 nm) and/or ceric ammonium molybdate (CAM) stain  

(180 mL H2O, 5 g ammonium molybdate tetrahydrate, 2 g cerium ammonium sulfate 

dihydrate, 20 mL conc. H2SO4). Reaction control was performed via TLC-MS by an 

Advion expression® CMS or GC-MS analysis (Agilent 7820 GC with 5977B MSD). 

High resolution masses were obtained on a Bruker MicrOTof or Bruker Impact II. 

Nuclear Magnetic Resonance Spectra were recorded on a Bruker AV 400, AV 400 HD, 

or AV 600 spectrometer at 298 K. Chemical shifts in ppm are reported relative to the 

residual CDCl3 signal (7.26 ppm / 77.16 ppm). Signal multiplicities are reported as 
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follows: s – singlet, br s – broad singlet, d – doublet, t – triplet, q – quartet, hept – septet, 

m – multiplet or combinations thereof. All spectral data are reported based on appearance.  

 

Matrix Apparatus Design. A Sumitomo cryostat system consisting of an RDK 408D2 

closed-cycle refrigerator cold head and an F-70 compressor unit was used for matrix 

isolation experiments. A polished CsI window was mounted in the cold head sample 

holder. The sample holder, connected with silicon diodes for temperature measurements, 

was covered by a vacuum shroud, which was equipped with KBr windows to allow for 

IR measurements. In some experiments BaF2 windows were used due to their higher 

transparency when measuring UV/vis spectra. The sample and the host gas (Ar, purity of 

99.999%) were co-deposited at 3.5 K. All spectral data were collected at 3.5 K. The 

pyrolysis zone was equipped with a heatable 90 mm long quartz tube (inner diameter  

7 mm), controlled by a Ni/CrNi thermocouple. The travel distance of the sample from the 

pyrolysis zone to the matrix was ∼45 mm. Ar was stored in a 2 L gas balloon, which was 

evacuated and filled three times before every experiment. The samples were evaporated 

from a Schlenk tube at –20 °C (EtOH and dry ice) and reduced pressure (∼3 × 10–6 mbar) 

and co-deposited with a high excess of argon for 5, 6, and 11 and nitrogen for 13 und d2-

13 on both sides of the matrix window in the dark (preventing unwanted photochemistry) 

at a rate of ∼1 mbar min–1, based on the pressure inside the Ar/N2 balloon. Pyrolyses 

were carried out at 800 °C. IR spectra were recorded between 7000 and 350 cm–1 with a 

resolution of 0.7 cm–1 on Bruker Vertex 70 FTIR spectrometer. A spectrum of the cold 

matrix window before deposition was used as background spectrum for the subsequent 

IR measurements. Kinetic IR measurements were taken every half h for 48 h. UV/Vis 

spectra were recorded between 190 and 800 nm with a resolution of 1 nm with a Jasco 

V-760 spectrophotometer. A high-pressure-mercury lamp equipped with a 

monochromator (LOT Quantum Design) or a low-pressure-mercury lamp (Gräntzel) 

fitted with a Vycor filter were used for irradiation of the matrix during photochemical 

experiments. 

 

Computations. All DFT computations were performed with the Gaussian16, Revision 

C.01 (full citations for electronic structure codes are given at the end of this document) 

at the B3LYP/6-311++G(3df,2pd) and B3LYP/def2-TZVPP41-42 level of theory. The 

keywords Opt and Freq=NoRaman were used for the characterization of minima on the 

PES. For transition structures the keyword Opt=(ts,tight,calcfc,noeigen) was used. 

UV/Vis absorptions were computed by using the keyword td(50-50,nstates=10). The 

reaction rates were computed using the multidimensional, small-curvature tunneling 

(SCT) method,43 implemented in the program Polyrate.  
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Figure S1: Structures under consideration in this study. 
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Synthesis 

Adamantane diaziridine34 (14) 

To a solution of 0.300 g (1.99 mmol, 1.00 equiv) of adamantanone in 5 mL of MeOH at  

–78 °C, 20 mL of NH3 was added via a cold finger cooled to –40 °C (using ethanol and 

dry ice). The reaction was stirred for 1 h at –78 °C, and then a solution of  

0.500 g (4.42 mmol, 2.22 equiv) of hydroxylamine-O-sulfonic acid in 5 mL of MeOH 

was added in two portions. The reaction mixture was stirred at 0 °C for 16 h. 

Subsequently, 10 mL of H2O was added, the resulting mixture was extracted three times 

with 10 mL of CH2Cl2.  The combined organic layers were dried with MgSO4, filtered, 

and the solvent was removed under reduced pressure, yielding a colorless solid. Due to 

product lability, it was immediately utilized for the subsequent step. 

 

Adamantane diazirine (5) 

To a solution of 0.328 g of crude 14 in 10 mL of MeOH at room temperature, 0.671 g  

(3.95 mmol) of AgNO3 dissolved in 2 mL of water and 0.160 g (4.00 mmol) of NaOH 

dissolved in 2 mL of H2O were added. The reaction mixture was stirred for 30 min, the 

inorganic precipitate was filtered off, and then washed with MeOH and H2O. The filtrate 

was then extracted two times with 10 mL of CH2Cl2. The combined organic layers were 

dried with MgSO4, filtered, and the solvent was removed under reduced pressure. 

Purification by flash column chromatography (using n-hexane) yielded 0.098 g (0.604 

mmol) of adamantane diazirine as a colorless solid in 30% yield in two steps.  

The obtained spectra are consistent with the literature.34 

1H NMR (300 MHz, CDCl3): δ/ppm = 1.99-2.14 (m, 6H), 1.73-1.86 (m, 6H), 0.65 (s, 2H) 

13C NMR (75 MHz, CDCl3): δ/ppm = 37.06, 35.39, 34.73, 27.81 

 

Pentacycloundecane diaziridine34 (15) 

To a solution of 0.320 g (1.99 mmol, 1.00 equiv) of pentacycloundecanone in 5 mL of 

MeOH at –78 °C, 20 mL of NH3 was added via a cold finger cooled to –40 °C (using 

ethanol and dry ice). The reaction was stirred for 1 h at –78 °C, and then a solution of 

0.500 g (4.42 mmol, 2.22 equiv) of hydroxylamine-O-sulfonic acid in 5 mL of MeOH 

was added in two portions. The reaction mixture was stirred at 0 °C for 16 h. 

Subsequently, 10 mL of H2O was added, and the resulting mixture was extracted three 

times with 10 mL of CH2Cl2.  The combined organic layers were dried over MgSO4, 

filtered, and the solvent was removed under reduced pressure, yielding a colorless solid. 

Due to product lability, it was immediately utilized for the subsequent step. 

 

Pentacycloundecane diazirine (6) 

To a solution of 0.328 g of crude 15 in 10 mL of MeOH at room temperature, 0.671 g  

(3.95 mmol) of AgNO3 dissolved in 2 mL of water and 0.160 g (4.00 mmol) of NaOH 
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dissolved in 2 mL of H2O were added. The reaction mixture was stirred for 30 min, the 

inorganic precipitate was filtered off, and then washed with MeOH and H2O. The filtrate 

was then extracted two times with 10 mL of CH2Cl2. The combined organic layers were 

dried with MgSO4, filtered, and the solvent was removed under reduced pressure. 

Purification by flash column chromatography (using n-hexane) yielded 0.158 g  

(0.919 mmol) of pentacycloundecane diazirine as a colorless solid in 46% yield in two 

steps.  

The obtained spectra are consistent with the literature.34 

1H NMR (600 MHz, CDCl3): δ/ppm = 2.78-2.86 (m, 2H), 2.62-2.64 (m, 2H), 2.49-2.53 

(m, 1H), 2.38-2.43 (m, 2H), 1.68 (d, 1H, J = 10.6 Hz), 1.47-1.51 (m, 1H), 1.38 (dt, 1H, J 

= 4.1 Hz, J = 12.3 Hz), 1.33 (d, 1H, J = 10.6 Hz), 1.16-1.20 (m, 1H) 

13C NMR (150 MHz, CDCl3): δ/ppm = 47.75, 46.17, 44.20, 43.89, 43.12, 41.40, 39.28, 

38.27, 37.44, 35.39, 30.13  

 

Protoadamantanone (16) 

Under Schlenk conditions, 58.3 g (0.132 mol, 2.03 equiv) of lead tetraacetate, 37.4 g  

(0.147 mol, 2.26 equiv) of iodine, and 10.0 g (0.065 mol, 1.00 equiv) 1-adamantanol were 

dissolved in 600 mL of dry benzene. The flask was heated for 20 min at 80 °C and then 

for 2 h at 72 °C. The mixture was allowed to cool to room temperature for 1 h. The 

inorganic salts were filtered off and washed with five 50 mL portions of diethyl ether. 

The combined organic layers were shaken with 500 mL of saturated aqueous sodium 

bisulfite until the dark red color disappeared. The organic phase was then washed with 

500 mL of H2O and 250 mL of saturated aqueous sodium hydrogen carbonate. 

Afterwards, the organic phase was dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure to approximately 20 mL, as endo-7-

iodomethylbicyclo[3.3.1]nonan-3-one is unstable and was immediately used in the next 

step. 

7-Iodomethylbicyclo[3.3.1]nonan-3-one was dissolved in 150 mL of MeOH, to which  

7 g (0.1 mol) of KOH were added, and the reaction mixture was refluxed for 3 h. 

Afterwards, the reaction mixture was quenched with 300 mL of ice-cold H2O. The 

resulting mixture was then extracted five times with 100 mL of diethyl ether. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. Purification by flash column chromatography (using n-pentane 

and activity III neutral alumina) yielded 7.0 g of protoadamantanone as a colorless solid 

in 71% yield. 

The obtained spectra are consistent with the literature.44 

1H NMR (400 MHz, CDCl3): δ/ppm = 2.73 (m, 1H), 2.61 (m, 1H), 2.54 (m, 1H), 2.41 

(m, 1H), 2.25 (m, 1H), 1.95 (m, 2H), 1.81 (m, 1H), 1.76-1.50 (m, 6H)  

13C NMR (100 MHz, CDCl3): δ/ppm = 216.75, 51.19, 45.09, 41.44, 38.20, 37.44, 37.31, 

37.21, 34.89, 29.59 

HRMS (ESI): m/z = 153.0940 [M+Na]+, 153.0937 (calcd) 
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Protoadamantane diaziridine (17) 

To a solution of 300 mg (1.99 mmol, 1.00 equiv) of 16 in 5 mL of NH3 in MeOH (7M) 

at 0 °C, 300 mg (2.65 mmol, 1.33 equiv) of hydroxylamine-O-sulfonic acid in 3 mL of 

MeOH was added. The reaction mixture was stirred for 4 days at 0 °C. The solid was 

separated, and the liquid was removed under reduced pressure. To both solids, 20 mL of 

CH2Cl2 was added, and the resulting suspension was filtered. The extract was washed 

three times with 10 mL of 1M H2SO4 cooled to 0 °C. To the aqueous layer, 10 mL of cold 

(0 °C) 2M NaOH was added. The aqueous layer was then extracted three times with  

30 mL of CH2Cl2. The combined organic layers were dried over MgSO4, filtered, and the 

solvent was removed under reduced pressure, yielding a colorless solid. Due to product 

lability, it was immediately utilized for the subsequent step. 

 

Protoadamantane diazirine (13) 

To a solution of 0.244 g of crude 17 in 10 mL of MeOH at room temperature, 0.671 g  

(3.95 mmol) of AgNO3 dissolved in 2 mL of water and 0.160 g (4.00 mmol) of NaOH 

dissolved in 2 mL of H2O were added. The reaction mixture was stirred for 30 min, the 

inorganic precipitate was filtered off, and then washed with MeOH and H2O. The filtrate 

was then extracted two times with 10 mL of CH2Cl2. The combined organic layers were 

dried over MgSO4, filtered, and the solvent was removed under reduced pressure. 

Purification by flash column chromatography (using n-pentane) yielded 0.016 g  

(0.099 mmol) of protoadamantane diazirine as a colorless solid in 5% yield over two 

steps. 

1H NMR (400 MHz, CDCl3): δ/ppm = 2.46 (q, J = 4.0 Hz, 1H), 2.24 (m, 1H), 2.05 (m, 

3H), 1.91-1.76 (m, 3H), 1.61 (m, 1H), 1.54 (m, 3H), 1.00 (t, J = 6.1 Hz, 1H), 0.72 (qt, J 

= 2.1Hz, 4Hz, 1H) 

13C NMR (100 MHz, CDCl3): δ/ppm = 41.26, 41.16, 38.90, 38.19, 36.22, 35.35, 34.43, 

34.41, 28.63 

HRMS (ESI): m/z = 135.1171 [M–N2+H]+, 135.1168 (calcd) 

 

Deuteration of protoadamantane (d2-16) 

A solution of 1.000 g (6.442 mmol, 1 equiv) of protoadamantanone, 3 mL NaOD (in D2O  

40% w/w), and 5 mL of dry dioxane was refluxed for 24 h.  After cooling the reaction 

mixture to rt, dioxane was evaporated and the obtained crude oil reaction mixture was 

divided between water and CH2Cl2. The water layer was extracted 3 times with CH2Cl2. 

The combined organic layers were dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure. This process was repeated three times and yielded  

0.721 g (4.737 mmol, 74%) of d2-protoadamantanone. 

1H NMR (400 MHz, CDCl3): δ/ppm = 2.73 (m, 1H), 2.61 (m, 1H), 2.41 (m, 1H), 2.22 

(m, 1H), 2.00-1.91 (m, 2H), 1.83-1.49 (m, 6H) 
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13C NMR (100 MHz, CDCl3): δ/ppm = 216.89, 51.18, 41.43, 38.14, 37.40, 37.35, 37.21, 

34.82, 29.41 

HRMS (ESI): m/z = 175.1063 [M+Na]+, 175.1062 (calcd) 

 

d2-Protoadamantane diaziridine (d2-17) 

To a solution of 300 mg (1.99 mmol, 1.00 equiv) of d2-protoadamantanone in 5 mL of 

NH3 in MeOH (7M) at 0 °C, 300 mg (2.65 mmol, 1.33 equiv) of hydroxylamine-O-

sulfonic acid in 3 mL of MeOH was added. The reaction mixture was stirred for 4 days 

at 0 °C. The solid was separated, and the liquid was removed under reduced pressure. To 

both solids, 20 mL of CH2Cl2 was added, and the resulting suspension was filtered. The 

extract was washed three times with 10 mL of 1M H2SO4 cooled to 0 °C. To the aqueous 

layer, 10 mL of cold (0 °C) 2M NaOH was added. The aqueous layer was then extracted 

three times with 30 mL of CH2Cl2. The combined organic layers were dried over MgSO4, 

filtered, and the solvent was removed under reduced pressure, yielding a colorless solid. 

Due to product lability, it was immediately utilized for the subsequent step. 

 

d2-Protoadamantane diazirine (d2-13) 

To a solution of 0.244 g of crude d2-15 in 10 mL of MeOH at room temperature, 0.671 g  

(3.95 mmol) of AgNO3 dissolved in 2 mL of water and 0.160 g (4.00 mmol) of NaOH 

dissolved in 2 mL of water were added. The reaction mixture was stirred for 30 min, the 

inorganic precipitate was filtered off, and then washed with MeOH and H2O. The filtrate 

was then extracted two times with 10 mL of CH2Cl2. The combined organic layers were 

dried over MgSO4, filtered, and the solvent was removed under reduced pressure. 

Purification by flash column chromatography (using n-pentane) yielded 0.018 g  

(0.099 mmol) of d2-11 as a colorless solid in 5% yield in two steps. 

1H NMR (400 MHz, CDCl3): δ/ppm = 2.46 (q, J = 4.0 Hz, 1H), 2.24 (m, 1H), 2.08-2.00 

(m, 3 H), 1.90 (m, 1H), 1.82 (m, 1H), 1.61 (m, 1H), 1.55-1.50 (m, 3H), 1.00 (m, 1H) 

13C NMR (100 MHz, CDCl3): δ/ppm = 41.43, 41.28, 39.00, 36.41, 35.52, 34.57, 34.55, 

28.58 

HRMS (ESI): m/z = 137.1296 [M–N2+H]+, 137.1294 (calcd) 

 

1,4,4a,8a-Tetrahydro-1,4-methanonaphthalene-5,8-dione (18) 

28.75 g (267.7 mmol, 1.1 equiv) of freshly cracked cyclopentadiene was added to  

17.77 g (248.3 mmol, 1.0 equiv) of purified benzoquinone in 125 mL of ethyl acetate and 

stirred in an ice bath for 30 min. After adding another 120 mL of ethyl acetate, the reaction 

mixture was stirred for 30 min at room temperature. Removing the solvent under reduced 

pressure yielded 38.91 g (223.4 mmol, 90%) of a brown solid. 

The obtained spectra are consistent with the literature.45 
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Pentacyclo[5.4.0.02,6.03,10.05,6]undecane-8,11-dione (19) 

38.91 g (223.4 mmol, 1.0 equiv) of 18 was dissolved in 100 mL of ethyl acetate and 

irradiated in the photo reactor for 20 h. The solvent was removed under reduced pressure. 

The crude product was recrystallized in ethyl acetate and yielded 10.596 g (57.42 mmol, 

25%) of a yellow solid. 

The obtained spectra are consistent with the literature.46 

 

Pentacyclo[5.4.0.02,6.03,10.05,9]undecane-8,11-dione monoethylene ketal (20) 

23.52 g (135.0 mmol, 1.00 equiv) of 19, 8.42 g (135.7 mmol, 1.01 equiv), and 0.301 g  

(1.74 mmol, 0.01 equiv) of p-toluenesulfonic acid were dissolved in 110 mL of benzene. 

The mixture was stirred under reflux at 85 °C for 5 h. The mixture was then poured onto 

50 mL of ice-cold 10% aqueous Na2CO3. The organic phase was extracted with CH2Cl2. 

The combined organic layers were dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure. Purification by flash column chromatography (using 

CH2Cl2) yielded 17.211 g (77.89 mmol, 58%) of a yellow solid. 

The obtained spectra are consistent with the literature.47 

 

Octahydrospiro[2,4,1-(epiethane[1,1,2]triyl)cyclobuta[cd]pentalene-5,2'-

[1,3]dioxolan]-7-ol (21) 

2.205 g (10.10 mmol, 1.0 equiv) of 20 was dissolved in 25 mL of ethanol, and 0.772 g 

(20.41 mmol, 2.0 equiv) of NaBH4 was added portion wise, while the solution was stirred 

at 0 °C. After 2 h, the ice bath was removed, and the solution was stirred for 2 h at room 

temperature. Then, 17 mL of H2O, 10 mL of 1N HCl, and 20 mL of CH2Cl2 were added. 

The organic phase was separated, and the aqueous phase was extracted twice with 20 mL 

of CH2Cl2. The combined organic layers were dried over MgSO4, filtered, and the solvent 

was removed under reduced pressure, yielding 2.144 g (9.73 mmol, 96%) of a yellow 

liquid. 

The obtained spectra are consistent with the literature.48  

 

exo-11-Bromopentacyclo [5.4.0.02,6.03,10.05,9]undecane-8-one (22) 

2.284 g (10.37 mmol) of 21 was dissolved in 30 mL of 47% HBr. The solution was stirred 

for 3 h at 80 °C. After cooling to room temperature, the solution was quenched with  

100 mL of ice-cold H2O. The precipitate was washed with water. The organic layer was 

dried over MgSO4, filtered, and the solvent was removed under reduced pressure, 

yielding 1.747 g (7.31 mmol, 71%) of a grey solid. 

The obtained spectra are consistent with the literature.48 
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Tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-one (23) 

14.15 g (59.17 mmol, 1.0 equiv) of 22 and 22.50 g (344.1 mmol, 5.8 equiv) of zinc 

powder were added to 200 mL of glacial acetic acid. The suspension was stirred at  

125 °C for 8 h, and after cooling to room temperature, the mixture was filtered, and the 

solid was washed with diethyl ether. The organic phase was washed with water and twice 

with aqueous NaHCO3. The organic layer was dried over MgSO4, filtered, and the solvent 

was removed under reduced pressure, yielding 6.507 g (40.62 mmol, 69%) of a colorless 

solid. 

The obtained spectra are consistent with the literature.48  

 

Tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-ol (24) 

To a solution of 1.744 g (45.96 mmol, 1.1 equiv) of LiAlH4 in 46 mL of diethyl ether in 

an ice bath, 6.507 g (40.62 mmol, 1.0 equiv) of 23 in 46 mL of diethyl ether was added. 

The mixture was stirred for 3 h at 0 °C. Then, the mixture was stirred for 17 h at room 

temperature. The reaction mixture was quenched with NaOH(aq). After filtering the 

mixture, the solid was washed with diethyl ether and H2O. The organic phase was washed 

twice with H2O. The organic layer was dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure, yielding 5.986 g (36.90 mmol, 91%) of a colorless solid. 

1H NMR (400 MHz, CDCl3): δ/ppm = 6.39 (q, J = 2.1 Hz, 1H), 6.03 (q, J = 2.0 Hz, 1H), 

4.45 (m, 1H), 2.91 (s, 1H), 2.58-2.51 (m, 1H), 2.50-2.42 (m, 2H), 2.32-2.19 (m, 2H), 

1.79-1.72 (m, 1H), 1.60-1.52 (m, 2 H) 1.48 (dd, J = 4.1 Hz , J = 4.1 Hz, 1H)   

13C NMR (100 MHz, CDCl3): δ/ppm = 140.09, 139.56, 59.59, 52.57, 51.78, 47.93, 46.89, 

42.55, 39.20, 32.51 

 

Tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-chloride (25) 

To a solution at 0°C of 5.986 g (36.90 mmol, 1.0 equiv) of 24 and 50 mL of pyridine,  

17 mL (27.97 g, 182.4 mmol, 4.9 equiv) of PCl3 were added. After stirring at 100 °C for 

5 h, the mixture was poured into 200 mL of iced water. The organic phase was separated, 

and the aqueous phase was extracted four times with n-pentane. The combined organic 

phase was washed with 100 mL of 10% HCl(aq) and 10% NaHCO3(aq), followed by H2O 

and NaCl(aq). The organic layer was dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure, yielding 4.504 g (24.93 mmol, 68%) of a yellow oil. 

1H NMR (400 MHz, CDCl3): δ/ppm = 5.90 (m, 4H), 3.17 (m, 2H), 2.33 (m, 4H), 1.64 

(m, 2H) 

13C NMR (100 MHz, CDCl3): δ/ppm = 137.27, 65.07, 49.13, 31.85 

 

Homohypostrophene (9) 

To a solution of 4.504 g (24.93 mmol, 1.0 equiv) of 25 in 20 mL of DMSO was added 

5.105 g (45.50 mmol) of KOtBu in 80 mL of DMSO. The solution was stirred for 10 h at 
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100 °C. H2O was added, and the mixture was extracted four times with n-pentane. The n-

pentane extract was filtered through a neutral alumina column. The organic layer was 

dried over MgSO4, filtered, and the solvent was removed under reduced pressure, 

yielding 1.99 g (13.80 mmol, 55%) of a colorless solid. 

The obtained spectra are consistent with the literature.48  

 

Homopentaprismane (11) 

A solution of 1.013 g (7.02 mmol) 9 in 15 mL benzene were irradiated for 22 h in a 

photoreactor. Removing the solvent under reduced pressure, yields 0.7861 g (5.45 mmol, 

78%) of a colorless solid. 

The obtained spectra are consistent with the literature.48  

 

 

 

Figure S2: 1H NMR of adamantane diazirine (5) 
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Figure S3: 13C NMR (DEPT-135) of adamantane diazirine (5) 

 

 

 

Figure S4: 1H NMR of pentacycloundecane diazirine (6) 
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Figure S5: 13C NMR of pentacycloundecane diazirine (6) 

 

 

 

Figure S6: 1H NMR of protoadamantanone (16) 
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Figure S7: 13C NMR of protoadamantanone (16) 

 

 

 

Figure S8: 1H NMR of protoadamantane diazirine (13) 
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Figure S9: 13C NMR (DEPT-135) of protoadamantane diazirine (13) 

 

 

 

Figure S10: 1H NMR of d2-protoadamantanone (d2-16) 
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Figure S11: 13C NMR of d2-protoadamantanone (d2-16) 

 

 

 

Figure S12: 1H NMR of d2-protoadamantane diazirine (d2-13) 
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Figure S13: 13C NMR (DEPT-135) of d2-protoadamantane diazirine (d2-13) 

 

 

 

Figure S14: 1H NMR of tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-ol (24) 
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Figure S15: 13C NMR of tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-ol (24) 

 

 

 

Figure S16: 1H NMR of tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-chloride (25) 
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Figure S17: 13C NMR of tetracyclo[6.3.0.04,11.05,9]undec-2-en-6-chloride (25) 

 

 

IR Spectral Data 

 

Figure S18: IR spectra showing the deposition of 5 with subsequent trapping in a nitrogen matrix 

at 3.5 K. 
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Figure S19: IR spectra showing the deposition of 6 with subsequent trapping in a nitrogen matrix 

at 3.5 K. 

 

 

 

Figure S20: a) IR spectra showing the deposition of 9 with subsequent trapping in a nitrogen 

matrix at 3.5 K. b) IR spectrum of 9 computed at UB3LYP/6-311++G(3df,2pd) (anharmonic). a 

b b 

a 
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Figure S21: IR difference spectra showing the photochemistry of 5 after irradiation with  

λ = 365 nm in argon at 3.5 K. Downward bands assigned to 5 disappear after 20 min irradiation. 

Upward bands assigned to adamantane diazo (26) and 1 appear after 20 min irradiation. 

 

 

 

Figure S22: IR difference spectra showing the photochemistry of 6 after irradiation with  

λ = 365 nm in argon at 3.5 K. Downward bands assigned to 6 disappear after 20 min irradiation. 

Upward bands assigned to pentacycloundecane diazo (27) and 2 appear after 20 min irradiation. 
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Figure S23: IR difference spectra showing the photochemistry of 2 after irradiating for 10 min at 

λ = 627 nm in argon at 3.5 K. Downward bands assigned to 2 disappear after irradiation. Upward 

bands assigned to 9 appear after irradiation. 

 

 

 

Figure S24: IR difference spectra showing the tunneling of 1 after waiting 16 h in argon at  

3.5 K. Downward bands assigned to 1 disappear after 16 h waiting. Upward bands assigned to 4 

appear after 16 h waiting. 
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Figure S25: (a) IR spectrum of 1 computed at UB3LYP/6-311++G(3df,2pd) (anharmonic).  

(b) IR difference spectra showing the tunneling of 1 after 16 h in argon at 3.5 K. Downward bands 

assigned to 1 disappear after 16 h. Upward bands assigned 4 appear after 16 h waiting.  

(c) IR spectrum of 4 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). 

 

 

Figure S26: (a) IR spectrum of 2 computed at B3LYP/6-311++G(3df,2pd) (anharmonic).  

(b) IR difference spectra showing the photochemistry of 2 after irradiating for 10 min at  

λ = 627 nm in argon at 3.5 K. Downward bands assigned to 2 disappear after irradiation. Upward 

bands assigned 9 appear after irradiation. (c) IR spectra showing the deposition of 9 with 

subsequent trapping in a nitrogen matrix at 3.5 K. 

c 

b 

a 

c 

b 

a 

c 

b 

a 

c 

b 

a 
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Figure S27: IR spectra showing the deposition of 13 with subsequent trapping in a nitrogen 

matrix at 3.5 K.  

 

 

 

Figure S28: IR spectra showing the deposition of (d2-13 with subsequent trapping in a nitrogen 

matrix at 3.5 K. 
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Figure S29: IR difference spectra showing the photochemistry of 13 after irradiation with  

λ = 365 nm in argon at 3.5 K. Downward bands assigned to 13 disappear after 20 min irradiation. 

Upward bands assigned to protoadamantane diazo (28) appear after 20 min irradiation. 

 

 

 

Figure S30: IR difference spectra showing the photochemistry of 28 after irradiation with  

λ = 254 nm in argon at 3.5 K. Downward bands assigned to 28 disappear after 20 min irradiation. 

Upward bands assigned to 4 and 12 appear after 20 min irradiation. 
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Figure S31: Figure S29: (a) IR difference spectra showing the photochemistry of 28 after 

irradiation with λ = 254 nm in argon at 3.5 K. Downward bands assigned to 28 disappear after  

20 min irradiation. Upward bands assigned to 12 and 4 appear after 20 min irradiation.  

(b) IR spectrum of 12 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). (c) IR spectrum of 

4 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). 

 

 

Figure S32: IR difference spectra showing the photochemistry of d2-28 after irradiation with  

λ = 365 nm in argon at 3.5 K. Downward bands assigned to d2-28 disappear after 20 min 

irradiation. Upward bands assigned to d2-28 appear after 20 min irradiation. 

c c 

b 

a 
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Figure S33: IR difference spectra showing the photochemistry of d2-28 after irradiation with  

λ = 254 nm in argon at 3.5 K. Downward bands assigned to d2-28 disappear after 20 min 

irradiation. Upward bands assigned to d2-12 and d2-4 appear after 20 min irradiation. 

 

 

Figure S34: (a) IR difference spectra showing the photochemistry of d2-28 after irradiation with 

λ = 254 nm in argon at 3.5 K. Downward bands assigned to d2-28 disappear after 20 min 

irradiation. Upward bands assigned to d2-12 and d2-4 appear after 20 min irradiation.  

(b) IR spectrum of d2-12 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). (c) IR spectrum 

of d2-4 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). 

c 

b 

a 

c 

b 

a 
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Figure S35: IR spectra showing the pyrolysis product of 13 with subsequent trapping in an argon 

matrix at 3.5 K. 

 

 

 

Figure S36: (a) IR spectra showing the pyrolysis product of 13 with subsequent trapping in an 

argon matrix at 3.5 K. (b) IR spectrum of 12 computed at B3LYP/6-311++G(3df,2pd) 

(anharmonic). (c) IR spectrum of 4 computed at B3LYP/6-311++G(3df,2pd) (anharmonic).  

c 

b 

a 

a 

b 

c 
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Figure S37: IR spectra showing the pyrolysis product of d2-13 with subsequent trapping in an 

argon matrix at 3.5 K. 

 

 

 

Figure S38: (a) IR spectra showing the pyrolysis product of d2-13 with subsequent trapping in an 

argon matrix at 3.5 K. (b) IR spectrum of d2-12 computed at B3LYP/6-311++G(3df,2pd) 

(anharmonic). (c) IR spectrum of d2-4 computed at B3LYP/6-311++G(3df,2pd) (anharmonic). 

c 

b 

a 

a 

b 

c 
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Figure S39: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 4.  

 

 

 

Figure S40: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 12. 
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Figure S41: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 4.  

 

 

 

Figure S42: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 12. 
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Figure S43: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 4. 

 

 

 

Figure S44: Screenshot of the IR spectrum showing the pyrolysis product of 13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule 12. 
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Figure S45: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-4. 

 

 

 

Figure S46: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-12. 
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Figure S47: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-4.  

 

 

 

Figure S48: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-12. 
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Figure S49: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-4.  

 

 

 

Figure S50: Screenshot of the IR spectrum showing the pyrolysis product of d2-13, subsequently 

trapped in an argon matrix at 3.5 K. Integration of a peak from molecule d2-12.  
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Table S1: Experimental (Ar matrix, 3.5 K) and computed IR frequencies of 1 band origins in  

cm–1, computed intensities (km mol–1) in parantheses. 

Mode 1 Computeda 1 N2 3.5 Kb Assignment 

1 3056 (38.8) 
not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2)  

2 3056 (71.4) 
not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

3 3054 (32.6) 

not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

5 3043 (41.0) 

not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

6 3035 (32.6) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

7 3026 (94.4) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

8 3026 (169.3) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

9 3024 (57.3) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH) 

11 3010 (22.8) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

12 3010 (4.5) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

14 3006 (13.6) 

not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH2) 

15 1516 (2.7) 
not definitively 

identifiable 

Scissoring C–H 

(CH2) 

16 1499 (9.6) 1470 (m) 
Scissoring C–H 

(CH2) 

17 1495 (10.2) 1470 (m) 
Scissoring C–H 

(CH2) 

18 1490 (3.5) / 
Scissoring C–H 

(CH2) 

24 1368 (1.0) 1357 (w) Wagging C–H  

27 1339 (0.7) 1313 (w) 
Wagging C–H 

(CH) 
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Mode 1 Computeda 1 N2 3.5 Kb Assignment 

33 1238 (3.2) 1235 (m) 
Twisting C–H 

(CH) 

37 1113 (0.9) 1111 (w) Wagging C–H 

40 1046 (7.1) 1043 (m) Scissoring C–C 

41 1042 (4.5) 1038 (w) Rocking C–C 

43 978 (1.4) 982 (w) Scissoring C–C 

44 957 (1.5) 951 (m) Scissoring C–C 

45 932 (1.3) 927 (m) Wagging C–C 

49 886 (3.5) 870 (w) Wagging C–C 

51 784 (2.2) 775 (w) Twisting C–C 

54 643 (7.8) 602 (s) Twisting C–C 

aB3LYP/6-311++G(3df,2pd), anharmonic, unscaled frequencies, intensities (in 

parentheses) in km mol−1. bExperiment: argon matrix, 3.5 K; approximate relative 

intensities (w: weak, m: medium, s: strong). 

 

Table S2: Experimental (Ar matrix, 3.5 K) and computed IR frequencies of 2 band origins in cm–

1, computed intensities (km mol–1) in parantheses. 

Mode 2 Computeda 2 N2 3.5 Kb Assignment 

1 3006 (11.4) not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH) 

2 2982 (45.3) not definitively 

identifiable 

Symmetric 

stretching C–H 

3 2974 (72.6) not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH) 

4 2964 (10.3) not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH) 

5 2951 (64.9) not definitively 

identifiable 

Symmetric 

stretching C–H 

(CH) 

6 2942 (66.9) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

7 2935 (84.7) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

    



− Cold Organic Chemistry and Prebiotic Insights via Matrix Isolation – 

____________________________________________________________________________________ 

80 

 

Mode 2 Computeda 2 N2 3.5 Kb Assignment 

8 2925 (8.4) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

9 2911 (18.1) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

10 2865 (28.9) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH) 

11 2847 (26.5) not definitively 

identifiable 

Antisymmetric 

stretching C–H 

(CH2) 

12 1463 (1.0) 1458 (m) Scissoring C–H 

(CH2) 

13 1454 (1.3) 1446 (m) Scissoring C–H 

(CH2) 

14 1311 (0.8) 1303 (m) Scissoring C–H 

(CH2) 

15 1303 (3.1) 1298 (m) Scissoring C–H 

(CH2) 

16 1292 (1.0) 1291 (w) Rocking C–H 

(CH2) 

17 1271 (1.2) 1272 (w) Wagging C–H 

(CH2) 

18 1217 (3.3) 1223 (m) Wagging C–H 

(CH) 

19 1212 (0.7) 1211 (m) Twisting C–H 

20 1201 (0.6) 1198 (w) Wagging C–H 

(CH2) 

21 1102 (2.1) 1104 (w) Twisting C–H 

(CH) 

22 1094 (7.1) 1096 (s)  Twisting C–H 

(CH2) 

23 1088 (2.4) / Twisting C–H 

(CH2) 

24 1049 (3.6) 1054 (m) Twisting C–H 

(CH2) 

25 1030 (2.4) 1023 (m) Wagging C–H 

26 1008 (2.6) 1013 (w) Rocking C–C 

27 980 (1.6) 984 (w) Rocking C–C 

28 962 (0.6) 969 (w) Scissoring C–C 

29 938 (1.7) 951 (w) Rocking C–C 

30 906 (2.9) 909 (w) Scissoring C–C 
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Mode 2 Computeda 2 N2 3.5 Kb Assignment 

31 899 (2.2) 893 (s) Scissoring C–C 

32 883 (1.1) 860 (s) Twisting C–C 

33 823 (1.1) / Wagging C–C 

34 810 (1.1)  / Twisting C–C 

35 749 (1.7) / Wagging C–C 

36 640 (8.9) / Twisting C–C 

aB3LYP/6-311++G(3df,2pd), anharmonic, unscaled frequencies, intensities (in 

parentheses) in km mol−1. bExperiment: argon matrix, 3.5 K; approximate relative 

intensities (w: weak, m: medium, s: strong). 

 

Table S3: Integrals, ratio, and mean of the undeuterated compounds. 

 Figure S39-S40 Figure S41-S42 Figure S43-S44 

4 0.229 0.891 0.565 

12 0.080 0.307 0.205 

Ratio 0.651 0.655 0.637 

Mean 0.648 

 

Table S4: Integrals, ratio, and mean of the deuterated compounds. 

 Figure S45-S46 Figure S47-S48 Figure S49-S50 

d2-4 0.809 0.798 0.514 

d2-12 0.037 0.037 0.027 

Ratio  0.954 0.954 0.947 

Mean  0.952 
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Table S5: Determination of the vibrational frequency scaling factors for the deuterated and 

undeuterated compounds. 

 Wavenumber Intensitiy 

4 727.395 8.8313 

d2-4 726.107 4.2802 

Factor (4) 2.063 

12 692.806 22.987 

d2-12 615.781 18.357 

Factor (12) 1.252 

 

Table S6: Normalizaed experimental intensities using scaling factor.  

 Figure S45-S46 Figure S47-S48 Figure S49-S50 

4 (with correction) 1.669 1.647 1.061 

12 (with correction) 0.046 0.046 0.033 

Ratio (with 

correction) 
0.972 0.972 0.968 

Mean (with 

correction) 
0.971 

 

 

UV/Vis Spectral Data 

Table S7: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of adamantane 

diazirine (5). 

Excitation Energy λ / nm Oscillator Strength (f) 

369.88 0.0007 

234.59 0.0029 

200.57 0.0019 
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Table S8: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

diazoadamantane (26). 

Excitation Energy λ / nm Oscillator Strength (f) 

295.64 0.0014 

256.37 0.0217 

233.00 0.0023 

227.41 0.0098 

225.25 0.0053 

221.88 0.0065 

212.50 0.1004 

204.25 0.0059 

 

Table S9: TD-B3LYP/6-311++G(3df,2pd)  computed vertical excitation energies of 

adamantylidene (1). 

Excitation Energy λ / nm Oscillator Strength (f) 

1083.82 0.0030 

674.31 0.0011 

296.77 0.0038 

291.06 0.0058 

258.88 0.0117 

254.50 0.0063 

251.39 0.0038 

251.03 0.0013 

246.71 0.0070 

 

Table S10: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 2,4-

dehydroadamantane (4). 

Excitation Energy λ / nm Oscillator Strength (f) 

210.51 0.0076 
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Table S11: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

adamantane alkene (10). 

Excitation Energy λ / nm Oscillator Strength (f) 

339.62 0.0442 

293.39 0.0148 

261.6 0.0199 

259.25 0.0206 

250.98 0.0022 

236.1 0.0035 

233.77 0.0107 

228.32 0.0054 

224.94 0.0055 

220.84 0.0119 

209.63 0.0035 

204.01 0.0156 

 

Table S12: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

pentacycloundecane diazirine (6). 

Excitation Energy λ / nm Oscillator Strength (f) 

366.57 0.0009 

240.64 0.0019 

212.18 0.0014 

 

 

 

 

 

 

 

 

 



                                                                                                                                         From Stars to Life 

____________________________________________________________________________________ 

85 

 

Table S13: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

pentacycloundecane diazo (27). 

Excitation Energy λ / nm Oscillator Strength (f) 

258.31 0.0174 

254.53 0.0173 

252.75 0.0027 

231.48 0.0379 

226.98 0.0076 

225.82 0.0095 

223.26 0.0051 

220.11 0.0128 

214.9 0.0196 

 

Table S14: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

pentacycloundecane-carbene (2). 

Excitation Energy λ / nm Oscillator Strength (f) 

974.94 0.0043 

727.79 0.0010 

274.78 0.0018 

273.51 0.0010 

251.71 0.0012 

250.38 0.0046 

248.18 0.0037 

247.41 0.0038 

244.18 0.0017 

 

Table S15: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of churchane 

(11). 

Excitation Energy λ / nm Oscillator Strength (f) 

192.38 0.0094 
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Table S16: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

homohypostrophene (9). 

Excitation Energy λ / nm Oscillator Strength (f) 

233.45 0.0279 

221.66 0.0211 

215.15 0.0092 

210.17 0.0098 

209.38 0.0097 

 

Table S17: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

protoadamantane diazirine (13). 

Excitation Energy λ / nm Oscillator Strength (f) 

225.54 0.0036 

215.34 0.0021 

210.58 0.0016 

 

Table S18: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

protoadamantane diazo (28). 

Excitation Energy λ / nm Oscillator Strength (f) 

295.5 0.0007 

260.55 0.0077 

256 0.0070 

253.15 0.0028 

235.05 0.0305 

231.06 0.0378 

228.98 0.0039 

226.11 0.0112 

221.5 0.0063 

210.33 0.0878 
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Table S19: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

protoadamantylidene (3). 

Excitation Energy λ / nm Oscillator Strength (f) 

531.88 0.0033 

308.42 0.0018 

271.5 0.0045 

267.77 0.0037 

259.35 0.0374 

238.76 0.0019 

233.55 0.0030 

223.82 0.0038 

207.31 0.0065 

 

Table S20: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

protoadamantane dehydro (4). 

Excitation Energy λ / nm Oscillator Strength (f) 

210.48 0.0076 

 

Table S21: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of 

protoadamantane alkene (12). 

Excitation Energy λ / nm Oscillator Strength (f) 

228.43 0.0135 

208.54 0.0269 

206.9 0.0151 

202.41 0.0609 

201.45 0.0082 
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Table S22: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of d2-

protoadamantane diazirine (d2-13). 

Excitation Energy λ / nm Oscillator Strength (f) 

225.54 0.0036 

215.34 0.0021 

210.58 0.0016 

 

Table S23: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of d2-

protoadamantane diazo (d2-28). 

Excitation Energy λ / nm Oscillator Strength (f) 

260.55 0.0077 

256 0.0070 

253.15 0.0028 

235.05 0.0305 

231.06 0.0378 

228.98 0.0039 

226.11 0.0112 

221.5 0.0063 

210.33 0.0878 
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Table S24: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of d2-

protoadamantylidene (d2-3). 

Excitation Energy λ / nm Oscillator Strength (f) 

531.88 0.0033 

308.42 0.0018 

271.5 0.0045 

267.77 0.0037 

259.35 0.0374 

238.76 0.0019 

233.55 0.0030 

223.82 0.0038 

207.31 0.0065 

 

Table S25: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of d2-

protoadamantane dehydro (d2-4). 

Excitation Energy λ / nm Oscillator Strength (f) 

210.48 0.0076 

 

Table S26: TD-B3LYP/6-311++G(3df,2pd) computed vertical excitation energies of d2-

protoadamantane alkene (d2-12). 

Excitation Energy λ / nm Oscillator Strength (f) 

228.43 0.0135 

208.54 0.0269 

206.9 0.0151 

202.41 0.0609 

201.45 0.0082 
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Computed Potential Energy Surfaces 

Figure S51: Potential energy profile (ΔH0) in kcal mol−1 of the reactions of 1 at 

UB3LYP/def2TZVPP+ZPVE at 0 K. 
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Figure S52: Potential energy profile (ΔH0) in kcal mol−1 of the reactions of 3 at 

UB3LYP/def2TZVPP+ZPVE at 0 K. 
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Figure S53: Potential energy profile (ΔH0) in kcal mol−1 of the reactions of 13 and d2–13 at 

UB3LYP/def2TZVPP+ZPVE at 0 K. (X = H/D) 
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Tunneling Computations 

Table S27: Overview of computed QMT half-lives and rate constants at the 

CVT/SCT//B3LYP/def2-TZVPP level of theory. 

Reaction 
QMT Half-Life (s–1) at  

10 K 

Rate constants CVT/SCT 

10 K 

adamantane TSA (1 to 4) 5457851815 1.27 × 10-10 

adamantane TSB (1 to 10) > 3.28 × 030 < 2.11 × 10-31 

PCU TSA (2 to 9) > 2.27 × 1018 < 3.05 × 10-19 

PCU TSB (2 to 11) 4.20 × 10-6 1.65 × 105 

protoadamantane TSA  

(3 to 4) 
3.30 × 10-5 2.10 × 104 

protoadamantane TSB  

(3 to 12) 
4.01 × 10-3 1.73 × 102 

d2-protoadamantane TSA 

(d2-3 to d2-4) 
2.75 × 10-5 2.52 × 104 

d2-protoadamantane TSB 

(d2-3 to d2-12) 
245.80 2.82 × 10–3 

 

 

Table S28: Overview of computed QMT half-lives and rate constants at the 

CVT/SCT//B3LYP/6-31G(d) level of theory. 

Reaction 
QMT Half-Life (s–1) at  

10 K 

Rate constants CVT/SCT 

10 K 

adamantane TSA (1 to 4) 70873.95 9.78 × 10-6 

adamantane TSB (1 to 10) > 3.08 × 1026 < 2.25 × 10-27 

PCU TSA (2 to 9) > 2.91 × 1015 < 2.38 × 10-16 

PCU TSB (2 to 11) 2.55 × 10-13 2.72 × 1012 

protoadamantane TSA  

(3 to 4) 

1.35 × 10-5 5.14 × 104 

protoadamantane TSB  

(3 to 12) 

1.18 5.88 × 10-1 

d2-protoadamantane TSA 

(d2-3 to d2-4) 

1.13 × 10-5 6.13 × 104 

d2-protoadamantane TSB 

(d2-3 to d2-12) 

50228.06 1.38 × 10-5 
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Cartesian Coordinates of Computed Geometries 

In the following, the cartesian coordinates of all computationally optimized geometries 

are given in Ångstrom. Electronic energies (in hartree mol–1) and zero-point vibrational 

energies (ZPVE, in hartree) are provided.  

B3LYP/6-311++G(3df,2pd)  

Adamantane diazirine (C2v) 

6        0.000000000      0.000000000     -2.269240941 

6        1.259223000      0.000000000     -1.383939941 

6       -1.259223000      0.000000000     -1.383939941 

1        0.000000000     -0.878020000     -2.920655941 

1        0.000000000      0.878020000     -2.920655941 

6        1.261032000     -1.257869000     -0.495210941 

6       -1.261032000     -1.257869000     -0.495210941 

6        0.000000000     -1.264289000      0.394488059 

1       -1.278536000     -2.157610000     -1.115276941 

1       -2.158096000     -1.279732000      0.127724059 

1        1.278536000     -2.157610000     -1.115276941 

1        2.158096000     -1.279732000      0.127724059 

6       -1.261032000      1.257869000     -0.495210941 

1       -2.151432000      0.000000000     -2.014071941 

6        1.261032000      1.257869000     -0.495210941 

1        2.151432000      0.000000000     -2.014071941 

6        0.000000000      0.000000000      1.226864059 

1        0.000000000     -2.137851000      1.048525059 

6        0.000000000      1.264289000      0.394488059 

1        1.278536000      2.157610000     -1.115276941 

1        2.158096000      1.279732000      0.127724059 

1       -2.158096000      1.279732000      0.127724059 

1       -1.278536000      2.157610000     -1.115276941 

1        0.000000000      2.137851000      1.048525059 

7        0.613341000      0.000000000      2.565146059 

7       -0.613341000      0.000000000      2.565146059 

E = −498.870751  

ZPVE = 0.228429  

 

2-Diazoadamantane (C2v) 

6        0.000000000      0.000000000      2.352855992 

6       -1.258517000      0.000000000      1.466089992 

6        1.258517000      0.000000000      1.466089992 

1        0.000000000     -0.878155000      3.004093992 

1        0.000000000      0.878155000      3.004093992 

6       -1.259571000     -1.263753000      0.583800992 

6        1.259571000     -1.263753000      0.583800992 

6        0.000000000     -1.273422000     -0.311123008 

1        1.271583000     -2.157018000      1.214465992 

1        2.156697000     -1.293411000     -0.038085008 

1       -1.271583000     -2.157018000      1.214465992 

1       -2.156697000     -1.293411000     -0.038085008 

6        1.259571000      1.263753000      0.583800992 

1        2.151057000      0.000000000      2.095906992 

6       -1.259571000      1.263753000      0.583800992 

1       -2.151057000      0.000000000      2.095906992 

6        0.000000000      0.000000000     -1.129328008 

1        0.000000000     -2.146777000     -0.963660008 

6        0.000000000      1.273422000     -0.311123008 

1       -1.271583000      2.157018000      1.214465992 

1       -2.156697000      1.293411000     -0.038085008 

1        2.156697000      1.293411000     -0.038085008 

1        1.271583000      2.157018000      1.214465992 

1        0.000000000      2.146777000     -0.963660008 

7        0.000000000      0.000000000     -2.409272008 

7        0.000000000      0.000000000     -3.553974008 

E = −498.887387  

ZPVE = 0.228512  

 

Singlet adamantylidene (Cs) 

6       -1.393498000      0.998124000      0.000000000 

6       -1.407777000     -0.540077000      0.000000000 

6        0.058278000      1.506596000      0.000000000 

1       -1.922915000      1.377336000      0.878194000 

1       -1.922915000      1.377336000     -0.878194000 

6       -0.682991000     -1.067713000      1.244417000 

6        0.791386000      0.990311000      1.244268000 

6        0.791386000     -0.566863000      1.236963000 

1        0.308747000      1.336459000      2.162335000 

1        1.817675000      1.362553000      1.262772000 

1       -1.165990000     -0.721701000      2.162325000 

1       -0.705201000     -2.159195000      1.263396000 

6        0.791386000      0.990311000     -1.244268000 

1        0.064374000      2.599650000      0.000000000 

6       -0.682991000     -1.067713000     -1.244417000 

1       -2.440652000     -0.897784000      0.000000000 

6        1.461269000     -1.047298000      0.000000000 

1        1.302319000     -0.932829000      2.130089000 

6        0.791386000     -0.566863000     -1.236963000 

1       -1.165990000     -0.721701000     -2.162325000 

1       -0.705201000     -2.159195000     -1.263396000 

1        1.817675000      1.362553000     -1.262772000 

1        0.308747000      1.336459000     -2.162335000 

1        1.302319000     -0.932829000     -2.130089000 

E = –389.290947  

ZPVE = 0.216203  

 

Triplet adamantylidene (C1)  

6        1.379712000      0.985715000      0.000000000 

6       -0.072813000      1.496961000      0.000000000 

6        1.392511000     -0.553913000      0.000000000 

1        1.909549000      1.364312000      0.878349000 

1        1.909549000      1.364312000     -0.878349000 

6       -0.792339000      0.990667000      1.265085000 

6        0.680030000     -1.070474000      1.265420000 

6       -0.792339000     -0.566182000      1.269550000 

1        1.196528000     -0.711803000      2.160946000 

1        0.695046000     -2.161402000      1.294355000 

1       -0.285466000      1.362453000      2.160622000 

1       -1.819693000      1.357742000      1.293920000 

6        0.680030000     -1.070474000     -1.265420000 

1        2.425650000     -0.910258000      0.000000000 
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6       -0.792339000      0.990667000     -1.265085000 

1       -0.074415000      2.589897000      0.000000000 

6       -1.407285000     -1.006388000      0.000000000 

1       -1.320071000     -0.942310000      2.147919000 

6       -0.792339000     -0.566182000     -1.269550000 

1       -0.285466000      1.362453000     -2.160622000 

1       -1.819693000      1.357742000     -1.293920000 

1        0.695046000     -2.161402000     -1.294355000 

1        1.196528000     -0.711803000     -2.160946000 

1       -1.320071000     -0.942310000     -2.147919000 

E = –389.282811 

ZPVE = 0.216850  

 

2,4-Dehydroadamantane (Cs) 

6       -0.207780028     -1.142344494      1.271884000 

6       -1.079812471     -1.107049711      0.000000000 

6        0.902536535     -0.078368265      1.185929000 

1        0.248008171     -2.127928978      1.396585000 

1       -0.838767848     -0.970810261      2.147738000 

6       -0.207780028     -1.142344494     -1.271884000 

6        1.824189046     -0.433306336      0.000000000 

6        0.902536535     -0.078368265     -1.185929000 

1       -0.838767848     -0.970810261     -2.147738000 

1        0.248008171     -2.127928978     -1.396585000 

1        2.155210812     -1.475002170      0.000000000 

1        2.709716652      0.205187965      0.000000000 

6       -1.887753076      0.196243804      0.000000000 

1       -1.763864607     -1.958211030      0.000000000 

6        0.361327169      1.302176527      0.759739000 

1        1.438323755     -0.013364316      2.133047000 

6        0.361327169      1.302176527     -0.759739000 

1        1.438323755     -0.013364316     -2.133047000 

6       -0.941496991      1.373159073      0.000000000 

1       -2.537355652      0.237789693      0.879026000 

1       -2.537355652      0.237789693     -0.879026000 

1       -1.418035383      2.346955939      0.000000000 

1        0.685786171      2.171945526      1.314605000 

1        0.685786171      2.171945526     -1.314605000 

E = −389.374314  

ZPVE = 0.218794  

 

Adamantane Alkene (C1) 

6       -0.232226000     -0.960438000      1.391463000 

6        1.027194000     -0.139720000      1.048315000 

6       -1.282839000     -0.818836000      0.272097000 

1       -0.644425000     -0.618927000      2.344223000 

1        0.026351000     -2.015050000      1.520180000 

6        0.591987000      1.338525000      0.884997000 

6       -1.685605000      0.653023000      0.053837000 

6       -0.455658000      1.495986000     -0.301844000 

1        1.454943000      1.980747000      0.704094000 

1        0.129057000      1.677880000      1.815778000 

1       -2.147460000      1.058524000      0.957696000 

1       -2.433071000      0.717181000     -0.739452000 

6        1.713629000     -0.718643000     -0.281878000 

1        1.754759000     -0.214709000      1.860441000 

6       -0.628733000     -1.294918000     -1.034917000 

1       -2.167135000     -1.414019000      0.514314000 

6        0.593028000     -0.426199000     -1.239491000 

1        1.969163000     -1.773222000     -0.148378000 

1        2.620286000     -0.150572000     -0.491514000 

1       -1.316643000     -1.194604000     -1.873773000 

1       -0.344563000     -2.347428000     -0.968967000 

6        0.436647000      0.914932000     -1.387787000 

1       -0.724760000      2.545697000     -0.432162000 

1        1.358952000      1.486229000     -1.491234000 

E = −389.315485  

ZPVE = 0.217172  

 

PCU diazirine (C1) 

6        1.440544000      0.643028000      0.914295000 

6        0.199074000      1.568958000      0.702010000 

6        0.124202000      1.779118000     -0.811959000 

6        0.626665000      0.420270000     -1.322832000 

1        0.806628000      2.572998000     -1.123452000 

1       -0.872725000      2.040344000     -1.165481000 

6        1.911275000      0.166612000     -0.485498000 

6        0.502592000     -0.515797000      1.380534000 

6       -0.749209000      0.402805000      1.176447000 

6       -1.443528000     -0.223492000      0.001268000 

6       -0.326339000     -0.762927000     -0.855939000 

6        0.556024000     -1.512170000      0.186562000 

1        0.665343000     -0.956423000      2.360366000 

1        2.228296000      0.971849000      1.587303000 

1        0.796141000      0.390946000     -2.397665000 

6        1.983636000     -1.356941000     -0.344221000 

1        0.215938000     -2.519869000      0.414755000 

1        2.150154000     -1.871684000     -1.291933000 

1        2.741887000     -1.687314000      0.367739000 

1        2.798278000      0.666763000     -0.870018000 

1       -1.385122000      0.613118000      2.032233000 

1        0.141341000      2.476836000      1.297318000 

1       -0.664577000     -1.379867000     -1.685603000 

7       -2.748905000     -0.888836000      0.105475000 

7       -2.761267000      0.178196000     -0.501127000 

E = −535.739023  

ZPVE = 0.210977  

 

PCU diazo (C1) 

6        1.549567000      0.752257000      0.777641000 

6        0.276083000      1.624642000      0.540238000 

6        0.099130000      1.658650000     -0.978321000 

6        0.616610000      0.267939000     -1.370536000 

1        0.720981000      2.436718000     -1.426350000 

1       -0.932862000      1.838923000     -1.283316000 

6        1.952189000      0.135575000     -0.588226000 

6        0.673298000     -0.370011000      1.420352000 

6       -0.617465000      0.494688000      1.197088000 

6       -1.351314000     -0.272527000      0.141273000 

6       -0.280115000     -0.882340000     -0.720716000 

6        0.686688000     -1.488873000      0.343948000 

1        0.899755000     -0.695575000      2.432282000 

1        2.365446000      1.168149000      1.363398000 

1        0.723793000      0.124582000     -2.444700000 

6        2.075160000     -1.362104000     -0.288591000 

1        0.386285000     -2.472058000      0.698923000 

1        2.198949000     -1.973750000     -1.183987000 

1        2.883972000     -1.596535000      0.405479000 

1        2.802422000      0.609482000     -1.075620000 

1       -1.202314000      0.788590000      2.064101000 

1        0.225710000      2.592591000      1.033897000 
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1       -0.642488000     -1.593836000     -1.458655000 

7       -2.613340000     -0.302085000     -0.060279000 

7       -3.745036000     -0.351438000     -0.221201000 

E = –535.757551  

ZPVE = 0.210894  

 

PCU singlet carbene (C1) 

6        0.013489000      0.349912000     -1.367941000 

6        1.451312000      0.261463000     -0.767626000 

6        1.450275000      1.250793000      0.396441000 

6        0.013440000      1.080437000      0.904385000 

1        1.591296000      2.268062000      0.021483000 

1        2.215876000      1.055104000      1.145845000 

6       -0.843281000      1.192157000     -0.382469000 

6       -0.281714000     -1.114923000     -0.925994000 

6        1.149283000     -1.239290000     -0.293004000 

6        0.975390000     -1.222840000      1.174693000 

6       -0.273826000     -0.437024000      1.366304000 

6       -1.263827000     -0.934365000      0.259152000 

1       -0.574883000     -1.836618000     -1.684185000 

1       -0.094211000      0.605946000     -2.418982000 

1       -0.270181000      1.773798000      1.693249000 

6       -2.067575000      0.313446000     -0.117325000 

1       -1.831041000     -1.822502000      0.529846000 

1       -2.696148000      0.687006000      0.692687000 

1       -2.693160000      0.164536000     -0.999856000 

1       -1.033739000      2.218206000     -0.693836000 

1        1.836349000     -1.981744000     -0.690210000 

1        2.293393000      0.334037000     -1.450407000 

1       -0.681343000     -0.464435000      2.374670000 

E = –426.161270 

ZPVE = 0.198940  

 

PCU triplet carbene (C1) 

6        0.054221000      0.319774000     -1.371245000 

6        1.482000000      0.257621000     -0.744364000 

6        1.442476000      1.241925000      0.423748000 

6       -0.013979000      1.105636000      0.886800000 

1        1.638498000      2.261271000      0.081140000 

1        2.165737000      1.001312000      1.204058000 

6       -0.830183000      1.185018000     -0.431260000 

6       -0.250258000     -1.135116000     -0.898543000 

6        1.193284000     -1.234005000     -0.255381000 

6        0.881749000     -1.226860000      1.178085000 

6       -0.319441000     -0.391541000      1.390426000 

6       -1.270008000     -0.923505000      0.259032000 

1       -0.532475000     -1.879824000     -1.638579000 

1       -0.034486000      0.540303000     -2.432303000 

1       -0.311933000      1.839879000      1.633761000 

6       -2.062253000      0.309196000     -0.182135000 

1       -1.834566000     -1.808269000      0.543031000 

1       -2.719621000      0.699476000      0.596978000 

1       -2.655396000      0.137680000     -1.082388000 

1       -1.015614000      2.200211000     -0.779155000 

1        1.873338000     -1.992683000     -0.631449000 

1        2.333746000      0.360019000     -1.413019000 

1       -0.752879000     -0.408230000      2.386941000 

E = −426.150287  

ZPVE = 0.199445  

PCU homopentaprismane (C2v) 

6       -1.205610000      0.787212000      0.173871000 

6       -0.777021000      0.782659000     -1.321239000 

6        0.000000000      1.143320000      1.073497000 

6        1.205610000      0.787212000      0.173871000 

6        0.777021000      0.782659000     -1.321239000 

6       -1.205610000     -0.787212000      0.173871000 

1       -2.139026000      1.282978000      0.431935000 

6        1.205610000     -0.787212000      0.173871000 

1        2.139026000      1.282978000      0.431935000 

6        0.000000000     -1.143320000      1.073497000 

6       -0.777021000     -0.782659000     -1.321239000 

1       -1.315366000      1.390502000     -2.043697000 

1       -2.139026000     -1.282978000      0.431935000 

6        0.777021000     -0.782659000     -1.321239000 

1        1.315366000      1.390502000     -2.043697000 

1        2.139026000     -1.282978000      0.431935000 

1       -1.315366000     -1.390502000     -2.043697000 

1        1.315366000     -1.390502000     -2.043697000 

6        0.000000000      0.000000000      2.110176000 

1        0.000000000      2.156947000      1.471609000 

1       -0.885174000      0.000000000      2.748812000 

1        0.885174000      0.000000000      2.748812000 

1        0.000000000     -2.156947000      1.471609000 

E = −426.226649  

ZPVE = 0.200716  

 

PCU dialkene_1 (C2v) 

6        1.173949000      0.806088000      0.078802000 

6        1.173949000     -0.806088000      0.078802000 

6        0.000000000      1.117958000      1.056171000 

6        0.000000000     -1.117958000      1.056171000 

6       -1.173949000     -0.806088000      0.078802000 

6       -1.173949000      0.806088000      0.078802000 

6        0.000000000      0.000000000      2.082222000 

1        0.000000000      2.141169000      1.427959000 

1       -0.885862000      0.000000000      2.720429000 

1        0.885862000      0.000000000      2.720429000 

1        0.000000000     -2.141169000      1.427959000 

6        0.665684000      1.423961000     -1.204697000 

1        2.141000000      1.185302000      0.406603000 

6       -0.665684000      1.423961000     -1.204697000 

1       -2.141000000      1.185302000      0.406603000 

1        1.300996000      1.747444000     -2.017270000 

1       -1.300996000      1.747444000     -2.017270000 

6       -0.665684000     -1.423961000     -1.204697000 

1       -2.141000000     -1.185302000      0.406603000 

6        0.665684000     -1.423961000     -1.204697000 

1        2.141000000     -1.185302000      0.406603000 

1       -1.300996000     -1.747444000     -2.017270000 

1        1.300996000     -1.747444000     -2.017270000 

E = −426.260526  

ZPVE = 0.199790  

 

PCU dialkene_2 (C2v) 

6        1.320392000      0.788454000      0.211280000 

6        1.320392000     -0.788454000      0.211280000 

6        0.000000000      1.147674000      0.939879000 

6        0.000000000     -1.147674000      0.939879000 
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6       -1.320392000     -0.788454000      0.211280000 

6       -1.320392000      0.788454000      0.211280000 

6        0.000000000      0.000000000      1.995676000 

1        0.000000000      2.156383000      1.350653000 

1       -0.885851000      0.000000000      2.633257000 

1        0.885851000      0.000000000      2.633257000 

1        0.000000000     -2.156383000      1.350653000 

6        1.525141000     -0.666606000     -1.289788000 

1        2.159552000     -1.247942000      0.738913000 

6        1.525141000      0.666606000     -1.289788000 

1        2.159552000      1.247942000      0.738913000 

6       -1.525141000     -0.666606000     -1.289788000 

1       -2.159552000     -1.247942000      0.738913000 

6       -1.525141000      0.666606000     -1.289788000 

1       -2.159552000      1.247942000      0.738913000 

1       -1.632840000     -1.405528000     -2.072967000 

1       -1.632840000      1.405528000     -2.072967000 

1        1.632840000     -1.405528000     -2.072967000 

1        1.632840000      1.405528000     -2.072967000 

E = −426.179384  

ZPVE = 0.197019  
 

Protoadamantane diazirine (C1) 

6        0.437832000      1.576145000     -0.139995000 

1        0.568643000      2.658833000     -0.184227000 

6        1.550441000      0.940792000     -1.012795000 

6        1.773598000     -0.567460000     -0.774444000 

1        2.591280000     -0.916125000     -1.407435000 

6        0.492064000     -1.384573000     -0.987366000 

6       -0.372360000     -1.058880000      0.271683000 

6       -1.458215000     -0.078504000     -0.085804000 

7       -2.769417000     -0.589234000     -0.519318000 

7       -2.754532000     -0.139993000      0.619776000 

6       -0.997563000      1.260930000     -0.619489000 

6        2.020162000     -0.824690000      0.719009000 

6        0.648590000     -0.446616000      1.305835000 

1        0.489850000     -0.848202000      2.305832000 

6        0.548972000      1.090619000      1.315943000 

1        2.489641000      1.459822000     -0.801789000 

1        1.329364000      1.121826000     -2.068049000 

1        0.733023000     -2.447966000     -1.012128000 

1       -0.025789000     -1.151366000     -1.917866000 

1       -0.826913000     -1.963250000      0.673168000 

1       -1.678209000      2.034656000     -0.256652000 

1       -1.060528000      1.281496000     -1.711844000 

1        2.832484000     -0.230488000      1.140141000 

1        2.253760000     -1.877872000      0.890124000 

1        1.429950000      1.508548000      1.807129000 

1       -0.320048000      1.428093000      1.884931000 

E = –498.857697  

ZPVE = 0.227837  

 

Protoadamantane diazo (C1) 

7       -3.744270000     -0.419073000      0.067033000 

7       -2.621794000     -0.220544000     -0.024694000 

6       -1.364437000      0.014403000     -0.130298000 

6       -0.864967000      1.376584000     -0.552593000 

6        0.574876000      1.574837000     -0.017906000 

1        0.756104000      2.650372000      0.025635000 

6        1.674718000      0.958561000     -0.921621000 

6        1.845053000     -0.570257000     -0.790715000 

1        2.666343000     -0.896861000     -1.430756000 

6        0.545991000     -1.330178000     -1.086922000 

6       -0.343469000     -1.051553000      0.168961000 

6        2.050598000     -0.943587000      0.684608000 

6        0.680090000     -0.561369000      1.269588000 

1        0.479859000     -1.032492000      2.231350000 

6        0.633488000      0.972735000      1.396428000 

1       -1.511183000      2.153203000     -0.137452000 

1       -0.884912000      1.500732000     -1.641255000 

1        2.628917000      1.426733000     -0.663902000 

1        1.474842000      1.222540000     -1.963527000 

1        0.755590000     -2.398111000     -1.169214000 

1        0.057689000     -1.022875000     -2.011118000 

1       -0.848673000     -1.959161000      0.493627000 

1        2.872830000     -0.409486000      1.163178000 

1        2.246220000     -2.013659000      0.782542000 

1        1.515626000      1.320070000      1.937899000 

1       -0.238452000      1.295262000      1.969446000 

E = –498.875073  

ZPVE = 0.227894  

 

Singlet protoadamantylidene (C1) 

6        1.087201000     -1.043019000     -0.241525000 

1        1.762591000     -1.881484000     -0.429856000 

6       -0.047614000     -1.089634000     -1.290410000 

6       -1.223537000     -0.143768000     -0.962369000 

1       -1.981314000     -0.216480000     -1.745344000 

6       -0.756824000      1.306436000     -0.789109000 

6       -0.104387000      1.307954000      0.683157000 

6        1.240260000      1.525548000      0.155622000 

6        1.890954000      0.269497000     -0.312810000 

6       -1.771173000     -0.461768000      0.433118000 

6       -0.575074000     -0.051667000      1.310854000 

1       -0.851726000      0.097230000      2.354370000 

6        0.510289000     -1.128652000      1.179368000 

1       -0.437326000     -2.109410000     -1.352819000 

1        0.357670000     -0.851002000     -2.277702000 

1       -1.582026000      2.016027000     -0.780150000 

1       -0.072345000      1.641656000     -1.572023000 

1       -0.487218000      2.157249000      1.246257000 

1        2.765685000      0.212649000      0.355217000 

1        2.342083000      0.433921000     -1.296702000 

1       -2.054065000     -1.508476000      0.564650000 

1       -2.650370000      0.150350000      0.647250000 

1        0.079857000     -2.112476000      1.380765000 

1        1.307935000     -0.975312000      1.910707000 

E = –389.281186 

ZPVE = 0.215491 

 

Triplet protoadamantylidene (C1) 

6        1.176520000     -0.952570000     -0.185699000 

1        1.870783000     -1.787537000     -0.303729000 

6        0.005436000     -1.170286000     -1.179622000 

6       -1.279023000     -0.359252000     -0.886279000 

1       -2.051710000     -0.648438000     -1.601087000 

6       -1.041639000      1.154640000     -0.881695000 

6       -0.224894000      1.389618000      0.442712000 

6        1.206272000      1.475382000      0.129026000 

6        1.981020000      0.361105000     -0.442885000 
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6       -1.705682000     -0.572644000      0.573081000 

6       -0.531517000      0.086282000      1.315478000 

1       -0.768528000      0.353996000      2.344249000 

6        0.659920000     -0.887189000      1.262235000 

1       -0.261317000     -2.230923000     -1.159046000 

1        0.350757000     -0.962122000     -2.195843000 

1       -1.998176000      1.679350000     -0.835515000 

1       -0.506496000      1.521956000     -1.756466000 

1       -0.575753000      2.282328000      0.960165000 

1        2.962657000      0.274474000      0.035554000 

1        2.177061000      0.482530000     -1.517475000 

1       -1.833123000     -1.621859000      0.845424000 

1       -2.648965000     -0.059331000      0.771453000 

1        0.337969000     -1.871192000      1.610642000 

1        1.466364000     -0.563758000      1.923562000 

E = –389.272711 

ZPVE = 0.215979  

 

2,4-Dehydroprotoadamantane (C1) 

6        1.069611000     -1.099318000      0.000000000 

1        1.747280000     -1.955579000      0.000000000 

6        0.197587000     -1.128212000     -1.271886000 

6       -0.905284000     -0.056598000     -1.186028000 

1       -1.440672000      0.012375000     -2.133026000 

6       -0.354025000      1.320144000     -0.759563000 

1       -0.672292000      2.192550000     -1.313845000 

6       -0.354024000      1.320144000      0.759563000 

6        0.949129000      1.381760000     -0.000001000 

1        1.433246000      2.351812000     -0.000001000 

6        1.887017000      0.197786000     -0.000001000 

6       -1.829032000     -0.405314000      0.000001000 

6       -0.905283000     -0.056597000      1.186029000 

1       -1.440671000      0.012377000      2.133028000 

6        0.197588000     -1.128211000      1.271888000 

1       -0.265027000     -2.110598000     -1.396902000 

1        0.829642000     -0.961025000     -2.147791000 

1       -0.672291000      2.192551000      1.313844000 

1        2.536963000      0.234603000      0.878941000 

1        2.536962000      0.234602000     -0.878943000 

1       -2.167290000     -1.444714000      0.000002000 

1       -2.710169000      0.239163000      0.000001000 

1       -0.265026000     -2.110597000      1.396904000 

1        0.829644000     -0.961024000      2.147792000 

E = –389.374298  

ZPVE = 0.218812 

  

Protoadamantane alkene (C1) 

6       -0.195200000     -1.121905000     -1.250053000 

6        1.024627000     -1.124609000     -0.282965000 

6       -1.335593000     -0.145118000     -0.865436000 

1       -0.616474000     -2.131938000     -1.269035000 

1        0.148573000     -0.909224000     -2.264997000 

6        0.537069000     -1.102769000      1.182693000 

6       -1.745417000     -0.369357000      0.595980000 

6       -0.455057000      0.061969000      1.317239000 

1        1.394764000     -0.988328000      1.846083000 

1        0.038735000     -2.037052000      1.452368000 

1       -2.026441000     -1.398468000      0.825504000 

1       -2.591363000      0.272264000      0.853331000 

6        1.915471000      0.091597000     -0.417580000 

1        1.607361000     -2.026629000     -0.477938000 

6       -0.882095000      1.318293000     -0.778648000 

1       -2.165135000     -0.275273000     -1.563784000 

6        1.460890000      1.251211000      0.045398000 

6        0.025015000      1.335818000      0.495456000 

1       -0.617604000      0.315304000      2.364440000 

1       -1.757862000      1.956613000     -0.640640000 

1       -0.350443000      1.671745000     -1.660990000 

1       -0.141375000      2.242792000      1.075544000 

1        2.916099000     -0.014648000     -0.818954000 

1        2.062894000      2.152059000      0.026574000 

E = –389.379737  

ZPVE = 0.218349  

 

d2-Protoadamantane diazirine (C1) 

6        0.437832000      1.576145000     -0.139995000 

1        0.568643000      2.658833000     -0.184227000 

6        1.550441000      0.940792000     -1.012795000 

6        1.773598000     -0.567460000     -0.774444000 

1        2.591280000     -0.916125000     -1.407435000 

6        0.492064000     -1.384573000     -0.987366000 

6       -0.372360000     -1.058880000      0.271683000 

6       -1.458215000     -0.078504000     -0.085804000 

7       -2.769417000     -0.589234000     -0.519318000 

7       -2.754532000     -0.139993000      0.619776000 

6       -0.997563000      1.260930000     -0.619489000 

6        2.020162000     -0.824690000      0.719009000 

6        0.648590000     -0.446616000      1.305835000 

1        0.489850000     -0.848202000      2.305832000 

6        0.548972000      1.090619000      1.315943000 

1        2.489641000      1.459822000     -0.801789000 

1        1.329364000      1.121826000     -2.068049000 

1        0.733023000     -2.447966000     -1.012128000 

1       -0.025789000     -1.151366000     -1.917866000 

1       -0.826913000     -1.963250000      0.673168000 

1(Iso=2)       -1.678209000      2.034656000     -0.256652000 

1(Iso=2)       -1.060528000      1.281496000     -1.711844000 

1        2.832484000     -0.230488000      1.140141000 

1        2.253760000     -1.877872000      0.890124000 

1        1.429950000      1.508548000      1.807129000 

1       -0.320048000      1.428093000      1.884931000 

E = –498.864337  

ZPVE = 0.221196  

 

d2-Protoadamantane diazo (C1) 

7       -3.744270000     -0.419073000      0.067033000 

7       -2.621794000     -0.220544000     -0.024694000 

6       -1.364437000      0.014403000     -0.130298000 

6       -0.864967000      1.376584000     -0.552593000 

6        0.574876000      1.574837000     -0.017906000 

1        0.756104000      2.650372000      0.025635000 

6        1.674718000      0.958561000     -0.921621000 

6        1.845053000     -0.570257000     -0.790715000 

1        2.666343000     -0.896861000     -1.430756000 

6        0.545991000     -1.330178000     -1.086922000 

6       -0.343469000     -1.051553000      0.168961000 

6        2.050598000     -0.943587000      0.684608000 

6        0.680090000     -0.561369000      1.269588000 

1        0.479859000     -1.032492000      2.231350000 

6        0.633488000      0.972735000      1.396428000 

1(Iso=2)       -1.511183000      2.153203000     -0.137452000 
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1(Iso=2)       -0.884912000      1.500732000     -1.641255000 

1        2.628917000      1.426733000     -0.663902000 

1        1.474842000      1.222540000     -1.963527000 

1        0.755590000     -2.398111000     -1.169214000 

1        0.057689000     -1.022875000     -2.011118000 

1       -0.848673000     -1.959161000      0.493627000 

1        2.872830000     -0.409486000      1.163178000 

1        2.246220000     -2.013659000      0.782542000 

1        1.515626000      1.320070000      1.937899000 

1       -0.238452000      1.295262000      1.969446000 

E = –498.881703  

ZPVE = 0.221264  

 

d2-Singlet protoadamantylidene (C1) 

6        1.087201000     -1.043019000     -0.241525000 

1        1.762591000     -1.881484000     -0.429856000 

6       -0.047614000     -1.089634000     -1.290410000 

6       -1.223537000     -0.143768000     -0.962369000 

1       -1.981314000     -0.216480000     -1.745344000 

6       -0.756824000      1.306436000     -0.789109000 

6       -0.104387000      1.307954000      0.683157000 

6        1.240260000      1.525548000      0.155622000 

6        1.890954000      0.269497000     -0.312810000 

6       -1.771173000     -0.461768000      0.433118000 

6       -0.575074000     -0.051667000      1.310854000 

1       -0.851726000      0.097230000      2.354370000 

6        0.510289000     -1.128652000      1.179368000 

1       -0.437326000     -2.109410000     -1.352819000 

1        0.357670000     -0.851002000     -2.277702000 

1       -1.582026000      2.016027000     -0.780150000 

1       -0.072345000      1.641656000     -1.572023000 

1       -0.487218000      2.157249000      1.246257000 

1(Iso=2)        2.765685000      0.212649000      0.355217000 

1(Iso=2)        2.342083000      0.433921000     -1.296702000 

1       -2.054065000     -1.508476000      0.564650000 

1       -2.650370000      0.150350000      0.647250000 

1        0.079857000     -2.112476000      1.380765000 

1        1.307935000     -0.975312000      1.910707000 

E = –389.287561 

ZPVE = 0.209115  

 

d2-Triplet protoadamantylidene (C1) 

6        1.176540000     -0.952558000     -0.185677000 

1        1.870802000     -1.787530000     -0.303688000 

6        0.005450000     -1.170318000     -1.179592000 

6       -1.279027000     -0.359297000     -0.886264000 

1       -2.051710000     -0.648518000     -1.601059000 

6       -1.041683000      1.154594000     -0.881721000 

6       -0.224916000      1.389627000      0.442671000 

6        1.206253000      1.475388000      0.128984000 

6        1.981016000      0.361113000     -0.442914000 

6       -1.705669000     -0.572649000      0.573108000 

6       -0.531510000      0.086320000      1.315481000 

1       -0.768520000      0.354050000      2.344250000 

6        0.659951000     -0.887129000      1.262259000 

1       -0.261286000     -2.230959000     -1.158981000 

1        0.350768000     -0.962171000     -2.195813000 

1       -1.998234000      1.679272000     -0.835536000 

1       -0.506572000      1.521909000     -1.756515000 

1       -0.575761000      2.282354000      0.960098000 

1        2.962660000      0.274510000      0.035516000 

1        2.177033000      0.482519000     -1.517507000 

1       -1.833078000     -1.621859000      0.845480000 

1       -2.648967000     -0.059360000      0.771475000 

1        0.338032000     -1.871122000      1.610714000 

1        1.466397000     -0.563645000      1.923561000 

E = –389.279205  

ZPVE = 0.209485  

 

d2-2,4-Dehydroprotoadamantane (C1) 

6       -1.069612000     -1.099318000      0.000001000 

1       -1.747282000     -1.955578000      0.000001000 

6       -0.197589000     -1.128209000      1.271888000 

6        0.905283000     -0.056597000      1.186028000 

1        1.440671000      0.012377000      2.133028000 

6        0.354026000      1.320145000      0.759563000 

1        0.672293000      2.192551000      1.313843000 

6        0.354027000      1.320143000     -0.759564000 

6       -0.949128000      1.381761000     -0.000002000 

1       -1.433244000      2.351813000     -0.000003000 

6       -1.887017000      0.197787000      0.000000000 

6        1.829032000     -0.405315000      0.000001000 

6        0.905284000     -0.056599000     -1.186028000 

1        1.440673000      0.012373000     -2.133026000 

6       -0.197588000     -1.128213000     -1.271886000 

1        0.265024000     -2.110596000      1.396905000 

1       -0.829645000     -0.961022000      2.147793000 

1        0.672293000      2.192548000     -1.313846000 

1(Iso=2)       -2.536962000      0.234603000     -0.878944000 

1(Iso=2)       -2.536963000      0.234605000      0.878941000 

1        2.167289000     -1.444716000      0.000002000 

1        2.710168000      0.239161000      0.000001000 

1        0.265026000     -2.110599000     -1.396901000 

1       -0.829643000     -0.961026000     -2.147792000 

E = –389.380965  

ZPVE = 0.212146  

 

d2-Protoadamantane alkene (C1) 

6       -0.195200000     -1.121905000     -1.250053000 

6        1.024627000     -1.124609000     -0.282965000 

6       -1.335593000     -0.145118000     -0.865436000 

1       -0.616474000     -2.131938000     -1.269035000 

1        0.148573000     -0.909224000     -2.264997000 

6        0.537069000     -1.102769000      1.182693000 

6       -1.745417000     -0.369357000      0.595980000 

6       -0.455057000      0.061969000      1.317239000 

1        1.394764000     -0.988328000      1.846083000 

1        0.038735000     -2.037052000      1.452368000 

1       -2.026441000     -1.398468000      0.825504000 

1       -2.591363000      0.272264000      0.853331000 

6        1.915471000      0.091597000     -0.417580000 

1        1.607361000     -2.026629000     -0.477938000 

6       -0.882095000      1.318293000     -0.778648000 

1       -2.165135000     -0.275273000     -1.563784000 

6        1.460890000      1.251211000      0.045398000 

6        0.025015000      1.335818000      0.495456000 

1(Iso=2)       -0.617604000      0.315304000      2.364440000 

1(Iso=2)       -1.757862000      1.956613000     -0.640640000 

1       -0.350443000      1.671745000     -1.660990000 

1       -0.141375000      2.242792000      1.075544000 
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1        2.916099000     -0.014648000     -0.818954000 

1        2.062894000      2.152059000      0.026574000 

E = –389.386135  

ZPVE = 0.211951 

 

B3LYP/def2TZVPP 

Adamantane diazirine (C2v) 

6        0.000000000      0.000000000      2.197777000 

6        0.000000000      1.256798000      1.314449000 

6        0.000000000     -1.256798000      1.314449000 

1       -0.878974000      0.000000000      2.847533000 

1        0.878974000      0.000000000      2.847533000 

6       -1.255300000      1.258606000      0.427538000 

6       -1.255300000     -1.258606000      0.427538000 

6       -1.261975000      0.000000000     -0.459212000 

1       -2.154370000     -1.276237000      1.048201000 

1       -1.274463000     -2.154068000     -0.197476000 

1       -2.154370000      1.276237000      1.048201000 

1       -1.274463000      2.154068000     -0.197476000 

6        1.255300000     -1.258606000      0.427538000 

1        0.000000000     -2.148703000      1.944502000 

6        1.255300000      1.258606000      0.427538000 

1        0.000000000      2.148703000      1.944502000 

6        0.000000000      0.000000000     -1.287745000 

1       -2.134084000      0.000000000     -1.114711000 

6        1.261975000      0.000000000     -0.459212000 

1        2.154370000      1.276237000      1.048201000 

1        1.274463000      2.154068000     -0.197476000 

1        1.274463000     -2.154068000     -0.197476000 

1        2.154370000     -1.276237000      1.048201000 

1        2.134084000      0.000000000     -1.114711000 

7        0.000000000      0.613029000     -2.624393000 

7        0.000000000     -0.613029000     -2.624393000 

E = –498.947862  

ZPVE = 0.229215  
 

2-Diazoadamantane (C2v) 

6        0.000000000      0.000000000     -2.274801000 

6       -1.255950000      0.000000000     -1.389963000 

6        1.255950000      0.000000000     -1.389963000 

1        0.000000000      0.879016000     -2.924392000 

1        0.000000000     -0.879016000     -2.924392000 

6       -1.256968000      1.261449000     -0.509729000 

6        1.256968000      1.261449000     -0.509729000 

6        0.000000000      1.271169000      0.383131000 

1        1.268346000      2.153771000     -1.141268000 

1        2.152867000      1.289053000      0.113539000 

1       -1.268346000      2.153771000     -1.141268000 

1       -2.152867000      1.289053000      0.113539000 

6        1.256968000     -1.261449000     -0.509729000 

1        2.148137000      0.000000000     -2.019667000 

6       -1.256968000     -1.261449000     -0.509729000 

1       -2.148137000      0.000000000     -2.019667000 

6        0.000000000      0.000000000      1.198397000 

1        0.000000000      2.143423000      1.036669000 

6        0.000000000     -1.271169000      0.383131000 

1       -1.268346000     -2.153771000     -1.141268000 

1       -2.152867000     -1.289053000      0.113539000 

1        2.152867000     -1.289053000      0.113539000 

1        1.268346000     -2.153771000     -1.141268000 

1        0.000000000     -2.143423000      1.036669000 

7        0.000000000      0.000000000      2.478210000 

7        0.000000000      0.000000000      3.621733000 

E = –498.964783  

ZPVE = 0.229292  

 

Singlet adamantylidene (Cs) 

6        0.000000000      0.000000000     -1.716425000 

6       -1.255625000      0.000000000     -0.834336000 

6        1.255625000      0.000000000     -0.834336000 

1        0.000000000      0.878995000     -2.365992000 

1        0.000000000     -0.878995000     -2.365992000 

6       -1.263230000      1.235330000      0.065284000 

6        1.263230000      1.235330000      0.065284000 

6        0.000000000      1.223571000      0.972723000 

1        1.257431000      2.159684000     -0.517901000 

1        2.164238000      1.250241000      0.681449000 

1       -1.257431000      2.159684000     -0.517901000 

1       -2.164238000      1.250241000      0.681449000 

6        1.263230000     -1.235330000      0.065284000 

1        2.148290000      0.000000000     -1.464730000 

6       -1.263230000     -1.235330000      0.065284000 

1       -2.148290000      0.000000000     -1.464730000 

6        0.000000000      0.000000000      1.815555000 

1        0.000000000      2.122705000      1.592510000 

6        0.000000000     -1.223571000      0.972723000 

1       -1.257431000     -2.159684000     -0.517901000 

1       -2.164238000     -1.250241000      0.681449000 

1        2.164238000     -1.250241000      0.681449000 

1        1.257431000     -2.159684000     -0.517901000 

1        0.000000000     -2.122705000      1.592510000 

E = –389.353457  

ZPVE = 0.216449  

 

Triplet adamantylidene (C1)  

6        0.000000000      0.000000000     -1.692488000 

6       -1.257394000      0.000000000     -0.809648000 

6        1.257394000      0.000000000     -0.809648000 

1        0.000000000      0.879179000     -2.342086000 

1        0.000000000     -0.879179000     -2.342086000 

6       -1.263468000      1.262601000      0.068411000 

6        1.263468000      1.262601000      0.068411000 

6        0.000000000      1.267043000      0.972225000 

1        1.269371000      2.157464000     -0.560736000 

1        2.159395000      1.290387000      0.690516000 

1       -1.269371000      2.157464000     -0.560736000 

1       -2.159395000      1.290387000      0.690516000 

6        1.263468000     -1.262601000      0.068411000 

1        2.147548000      0.000000000     -1.443128000 

6       -1.263468000     -1.262601000      0.068411000 

1       -2.147548000      0.000000000     -1.443128000 

6        0.000000000      0.000000000      1.729449000 

1        0.000000000      2.146427000      1.618382000 

6        0.000000000     -1.267043000      0.972225000 

1       -1.269371000     -2.157464000     -0.560736000 

1       -2.159395000     -1.290387000      0.690516000 
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1        2.159395000     -1.290387000      0.690516000 

1        1.269371000     -2.157464000     -0.560736000 

1        0.000000000     -2.146427000      1.618382000 

E = –389.348668  

ZPVE = 0.217606  

 

2,4-Dehydroadamantane (Cs) 

6       -0.601162000     -0.972154000      1.269792000 

6       -1.398270000     -0.623127000      0.000000000 

6        0.817722000     -0.387644000      1.184226000 

1       -0.535131000     -2.055793000      1.393945000 

1       -1.126550000     -0.580277000      2.144133000 

6       -0.601162000     -0.972154000     -1.269792000 

6        1.543968000     -1.054046000      0.000000000 

6        0.817722000     -0.387644000     -1.184226000 

1       -1.126550000     -0.580277000     -2.144133000 

1       -0.535131000     -2.055793000     -1.393945000 

1        1.468248000     -2.144177000      0.000000000 

1        2.601183000     -0.783109000      0.000000000 

6       -1.675278000      0.882086000      0.000000000 

1       -2.345153000     -1.166305000      0.000000000 

6        0.817722000      1.092486000      0.759008000 

1        1.340490000     -0.522957000      2.130743000 

6        0.817722000      1.092486000     -0.759008000 

1        1.340490000     -0.522957000     -2.130743000 

6       -0.367639000      1.632838000      0.000000000 

1       -2.264069000      1.156476000      0.879733000 

1       -2.264069000      1.156476000     -0.879733000 

1       -0.457218000      2.712915000      0.000000000 

1        1.437695000      1.783502000      1.312942000 

1        1.437695000      1.783502000     -1.312942000 

E = −389.438509  

ZPVE = 0.219508  

 

Adamantane alkene (C1) 

6       -0.232765000     -0.961118000      1.386891000 

6        1.023964000     -0.140929000      1.047174000 

6       -1.280287000     -0.818424000      0.269234000 

1       -0.646231000     -0.619956000      2.338873000 

1        0.026701000     -2.015596000      1.512351000 

6        0.588390000      1.334338000      0.886238000 

6       -1.682458000      0.650784000      0.053685000 

6       -0.454995000      1.493820000     -0.298766000 

1        1.451738000      1.976331000      0.707824000 

1        0.123158000      1.669909000      1.816866000 

1       -2.142891000      1.053976000      0.958962000 

1       -2.428633000      0.715466000     -0.740347000 

6        1.710641000     -0.716796000     -0.279575000 

1        1.750124000     -0.216388000      1.859911000 

6       -0.626063000     -1.290771000     -1.035922000 

1       -2.164123000     -1.414448000      0.509080000 

6        0.594133000     -0.423196000     -1.239276000 

1        1.963257000     -1.771852000     -0.146601000 

1        2.617427000     -0.148214000     -0.486072000 

1       -1.314040000     -1.188131000     -1.874192000 

1       -0.340946000     -2.342855000     -0.970184000 

6        0.437459000      0.917443000     -1.386183000 

1       -0.725008000      2.543236000     -0.426580000 

1        1.361353000      1.487612000     -1.480889000 

E = −389.381968  

ZPVE = 0.217923  

 

Adamantane TSA (C1) 

6       -0.238761000     -0.939719000      1.418141000 

6        0.942029000      0.006425000      1.157122000 

6       -1.163609000     -0.982748000      0.190991000 

1       -0.809736000     -0.613990000      2.291263000 

1        0.149135000     -1.935943000      1.643280000 

6        0.497892000      1.396298000      0.688753000 

6       -1.806310000      0.390545000      0.026081000 

6       -0.729368000      1.427117000     -0.234675000 

1       -2.378571000      0.663267000      0.916884000 

1       -2.508031000      0.384909000     -0.811574000 

1        0.573428000      2.245190000      1.362464000 

1        1.293538000      1.729360000     -0.139418000 

6       -0.379128000     -1.279871000     -1.095213000 

1       -1.935029000     -1.740520000      0.341240000 

6        1.743466000     -0.529520000     -0.037832000 

1        1.563966000      0.097683000      2.048426000 

6        0.374561000      1.184871000     -1.216773000 

1       -1.146772000      2.430598000     -0.304893000 

6        0.798166000     -0.294927000     -1.235128000 

1        2.004234000     -1.585490000      0.062291000 

1        2.667223000      0.037098000     -0.163951000 

1       -1.049968000     -1.200283000     -1.953921000 

1        0.010047000     -2.301600000     -1.093023000 

1        1.332899000     -0.481102000     -2.167870000 

E = –389.335187  

ZPVE = 0.215103  

 

Adamantane TSB (C1) 

6        0.150480000     -0.855666000      1.463762000 

6       -0.999631000      0.091634000      1.082094000 

6        1.170354000     -0.949439000      0.315577000 

1       -0.240411000     -1.852578000      1.684239000 

1        0.635805000     -0.496051000      2.374254000 

6       -1.808899000     -0.474429000     -0.166300000 

6        0.419280000     -1.442623000     -0.920675000 

6       -0.698845000     -0.447792000     -1.193938000 

1        0.006840000     -2.442065000     -0.764269000 

1        1.085112000     -1.497588000     -1.783125000 

1       -2.215662000     -1.468427000      0.042568000 

1       -2.612401000      0.221440000     -0.404942000 

6        1.770186000      0.425359000     -0.039609000 

1        1.973071000     -1.636519000      0.594117000 

6       -0.383390000      1.475196000      0.774748000 

1       -1.691995000      0.188995000      1.921745000 

6       -0.436136000      0.947177000     -1.336521000 

1       -0.941576000      0.346646000     -2.325475000 

6        0.666605000      1.406174000     -0.455267000 

1        0.190473000      1.814928000      1.640467000 

1       -1.150382000      2.216116000      0.564780000 

1        2.492609000      0.311349000     -0.850721000 

1        2.317800000      0.833949000      0.814328000 

1        1.050696000      2.406256000     -0.651194000 

E = –389.269783  

ZPVE = 0.210986  
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PCU diazirine (C1) 

6        1.437438000      0.647004000      0.910232000 

6        0.193413000      1.565733000      0.700762000 

6        0.112033000      1.772197000     -0.811085000 

6        0.620691000      0.418463000     -1.321524000 

1        0.788617000      2.569444000     -1.125836000 

1       -0.888606000      2.024072000     -1.160236000 

6        1.905812000      0.172936000     -0.487834000 

6        0.506778000     -0.513802000      1.378965000 

6       -0.746752000      0.398284000      1.177346000 

6       -1.437439000     -0.227751000      0.004051000 

6       -0.323711000     -0.765140000     -0.852649000 

6        0.560602000     -1.508667000      0.187566000 

1        0.674509000     -0.953186000      2.357963000 

1        2.225337000      0.978843000      1.580791000 

1        0.788687000      0.388861000     -2.396118000 

6        1.984512000     -1.348124000     -0.345299000 

1        0.223326000     -2.516574000      0.417067000 

1        2.149775000     -1.862074000     -1.293452000 

1        2.744764000     -1.673489000      0.366538000 

1        2.788948000      0.677289000     -0.874624000 

1       -1.383275000      0.605978000      2.032767000 

1        0.133263000      2.473930000      1.294538000 

1       -0.662076000     -1.384124000     -1.680134000 

7       -2.742762000     -0.890416000      0.105259000 

7       -2.752030000      0.176733000     -0.499893000 

E = −535.818690  

ZPVE = 0.211683  

 

PCU diazo (C1) 

6        1.533438000      0.796078000      0.748950000 

6        0.224292000      1.615742000      0.536905000 

6        0.008993000      1.629650000     -0.974891000 

6        0.572037000      0.260507000     -1.370321000 

1        0.587712000      2.428184000     -1.443301000 

1       -1.036929000      1.764083000     -1.254209000 

6        1.926786000      0.187310000     -0.619866000 

6        0.717563000     -0.352760000      1.418257000 

6       -0.607366000      0.458657000      1.221008000 

6       -1.334281000     -0.343561000      0.188738000 

6       -0.261889000     -0.916192000     -0.693459000 

6        0.748568000     -1.475934000      0.350508000 

1        0.981220000     -0.662463000      2.425489000 

1        2.346187000      1.246049000      1.312389000 

1        0.660506000      0.113606000     -2.445184000 

6        2.114117000     -1.300102000     -0.314011000 

1        0.493849000     -2.466494000      0.718676000 

1        2.239255000     -1.912147000     -1.208613000 

1        2.946248000     -1.497005000      0.363518000 

1        2.745546000      0.690990000     -1.129690000 

1       -1.182794000      0.736211000      2.099172000 

1        0.148394000      2.584750000      1.024020000 

1       -0.612988000     -1.646441000     -1.417828000 

7       -2.591436000     -0.328359000     -0.049417000 

7       -3.718529000     -0.348168000     -0.235632000 

E = –535.837582  

ZPVE = 0.211636  

 

 

PCU singlet carbene (C1) 

6       -0.000171000      0.278538000     -1.375866000 

6        1.440063000      0.199626000     -0.786596000 

6        1.464489000      1.256512000      0.313504000 

6        0.039187000      1.115245000      0.854807000 

1        1.583087000      2.244963000     -0.139028000 

1        2.246697000      1.118950000      1.055517000 

6       -0.832640000      1.176534000     -0.420661000 

6       -0.317073000     -1.158705000     -0.872817000 

6        1.105449000     -1.285841000     -0.242171000 

6        1.029546000     -1.101030000      1.212983000 

6       -0.262043000     -0.387925000      1.377696000 

6       -1.275620000     -0.910846000      0.310980000 

1       -0.632992000     -1.901320000     -1.600394000 

1       -0.109706000      0.493602000     -2.435205000 

1       -0.228443000      1.837700000      1.621337000 

6       -2.064491000      0.330855000     -0.104682000 

1       -1.853420000     -1.776566000      0.628002000 

1       -2.672127000      0.748644000      0.699497000 

1       -2.704601000      0.160231000     -0.972128000 

1       -1.010798000      2.191301000     -0.772201000 

1        1.789836000     -2.046087000     -0.607435000 

1        2.278555000      0.210973000     -1.475816000 

1       -0.646266000     -0.360163000      2.394790000 

E = −426.228274  

ZPVE = 0.199734  

 

PCU triplet carbene (C1) 

6        0.052631000      0.316319000     -1.370048000 

6        1.477915000      0.257252000     -0.745113000 

6        1.438600000      1.241157000      0.421114000 

6       -0.015555000      1.105252000      0.883400000 

1        1.632365000      2.259330000      0.075757000 

1        2.161832000      1.000297000      1.201241000 

6       -0.829800000      1.181261000     -0.432929000 

6       -0.249810000     -1.135746000     -0.894953000 

6        1.193198000     -1.230721000     -0.253330000 

6        0.883916000     -1.220428000      1.179897000 

6       -0.317965000     -0.386970000      1.389241000 

6       -1.266191000     -0.923151000      0.260621000 

1       -0.529755000     -1.881454000     -1.633883000 

1       -0.037480000      0.534128000     -2.430976000 

1       -0.315092000      1.840322000      1.628147000 

6       -2.058798000      0.305830000     -0.181855000 

1       -1.828795000     -1.807295000      0.548513000 

1       -2.714242000      0.697518000      0.597621000 

1       -2.651165000      0.131064000     -1.081869000 

1       -1.015241000      2.195479000     -0.782150000 

1        1.873880000     -1.988492000     -0.629522000 

1        2.329228000      0.359916000     -1.413480000 

1       -0.754387000     -0.401144000      2.384338000 

E = −426.219023  

ZPVE = 0.200109  

 

PCU diradical (C1) 

6        0.350336000     -0.422225000      1.283511000 

6        1.748058000     -0.174201000      0.847192000 

6        1.885139000     -0.439843000     -0.618205000 

6        0.457328000     -0.832390000     -1.041348000 
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1        2.584854000     -1.260306000     -0.821462000 

1        2.260867000      0.428158000     -1.171336000 

6       -0.150457000     -1.465162000      0.240862000 

6       -0.654583000      0.810595000      1.023100000 

6        0.039434000      1.993547000      0.347948000 

6        0.071655000      1.718232000     -0.940655000 

6       -0.519072000      0.391080000     -1.299919000 

6       -1.543149000      0.248957000     -0.122387000 

1       -1.203763000      1.068642000      1.927812000 

1        0.261664000     -0.752395000      2.318403000 

1        0.444832000     -1.506210000     -1.896158000 

6       -1.650512000     -1.242841000      0.129280000 

1       -2.460900000      0.810228000     -0.279426000 

1       -2.106675000     -1.787171000     -0.699247000 

1       -2.191356000     -1.483829000      1.046234000 

1        0.185678000     -2.481547000      0.438950000 

1        0.476333000      2.831370000      0.869521000 

1        2.514828000      0.278972000      1.457729000 

1       -0.971426000      0.339589000     -2.287301000 

E = –426.217700 

ZPVE = 0.197065  

 

PCU homopentaprismane (C2v) 

6       -1.203856000      0.786073000      0.173893000 

6       -0.776071000      0.781892000     -1.319165000 

6        0.000000000      1.141697000      1.071195000 

6        1.203856000      0.786073000      0.173893000 

6        0.776071000      0.781892000     -1.319165000 

6       -1.203856000     -0.786073000      0.173893000 

1       -2.137009000      1.280524000      0.432742000 

6        1.203856000     -0.786073000      0.173893000 

1        2.137009000      1.280524000      0.432742000 

6        0.000000000     -1.141697000      1.071195000 

6       -0.776071000     -0.781892000     -1.319165000 

1       -1.314070000      1.389226000     -2.041372000 

1       -2.137009000     -1.280524000      0.432742000 

6        0.776071000     -0.781892000     -1.319165000 

1        1.314070000      1.389226000     -2.041372000 

1        2.137009000     -1.280524000      0.432742000 

1       -1.314070000     -1.389226000     -2.041372000 

1        1.314070000     -1.389226000     -2.041372000 

6        0.000000000      0.000000000      2.107030000 

1        0.000000000      2.155200000      1.468352000 

1       -0.886008000      0.000000000      2.743905000 

1        0.886008000      0.000000000      2.743905000 

1        0.000000000     -2.155200000      1.468352000 

E = −426.294063  

ZPVE = 0.201342  

 

PCU dialkene_1 (C2v) 

6        1.172841000      0.804013000      0.080721000 

6        1.172841000     -0.804013000      0.080721000 

6        0.000000000      1.116482000      1.055130000 

6        0.000000000     -1.116482000      1.055130000 

6       -1.172841000     -0.804013000      0.080721000 

6       -1.172841000      0.804013000      0.080721000 

6        0.000000000      0.000000000      2.079551000 

1        0.000000000      2.139609000      1.425801000 

1       -0.886741000      0.000000000      2.716129000 

1        0.886741000      0.000000000      2.716129000 

1        0.000000000     -2.139609000      1.425801000 

6        0.665554000      1.414136000     -1.204566000 

1        2.138754000      1.184166000      0.409096000 

6       -0.665554000      1.414136000     -1.204566000 

1       -2.138754000      1.184166000      0.409096000 

1        1.300427000      1.725933000     -2.021710000 

1       -1.300427000      1.725933000     -2.021710000 

6       -0.665554000     -1.414136000     -1.204566000 

1       -2.138754000     -1.184166000      0.409096000 

6        0.665554000     -1.414136000     -1.204566000 

1        2.138754000     -1.184166000      0.409096000 

1       -1.300427000     -1.725933000     -2.021710000 

1        1.300427000     -1.725933000     -2.021710000 

E = −426.329686  

ZPVE = 0.200397  

 

PCU dialkene_2 (C2v) 

6        1.315162000      0.788300000      0.211841000 

6        1.315162000     -0.788300000      0.211841000 

6        0.000000000      1.146138000      0.942387000 

6        0.000000000     -1.146138000      0.942387000 

6       -1.315162000     -0.788300000      0.211841000 

6       -1.315162000      0.788300000      0.211841000 

6        0.000000000      0.000000000      1.995839000 

1        0.000000000      2.154353000      1.353202000 

1       -0.886567000      0.000000000      2.632033000 

1        0.886567000      0.000000000      2.632033000 

1        0.000000000     -2.154353000      1.353202000 

6        1.505810000     -0.666723000     -1.290599000 

1        2.157209000     -1.247003000      0.734476000 

6        1.505810000      0.666723000     -1.290599000 

1        2.157209000      1.247003000      0.734476000 

6       -1.505810000     -0.666723000     -1.290599000 

1       -2.157209000     -1.247003000      0.734476000 

6       -1.505810000      0.666723000     -1.290599000 

1       -2.157209000      1.247003000      0.734476000 

1       -1.597068000     -1.405818000     -2.075465000 

1       -1.597068000      1.405818000     -2.075465000 

1        1.597068000     -1.405818000     -2.075465000 

1        1.597068000      1.405818000     -2.075465000 

E = −426.245913  

ZPVE = 0.197615  

 

PCU TSA (C1) 

6       -0.122249000     -0.689509000     -1.257807000 

6        1.361383000     -0.340257000     -0.942864000 

6        1.350384000      1.110698000     -0.438315000 

6       -0.116218000      1.413449000     -0.100381000 

1        1.977281000      1.866424000     -0.906566000 

1        1.951298000      1.035549000      0.746927000 

6       -1.000911000      0.562062000     -1.039967000 

6       -0.215649000     -1.438769000      0.117919000 

6        1.263399000     -1.069401000      0.419292000 

6        1.264049000      0.155960000      1.371065000 

6       -0.199686000      0.665711000      1.265045000 

6       -1.133232000     -0.526362000      0.953737000 

1       -0.489858000     -2.490577000      0.101013000 

1       -0.334002000     -1.255430000     -2.160995000 

1       -0.378564000      2.468197000     -0.060855000 

6       -2.101190000      0.051386000     -0.092830000 
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1       -1.583219000     -0.996954000      1.825350000 

1       -2.733589000      0.849532000      0.298457000 

1       -2.738549000     -0.706086000     -0.551217000 

1       -1.329217000      1.065024000     -1.947576000 

1        1.955629000     -1.867125000      0.677740000 

1        2.133477000     -0.609257000     -1.658511000 

1       -0.531173000      1.270893000      2.106865000 

E = −426.193898  

ZPVE = 0.196384 

  

PCU TSB (C1) 

6        0.057240000     -0.401048000      1.326049000 

6        1.459426000     -0.600165000      0.911084000 

6        1.569373000     -1.123954000     -0.440682000 

6        0.126797000     -1.062270000     -0.947998000 

1        2.068248000     -2.097225000     -0.504342000 

1        2.191311000     -0.402876000     -1.030665000 

6       -0.747454000     -1.279961000      0.314587000 

6       -0.383673000      1.087181000      0.932290000 

6        0.835249000      1.755095000      0.260854000 

6        0.949732000      1.318998000     -1.003166000 

6       -0.235513000      0.442302000     -1.329277000 

6       -1.319942000      0.807689000     -0.263088000 

1       -0.858428000      1.623383000      1.756064000 

1       -0.123832000     -0.602359000      2.382035000 

1       -0.087023000     -1.759010000     -1.755247000 

6       -2.032116000     -0.494393000      0.062608000 

1       -1.924893000      1.666418000     -0.545647000 

1       -2.610763000     -0.890517000     -0.773634000 

1       -2.678230000     -0.441670000      0.940005000 

1       -0.857407000     -2.323496000      0.607713000 

1        1.475990000      2.454070000      0.784802000 

1        2.309641000     -0.434394000      1.558550000 

1       -0.579329000      0.510832000     -2.359203000 

E = −426.185930  

ZPVE = 0.195423  

 

Protoadamantane diazirine (C1) 

6        1.556672000      0.951218000     -0.991931000 

6        0.436224000      1.572322000     -0.125938000 

6        1.775825000     -0.556256000     -0.770028000 

1        2.493182000      1.466885000     -0.762922000 

1        1.345091000      1.144581000     -2.046632000 

6        0.532209000      1.072986000      1.323392000 

6        2.011187000     -0.828676000      0.720063000 

6        0.637138000     -0.460712000      1.299983000 

1       -0.345680000      1.400247000      1.884155000 

1        1.406403000      1.488611000      1.827833000 

1        2.818458000     -0.235890000      1.152169000 

1        2.244387000     -1.883208000      0.881430000 

6       -0.988616000      1.255182000     -0.625731000 

1        0.563339000      2.655498000     -0.157378000 

6       -1.452617000     -0.079797000     -0.094344000 

1       -1.032633000      1.269550000     -1.718915000 

1       -1.676528000      2.027989000     -0.276129000 

6       -0.371908000     -1.062569000      0.255080000 

1        0.471849000     -0.871674000      2.294614000 

6        0.496401000     -1.366830000     -1.001936000 

1        2.597570000     -0.899052000     -1.400329000 

1        0.736188000     -2.429568000     -1.044334000 

1       -0.017174000     -1.114273000     -1.929479000 

1       -0.827309000     -1.972329000      0.641923000 

7       -2.768463000     -0.582793000     -0.518143000 

7       -2.741855000     -0.135574000      0.621334000 

E = –498.933811  

ZPVE = 0.228617 

 

Protoadamantane diazo (C1) 

6        1.684360000      0.974934000     -0.887935000 

6        0.569115000      1.570439000      0.003773000 

6        1.854387000     -0.551992000     -0.779931000 

1        2.632594000      1.439570000     -0.604202000 

1        1.500345000      1.255437000     -1.928147000 

6        0.604883000      0.948398000      1.407121000 

6        2.039461000     -0.947030000      0.689876000 

6        0.661766000     -0.580613000      1.259974000 

1       -0.280492000      1.256679000      1.966738000 

1        1.475364000      1.291924000      1.968915000 

1        2.851887000     -0.415677000      1.187363000 

1        2.236853000     -2.017715000      0.773576000 

6       -0.856181000      1.370461000     -0.561700000 

1        0.743304000      2.645757000      0.067116000 

6       -1.358557000      0.008775000     -0.154186000 

1       -0.850177000      1.495693000     -1.650169000 

1       -1.514576000      2.142814000     -0.158872000 

6       -0.341514000     -1.056836000      0.140031000 

1        0.449583000     -1.066030000      2.211543000 

6        0.562384000     -1.306049000     -1.107253000 

1        2.684993000     -0.867543000     -1.412857000 

1        0.774710000     -2.371203000     -1.210675000 

1        0.084622000     -0.976458000     -2.029003000 

1       -0.846958000     -1.971748000      0.441698000 

7       -2.615415000     -0.219127000     -0.030519000 

7       -3.736394000     -0.412932000      0.076000000 

E = –498.951663  

ZPVE = 0.228662  

 

Singlet protoadamantylidene (C1) 

6       -0.047905000     -1.091050000     -1.285490000 

6        1.081811000     -1.044487000     -0.236689000 

6       -1.218447000     -0.142334000     -0.963140000 

1       -0.441308000     -2.109274000     -1.344709000 

1        0.361009000     -0.854750000     -2.271519000 

6        0.503959000     -1.124858000      1.180778000 

6       -1.769510000     -0.455903000      0.429297000 

6       -0.577088000     -0.047489000      1.308142000 

1        1.301234000     -0.969833000      1.911737000 

1        0.070430000     -2.106809000      1.383020000 

1       -2.053423000     -1.502003000      0.561170000 

1       -2.646874000      0.159520000      0.639812000 

6        1.886105000      0.263898000     -0.311031000 

1        1.755797000     -1.884418000     -0.421220000 

6        1.240814000      1.522211000      0.155154000 

1        2.333708000      0.424869000     -1.296877000 

1        2.761252000      0.205358000      0.355772000 

6       -0.103507000      1.306871000      0.681223000 

1       -0.856074000      0.102892000      2.350384000 

6       -0.746423000      1.303537000     -0.791475000 

1       -1.974435000     -0.213127000     -1.747459000 

1       -1.567496000      2.017342000     -0.790586000 

1       -0.054371000      1.630731000     -1.571069000 
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1       -0.488291000      2.157116000      1.240934000 

E = –389.346262  

ZPVE = 0.216205  

 

Triplet protoadamantylidene (C1) 

6        0.003075000     -1.180811000     -1.166201000 

6        1.170136000     -0.955916000     -0.175336000 

6       -1.274585000     -0.362431000     -0.884367000 

1       -0.268417000     -2.239635000     -1.132781000 

1        0.351417000     -0.983617000     -2.183269000 

6        0.653217000     -0.876139000      1.268614000 

6       -1.705349000     -0.560859000      0.573179000 

6       -0.533367000      0.099214000      1.312216000 

1        1.459807000     -0.547647000      1.926818000 

1        0.327417000     -1.855977000      1.624203000 

1       -1.835794000     -1.607413000      0.853227000 

1       -2.646509000     -0.041388000      0.764060000 

6        1.973919000      0.352003000     -0.446286000 

1        1.863132000     -1.792667000     -0.284254000 

6        1.209519000      1.471411000      0.125627000 

1        2.157329000      0.465847000     -1.523931000 

1        2.959726000      0.265389000      0.022844000 

6       -0.221563000      1.391398000      0.432863000 

1       -0.771784000      0.374567000      2.338210000 

6       -1.027269000      1.147112000     -0.893422000 

1       -2.047048000     -0.653175000     -1.598274000 

1       -1.980109000      1.678776000     -0.861415000 

1       -0.480324000      1.498773000     -1.767083000 

1       -0.575245000      2.288267000      0.940326000 

E = –389.337959  

ZPVE = 0.216687  

 

2,4-Dehydroprotoadamantane (C1) 

6        1.067125000     -1.097572000      0.000000000 

1        1.744752000     -1.953408000      0.000000000 

6        0.197457000     -1.125786000     -1.269803000 

6       -0.903239000     -0.056452000     -1.184214000 

1       -1.438882000      0.011903000     -2.130734000 

6       -0.353878000      1.317948000     -0.758997000 

1       -0.673068000      2.189713000     -1.312945000 

6       -0.353877000      1.317949000      0.758996000 

6        0.947399000      1.379731000     -0.000001000 

1        1.431436000      2.349421000     -0.000001000 

6        1.883029000      0.197272000     -0.000001000 

6       -1.824890000     -0.405793000      0.000001000 

6       -0.903238000     -0.056451000      1.184215000 

1       -1.438881000      0.011905000      2.130735000 

6        0.197458000     -1.125785000      1.269804000 

1       -0.265981000     -2.107535000     -1.394064000 

1        0.830785000     -0.956751000     -2.144098000 

1       -0.673067000      2.189714000      1.312944000 

1        2.531597000      0.233534000      0.879738000 

1        2.531596000      0.233534000     -0.879740000 

1       -2.159069000     -1.446196000      0.000001000 

1       -2.706108000      0.238077000      0.000001000 

1       -0.265980000     -2.107534000      1.394066000 

1        0.830786000     -0.956749000      2.144098000 

E = –389.438505  

ZPVE = 0.219514  

Protoadamantane alkene (C1) 

6       -0.195767000     -1.120922000     -1.247252000 

6        1.020098000     -1.125458000     -0.280256000 

6       -1.331854000     -0.142960000     -0.865726000 

1       -0.619591000     -2.129243000     -1.264794000 

1        0.150801000     -0.907832000     -2.260498000 

6        0.532127000     -1.100729000      1.182870000 

6       -1.743662000     -0.365446000      0.593231000 

6       -0.455973000      0.064212000      1.315526000 

1        1.389652000     -0.986078000      1.845402000 

1        0.030724000     -2.032892000      1.451676000 

1       -2.024257000     -1.394252000      0.821864000 

1       -2.588121000      0.277924000      0.848539000 

6        1.911471000      0.087415000     -0.416635000 

1        1.600924000     -2.028375000     -0.473046000 

6       -0.874377000      1.316722000     -0.780452000 

1       -2.160332000     -0.271281000     -1.564657000 

6        1.460103000      1.247069000      0.046965000 

6        0.026387000      1.334192000      0.495494000 

1       -0.619418000      0.318381000      2.361593000 

1       -1.747925000      1.958054000     -0.647376000 

1       -0.335789000      1.663724000     -1.660351000 

1       -0.140844000      2.241143000      1.073929000 

1        2.910283000     -0.020708000     -0.820448000 

1        2.062576000      2.146862000      0.025575000 

E = –389.445207  

ZPVE = 0.219018  

 

Protoadamantane alkene 2 (C1) 

6       -0.007732000     -0.216691000      1.529510000 

6       -1.236774000     -0.676856000      0.638127000 

6        1.379915000      0.097376000      0.847130000 

1        0.189959000     -1.024773000      2.237987000 

1       -0.314908000      0.645547000      2.126721000 

6       -0.758032000     -1.454315000     -0.588372000 

6        1.631427000     -0.954831000     -0.233058000 

6        0.420970000     -0.637066000     -1.143662000 

1        1.616189000     -1.982349000      0.129017000 

1        2.588360000     -0.783988000     -0.726805000 

6       -2.037176000      0.504479000      0.044577000 

1       -1.893104000     -1.289458000      1.259845000 

6        1.375406000      1.365999000     -0.072614000 

1        2.151368000      0.150672000      1.617590000 

6       -0.985419000      1.395685000     -0.568417000 

6        0.204435000      0.869099000     -0.887206000 

1        0.602415000     -0.846939000     -2.197562000 

1        2.343010000      1.449208000     -0.572729000 

1        1.156689000      2.294994000      0.449525000 

1       -2.538930000      1.078384000      0.826594000 

1       -2.820858000      0.128654000     -0.619134000 

1       -1.574827000     -1.555732000     -1.304343000 

1       -0.416467000     -2.461504000     -0.345631000 

1       -1.011024000      2.440001000     -0.277172000 

E = – 389.397887  

ZPVE = 0.218131  

 

Protoadamantane TSA (C1) 

6       -0.156976000     -1.046750000      1.328334000 

6       -1.130722000     -1.021899000      0.137779000 
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6        1.030148000     -0.091791000      1.109108000 

1        0.239063000     -2.054623000      1.472294000 

1       -0.694475000     -0.781320000      2.242422000 

6       -0.384012000     -1.170784000     -1.193829000 

6        1.785226000     -0.523199000     -0.160540000 

6        0.755445000     -0.146382000     -1.243978000 

1       -1.082306000     -1.017586000     -2.019957000 

1        0.029993000     -2.175970000     -1.305884000 

1        2.053969000     -1.583016000     -0.165991000 

1        2.701788000      0.058661000     -0.276657000 

6       -1.871009000      0.321255000      0.106202000 

1       -1.856401000     -1.830067000      0.254673000 

6       -1.023756000      1.547654000     -0.160270000 

1       -2.459987000      0.463016000      1.014972000 

1       -2.593474000      0.319331000     -0.717445000 

6        0.303416000      1.270163000     -0.791707000 

1        1.194356000     -0.107997000     -2.240178000 

6        0.592216000      1.316458000      0.705582000 

1        1.660271000     -0.066293000      1.998162000 

1        1.183898000      2.161919000      1.041063000 

1       -0.500742000      1.810311000      1.068534000 

1        0.724189000      2.075287000     -1.386096000 

E = – 389.335091  

ZPVE = 0.213953  

 

Protoadamantane TSB (C1) 

6       -0.156871000     -1.109219000     -1.263161000 

6        1.046108000     -1.082351000     -0.291078000 

6       -1.311783000     -0.161162000     -0.878006000 

1       -0.550890000     -2.128571000     -1.284508000 

1        0.187342000     -0.887260000     -2.276250000 

6        0.561395000     -1.099674000      1.170596000 

6       -1.734627000     -0.419513000      0.570735000 

6       -0.468207000      0.027151000      1.319608000 

1        1.413349000     -0.965055000      1.838932000 

1        0.099830000     -2.056457000      1.422213000 

1       -1.997334000     -1.458875000      0.776130000 

1       -2.594958000      0.201237000      0.828058000 

6        1.884152000      0.187891000     -0.368040000 

1        1.680518000     -1.944200000     -0.503785000 

6        1.453804000      1.397333000      0.189511000 

1        1.641523000      1.118907000     -1.148337000 

1        2.938934000      0.074677000     -0.616149000 

6       -0.017322000      1.335861000      0.543364000 

1       -0.652145000      0.246094000      2.369951000 

6       -0.870461000      1.301268000     -0.768306000 

1       -2.129394000     -0.286999000     -1.589854000 

1       -1.749523000      1.936824000     -0.657711000 

1       -0.323052000      1.668330000     -1.636308000 

1       -0.281321000      2.215847000      1.126291000 

E = –389.331958  

ZPVE = 0.213900  

 

Protoadamantane TSB2 (C1) 

6       -0.143619000     -1.087187000     -1.280499000 

6        1.058900000     -1.069510000     -0.301530000 

6       -1.309053000     -0.156221000     -0.878190000 

1       -0.526380000     -2.110193000     -1.326046000 

1        0.200799000     -0.837368000     -2.286655000 

6        0.564204000     -1.118148000      1.153239000 

6       -1.731678000     -0.441413000      0.565162000 

6       -0.467598000      0.001601000      1.320547000 

1        1.410245000     -1.002257000      1.833646000 

1        0.103488000     -2.081362000      1.379675000 

1       -1.989182000     -1.485294000      0.754205000 

1       -2.595140000      0.170882000      0.831869000 

6        1.858877000      0.217549000     -0.416530000 

1        1.702264000     -1.922796000     -0.522788000 

6        1.366584000      1.454358000      0.017508000 

1        2.340628000      0.712392000      0.626586000 

1        2.779103000      0.194727000     -0.999103000 

6       -0.031080000      1.327352000      0.569875000 

1       -0.652848000      0.203083000      2.374374000 

6       -0.880305000      1.308172000     -0.749688000 

1       -2.124208000     -0.279529000     -1.593270000 

1       -1.756609000      1.947031000     -0.640565000 

1       -0.315508000      1.677208000     -1.606047000 

1       -0.288047000      2.194151000      1.174754000 

E = –389.333729  

ZPVE = 0.213777  

 

Protoadamantane TSC (C1) 

6       -0.017816000     -0.273992000      1.521988000 

6       -1.266260000     -0.658991000      0.610659000 

6        1.379222000      0.029142000      0.848775000 

1        0.160644000     -1.126689000      2.181338000 

1       -0.294988000      0.563500000      2.164592000 

6       -0.800227000     -1.417315000     -0.631847000 

6        1.600003000     -0.986161000     -0.273586000 

6        0.391869000     -0.607033000     -1.160107000 

1       -1.614816000     -1.490570000     -1.352865000 

1       -0.475990000     -2.435570000     -0.409781000 

1        1.560189000     -2.026388000      0.049733000 

1        2.557832000     -0.820401000     -0.766696000 

6       -2.041420000      0.561396000      0.049193000 

1       -1.936879000     -1.265419000      1.220423000 

6       -0.954771000      1.532244000     -0.325927000 

1       -2.664407000      1.042351000      0.806677000 

1       -2.719831000      0.243314000     -0.747247000 

6        0.204504000      0.906647000     -0.802260000 

1        0.563690000     -0.748710000     -2.225912000 

6        1.422360000      1.337105000     -0.013566000 

1        2.150616000      0.030645000      1.619805000 

1        2.375179000      1.385396000     -0.543507000 

1        1.239409000      2.251636000      0.540676000 

1       -0.405428000      1.858658000     -1.477173000 

E = –389.287129  

ZPVE = 0.211716  

 

d2-Protoadamantane diazirine (C1) 

6        1.556672000      0.951218000     -0.991931000 

6        0.436224000      1.572322000     -0.125938000 

6        1.775825000     -0.556256000     -0.770028000 

1        2.493182000      1.466885000     -0.762922000 

1        1.345091000      1.144581000     -2.046632000 

6        0.532209000      1.072986000      1.323392000 

6        2.011187000     -0.828676000      0.720063000 

6        0.637138000     -0.460712000      1.299983000 

1       -0.345680000      1.400247000      1.884155000 

1        1.406403000      1.488611000      1.827833000 
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1        2.818458000     -0.235890000      1.152169000 

1        2.244387000     -1.883208000      0.881430000 

6       -0.988616000      1.255182000     -0.625731000 

1        0.563339000      2.655498000     -0.157378000 

6       -1.452617000     -0.079797000     -0.094344000 

1(Iso=2)       -1.032633000      1.269550000     -1.718915000 

1(Iso=2)       -1.676528000      2.027989000     -0.276129000 

6       -0.371908000     -1.062569000      0.255080000 

1        0.471849000     -0.871674000      2.294614000 

6        0.496401000     -1.366830000     -1.001936000 

1        2.597570000     -0.899052000     -1.400329000 

1        0.736188000     -2.429568000     -1.044334000 

1       -0.017174000     -1.114273000     -1.929479000 

1       -0.827309000     -1.972329000      0.641923000 

7       -2.768463000     -0.582793000     -0.518143000 

7       -2.741855000     -0.135574000      0.621334000 

E = –498.940467 

ZPVE = 0.221962  

 

d2-Protoadamantane diazo (C1) 

6        1.684360000      0.974934000     -0.887935000 

6        0.569115000      1.570439000      0.003773000 

6        1.854387000     -0.551992000     -0.779931000 

1        2.632594000      1.439570000     -0.604202000 

1        1.500345000      1.255437000     -1.928147000 

6        0.604883000      0.948398000      1.407121000 

6        2.039461000     -0.947030000      0.689876000 

6        0.661766000     -0.580613000      1.259974000 

1       -0.280492000      1.256679000      1.966738000 

1        1.475364000      1.291924000      1.968915000 

1        2.851887000     -0.415677000      1.187363000 

1        2.236853000     -2.017715000      0.773576000 

6       -0.856181000      1.370461000     -0.561700000 

1        0.743304000      2.645757000      0.067116000 

6       -1.358557000      0.008775000     -0.154186000 

1(Iso=2)       -0.850177000      1.495693000     -1.650169000 

1(Iso=2)       -1.514576000      2.142814000     -0.158872000 

6       -0.341514000     -1.056836000      0.140031000 

1        0.449583000     -1.066030000      2.211543000 

6        0.562384000     -1.306049000     -1.107253000 

1        2.684993000     -0.867543000     -1.412857000 

1        0.774710000     -2.371203000     -1.210675000 

1        0.084622000     -0.976458000     -2.029003000 

1       -0.846958000     -1.971748000      0.441698000 

7       -2.615415000     -0.219127000     -0.030519000 

7       -3.736394000     -0.412932000      0.076000000 

E = –498.958308 

ZPVE = 0.222017 

 

d2-singlet protoadamantylidene (C1) 

6       -0.047905000     -1.091050000     -1.285490000 

6        1.081811000     -1.044487000     -0.236689000 

6       -1.218447000     -0.142334000     -0.963140000 

1       -0.441308000     -2.109274000     -1.344709000 

1        0.361009000     -0.854750000     -2.271519000 

6        0.503959000     -1.124858000      1.180779000 

6       -1.769510000     -0.455903000      0.429297000 

6       -0.577088000     -0.047489000      1.308142000 

1        1.301234000     -0.969833000      1.911737000 

1        0.070430000     -2.106809000      1.383020000 

1       -2.053423000     -1.502003000      0.561170000 

1       -2.646874000      0.159520000      0.639812000 

6        1.886105000      0.263898000     -0.311031000 

1        1.755797000     -1.884418000     -0.421220000 

6        1.240814000      1.522211000      0.155154000 

1(Iso=2)        2.333708000      0.424869000     -1.296877000 

1(Iso=2)        2.761252000      0.205358000      0.355772000 

6       -0.103507000      1.306871000      0.681223000 

1       -0.856074000      0.102892000      2.350384000 

6       -0.746423000      1.303537000     -0.791475000 

1       -1.974435000     -0.213128000     -1.747459000 

1       -1.567496000      2.017342000     -0.790586000 

1       -0.054371000      1.630731000     -1.571069000 

1       -0.488291000      2.157116000      1.240933000 

E = –389.352650  

ZPVE = 0.209817  

 

d2-triplet protoadamantylidene (C1) 

6        0.003075000     -1.180811000     -1.166201000 

6        1.170136000     -0.955916000     -0.175336000 

6       -1.274585000     -0.362431000     -0.884367000 

1       -0.268416000     -2.239635000     -1.132781000 

1        0.351417000     -0.983617000     -2.183269000 

6        0.653217000     -0.876139000      1.268614000 

6       -1.705349000     -0.560859000      0.573179000 

6       -0.533367000      0.099214000      1.312216000 

1        1.459807000     -0.547646000      1.926818000 

1        0.327418000     -1.855977000      1.624203000 

1       -1.835793000     -1.607413000      0.853227000 

1       -2.646509000     -0.041389000      0.764060000 

6        1.973919000      0.352004000     -0.446286000 

1        1.863133000     -1.792666000     -0.284254000 

6        1.209519000      1.471411000      0.125627000 

1(Iso=2)        2.157329000      0.465848000     -1.523931000 

1(Iso=2)        2.959726000      0.265390000      0.022844000 

6       -0.221563000      1.391398000      0.432863000 

1       -0.771784000      0.374567000      2.338210000 

6       -1.027269000      1.147112000     -0.893422000 

1       -2.047048000     -0.653176000     -1.598274000 

1       -1.980109000      1.678775000     -0.861415000 

1       -0.480324000      1.498773000     -1.767083000 

1       -0.575246000      2.288267000      0.940326000 

E = –389.344465  

ZPVE = 0.210182  

 

d2-2,4-Dehydroprotoadamantane (C1) 

6        1.067125000     -1.097572000      0.000000000 

1        1.744751000     -1.953408000      0.000000000 

6        0.197457000     -1.125786000     -1.269803000 

6       -0.903239000     -0.056452000     -1.184214000 

1       -1.438883000      0.011904000     -2.130734000 

6       -0.353877000      1.317949000     -0.758997000 

1       -0.673067000      2.189714000     -1.312944000 

6       -0.353876000      1.317949000      0.758996000 

6        0.947399000      1.379731000     -0.000001000 

1        1.431437000      2.349420000     -0.000001000 

6        1.883029000      0.197271000     -0.000001000 

6       -1.824890000     -0.405792000      0.000001000 

6       -0.903238000     -0.056451000      1.184215000 

1       -1.438881000      0.011905000      2.130735000 
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6        0.197458000     -1.125785000      1.269804000 

1       -0.265982000     -2.107535000     -1.394064000 

1        0.830784000     -0.956751000     -2.144098000 

1       -0.673066000      2.189715000      1.312943000 

1(Iso=2)        2.531597000      0.233533000      0.879738000 

1(Iso=2)        2.531596000      0.233533000     -0.879740000 

1       -2.159070000     -1.446196000      0.000001000 

1       -2.706108000      0.238078000      0.000001000 

1       -0.265980000     -2.107534000      1.394066000 

1        0.830786000     -0.956749000      2.144098000 

E = –389,445184 

ZPVE = 0,212836  

 

d2-Protoadamantane alkene (C1) 

6       -0.195766000     -1.120922000     -1.247252000 

6        1.020099000     -1.125457000     -0.280256000 

6       -1.331854000     -0.142961000     -0.865726000 

1       -0.619590000     -2.129243000     -1.264794000 

1        0.150802000     -0.907832000     -2.260498000 

6        0.532128000     -1.100729000      1.182870000 

6       -1.743662000     -0.365447000      0.593231000 

6       -0.455973000      0.064212000      1.315526000 

1        1.389653000     -0.986077000      1.845402000 

1        0.030725000     -2.032892000      1.451676000 

1       -2.024256000     -1.394253000      0.821864000 

1       -2.588121000      0.277922000      0.848539000 

6        1.911471000      0.087416000     -0.416635000 

1        1.600925000     -2.028374000     -0.473046000 

6       -0.874378000      1.316721000     -0.780452000 

1       -2.160332000     -0.271282000     -1.564657000 

6        1.460102000      1.247070000      0.046965000 

6        0.026386000      1.334192000      0.495494000 

1       -0.619418000      0.318381000      2.361593000 

1       -1.747926000      1.958053000     -0.647376000 

1       -0.335790000      1.663724000     -1.660351000 

1       -0.140845000      2.241143000      1.073929000 

1(Iso=2)        2.910283000     -0.020706000     -0.820448000 

1(Iso=2)        2.062575000      2.146863000      0.025575000 

E = –389.451612 

ZPVE = 0.212613  

 

d2-Protoadamantane alkene 2 (C1) 

6       -0.007732000     -0.216691000      1.529510000 

6       -1.236774000     -0.676856000      0.638127000 

6        1.379915000      0.097376000      0.847130000 

1        0.189959000     -1.024773000      2.237987000 

1       -0.314908000      0.645547000      2.126721000 

6       -0.758032000     -1.454315000     -0.588372000 

6        1.631427000     -0.954831000     -0.233058000 

6        0.420970000     -0.637066000     -1.143662000 

1        1.616189000     -1.982349000      0.129017000 

1        2.588360000     -0.783988000     -0.726805000 

6       -2.037176000      0.504479000      0.044577000 

1       -1.893104000     -1.289458000      1.259845000 

6        1.375406000      1.365999000     -0.072614000 

1        2.151368000      0.150672000      1.617590000 

6       -0.985419000      1.395685000     -0.568417000 

6        0.204435000      0.869099000     -0.887206000 

1        0.602415000     -0.846939000     -2.197562000 

1        2.343010000      1.449208000     -0.572729000 

1        1.156689000      2.294994000      0.449525000 

1(Iso=2)       -2.538930000      1.078384000      0.826594000 

1(Iso=2)       -2.820858000      0.128654000     -0.619134000 

1       -1.574827000     -1.555732000     -1.304343000 

1       -0.416467000     -2.461504000     -0.345631000 

1       -1.011024000      2.440001000     -0.277172000 

E = –389.404519  

ZPVE = 0.211499  

 

d2-Protoadamantane TSA (C1) 

6       -0.156976000     -1.046750000      1.328334000 

6       -1.130722000     -1.021899000      0.137779000 

6        1.030148000     -0.091791000      1.109108000 

1        0.239064000     -2.054623000      1.472294000 

1       -0.694475000     -0.781320000      2.242422000 

6       -0.384012000     -1.170784000     -1.193829000 

6        1.785226000     -0.523199000     -0.160540000 

6        0.755445000     -0.146382000     -1.243978000 

1       -1.082306000     -1.017586000     -2.019957000 

1        0.029994000     -2.175970000     -1.305884000 

1        2.053969000     -1.583016000     -0.165991000 

1        2.701788000      0.058662000     -0.276657000 

6       -1.871009000      0.321254000      0.106202000 

1       -1.856401000     -1.830068000      0.254673000 

6       -1.023756000      1.547654000     -0.160270000 

1       -2.459987000      0.463015000      1.014972000 

1       -2.593474000      0.319330000     -0.717445000 

6        0.303416000      1.270163000     -0.791707000 

1        1.194356000     -0.107997000     -2.240178000 

6        0.592216000      1.316458000      0.705582000 

1        1.660271000     -0.066293000      1.998162000 

1        1.183897000      2.161919000      1.041063000 

1       -0.500742000      1.810311000      1.068534000 

1        0.724189000      2.075287000     -1.386096000 

E = –389.341719  

ZPVE = 0.207325  

 

d2-Protoadamantane TSB (C1) 

6       -0.156871000     -1.109219000     -1.263161000 

6        1.046108000     -1.082351000     -0.291078000 

6       -1.311783000     -0.161162000     -0.878006000 

1       -0.550890000     -2.128571000     -1.284508000 

1        0.187342000     -0.887260000     -2.276250000 

6        0.561395000     -1.099674000      1.170596000 

6       -1.734627000     -0.419513000      0.570735000 

6       -0.468207000      0.027151000      1.319608000 

1        1.413349000     -0.965055000      1.838932000 

1        0.099830000     -2.056457000      1.422213000 

1       -1.997334000     -1.458875000      0.776130000 

1       -2.594958000      0.201236000      0.828058000 

6        1.884152000      0.187891000     -0.368040000 

1        1.680518000     -1.944200000     -0.503785000 

6        1.453804000      1.397333000      0.189511000 

1(Iso=2)        1.641523000      1.118907000     -1.148337000 

1(Iso=2)        2.938934000      0.074677000     -0.616149000 

6       -0.017322000      1.335861000      0.543364000 

1       -0.652145000      0.246094000      2.369951000 

6       -0.870461000      1.301268000     -0.768306000 

1       -2.129394000     -0.286999000     -1.589854000 

1       -1.749523000      1.936824000     -0.657711000 

1       -0.323052000      1.668330000     -1.636308000 
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1       -0.281321000      2.215847000      1.126291000 

E = –389.337438  

ZPVE = 0.208419  

 

d2-Protoadamantane TSB2 (C1) 

6       -0.143618000     -1.087187000     -1.280499000 

6        1.058901000     -1.069509000     -0.301530000 

6       -1.309053000     -0.156222000     -0.878190000 

1       -0.526379000     -2.110193000     -1.326046000 

1        0.200799000     -0.837368000     -2.286655000 

6        0.564205000     -1.118148000      1.153239000 

6       -1.731678000     -0.441414000      0.565162000 

6       -0.467598000      0.001601000      1.320547000 

1        1.410246000     -1.002256000      1.833646000 

1        0.103489000     -2.081362000      1.379675000 

1       -1.989181000     -1.485295000      0.754205000 

1       -2.595140000      0.170881000      0.831869000 

6        1.858877000      0.217550000     -0.416530000 

1        1.702265000     -1.922795000     -0.522788000 

6        1.366583000      1.454359000      0.017508000 

1        2.340628000      0.712393000      0.626586000 

1        2.779103000      0.194729000     -0.999103000 

6       -0.031081000      1.327352000      0.569875000 

1       -0.652848000      0.203083000      2.374374000 

6       -0.880306000      1.308172000     -0.749688000 

1       -2.124208000     -0.279530000     -1.593270000 

1       -1.756610000      1.947030000     -0.640565000 

1       -0.315509000      1.677208000     -1.606047000 

1       -0.288048000      2.194151000      1.174754000 

E = –389.339187  

ZPVE = 0.208319 

 

d2-Protoadamantane TSC (C1) 

6       -0.017816000     -0.273992000      1.521988000 

6       -1.266260000     -0.658991000      0.610659000 

6        1.379222000      0.029142000      0.848775000 

1        0.160644000     -1.126689000      2.181338000 

1       -0.294988000      0.563500000      2.164592000 

6       -0.800227000     -1.417315000     -0.631847000 

6        1.600003000     -0.986161000     -0.273586000 

6        0.391869000     -0.607033000     -1.160107000 

1       -1.614816000     -1.490570000     -1.352865000 

1       -0.475990000     -2.435570000     -0.409781000 

1        1.560189000     -2.026388000      0.049733000 

1        2.557832000     -0.820401000     -0.766696000 

6       -2.041420000      0.561396000      0.049193000 

1       -1.936879000     -1.265419000      1.220423000 

6       -0.954771000      1.532244000     -0.325927000 

1       -2.664407000      1.042351000      0.806677000 

1       -2.719831000      0.243314000     -0.747247000 

6        0.204504000      0.906647000     -0.802260000 

1        0.563690000     -0.748710000     -2.225912000 

6        1.422360000      1.337105000     -0.013566000 

1        2.150616000      0.030645000      1.619805000 

1        2.375179000      1.385396000     -0.543507000 

1        1.239409000      2.251636000      0.540676000 

1       -0.405428000      1.858658000     -1.477173000 

E = –389.293688 

ZPVE = 0.205157  

Dinitrogen N2 (D∞h) 

7        0.000000000      0.000000000      0.545450000 

7        0.000000000      0.000000000     -0.545450000 

E = −109.568426  

ZPVE = 0.005588  
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