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Zusammenfassung 

Hydroxycarbene	(R–C̈–OH)	sind	vor	allem	bekannt	als	Metall-Liganden	in	so	genannten	Fischer-Carbenen.	

Ihre	Existenz	als	„freies“	Carben	war	jedoch	bis	2008	umstritten,	als	es	Schreiner	et	al.	gelang,	das	einfachste	

Hydroxycarben,	 Hydroxymethylen	 (R=H)	 bei	 tiefen	 Temperaturen	 zu	 isolieren.	 Es	 zeigte	 sich,	 dass	

Hydroxymethylen	nicht	persistent	ist	und	trotz	einer	enormen	Energiebarriere	zu	Formaldehyd	reagiert,	

ein	Prozess	der	nur	durch	quantenmechanisches	Tunneln	(QMT)	zu	erklären	ist.	Da	QMT	nicht	nur	von	der	

Höhe,	sondern	auch	von	der	schwer	zu	bestimmenden	Breite	der	Reaktionsbarriere	abhängt,	erschwert	es	

das	 rationale	 Design	 von	 Reaktionen.	 Insbesondere	 die	 selektive	 Reduktion	 der	 Energiebarrieren	 von	

Konformeren	 zu	 ihren	 Produkten	 haben	 einen	 entscheidenden	 Einfluss	 auf	 die	 Produktverteilung		

(Curtin-Hammett-Prinzip).	Dennoch	konnte	in	allen	Fällen	bei	der	Isolation	von	Hydroxycarbenen	niemals	

das	s-cis-Konformer	nachgewiesen	werden.	In	dieser	Arbeit	konnten	wir	zum	ersten	Mal	s-cis-Konformere	

von	Hydroxycarbenen	isolieren.	

In	 der	 ersten	 Veröffentlichung	 isolierten	 und	 charakterisierten	 wir	 das	 s-cis-Konformer	 von	

Trifluoromethylhydroxycarben	 (F3C– C̈ –OH),	 welches	 wir	 durch	 UV-Strahlung	 des	 s-trans-Konformers	

erzeugen	konnten.	Das	s-trans-Konformer	zeigte	den	typischen	[1,2]H-Shift	zu	Trifluoroacetaldehyd	durch	

QMT.	 Das	 s-cis-Konformer	 zeigt	 dies	 nicht,	 weshalb	 wir	 von	 einem	 konformerspezifischen	 [1,2]H-Shift	

durch	 QMT	 sprechen.	 Das	 bekannte	 Curtin-Hammett-Prinzip	 kann	 nicht	 angewandt	 werden,	 da	 das	

s-cis-Konformer	vom	s-trans-Konformer	durch	eine	hohe	Aktivierungsbarriere	getrennt	ist,	und	somit	eine	

schnelle	Gleichgewichtsreaktion	ausgeschlossen	ist.	Zum	Zeitpunkt	der	Veröffentlichung	zeigte	sich,	dass	

Trifluoromethylhydroxycarben	die	längste	gemessene	Halbwertszeit	(𝜏 = 144	Std.)	aller	Hydroxycarbene	

hatte.		

In	 der	 zweiten	 Veröffentlichung	 konnten	 wir	 das	 s-cis,s-cis-Konformer	 des	 Dihydroxycarbens	 nach	

Bestrahlung	mit	nahem	Infrarotlicht	(NIR)	charakterisieren.	Die	beiden	Konformere,	das	s-cis,s-trans-	und	

das	s-trans,s-trans-Konformer,	waren	bekannt,	nicht	aber	das	s-cis,s-cis-Konformer.	Dieses	Konformer	ist	

ein	Intermediat	in	der	direkten	Reaktion	von	H2	und	CO2.	Das	s-cis,s-cis-Konformer	ist	nicht	persistent.	Es	

wandelt	sich	durch	QMT	zu	dem	s-cis,s-trans-Konformer	innerhalb	von	22	Minuten	bei	3	K	um.	Durch	die	

Analyse	der	Reaktionskinetik	konnten	wir	feststellen,	dass	diese	Reaktion	nur	partiell	stattfindet.	Unsere	

Berechnungen	lassen	den	Schluss	zu,	dass	durch	QMT	eine	Reaktion	zu	CO2	und	H2	stattgefunden	hat.	

In	 der	 dritten	 Veröffentlichung	 haben	 wir	 das	 Programm	 TUNNEX	 beschrieben.	 Mit	 seiner	

nutzerfreundlichen	 Oberfläche	 ermöglicht	 es	 die	 Tunnelhalbwertszeit	 mittels	 Wentzel-Kramers-	 und	

Brillouin-Methode	(WKB)	zu	bestimmen.	Um	die	Daten	für	TUNNEX	aufzubereiten,	bedienen	wir	uns	der	

Quantenchemiesoftware	Gaussian	und	einem	von	uns	entwickelten	Tool.	Der	Nutzer	muss	die	Daten	nur	

noch	über	die	graphische	Oberfläche	von	TUNNEX	 importieren	und	bestimmte	Parameter	festlegen.	Das	

Programm	ist	frei	nutzbar	und	online	veröffentlicht.	Mit	TUNNEX	ist	es	möglich	eine	erste	Abschätzung	der	

erwarteten	Halbwertszeit	auf	Basis	von	standardisierten	Berechnungen	zu	erhalten.	  
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Abstract 

Hydroxycarbenes	 (R– C̈ –OH)	 are	 known	 ligands	 in	 so-called	 Fischer-complexes.	 Still,	 the	 scientific	

community	 debated	 the	 existence	 of	 “free”	 hydroxycarbenes	 until	 the	 isolation	 of	 the	 simplest	

hydroxycarbene,	 hydroxymethylene	 (R=H),	 which	 Schreiner	 et	 al.	 achieved	 at	 cryogenic	 temperatures.	

Surprisingly,	hydroxymethylene	is	not	persistent	and	reacts	quickly	to	formaldehyde	despite	a	high	barrier,	

concluding	that	quantum	mechanical	tunneling	(QMT)	must	be	involved.	As	QMT	is	not	only	dependent	on	

the	 reaction	 barrier	 height	 but	 also	 on	 the	 reaction	 barrier	 width—which	 hard	 to	 model—there	 is	 a	

significant	challenge	in	the	rational	design	of	reactions.	Especially,	the	reduction	of	a	conformer's	activation	

barrier	to	its	product	has	a	distinct	influence	on	the	product	ratio	(Curtin-Hammett	principle).	Nevertheless,	

we	have	not	observed	the	s-cis-conformer	of	hydroxycarbenes	and	their	reactivity.	Hence,	we	explored	the	

generation	of	s-cis	hydroxycarbenes	by	applying	two	different	strategies.	

In	 the	 first	 publication,	 we	 tried	 to	 isolate	 the	 s-cis-conformer	 of	 trifluoromethylhydroxycarbene		

(F3C–C̈–OH),	which	is	stabilized	by	an	intramolecular	H–F	bridge.	Indeed,	after	irradiation	with	UV	light,	we	

could	 observe	 the	 s-cis	 conformer.	 The	 s-trans-conformer	 displays	 the	 typical	 [1,2]H-shift	 to	

trifluoroacetaldeyde	 through	 QMT,	 whereas	 the	 s-cis-conformer	 does	 not	 transform.	 Hence,	

trifluoromethylhydroxycarbene	 shows	 conformer-specific	 tunneling.	 The	 established	 Curtin-Hammett	

principle	is	not	applicable	because	a	significant	activation	barrier	separates	the	two	conformers,	making	

fast	 equilibration	 impossible.	At	 thetime	of	 the	publication,	 trifluoromethylhydroxycarbene	 showed	 the	

longest	measurable	half-life	(𝜏 = 144	h)	of	all	previously	isolated	hydroxycarbenes.	Hence,	the	push-pull	

substitution	of	 the	substituents	OH	and	CF3	may	stabilize	carbenes,	which	was	 later	observed	 for	other	

hydroxycarbenes.	

In	 the	 second	 publication,	 we	 addressed	 whether	 it	 was	 possible	 to	 generate	 conformers	 in	

hydroxycarbenes	 through	 stimulation	 with	 near-infrared	 light	 (NIR).	 We	 investigated	 the	 system	 of	

dihydroxycarbene,	which	has	three	different	conformers	and	is	an	essential	intermediate	on	the	[H2CO2]	

potential	energy	surface.	The	s-cis,s-trans-conformer	and	the	s-trans,s-trans-conformer	were	known,	but	not	

the	 s-cis,s-cis-conformer,	 an	 essential	 intermediate	 in	 the	bimolecular	 reaction	of	H2	 and	CO2.	We	 could	

transform	either	conformer	to	the	previously	unobserved	s-cis,s-cis	conformer	through	NIR	irradiation.	At	

3	K,	the	s-cis,s-cis-conformer	is	not	stable	and	undergoes	QMT	back	to	the	s-cis,s-trans-conformer	within	

22	minutes.	 We	 found	 indications	 for	 a	 second	 QMT	 reaction	 of	 the	 s-cis,s-cis-conformer,	 possibly	 a	

decomposition	to	CO2	and	H2,	which	we	could	confirm	by	computations.		

In	the	third	publication,	we	presented	a	program	suite	to	compute	tunneling	half-lives	in	a	simple	fashion	

(TUNNEX)	using	the	Wentzel,	Kramers,	and	Brillouin	(WKB)	method.	The	necessity	arose	during	the	last	

project	 as	 to	 accelerate	 the	 computation	 of	 QMT	 half-lives.	 After	 generating	 the	 reaction	 path	 using	

Gaussian—a	widely	used	quantum	chemistry	program—the	user	deploys	a	helper	tool	to	generate	the	data	

necessary	for	WKB	computation.	After	import	in	TUNNEX,	the	user	defines	the	parameters	and	computes	

the	QMT	half-life.	The	program	is	 free	to	use	and	published	online.	 It	uses	openly	available	 libraries	 for	

interpolation	and	integration	of	the	tunneling	path.	TUNNEX	is	the	first	entry	point	for	computing	the	QMT	

half-lives	and	is	as	user-friendly	as	possible.	
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1 Introduction 

Hydroxycarbenes	(R–C̈–OH,	1)	feature	a	divalent	carbon	atom	with	only	six	electrons	and	a	hydroxy	group	

in	 𝛼 -position	 to	 the	 carbene	 center.	 In	 2008,	 Schreiner	 et	 al.	 isolated	 the	 simplest	 conceivable	

hydroxycarbene,	hydroxymethylene	(H–C̈–OH,	1a),	which	 is	a	high-energy	 isomer	of	 formaldehyde	(2a)	

and	possibly	 involved	 in	prebiotic	sugar	 formation.[1,2]	Schreiner	et	al.	obtained	1a	 through	pyrolysis	of	

glyoxylic	acid	(3a)	with	subsequent	trapping	of	the	products	at	11	K	in	solid	Ar.[1]	Caged	by	insurmountable	

activation	 barriers	 at	 this	 temperature	 (29.7	 kcal	 mol—1),	 hydroxymethylene	 should	 not	 undergo	 any	

transformation.	 However,	 Schreiner	 et	 al.	 found	 that	 1a	 disappeared	 within	 two	 hours	 through	 an	

[1,2]H-shift	to	2a	via	quantum	mechanical	tunneling	(QMT).	As	the	rate	of	QMT	depends	on	the	width	and	

height	of	the	barrier	(the	width	includes	the	mass),	it	is	more	likely	to	find	QMT	for	light	particles	such	as	

electrons,	 e.g.,	 in	 scanning	 tunneling	 microscopy	 (STM)	 and	 electron	 transfer	 reactions	 (Marcus		

theory).[3-5]	Despite	many	examples	wherein	hydrogen	transfer	reactions	commonly	proceed	via	QMT,[6,7]	

we	often	neglect	 this	effect	 to	compute	accurate	rates.	The	basis	 for	evaluating	kinetic	rate	constants	 is	

transition	 state	 theory	 (TST),	 developed	 by	 Eyring,	 Evans,	 and	 Polanyi.[8,9]	 Its	 application	 to	 the	

temperature-dependent	 endo-exo-product	 ratio	 in	 a	 Diels-Alder	 reaction	 by	 Woodward	 and	 Bear[10]	

established	 TST	 as	 a	 successful	 theory	 for	 predicting	 rates	 and	 product	 ratios	 for	 chemical	 reactions.	

Undoubtedly,	the	mechanical	picture	of	TST	makes	it	prone	to	fail	if	QMT	is	involved.	Hence,	it	was	only	a	

matter	of	 time	when	Schreiner	et	al.	 found	a	system	where	the	principles	derived	from	TST	are	 invalid.	

Methylhydroxycarbene	(H3C–C̈–OH,	1b)	prefers	the	[1,2]H-shift	to	acetaldehyde	(2b)	over	the	[1,2]H-shift	

to	vinyl	alcohol	(4).	The	barrier	for	the	[1,2]H-shift	is	higher	but	narrower	compared	to	the	[1,2]H-shift	to	

4	 (28.0	 kcal	 mol–1	 vs.	 22.6	 kcal	 mol–1),	 thus	 establishing	 tunneling	 control	 as	 the	 third	 reaction		

paradigm.[11,12]		

Hence,	we	attempted	to	replace	the	methyl	group	with	a	trifluoromethyl	(CF3)	group,	leading	potentially	to	

conformational	control	of	tunneling,	as	H–F	interaction	could	stabilize	the	elusive	s-cis-conformer.	We	also	

want	 to	 explore	 the	 interaction	 of	 hydroxycarbenes	 with	 near-infrared	 (NIR)	 light.	 Hence,	 we	 choose	

dihydroxycarbene	(HO–C̈–OH,	1c),	a	high	energy	isomer	of	formic	acid	(2c)	for	which	the	generation	of	a	

higher-lying	conformer	with	NIR	light	was	already	reported,	to	generate	the	missing	s-cis,s-cis-conformer,	

a	possible	intermediate	in	the	direct	reaction	of	CO2	and	H2.[13,14]	As	the	observation	of	tunneling	reactions	

in	matrix	isolation	experiments	becomes	more	frequent,	we	wanted	to	implement	a	simplified	approach	for	

predicting	QMT	half-lives	using	the	Wentzel-Kramers-Brillouin	(WKB)	method	in	this	thesis.	But	first	we	

explore	the	chemistry	of	carbenes	in	general.	

1.1 Carbenes in chemistry 

IUPAC	defines	carbenes	and	their	derivates	as	an	electronically	neutral	species	with	a	divalent	carbon	atom	

of	 the	 type	 :CR2.[15]	 Carbenes	 have	 either	 one	 divalent	 or	 two	 monovalent	 substituents.	 With	 only	 six	

electrons	at	the	divalent	center,	carbenes	have	an	inherent	electron	deficiency	as	all	atoms	in	the	molecule	

try	to	achieve	an	octet	of	electrons	(noble	gas	configuration).	The	divalent	carbon	center	uses	two	electrons	
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for	 bonding,	 leaving	 two	unbound	 electrons	 in	 the	 valence	 shell.	 The	 two-electron	 spins	 s	/± !
"
1	can	 be	

combined	in	a	parallel	or	anti-parallel	manner.	Hence,	carbenes	exist	in	a	triplet	state	(𝑆 = 1)	or	a	singlet	

state	ground	state	(𝑆 = 0).	As	the	total	spin	operator	projected	onto	the	z-axis	(𝑆#"4)	has	an	eigenvalue	of	

𝑆#"4 = 2𝑆 + 1,	where	S	is	the	total	net	spin	of	the	system,	the	result	is	one	quantum	state	for	the	singlet	and	

three	for	the	triplet,	hence	the	name.	According	to	Hund	rule,[16-18]	carbenes	have	a	triplet	ground	state	if	

the	frontier	orbitals	are	nearly	equal	in	energy	(degenerate),	otherwise	a	carbene	has	a	singlet	ground	state.	

Only	 one	 electron	 configuration	 is	 possible	 for	 the	 triplet	 state.	 For	 the	 singlet	 state,	 three	 electron	

configurations	can	be	imagined	(Figure	1).	Hence,	the	computational	description	of	(singlet)	carbenes	is	a	

non-trivial	task,	especially	for	carbenes	with	a	triplet	ground	state	and	a	minor	singlet-triplet	splitting	like	

methylene	(5),	the	simplest	conceivable	carbene.		

 
Figure 1. Qualitative electronic structure of bent methylene (5) demonstrating the triplet state (left) and the singlet state (right), where blue 
denotes the first 1A1 state and red the second 1A1 state. The asymmetrical singlet state 1B1 (1b2)2(3a1)1(1b1)1is not shown as it is equal to the 
triplet state with a flipped electron. 

 
Figure 2. Experimental structure of methylene (5) and computed values in parentheses obtained at the AE-CCSD(T)/aug-cc-pCVQZ level of 
theory with zero-point energy (ZPVE) correction from second-order vibrational perturbation theory (VPT2). 

Nef[19-21]	and	Butlerow[22]	were	the	first	to	try	the	isolation	of	methylene	(5).	Unknown	to	them,	their	efforts	

were	doomed	to	fail	as	the	dimerization	and	reactions	of	5	are	rapid.	Hence,	it	took	135	years	after	the	first	

suggestion	 till	 Herzberg	 recorded	 a	 gas	 phase	 spectrum	 of	 methylene	 (5)	 via	 rotational-vibrational	

spectroscopy.[23,24]	 Initially,	 he	 assumed	 a	 linear	 geometry,	 which	 contradicted	 the	 computational	

geometry.[25]	 Reevaluating	 Herzberg's	 spectroscopic	 constants,	 Bender	 and	 Schaefer	 obtained	 a	 bent	

ground	 state	 in	 agreement	 with	 the	 results	 from	 high-level	 computations.[26]	 The	 bent	 ground	 state	 is	

accepted	 today	 and	 presents	 a	 neat	 example	 for	 the	 synergy	 of	 theory	 and	 experiment.	 Generally,	 the	

discovery	 of	 new	 carbenes	 benefits	 greatly	 from	 computations	 (vide	 infra).	 Lineberger	et	 al.	accurately	

determined	 the	 singlet	 state	 (Figure	 2)	 and	 found	 a	 singlet-triplet	 splitting	 of	

Δ𝐸$% = 9.00 ± 0.09	kcal	mol&! ,[27,28]	 which	 agrees	 well	 with	 the	 computations	 from	 Harrison	 in	 1971	
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( Δ𝐸$% = 11.3	kcal	mol&!) .[29]	 Employing	 a	 state-of-the-art	 method,	 we	 obtained	 an	 energy	 difference		

of	9.40	kcal	mol&! .	 Therefore,	 we	 can	 assume	 that	 singlet	 carbenes	 have	 a	 bond	 angle	 close	 to	 105˚,	

comparable	to	water.	Triplet	carbenes	have	a	bond	angle	around	135˚,	which	is	close	to	NO2.[30]	A	decade	

after	Herzberg’s	study,	Venkateswarlu	measured	an	emission	spectrum	of	:CF2	(6)	in	the	gas	phase.[31]	Like	

5,	6	has	a	bent	ground	state,	but	with	a	smaller	angle	around	108˚	and	a	Δ𝐸$% = −54 ± 3	kcal	mol&!.	Hence,	

6	 is	 a	 typical	 singlet	 carbene	 and	demonstrates	 the	 effect	 of	 energetically	 close	𝜋-electrons	next	 to	 the	

carbene	center.	Substituents	with	𝜋-donation	capability	interact	with	the	1b1	orbital,	which	decreases	in	

energy,	raising	the	energy	gap	towards	3a1.	Hence,	the	singlet	state	becomes	more	stable	and	favorable.	The	

reactivity	of	singlet	carbenes	is	more	predictable	than	of	triplet	carbenes,	which	react	analog	to	biradicals.	

Application	of	difluorocarbene	includes	the	production	of	polytetrafluoroethylene	(PTFE),	which	we	use	as	

a	coating	on	anti-stick	frying	pans.[32]	

 
Figure 3. Top: Observation by Geuther in 1862 when treating chloroform 7 with alcoholic KOH solution. The product ratio depends on the 
concentration of the alcoholic KOH solution. High dilution enhances the formation of CO. Middle: Usage of dichlorocarbene (8) as a powerful 
cyclopropanation agent by Doering and Hoffmann. 

After	 Nef	 and	 Butlerow,	 Geuther	 proposed	 a	 carbene	 as	 a	 reactive	 intermediate.	 Upon	 treatment	 of	

chloroform	(7)	with	an	alcoholic	KOH	solution,	Geuther	observed	the	formation	of	CO	and	HCl	as	well	as	

formic	acid	(2c)	(Figure	3).[33,34]	Geuther’s	interpretation	involved	the	complex	CCl2•HCl,	which	forms	from	

chloroform,	 thus	mentioning	 the	 carbene	 in	 solution	 as	 a	 reactive	 intermediate	 for	 the	 first	 time.	 The	

carbene	complex	can	then	decompose	to	CO	and	HCl	in	water.	The	nascent	CO	is	then	trapped	by	KOH.	

 
Figure 4. A simple synthesis of [3]-rotane (14) using a modified procedure by Doering and Hoffmann and Simmons-Smith conditions in the 
last step. 

Doering	and	Hoffmann	provided	the	 first	structural	evidence	of	8,	adding	 it	 to	 the	olefin	9,	 forming	the	

addition	product	10.[35]	This	reaction	has	become	a	standard	method	to	achieve	cyclopropanation	reactions.	

With	 an	 increase	 in	 the	 electron	 richness	 of	 the	 olefin,	 the	 reaction	 proceeds	 faster,	 underlining	 the	

electrophilic	 nature	 of	 dichlorcarbene.[36]	 As	 mentioned,	 methylene	 generated	 photochemically	 from	

diazomethane	reacts	indiscriminately	with	C–H	bonds	and	double	bonds.[37]	However,	as	an	active	ligand	of	

transition	metals,	methylene	can	show	similar	reactivity	as	a	singlet	carbene.	In	a	stereoselective	fashion,	

Simmons	and	Smith	obtained	the	cyclopropane	moiety,	which	can	lead	to	highly	strained	molecules	like	

polyspirocyclopropylidenes	([3]-rotane,	14)	from	11	over	12	and	13,	pushing	the	limits	of	ring	strain	to	

the	 boundaries	 (Figure	 4).[38-40]	 It	 is	 worth	 noting	 that	 the	 Simmons-Smith	 step	 in	 this	 example	 is	
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quantitative	in	yield,	underlining	the	high	reactivity	of	carbenes.	This	could	lead	to	a	new	class	of	polymers	

called	polytriangulane.[40]	

In	 transition	metal	 catalysis,	 chemists	 use	 carbenes	 as	 ligands	 for	 catalysts,	 e.	 g.,	 in	metathesis.[41]	We	

distinguish	metals	with	formal	carbenes	into	Fischer	and	Schrock	complexes	named	after	the	researchers	

who	 had	 the	 most	 significant	 impact	 on	 their	 characterization	 and	 chemical	 applicability.	 Fischer	

carbenes[42-44]	possess	an	electronegative	but	𝜋-donating	substituent	resulting	in	a	donation	of	electrons	to	

the	 metal	 center.	 Therefore,	 the	 carbenes	 can	 be	 quite	 electrophilic,	 and	 their	 application	 lies	 in	 the	

functionalization	of	suitable	nucleophiles.[45]		

 
Figure 5. The first Fischer-type carbene (15).; The first Schrock-type carbene (16); The active carbene in Tebbe's reagent (17); Schrock-
Hoveyda catalyst (18); a chiral second-generation Grubbs catalyst (19).  

An	 example	 of	 such	 a	 complex	 is	 15	 (Figure	 5),	 which	 already	 features	 the	 core	 functional	 group	 of	

hydroxycarbenes.	 Schrock	 carbenes	 do	 not	 bear	 a	 heteroatom	 at	 the	 carbene	 center	 and	 are	 therefore	

unable	to	donate	electrons	to	the	metal.[46]	Schrock	carbenes	are	stabilized	by	electron	donation	from	the	

metal	into	the	carbene	center,	making	them	rather	nucleophilic,	e.	g.,	16.	In	a	Wittig[47]-analogous	reaction,	

Tebbe's	 reagent	 (17)	 takes	 the	 role	 of	 a	 phosphonium	 ylide,[48]	 but	 the	most	 prominent	 application	 of	

Schrock	carbenes	lies	in	the	(stereoselective)	functionalization	of	olefins	referred	to	as	metathesis.	With	18,	

the	first	air-stable	Schrock-Hoveyda	type	catalyst	for	metathesis	became	accessible,	followed	by	Grubbs's	

first	stereoselective	catalyst	(19),	allowing	the	synthesis	of	complex	natural	products.[49-51]	Therefore,	 it	

was	no	surprise	that	the	scientific	community	recognized	the	breakthrough	by	awarding	Chauvin,	Grubbs,	

and	Schrock	with	the	Nobel	prize.[52]	As	metals	are	expensive,	the	question	arises	if	carbenes	can	be	utilized	

directly	as	an	organocatalyst.	

Wanzlick	 and	 Schikora	 had	 the	 idea	 of	 supplementing	 a	 carbene	 center	 with	 electron	 density	 from	

nitrogen—undoubtedly	 the	best	𝜋-electron	donor—in	a	constrained	geometry.	Hence,	 they	predicted	 to	

generate	20	from	21	but	could	only	isolate	the	dimer	22	(Figure	6).[53]	As	indirect	structural	evidence	for	

20,	they	added	an	electrophile	to	a	heated	solution	of	22	and	isolated	the	addition	product	23.	We	refer	to	

the	equilibrium	related	to	the	formation	of	20	from	22	as	the	Wanzlick	equilibrium.	The	existence	of	the	

Wanzlick	equilibrium	was	debated,	as	Lemal	et	al.	and	Winberg	et	al.	could	not	observe	the	cross-coupled	

dimer	of	two	carbenes	(25)	originating	from	a	heated	solution	of	the	dimers	of	20	and	24	at	first,	which	

they	later	revised	by	adjusting	the	reaction	conditions.[54,55]	The	pioneering	work	of	Wanzlick	motivated	the	

scientific	community	to	present	a	carbene	stable	under	ambient	conditions	to	use	in	synthesis.	Bertrand		

et	al.	introduced	bulky	substituents	to	suppress	dimerization	and	isolate	the	first	carbene	stable	for	weeks	

under	 ambient	 conditions	 (26)	 (Figure	 6).[56]	 Arduengo	 et	 al.	 further	 suppressed	 dimerization	 and	

bimolecular	reactivity	synthesizing	27,	an	indefinitely	stable	carbene	at	ambient	conditions.	The	discovered	

(OC)5W
O

(C5H5)2Ta
H

(C5H5)2Ti
H

H

N
Mo Ru

Cl

ClN

NN

Ph Ph

Ph
N

iPriPr

tBu
O
O

tBu

15

16

17

18 19



1.2 Characterization of highly reactive carbenes 
	

	 5	

N-heterocyclic	carbenes	(NHCs)	opened	new	possibilities	in	various	fields	of	chemistry.	NHCs	can	directly	

catalyze	Umpolung	 reactions,	 annulations,	 oxidative	 acylation	 and	 are	 used	 in	 base	 catalysis.[57]	 Today,	

chemical	supply	companies	provide	precursors	of	carbenes	like	Enders's	carbene	28	commercially,	which	

yields	the	free	carbene	via	thermolysis.[58]	

 
Figure 6. Left: The Wanzlick equilibrium and its experimental verification. Top-right: The history of stable carbenes. Bottom-right: Carbenes 
detected in space other than methylene (5) 

In	 biochemical	 reactions	 NHC-like	 motives	 are	 used	 as	 coenzymes,	 namely	 thiamin	 (vitamin	 B1),	 a	

thiazolium	salt	participating	in,	e.g.,	glycolysis.	Thiamin	decarboxylates	pyruvate	to	form	the	acetyl-CoA	or	

acts	in	the	transketolase	reaction.[59]	Deprotonation	of	thiamine	leads	to	the	formation	of	a	free	carbene	

which	 can	 participate	 in	 Umpolung	 reactions,	 such	 as	 benzoin	 condensation.[60,61]	 The	 important	

intermediate	in	the	benzoin	reaction	is	the	Breslow	intermediate,	a	formal	dimer	of	hydroxycarbenes	and	

the	2,3-dihydrothiazol-2-ylidene.[62-64]	The	existence	of	 the	Breslow	intermediate	was	unconfirmed	until	

recently	when	Berkessel	et	al.	could	isolate	and	characterize	this	intriguing	intermediate	by	reducing	its	

nucleophilicity	through	electron-withdrawing	groups	like	CF3.[65,66]		

Astronomers	also	detected	carbenes	in	space,	where	many	highly	reactive	carbenes	are	persistent	enough	

to	be	detected	due	to	the	high	dilution	and	low	temperature.	As	carbenes	resemble	potential	precursors	of	

biologically	 relevant	 molecules,	 astronomers	 search	 for	 them	 actively.	 They	 use	 rotational-vibrational	

emission	signals	to	identify	molecules.	Hence,	carbenes	are	prevalent	molecules	for	detection	because	they	

usually	 possess	 a	 high	 dipole	moment	 compared	 to	 their	 viable	 products.[67]	 Astronomers	 identified	 a	

number	 of	 carbenes,	 namely	 5,[68]	 cyclopropylidene	 (29),[69]	 propargylene	 (30),[69,70]	 oxaethenylidene	

(31),[71]	thiooxaethenylidene	(32)[72]	and	hexapentenylidene	(33).[73]		

1.2 Characterization of highly reactive carbenes 

But	 how	 can	 we	 spectroscopically	 identify	 highly	 reactive	 carbenes	 like	 those	 detected	 in	 space?	 The	

Wanzlick	equilibrium	taught	us	to	suppress	the	dimerization	process	and	reactions	with	other	electrophiles	

for	 their	 successful	 isolation,	 as	highly	 reactive	 carbenes	usually	have	small	barriers	 for	 intermolecular	

reactions.	The	necessity	of	low	temperature	and	high	dilution	led	to	the	development	of	the	matrix	isolation	

technique	 where	 we	 mix	 the	 reactive	 intermediate/precursor	 with	 host	 atoms/molecules	 and	 trap	 it	
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(usually	 at	 3-15	K).	 Like	 raisins	 in	 a	 cake,	we	 separate	 the	 reactive	 intermediate/precursor	 from	other	

molecules.	We	typically	generate	the	intermediate	by	high	vacuum	flash	pyrolysis	(HVFP)	or	photolysis	of	

the	 precursor.	 At	 temperatures	 around	3–15	K,	 intermediates	 cannot	 surpass	 potential	 energy	 barriers	

(>	3	kcal	mol–1)	 and	 are	 therefore	 unable	 to	 transform	 into	 a	 more	 stable	 product.	 By	 trapping	 the	

intermediate	ideally	in	a	single	cage	of	inert	host	atoms/molecules,	one	suppresses	dimerization.	Among	

the	 spectroscopic	 methods,	 infrared	 (IR)	 and	 ultraviolet-visible	 (UV–Vis)	 spectroscopy	 have	 been	 the	

methods	 of	 choice	 to	 identify	 intermediates,	 especially	 since	 individual	 bands	 are	narrow	 compared	 to	

film/powder	measurements.	In	addition,	the	computational	prediction	of	harmonic	IR–	and	UV–Vis	spectra	

of	the	unknown	compound(s)	is	nowadays	a	rather	trivial	task	with	sufficient	accuracy.	Nevertheless,	the	

prediction	of	anharmonic	spectra,	which	generally	are	closer	to	the	experiment,	is	still	an	ongoing	challenge.	

Astronomers	use	spectroscopic	identification	as	a	basis	to	look	for	carbenes	in	the	microwave	spectra.	Other	

methods	include	electron	spin	paramagnetic	resonance	spectroscopy	(EPR),	nuclear	magnetic	resonance	

spectroscopy	(NMR),	and	fluorescence	spectroscopy.	

 
Figure 7. A selection of highly reactive carbenes that Maier and Schreiner et al. characterized using the matrix isolation technique 

At	 the	 JLU	Giessen,	Maier	and	Schreiner	et	al.	 isolated	many	carbenes	using	matrix	 isolation	(Figure	7).	

Among	them	are	3-membered	cyclic	carbenes	such	as	cyclopropenylidene	(29),[74]	azacyclopropenylidenes	

(34),[75]	 and	 oxiranylidene	 (35).[76]	 Also,	 the	 list	 includes	 basic	 alkenyl	 carbenes	 like	 propadienylidene	

(vinylidenecarbene,	36),[77]	propargylene	 (30).[70]	 In	addition	hetero-substituted	carbenes	with	nitrogen,	

silicon,	 sulfur,	 and	 phosphorus	 namely	 2,3-dihydrothiazol-2-ylidene	 (37a),[78]	

2,3-dihydroimidazol-2-ylidene	 (37b),[79]	 several	 of	 different	 substituted	 cyano-	 (38a,b)	 and	

isocyanocarbenes	 (38c,39),[75,80]	 1,1-dichlorosilaethylidene	 (Cl2H–Si–CC–H,	 40),[81]	 	 silaethylidene		

(H3Si–CC–H,	 41),[82]	 [1,3]dithian-2-ylidene	 (42),[83]	 several	 alkyl	 phosphonatocarbenes		

(R	=	Me,	43a;	R	=	Et,	43b),[84]	and	difluorocarbene	(6)	was	isolated.	In	addition,	Schreiner	et	al.	generated	a	

whole	new	family	of	hydroxycarbenes,	which	could	play	a	role	in	the	prebiotic	formation	of	sugars	in	the	

gas	phase	in	space	in	the	absence	of	a	strong	base.[2,85,86]	Through	the	isolation	of	hydroxymethylene	and	its	

rapid	disappearance	under	cryogenic	conditions,	QMT	and	hydroxycarbenes	are	closely	tied	together.	

1.3 Quantum mechanical tunneling (QMT) 

Quantum	 mechanical	 tunneling	 allows	 small	 particles	 such	 as	 electrons	 and	 atoms	 to	 penetrate	 and	

eventually	 pass	 through	 a	 barrier	 without	 sufficient	 energy	 to	 surmount	 it,	 which	 contradicts	 our	

mechanistic	 understanding	 according	 to	 which	 the	 barrier	 should	 reflect	 the	 particle.	 For	 accurate	

prediction	 of	 rates,	 it	 is	 imperative	 to	 take	 QMT	 into	 account,	 especially	 at	 lower	 temperatures	 when	

thermal	energy	is	relatively	low	and	almost	all	molecules	are	in	their	ground	state.		
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The	theory	of	quantum	mechanical	tunneling	is	closely	linked	to	the	discovery	of	radioactivity	through	the	

intricate	research	by	Becquerel,	and	Curie	et	aliae.[87-90]	Kohlrausch	could	verify	the	decay	empirically	as	

exponential	 and	 dependent	 on	 the	 initial	 concentration.[91]	 He	 coined	 the	 idea	 of	 half-life,	 i.e.,	 the	 time	

interval	 after	which	 half	 of	 the	 initial	 particles	 have	 vanished.	Much	 like	 the	 black	 body	 radiation,	 the	

researchers	could	not	understand	the	phenomenon	based	on	established	physics.	With	the	emergence	of	

quantum	mechanics,	Hund	already	predicted	in	1927	that	the	wave-like	properties	of	matter	should	make	

QMT	possible	for	light	particles	like	electrons,	hydrogen	atoms,	hydride	ions,	and	protons,	especially	when	

the	 de	 Broglie	 wavelength	 shows	 the	 same	 order	 of	 magnitude	 as	 the	 width	 of	 the	 penetrated		

barrier.[16-18,92]	Gamow	derived	a	general	mathematical	solution	for	QMT,	and	Gurney	and	Condon	applied	

Gamow's	 results	 to	a	model	of	nuclear	potential	 and	derived	a	 relationship	between	 the	half-life	of	 the	

particle	 and	 the	 energy	 of	 emission.[93,94]	 Gurney	 and	 Condon's	 solution	 agrees	well	 with	 Kohlrausch's	

empirically	derived	 function.	Hence,	 the	 scientific	 community	accepted	 the	establishment	of	QMT	as	an	

effect	 observed	 in	 the	 quantum	 mechanical	 world	 exclusively,	 which	 is	 a	 direct	 consequence	 of	 the	

uncertainty	 principle	 derived	 by	Heisenberg.[95]	 In	 chemistry,	Wigner	mentioned	 tunneling	 for	 the	 first	

time.[96]	 As	 Wigner	 and	 Eyring	 realized	 the	 implications	 of	 tunneling	 while	 formulating	 TST,	 they	

recommended	not	to	use	TST	if	tunneling	from	the	ground	state	drives	the	reaction.[8]	Tunneling	manifests	

itself	in	experiments	through	sizeable	kinetic	isotope	effects	(KIE)	and	temperature	independence	at	low	

temperatures	in	the	Arrhenius	plot.	Today	we	know	many	examples	involving	tunneling,	including	heavy	

atom	tunneling.[6,97]	

Nevertheless,	chemists	widely	accept	TST	theory	and	its	classic	implications	for	the	explanation	of	product	

ratio	at	different	temperatures	owing	to	the	work	of	Evans	and	Polanyi[9]	and	Woodward	and	Bear.[10]	Their	

work	led	to	the	well-established	concept	of	thermodynamic	vs.	kinetic	control,	which	has	its	foundation	on	

the	(computed)	kinetic	rates	from	TST	only	involving	the	partition	functions	of	the	transition	state	and	its	

energy	on	 the	potential	 energy	surface	 (PES).	Per	definition,	 the	 thermodynamic	product	 forms	at	high	

temperatures	as	the	system	can	equilibrate	freely,	whereas	the	kinetic	product	forms	at	low	temperatures	

over	the	barrier	with	the	smallest	activation	energy.	For	reactions	that	mostly	obey	the	classic	mechanical	

rules,	Wigner	implemented	a	correction	of	rates	using	a	probability	function	that	accounts	for	QMT.[96]	At	

temperatures	close	to	0	K	at	which	slow	particles	start	to	contribute	significantly	to	the	speed	of	a	reaction,	

QMT	is	usually	the	only	driving	force,	and	hence	not	only	the	height	but	also	the	width	of	the	barrier	 is	

essential	for	reaction	rates.	QMT	can	not	only	lead	to	the	breakdown	of	concepts	based	on	TST	(vide	infra)	

but	makes	the	computational	prediction	of	stability	based	on	barrier	heights	impossible.	Hence,	Wentzel,	

Kramers,	and	Brillouin	(WKB)	developed	a	method	to	predict	tunneling	rates.	

To	find	a	general	solution	for	slowly	varying	potential,	WKB	provided	the	basis	for	calculating	tunneling	

rates,	although	it	applies	to	many	other	problems	with	a	general	varying	potential.	As	usual,	we	start	with	

the	Schrödinger	equation	in	the	one-dimensional	case	

𝜓''(𝑥) + 𝑄(𝑥)𝜓(𝑥) = 0,	

where	primes	indicate	derivatives	with	respect	to	x	and	

𝑄(𝑥) =
2𝑚
ℏ" K𝐸 − 𝑉

(𝑥)M= 1
ℏ2
𝑝(𝑥)2.	
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𝑉(𝑥)	denotes	the	potential	and	𝐸	is	the	particle's	energy,	which	directly	translates	into	the	momentum	p(x)	

and	hence	its	wavelength.[92]	For	a	constant	potential	𝑉(𝑥) = 𝑉(,	the	solution	for	the	wavefunction	is	known,	

which	is	the	basis	for	the	solution	using	a	varying	potential.		

WKB	 assumed	 an	 exponential	 Ansatz	 (phase	 integral)	 of	 the	 wavefunction	 to	 solve	 for	 x,	 which	

unbeknownst	 to	 WKB	 was	 also	 used	 by	 Jefferey.[98]	 They	 ended	 up	 with	 a	 Riccati	 type	 differential	

equation,[99]	which	is	non-linear	and	cannot	be	solved	analytically	for	an	arbitrary	potential	𝑉(𝑥).	Hence,	

WKB	 used	 an	 approximation	 scheme	 and	 initially	 expressed	 the	 phase	 integral	 function	 as	 a	 Taylor	

expansion	 around	ℏ,	which	 assumes	 that	 the	 zeroth-order	 is	 the	momentum	 obtained	 from	 the	 classic	

Hamiltonian	equation	of	motion.	In	simple	terms,	the	WKB	approximation	assumes	a	significant	momentum	

(small	wavelength)	and	a	slowly	varying	potential	𝑉(𝑥),	otherwise	the	expansion	breaks	down.	

 
Figure 8. Graphical derivation of the WKB method for the tunneling problem of a chemical reaction. Note: We omitted the reflecting 
wavefunction for regions I and III from the formula. The region I and III potentials correspond to the potential of a harmonic oscillator and 
should not be constant. 

The	result	is	shown	for	a	common	problem	in	chemistry	in	Figure	8.	In	the	classically	allowed	region	(I,	III)	

the	wavefunction	is	complex,	which	means	it	oscillates	as	the	exponential	form	is	equal	to	the	polar	form	

(𝑧 = 𝑟 ⋅ 𝑒)* = 𝑟 ⋅ (cos𝜑 + 𝑖 sin𝜑)).	We	represented	the	wavefunction	in	Figure	8	as	the	black	line	obtained	

from	 the	 harmonic	 oscillator	 problem.	 In	 the	 forbidden	 region	 (II),	 the	 wave	 function	 is	 not	 complex.	

Therefore,	the	wavefunction	decays	exponentially.	The	problem	with	this	approximation	is	that	it	shows	a	

singularity	at	𝑄(𝑥) = 0.	As	in	all	tunneling	problems,	𝑄(𝑥)	must	change	sign.	In	fact,	𝑄(𝑥)	equals	zero	at	the	

classical	turning	points	(𝑤!, 𝑤"),	where	the	particle	changes	direction.	Therefore,	WKB	derived	a	connection	

formula	 by	 approximating	𝑄(𝑥) 	as	 a	 linear	 function	 near	 the	 turning	 points	 and	 solving	 the	 resulting	

differential	equation,	 leading	 to	a	 smooth	 function	over	all	values	of	𝑄(𝑥)	and	 the	 linear	approximation	
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vanishes.	With	the	help	of	these	solutions,	we	derive	the	transmission	probability	𝑇(𝐸).	The	transmission	

probability	correlates	only	with	the	integral	of	the	barrier,	which	is	proportional	to	the	width	and	height.	

As	the	numerical	result	of	an	integral	is	an	accumulating	quantity,	width	is	more	important	than	height	for	

relatively	small	barriers.	Theoretically,	WKB	is	only	applicable	to	the	one-dimensional	case.	However,	Fukui	

introduced	the	 intrinsic	reaction	coordinate	(IRC)	 formalism	to	project	 the	 total	motion	of	atoms	 into	a	

single	 coordinate	 (usually	 the	 mass	 of	 the	 moving	 particles	 is	 included),[100]	 making	 WKB	 a	 multi-

dimensional	 approach.	 Most	 quantum	 chemistry	 programs	 implement	 the	 IRC	 algorithm.	We	 can	 also	

combine	WKB	with	newer	methods	such	as	 the	string	method	or	nudged	elastic	band	 for	reaction	path	

optimization.[101,102]	

Hence,	 it	 seems	 easy	 to	 implement	 this	 theory,	 but	 there	 are	 technical	 challenges.	 First,	 the	 potential	

𝑉(𝑥)	needs	to	be	fitted	to	evaluate	the	integral	between	𝑤!	and	𝑤",	numerically.	As	we	can	employ	different	

numeric	 integration	 schemes,	 the	 results	 are	 often	 difficult	 to	 reproduce	 as	 the	 numerical	 value	 of	 the	

penetration	 integral	 (𝜎 ,	 Figure	 8)	 is	 very	 sensitive	 towards	 change	 (exponential	 relation).	 The	 second	

challenge	is	the	correction	of	𝑉(𝑥)	with	the	zero-point	vibrational	energy	along	the	path,	which	motivated	

us	to	implement	a	graphical	user	interface	(GUI)	(vide	infra).	Remarkably,	WKB	yields	excellent	half-lives	

compared	 to	 experiments	 on	 deep	 tunneling	 usually	 encountered	 in	 matrix	 isolation	 experiments,	

depending	on	the	quantum	mechanical	(QM)	method.[1,11,103]		

We	 can	 call	WKB	 the	 zeroth-order	 approximation	 for	 tunneling	 as	 it	 should	 always	 lead	 to	 the	 lowest	

transmission	coefficient.	It	takes	the	minimum	energy	path	without	any	consideration	of	the	momentum	

that	the	particle	has	gained.	Usually,	a	predicted	half-life	is	higher	than	the	experiment.	Of	course,	the	modes	

perpendicular	to	the	reaction	path	couple	to	the	particle's	motion,	which	results	in	a	centrifugal	effect	on	

the	path,	effectively	shifting	it	and	causing	a	slight	curvature.	Small	curvature	causes	the	particle	to	"cut	the	

corner”.	The	method	that	 includes	such	properties	 is	called	canonical	variational	 transition	state	theory	

(CVT)	with	small	curvature	tunneling	(SCT)	correction.[104]	CVT	assumes	that	the	transition	state	is	not	a	

single	minimum	but	divides	the	surface	between	the	reactants	and	the	products.	Compared	to	the	WKB	

method,	the	half-life	should	always	be	equal	to	CVT/SCT	if	the	curvature	is	slight	and	lower	if	the	curvature	

is	 high.	 Another	 approach	 completely	 ignores	 the	 total	 energy	 of	 the	 system	 and	 only	 maximizes	 the	

transmission	coefficient.	The	large	curvature	tunneling	(LCT)	method	approximates	the	tunneling	path	by	

a	straight	line.[104-107]	The	path	is	not	limited	to	the	ground	state	and	the	molecule	can	tunnel	into	an	excited	

state	region	if	the	reaction	is	highly	exergonic,	known	as	nonadiabatic	LCT.	Heavy	elements	like	chlorine	

show	LCT	as	the	effective	mass	is	higher.[108]		

A	relatively	new	approach	is	the	instanton	theory.	Instanton	theory	uses	a	discrete	Feynman	path	integral	

to	estimate	the	kinetic	rate	blow	a	reaction-specific	crossover	temperature	at	which	the	path	collapses	to	

the	TS.[109]	The	resulting	instanton	(a	"pseudo-particle")	is	a	PES	in	multiple	dimensions	minimized	for	the	

total	action.	Usually,	instanton	theory	uses	discrete	points	starting	from	the	TS	and	spreads	the	path	as	the	

temperature	lowers.	The	lower	the	temperature,	the	more	geometries	must	be	computed.		

Additionally,	 more	 points	 accumulate	 at	 the	 end	 of	 the	 path,	 which	 we	 have	 to	 attenuate.[110]	 The	

optimization	approach	is	similar	to	the	NEB	method	but	results	in	a	higher	computational	demand	for	low	

temperatures.	 The	 results	 are	 usually	 in	 excellent	 agreement	 with	 the	 experimental	 half-lives.[111]	 The	



1. Introduction 

	10	

obtained	 half-lives	 can	 be	 lower	 or	 equal	 than	 the	WKB	 results	 but	 are	 generally	 harder	 to	 compute.	

Optimized	 path	 lengths	 can	 also	 be	 obtained	 easily	 for	 individual	 atoms	 as	 they	 do	 not	 depend	 on	 the	

minimum	energy	path	in	contrast	to	the	other	methods	mentioned	above.		

As	discussed	above,	 carbenes	 can	either	have	a	 singlet	or	 a	 triplet	 ground	 state.	Carbenes	with	a	 small	

singlet-triplet	gap	are	difficult	to	describe	theoretically,	especially	the	singlet	state	(vide	supra).	The	singlet	

state	 consists	of	 at	 least	 three	electronic	 configurations,	 and	we	should	not	use	 simple	 single-reference	

methods.	If	the	carbene	has	a	heteroatom	such	as	N	or	O,	the	ground	state	is	a	singlet,	like	hydroxycarbenes.	

Nevertheless,	 we	 need	 to	 compute	 the	 Potential	 Energy	 Surface	 (PES)	 transition	 states	with	 unknown	

electronic	properties.	As	it	turned	out,	the	state-of-the-art	Coupled-Cluster	(CC)	method	with	Single,	Double,	

and	 perturbative	 Triple	 excitation	 CCSD(T)[112-116]	 works	 comparatively	 well	 for	 carbenes,	 as	 they	 can	

handle	moderate	multireference	character	through	the	triple	excitations,	as	long	as	a	single	configuration	

primarily	defines	the	reference	wavefunction.[117]	Applied	to	the	problematic	methylene,	CCSD(T)	yields	

outstanding	 accuracy	 (vide	 supra).	Newer	 developments	 such	 as	 the	 Domain-based	 Local	 Pair	 Natural	

Orbital	(DLPNO)	approximation	reduces	the	computational	cost,	making	CCSD(T)	the	method	of	choice.[118]	

For	 neither	 DLNPO-CCSD(T)	 nor	 CCSD(T),	 IRC	 algorithms	 are	 available	 yet.	 Hence,	 many	 authors	 use	

Density-Functional	 Theory	 (DFT)	 to	 compute	 WKB	 rates.	 They	 prefer	 hybrid	 DFT	 methods	 like		

B3-LYP[119-121],	and	M06-2X[122,123],	and	the	new	B2PLYP[124].	When	combined	with	a	 large	basis	set,	DFT	

usually	results	in	half-lives	within	the	same	order	of	magnitude	compared	to	the	experiment	(vide	infra).	

1.4 [1,2]H-tunneling in hydroxycarbenes 

 
Figure 9. Potential generation of hydroxycarbenes in space by reaction of carbon clusters with water under UV radiation. Ortman et al. 
claimed to have found 1d. Vala et al. reinvestigated the system and could only detect 44 after in accordance with computations from Pulay 
et alia. Schreiner et al. isolated formaldehyde 2a by using C1. The hydroxycarbenes 1a and 1d still remained elusive until 2008/2021. 

In	1952,	Miller	and	Urey	executed	an	experiment	in	the	course	of	which	they	mixed	ammonia,	hydrogen,	

methane,	and	water	vapor	in	the	gas	phase—which	they	thought	was	the	prebiotic	atmosphere	of	earth—

and	introduced	energy	in	the	form	of	an	electric	discharge,	resulting	in	the	formation	of	molecular	species	

such	as	amino	acids	and	sugars.[125]	As	they	also	found	formaldehyde	in	the	mixture,	the	involvement	of	

hydroxycarbenes	 in	 sugar	 formation	 as	 high-energy	 conformers	 of	 the	 latter	 seemed	 likely	 and	 is	

comparable	 to	Butlerow's	 research	on	 the	 formose	reaction	decades	earlier,	 in	which	 two	electrophiles	

seemingly	form	a	dimer.[126]	Although	the	scientific	community	debates	the	conclusions	drawn	from	the	

experiment,	the	discovery	sparked	the	interest	in	the	evolution	of	prebiotic	chemistry	and	especially	the	

isolation	of	hydroxycarbenes	as	potential	nucleophiles	in	sugar	formation.		
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In	1990,	Ortman	et	al.	allegedly	isolated	the	first	"free"	hydroxycarbene	1d	by	irradiating	a	carbon	complex	

(C3)	and	water—one	of	the	simplest	building	blocks	for	sugar—with	UV-Vis	light	under	matrix	isolation	

conditions.[127]	After	irradiation,	the	authors	claimed	that	1d	formed.	Further	irradiation	led	to	the	aldehyde	

2c.	Computational	studies	by	Pulay	et	al.	revealed	that	44	seemed	to	be	the	more	plausible	cause	of	the	new	

IR-Bands	and	Vala	et	al.	could	later	demonstrate	the	formation	of	44	experimentally.[128,129]	Reisenauer	and	

Schreiner	 reinvestigated	 the	 reaction	 with	 singlet/triplet	 carbon,	 but	 they	 did	 not	 find	 the	 postulated	

hydroxymethylene	 (1a),	 only	 the	 aldehyde.	 They	 attributed	 this	 to	 the	 instability	 of	 1a	 towards	 UV	

irradiation.[130]	They	also	concluded	that	triplet	carbon	cannot	insert	into	the	O–H	bond.	Only	the	singlet	

carbon	is	reactive.	

 
Figure 10. Generation of hydroxycarbenes (1) by HVFP of 𝜶-ketocarboxylic acids (3) or oxalic acid (3c) at temperatures between 600–1000 
˚C in chronological order. The pyrolysis products were trapped in a solid argon matrix at 3-12 K. Note that in some cases, acid esters were 
used as precursors to generate the ketocarboxylic acids in situ. Black: Hydroxycarbenes undergo a [1,2]H-shift to the corresponding aldehyde 
2 or formic acid (2c). Red: Hydroxycarbenes that do not undergo a [1,2]H-shift. Note: We listed the hydroxycarbenes in chronological order 
of spectroscopic detection. 

Therefore,	Reisenauer	 and	Schreiner	et	 al.	 used	 a	different	precursor	 that	 forms	1a	by	 thermal	means.	

Indeed,	 two	years	 later,	1a	could	be	 isolated	by	HVFP	 (Figure	10).[1]	 In	 the	pyrolysate	of	 glyoxylic	 acid	

trapped	on	a	cold	window	with	Ar	at	11	K,	Reisenauer	found	1a	besides	formaldehyde	(2a)	and	CO2	using	

UV-	and	IR-spectroscopy.	As	initially	proposed,	the	signals	of	1a	disappeared	while	the	concentration	of	2a	

concomitantly	 increased	 upon	 UV-irradiation,	making	 the	 formation	 of	2a	 from	 C1	 and	water	 feasible.	

Surprisingly,	the	peaks	of	1a	decreased	in	the	dark	within	two	hours	with	first-order	kinetic.	High-level	

computations	 (AE-CCSD(T)/cc-pVTZ)	 revealed	 a	 reaction	 barrier	 of	 around	 30	kcal	mol–1,	 making	 it	

impossible	to	traverse	the	barrier	with	the	thermal	energy	available	at	11	K	by	classical	means.	Moreover,	

the	OH-deuterated	species	d1-1a	did	not	transform	to	the	aldehyde	d1-2a,	and	the	reaction	does	not	show	a	

significant	 temperature	dependence.	Logically,	QMT	 is	 the	only	effect	 that	 explains	 the	 result	as	 it	 only	

depends	 on	 the	 barrier's	 width	 (including	 mass)	 and	 height	 (vide	 supra)	 but	 not	 the	 temperature.	

Theoretical	 investigations	 using	 the	 WKB	 method	 revealed	 a	 narrow	 barrier	 for	 which	 the	 computed	

half-life	 matches	 the	 experimental	 half-life.	 Similarly,	 Reisenauer	 and	 Schreiner	 could	 isolate	

dihydroxycarbene	(1c)	and	methoxyhydroxycarbene	(1e)	by	thermal	extrusion	of	CO2	from	oxalic	acid	(3c)	
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and	oxalic	acid	monomethyl	ester	(3e),[131]	as	well	as	aminohydroxycarbene	(1f).[12]	However,	1c,	1e,	1f	do	

not	undergo	tunneling.		

Schreiner	 et	 al.	 generated	 phenylhydroxycarbene	 (1g)	 to	 investigate	 the	 effect	 of	𝜋 -donation	 into	 the	

divalent	 carbene	 center.[132]	 Despite	 the	𝜋 -donation,	 1g	 has	 a	 shorter	 half-life	 and	 a	 slightly	 smaller	

adiabatic	singlet-triplet	gap	than	parent	hydroxymethylene,	indicating	that	the	𝜎-withdrawing	effect	of	the	

phenyl	group	overwrites	the	𝜋-interaction	(1a).	For	𝜎-donating	groups,	like	methylhydroxycarbene[11]	(1b)	

and	tert	butyl-hydroxycarbene[133]	 (1h),	Schreiner	et	al.	measured	a	shorter	half-life	compared	to	1a.	 In	

contrast,	the	cyclopropyl	group	(1i)[134]	showed	a	prolonged	half-life	compared	to	1a	due	to	𝜋-donation.	

From	this	deduction,	 it	 is	unclear	what	the	half-life	of	a	hydroxycarbene	with	a	captodative	substitution	

would	be	(R=CF3,	vide	infra).		

 
Figure 11. The reactivity of methylhydroxycarbene 1b is governed by the tunneling process through the higher but narrower barrier yielding 
acetaldehyde (2b). The classic kinetic vs. thermodynamic control based on reaction barrier heights is invalidated. 

For	1b,	two	[1,2]H-shifts	can	occur.	The	[1,2]H-shift	of	the	O–H	hydrogen	forms	2b	and	the	[1,2]H-shift	of	

the	 methyl	 H	 forms	 4.	 Schreiner	 et	 al.	 observed	 only	 the	 reaction	 to	 2b	 as	 in	 all	 hydroxycarbenes		

(Figure	 11).	 As	 it	 turned	 out,	 the	 QMT	 process	 proceeds	 via	 the	 higher	 activation	 barrier		

(28.0	vs.	22.6	kcal	mol—1)	despite	the	cryogenic	temperature.	Following	the	reaction	paradigm	of	kinetic	vs.	

thermodynamic	control	deduced	by	Woodward	and	Baer	(vide	supra),	this	is	a	clear	violation.	QMT	controls	

the	reaction,	hence	the	term	tunneling	control.	Consequently,	researchers	found	several	more	examples	of	

tunneling	control,	 like	1h,[133]	1i,[134]	noradamantyl	methyl	carbene[135]—for	which	the	formation	of	vinyl	

noradamantane	 is	 preferred	 over	 the	 ring	 expansion—2,2a,5,7b-tetrahydro-1H-cyclobuta[e]indene 

derivatives[136]—for which the [1,5]H-shift is preferred over the 6𝜋 -cyclorevision (R = H or CH2), and 

tert-butylchlorocarbene—for which the C-H insertion is preferred over the [1,2]methyl-shift.[137]  

Hence,	 the	 results	 motivated	 us	 to	 use	 the	 same	 method	 as	 in	 Figure	 10	 to	 generate	

trifluoromethylhydroxycarbene	 (1j).	 Fluorine	 substitution	 has	 a	 tremendous	 effect	 on	 conformer	

distribution	 in	molecules.	 Carbon-fluorine	bonds	 exhibit	 a	 very	 low	 lying	𝜎C-F∗ -orbital,	which	 can	 accept	

electrons	from	a	nearby	𝜎C-H-orbital,	leading	to	a	stabilization,	which	manifests	itself,	e.	g.,	in	the	fluorine	

gauche	effect.[138]	In	1,2-difluoroethane,	the	gauche	conformation	is	around	1	kcal	mol–1	more	stable	than	

the	anti-conformation.[139]	Catalyst	designers	use	the	gauche	effect	to	drive	the	molecular	pre-organization	
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in	 asymmetric	 catalysis	 and	 increase	 the	 selectivity.[138]	 Therefore,	 they	 are	 incorporated	 in	 several	

organocatalytic	 compounds	 on	 the	 aryl	 ring,	 e.	 g.,	 the	most	 efficient	 thiourea	 catalysts	 in	 a	 Diels-Alder	

reaction	 (this	 group),	 among	 others.[140,141]	 Additionally,	 we	 hoped	 to	 generate	 the	 unobserved	

s-cis-conformer	of	hydroxycarbenes,	which	could	be	stabilized	by	an	O–H⋯F-C	 interaction,	although	the	

effect	 could	 be	 relatively	 small.[142-144]	 As	 the	 s-cis-conformer	 cannot	 undergo	 an	 [1,2]H-shift,	we	 could	

switch	 off	 the	 tunneling	 reaction.	 But	 how	 does	 one	 generate	 a	 higher-lying	 conformer	 under	 matrix	

isolation	conditions?	

1.5 Generation of conformers in matrix isolation studies 

The	simplest	way	to	generate	higher-lying	conformers	of	a	trapped	species	is	through	thermal	annealing	of	

the	matrix	and	subsequent	cooling,	which	only	works	if	the	barriers	are	within	1-3	kcal	mol–1.[145]	Another	

way	 to	 generate	 conformers	 through	 thermal	means	 is	 provided	 by	 equilibration	 in	 the	 gas	 phase	 and	

subsequent	rapid	freezing	of	the	equilibrium	on	a	matrix	window.	This	strategy	is	excellent	when	preparing	

carbenes.	We	usually	used	HFVP	at	high	temperatures	to	generate	the	carbene	from	suitable	precursors	

(Figure	10),	and	the	nascent	carbene	could	then	equilibrate	to	form	different	conformers.	Schreiner	et	al.	

already	applied	this	strategy	to	observe	two	different	conformers	of	dihydroxycarbene	(1c).	After	pyrolysis	

of	oxalic	acid	(3c)	and	subsequent	trapping	on	a	cold	window,	Reisenauer	and	Schreiner	could	identify	two	

distinct	 conformers	 of	1c,	 namely	 the	 s-trans,s-trans-conformer	 (tt-1c),	 and	 the	 s-cis,s-trans-conformer	

(ct-1c),	which	nearly	have	the	same	energy	(Δ𝐻 = 0.1	kcal	mol–1)	separated	by	a	barrier	of	approximately	

17.5	kcal	mol—1	(results	from	CCSD(T)/cc-pVTZ	level	of	theory).[131]		

The	 third	 possible	 conformer	 with	 an	 s-cis,s-cis-configuration	 (cc-1c),	 which	 is	 higher	 in	

energy	(	 Δ𝐻	 = 	6.7 	kcal	mol–1)	 could	 not	 be	 observed	 as	 expected	 by	 the	 Boltzmann	 distribution.	

Irradiation	 with	 UV-light	 produced	 thermodynamically	 more	 stable	 reaction	 products	 and	 no	 other	

conformers.	Schreiner	et	al.	observed	similar	behavior	for	1e.	Nevertheless,	there	are	examples	from	other	

groups,	 which	 used	 UV-Vis	 light	 to	 generate	 conformers	 of	 carbenes.	 Selected	 examples	 include	

phenoxychlorocarbene	 (44),[146]	 methylmethoxycarbene	 (45),[147]	 fluoromethoxycarbene	 (46),[148]	

2-naphtylphenylcarbene	(47).[149,150]	Another	option	with	lower	energy	is	(N)IR	light.	

 
Figure 12. The generation of nitrous acid 45 conducted by Baldeschwieler and Pimentel. The energy difference of c-45 and t-45 is 
𝚫𝑯𝒕-c = 𝟎. 𝟔	kcal	mol-1 

Heteronuclear	diatomic	molecules	are	prototypic	to	study	the	interaction	of	matter	with	(N)IR	light,	as	they	

have	 only	 one	 vibrational	 mode.	 For	 a	 single	 excited	 molecule,	 energy	 can	 be	 dissipated	 by	 emission	

(fluorescence)	or	through	non-radiative	processes.	Non-radiative	processes	depend	on	the	concentration	

of	 the	 guest	 in	 the	 matrix	 host.	 If	 the	 concentration	 is	 low,	 energy	 can	 only	 dissipate	 by	 host-guest	

interactions,	releasing	the	energy	into	the	delocalized	lattice	vibrations	(phonons).	For	diatomic	molecules,	

this	 process	 is	 slow	 and	 increases	 with	 vibrational	 excitation	 level	 as	 the	 energy	 spacing	 gets		

smaller.[151,152]	At	high	concentrations,	long-range	dipole-dipole	interactions	between	the	guest	molecules	
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are	 plausible,	 in	 addition	 to	 radiative	 processes.	 Excited	 species	 can	 transfer	 their	 vibrational	 energy	

towards	other	molecules,	which	is	known	as	Förster-type	resonance	energy	transfer	(FRET).[153,154]	FRET	

could	be	observed	between	the	OD	and	OH	radical	at	high	concentrations.[154]	Dubost	et	al.	excited	NO	to	

vibrational	levels	as	high	as	n=27	through	FRET,	resulting	in	electronic	excitation	of	the	low	lying	quartet	

state,	which	resulted	in	chemiluminescent	dissociation.[155]		

For	polyatomic	molecules,	there	are	a	lot	more	decay	channels.	As	the	mode's	energy	spacing	is	smaller	than	

in	diatomic	molecules,	polyatomic	molecules	can	dissipate	energy	into	the	environment	(phonons	in	matrix	

isolation)	 much	 easier.	 Additionally,	 intramolecular	 vibrational	 energy	 transfer	 (IVT)—which	 is	 very	

fast	(	10	–	12-10–	9	s)—distributes	 energy	 to	 all	 modes	 in	 a	 molecule.	 The	 first	 example	 of	 IR-induced	

processes	in	matrix	isolation	dates	to	Baldeschwieler	and	Pimentel.	In	1960,	they	described	the	IR-induced	

transformation	in	nitrous	acid	(HONO,	45)	generated	by	oxidation	of	46—made	by	irradiation	of	47—with	

oxygen.[156]	Upon	prolonged	IR	irradiation	from	the	spectrometer,	they	observed	a	photo	equilibration	of	

trans-	to	cis-45.	Through	annealing,	Baldeschwieler	and	Pimentel	could	not	trigger	an	equilibration	process.	

Curiously,	d1-HONO	did	not	undergo	isomerization,	and	18O2-45	equilibrated	only	very	slowly.		

 
Figure 13. Proposed mechanism of NIR excitation for the transformation of c-45 to t-45. We performed the computations at the B3LYP/def2-
TZVP level of theory. As Hall, we did not assume the possibility of tunneling. 

Further	 studies	 from	Hall[157]	 and	Pimentel	 revealed	 that	 the	 transformation	occurred	within	 a	 specific	

wavelength	 range	 by	 filtering	 the	 IR	 light	 carefully.	Hall	 estimated	 the	 barrier	 to	 be	 9.7±0.7	kcal	mol–1.	

Additionally,	 he	 could	 enable	 the	 transformation	 of	 d1-45,	 but	 it	 was	 ten	 times	 slower	 than	 in	45.	 As	

deuterium	redshifts,	the	fundamental	bands	of	45,	only	overtones	and	combinational	bands	are	available	

for	excitation	with	sufficient	energy	to	enable	the	transformation.	Hence,	the	absorption	coefficients	are	

smaller	for	d1-45	than	for	45.		

Mechanistically,	Hall	 excluded	 the	direct	 excitation	of	 the	 torsional	mode,	 as	 the	overtone/combination	

band	 absorption	 is	 negligible.	 Therefore,	 the	 process	 must	 proceed	 IVT.	 Excitation	 of	 the	 OH-stretch	

vibration	of	45	(M',	Figure	13)	eventually	leads	to	high	excitation	of	the	torsional	motion	via	IVT	(M*).	As	

the	excitation	is	higher	than	the	torsional	barrier,	the	system	can	easily	equilibrate	between	the	c-45	and		

t-45	potentials.	 Through	 cooling	 via	 energy	 dissipation,	 e.	 g.,	 into	 the	 host	 phonons,	 the	 energy	 of	 the	
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molecule	 falls	 below	 the	 torsional	 barrier,	 eventually	 stabilizing	 one	 of	 the	 two	 conformers.	

Dihydroxycarbene(1c)	is	a	similar	system	to	45.	

As	it	turns	out,	IR-induced	transformations	in	the	matrix	are	common.	The	list	includes	the	rotamerization	

of	the	OH-group	in	alcohols,[158-163]	acids,[13,164-172]	ketocarbonic	acids,[173-175]	squaric	acid,[176]	or	attached	to	

ring	systems.[177-182]	In	addition,	isomerization	around	C–C	single	bonds,[183,184]	and	formyl	groups[185]	were	

reported.	Researchers	also	use	IR	light	for	conformational	analysis	of	biologically	relevant	molecules	like	

amino	 acids,[186-191]	 sugars,[192]	 and	 others,[193].	 Khriachtchev	 et	 al.	 reported	 the	 rotamerization	 of	 an		

O–H-group	in	the	HOCO	radical,	which	is	very	similar	to	dihydroxycarbene	(1c),	thus	further	motivating	us	

to	find	the	elusive	s-cis,s-cis-conformer	by	NIR	excitation.[194]	

 
Figure 14. The conformer-selective reaction of formic acid (2c) was conducted at 8 K in solid argon. The barrier between the t-2c and c-2c is 
estimated to amount to 3810 ±100 cm–1.  

Although	the	scientific	community	has	known	the	method	of	IR	excitation	since	1963,	the	higher	energy	

conformer	 of	 the	 simplest	 organic	 acid	 c-2c	was	 unidentified	 until	 1997.[13]	 Schaefer	 and	 Kong	 et	 al.	

estimated	the	barrier	for	interconversion	at	~4500	cm–1,[195,196]	a	target	that	NIR	excitation	could	reach	by	

excitation	 into	 the	 second	 overtone	 of	 the	 OH-vibration	 (2nOH).	 In	 the	 paper	 "A	 tribute	 to	 Markku	

Räsänen",[197]	Khriachtchev	wrote:	

'Markku	had	suggested	that	problem	to	a	young	student	as	an	"easy	experiment"	that	could	be	accomplished	

in	 few	weeks.	 It	 took	seven	years	before	cis-formic	acid	was	 finally	observed	 in	a	matrix!	Since	then,	 it	has	

become	a	common	joke	to	ask	Markku	if	he	has	any	short,	easy	experiments	in	mind.	Of	course,	the	reason	for	

earlier	failures	became	clear	when	the	fast-tunneling	reaction	from	the	unstable	cis	form	to	the	trans	form	was	

observed.	Any	method	that	did	not	include	active	pumping	of	the	cis	to	trans	form	was	doomed	to	fail.'	

This	demonstrates	that	we	must	be	aware	of	very	fast	QMT	when	dealing	with	higher	energy	conformers	

and	low	mass	particles	like	hydrogen	atoms.		

	

Figure 15. The Criegee intermediate 48 was generated by photoionization of 1,1,-diiodoethane through supersonic expansion in the gas 
phase. Intermediate 48 can undergo a [1,4]H-shift to generate 49, which dissociates to the OH-radical and 50. The OH-radicals can be probed 
via Light-Induced Fluorescence (LIF). The IR-excitation energy can be as low as 2850 cm–1 (10.0 kcal mol–1). 

The	discovery	of	c-2c	was	the	start	of	several	studies	on	 the	 influence	of	 the	host	material	on	 the	QMT	

rate,[198,199]	the	UV	irradiation	of	c-2c,[200]	or	the	quantum	yield	dependence	on	IR	energy	(Figure	14).[201]	

Concerning	the	IR/UV	irradiation,	Räsänen	et	al.	observed	conformer-specific	reactions	when	irradiating	
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the	matrix	with	IR	light	(Figure	14).	The	c-2c	preferably	forms	CO2	and	H2	and	whereas	the	t-2c	yields	CO	

and	H2O.	Hence,	they	controlled	the	product	ratio	by	IR	irradiation.		

In	a	separate	study,	Räsänen	et	al.	showed	that	the	interconversion	upon	IR	radiation	below	the	torsional	

barrier	is	feasible.	As	they	lowered	the	energy	of	the	incident	light,	the	quantum	yield	dropped	significantly	

but	was	not	zero	even	below	the	computed	torsional	TS,	making	it	the	first	example	of	torsional	excited	

state	tunneling	or	'IR-pumped'	tunneling.	They	stated—supported	by	computations	of	the	vibrational	state	

functions—that	the	vibrational	states	in	both	conformers	must	match	each	other	at	the	top	of	the	barrier;	

otherwise,	the	transformation	does	not	occur.	As	[1,2]H-shift	in	1c	is	highly	exothermic,	we	would	expect	a	

high	density	of	states	on	the	product	side,	making	the	coupling	to	the	product	2c	likely.	The	question	arises:	

Are	there	barriers	that	we	can	surpass	by	(N)IR	activation	to	form	a	new	product?	

Indeed,	Lester	et	al.	addressed	this	question.	They	observed	the	formation	of	c-48	from	1,1,-diiodoethane.	

After	 IR-irradiation	 49,	 which	 dissociates	 quickly	 into	 50	 and	 OH-radicals.[202,203]	 They	 measured	 an	

IR-action	 spectrum	 by	 probing	 OH-radical	 formation	 using	 light-induced	 fluorescence.	 Surprisingly,	

OH-radicals	can	still	be	observed	well	below	the	computed	reaction	barrier	of	16.4	kcal	mol–1,	leading	to	the	

conclusion	that	tunneling	must	be	involved.	Repeating	the	experiment	with	the	deuterated	species,	Lester	

et	 al.	 could	 not	 observe	 a	 [1,4]H-shift	 between	 6000–2850	cm–1.	 At	 ca.	 6000	cm–1,	 an	 isotope	 effect	 of	

approx.	 ten	 can	 be	 determined.	 Additionally,	 the	 group	 observed	 lower	 reaction	 rates	when	moving	 to	

smaller	IR	excitation	energies	in	line	with	the	concept	of	pumped	tunneling.		

1.6 Our experimental insights concerning conformer chemistry in hydroxycarbenes 

We	were	able	to	generate	1j	by	the	route	established	in	this	group	(Figure	10).	However,	the	main	product	

after	pyrolysis	was	not	1j	but	CO	and	HF	besides	CO2,	which	results	 from	the	elimination	of	HF	from	1j		

(vide	 infra).	 Another	 product	 was	 trifluoromethyl	 acetic	 acid,	 which,	 according	 to	 our	 computations,	

probably	 results	 from	 decarbonylation	 of	 3j	 in	 the	 gas	 phase.	 As	 for	 the	 other	 hydroxycarbenes,	 the		

s-cis-conformer	(c-1j)	was	not	present	after	pyrolysis	despite	the	slight	energy	separation	of	0.8	kcal	mol–1	

to	the	s-trans-conformer	(t-1j)	and	a	barrier	for	thermal	interconversion	of	26.4	kcal	mol–1.		

Due	to	the	barrier	height	for	interconversion	between	t-1j	and	c-1j,	NIR-light	cannot	be	used	to	interconvert	

the	conformers	and	tunneling	seems	probable	for	the	absence	of	c-1j	absence.	Therefore,	we	were	surprised	

to	find	c-1j	after	irradiation	with	465	nm	besides	the	primary	photoproduct	2j.	The	c-1j	conformer	is	stable	

and	does	not	undergo	any	transformation.	As	t-1j	is	unstable	at	10	K	in	an	argon	matrix	and	undergoes	a	

[1,2]H-shift	 via	 QMT	 to	 2j,	 the	 presence	 of	 c-1j	 has	 consequences	 for	 the	 reaction	 system.	 We	 could	

completely	shut	down	the	tunneling	reaction	through	UV-Vis	irradiation	and	make	1j	indefinitely	stable	at	

3	K.	Hence,	we	termed	this	behavior	"conformer-specific	QMT"	(Figure	16).	Compared	to	1b,	the	formation	

of	the	vinyl	alcohol	(51)	is	not	kinetically	favored	as	it	involves	an	[1,2]F-shift	compared	to	an	[1,2]H-shift	

which	increases	the	barrier	significantly	(22.6	vs.	47.5	kcal	mol–1,	Figure	16).	Hence,	tunneling	control	does	

not	play	a	role	for	1j.	Additionally,	the	c-1j	conformer	has	a	very	short	H-F-distance	of	just	1.907	Å,	which	

results	in	significant	bonding	interaction	according	to	our	atoms	in	molecules	(AIM)	analysis.[204]	
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Figure 16. Case I: The reactivity of methylhydroxycarbene 1b is governed by the tunneling process through the higher but narrower activation 
barrier yielding acetaldehyde (2b). Case II: The reactivity of trifluoromethylhydroxycarbene (1j) is governed by the [1,2]H-shift to trifluoro 
acetaldehyde 2j, which is the kinetic and thermodynamic product based on the energetic landscape. The s-cis-conformer (c-1j) does not 
undergo QMT. Hence, this constitutes the first example of conformer-specific QMT. The s-cis-conformer can be generated by irradiation 
(vide infra) 

 
Figure 17. Top: The barrier height for the [1,2]H-shift to the aldehyde and the experimental half-life vs. the substituent is shown, sorted from 
the lowest to the highest activation barrier. The data is directly taken from the respective publications (usually CCSD(T) with a triple 𝜻-basis 
set). If the data was not available (e.g., aminohydroxycarbene), we used the CCSD(T)/cc-pVTZ//M06-2X/def2QZVP level of theory. Colors: 
Light blue: electron donation (push-push interaction), Light yellow: No interaction, Grey: Captodative effect (push-pull interaction), and  
Blue: Heteroatom substitution (strong 𝝅-push-push interaction) Bottom: The adiabatic singlet-triplet gap. The data was taken from the 
respective publications 

Compared	to	other	hydroxycarbenes,	the	tunneling	half-life	is	significantly	longer	(7	days,	Figure	17).	We	

argue	that	the	captodative	interaction	of	substituents	with	the	carbene	center	is	responsible	for	the	increase	

in	half-life.	The	captodative	substitution	leads	to	a	higher	and	broader	barrier,	and	therefore	a	longer	half-

life.	In	terms	of	QMT,	the	push-pull	substitution	stabilizes	hydroxycarbenes,	which	our	group	also	observed	

for	cyanohydroxycarbene	(1k).	Substitution	patterns	that	provide	electron	density	to	the	carbene	center	

through	either	the	+M	or	+I-effect	(push-push)	destabilize	the	carbene	relative	to	1a.	An	increasing	barrier	

height	can	rationalize	the	trend	for	push-push	substitution.	For	the	push-pull	systems,	the	barrier	width	is	

important,	which	is	highly	dependent	on	the	substituents.	The	barrier	width	is	not	a	value	that	someone	

retrieves	by	intuition	and	stresses	the	importance	of	WKB	computations	for	such	systems.	Curiously,	1d	
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recently	published	definitely	demonstrate	the	barrier	width	effect	of	push-pull	systems	(it	contains	 less	

heaver	atoms	that	have	to	move).[205]	

The	adiabatic	singlet-triplet	gap,	which	should	give	a	rough	estimate	of	the	electron	density	at	the	carbene	

center	due	to	the	destabilizing	effects	on	the	triplet	geometry,	does	not	follow	the	trend	of	barrier	heights	

and	half-lives.	The	+I-effect	only	increases	the	electron	density	only	slightly.	On	the	contrary,	the	–I-effect	

decreases	 the	 electron	 density.	 For	 phenylhydroxycarbene,	 the	 –I-effect	 must	 be	 stronger	 than	 the		

+M-effect.	The	cyclopropyl	group	provides	a	strong	+M-effect.	As	expected,	the	double	hetero	substituted	

hydroxycarbenes	show	the	most	elevated	Δ𝐻0&1 .	As	expected,	electron	withdrawing	groups	in	push-pull	

carbens	reduce	the	electron	density	at	the	carbene	center	

The	 results	 on	 trifluoromethylhydroxycarbene	 motivated	 us	 to	 dig	 deeper	 into	 the	 conformational	

isomerization	of	hydroxycarbenes.	Dihydroxycarbene	(1c)	seemed	the	best	choice	as	a	benchmark	system	

as	the	yields	after	pyrolysis	is	high.	Additionally,	it	does	not	undergo	tunneling.	Dihydroxycarbene	is	the	

best-investigated	hydroxycarbene	to	date,	as	it	is	a	fundamental	intermediate	on	the	[H2CO2]	hypersurface	

and	may	play	a	role	in	the	direct	reaction	of	H2	with	CO2.	Hence,	Feller	et	al.	computed	the	potential	energy	

surface	as	early	as	1979	with	a	detailed	study	on	the	decomposition	of	1c.[206,207]		

Dihydroxycarbene	has	 three	rotamers	depending	on	the	 two	dihedral	angles	𝛿H-O-C-O,	which	can	be	180˚	

(s-cis,	c)	or	0˚	(s-trans,	t).	In	1994,	Wesdemiotis	et	al.	indirectly	detected	dihydroxycarbene	for	the	first	time	

by	neutralization/reionization	mass	spectrometry.	 In	2008,	 the	spectroscopic	 identification	 followed	by	

this	 group	 through	 pyrolysis	 of	 oxalic	 acid	 (vide	 supra).[131]	 Since	 then,	 Douberly	 et	 al.	 isolated	

dihydroxycarbene	in	helium	nanodroplets.[208]	McCarthy	et	al.	could	determine	the	exact	structure	of	the	

cc-1c	 in	 the	 gas	 phase.	 They	 used	 the	 direct	 reaction	 of	 CO2	 and	H2	 induced	 by	 an	 electric	 spark.	 The	

important	conformer	in	this	reaction,	the	cc-1c,	however,	remained	illusive.	

 
Figure 18. Potential energy surface around dihydroxycarbene 1c (color code: carbon: grey, oxygen: red, hydrogen: white) at the FPA//AE-
CCSD(T)/cc-pCVTZ + ZPVE level of theory.  
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Two	of	 them	 (tt-1c	and	ct-1c)	 are	 very	 close	 in	 energy.	The	 tt-1c	and	ct-1c	 separate	 a	barrier	 that	we	

anticipated	to	overcome	by	(N)IR	irradiation	(Figure	18).	The	third	conformer,	cc-1c,	is	slightly	higher	in	

energy	 but	 reachable	 via	 a	 comparable	 reaction	 barrier	 and	 could	 be	 overcome	 by	 (N)IR-irradiation.	

Hitherto,	 nobody	 detected	 the	 cc-1c	 conformer	 spectroscopically.	 The	 detection	 of	 ct-1c	 following	 an	

electric	spark	ignition	of	H2	and	CO2	made	us	curious	to	generate	cc-1c	for	the	first	time.		

 
Figure 19. The tunneling half-life of the reaction from the higher energy conformer to the lower energy conformer isolated in a cryogenic 
matrix at temperatures between 3–12 K and different matrix host materials. For 3a and 3c the average values were taken. 

Khriachtchev	et	al.	found	that	N2	stabilizes	s-cis-conformer	of	formic	acid.[199]	Using	N2,	through	conformer	

selective	NIR	excitation	in	the	O-H	overtone	region,	we	could	observe	new	peaks	belonging	to	cc-1c	based	

on	 high-level	 computations	 (vide	 infra)	 after	 conformer-selective	NIR	 excitation	 into	 the	O–H	 overtone	

region.	Analogous	to	s-2c,	the	energetically	high	lying	conformer	is	not	stable	and	undergoes	tunneling	to	

ct-1c	within	22	minutes	at	3	K.	Through	sophisticated	kinetic	analysis,	we	could	determine	that	not	all	the	

cc-1c	molecules	tunnel	back	to	the	ct-1c	conformer,	but	a	small	amount	of	an	unknown	product	must	form.	

Through	computations,	we	concluded	that	the	second	product	forms	due	to	the	decomposition	of	cc-1c	to	

CO2	 and	H2.	 Sadly,	we	could	not	 confirm	 this	experimentally	due	 to	 the	high	concentration	of	CO2	 after	

pyrolysis	and	the	IR	inactivity	of	H2.	Attempts	to	break	symmetry	in	1c	through	selective	deuteration	of	one	

hydroxy	group	have	yet	remained	unsuccessful.	Contrary	to	the	case	of	formic	acid	and	48,	we	could	not	

enable	 the	 [1,2]H-shift	 through	 (N)IR	 light.	 Later,	 our	 group	 confirmed	 this	 for	 cyanohydroxycarbene,	

where	prolonged	NIR	irradiation	did	not	lead	to	a	faster	tunneling	rate.[209]	

Compared	 to	 other	 cases	 of	 conformational	 interconversions	 that	were	 induced	by	 (N)IR	 irradiation	 in	

cryogenic	matrices,	dihydroxycarbene	exhibits	a	comparable	half-life	(Figure	19)	of	tunneling	in	the	reverse	

reaction.[167,171-172,178-179,188-190,194,198,210,211]	Also,	from	the	relative	half-lives	for	2c	and	51a,	we	are	certain	

that	N2	stabilizes	cc-1c	and	hence	it	is	not	observable	in	a	noble	gas	matrix	environment.	

1.7 Our contributions to the computational determination of tunneling half-lives 

During	 the	 work	 on	 this	 thesis,	 it	 became	 clear	 how	 crucial	 deep	 tunneling	 is	 under	 matrix	 isolation	

conditions.	Hence,	we	turned	our	attention	to	computing	the	tunneling	half-lives	straightforwardly.	First,	

we	solved	the	problem	of	generating	the	necessary	data.	Second,	we	created	a	GUI	to	import	that	data	and	

calculate	 the	 tunneling	 half-lives,	 called	 TUNNEX	 (vide	 infra).	 The	 tools	 are	 designed	 for	 experimental	

chemists	with	some	experience	in	computations	of	IRCs,	and	WKB	provides	the	foundation	as	it	only	needs	

a	one-dimensional	profile.	We	hope	that	other	groups	find	this	tool	helpful.	We	also	hope	to	use	TUNNEX	to	
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simplify	 the	 input	 of	 more	 sophisticated	 methods	 like	 CVT/SCT	 and	 instanton	 and	 provide	 a	 more	

user-friendly	 approach	 for	 tunneling	 computations	 in	matrix	 isolation	 conditions	without	 invoking	 the	

command	line.	

1.8 Concluding remarks 

Only	with	 the	 power	 of	modern	 computational	 chemistry,	 this	 thesis	 became	possible.	We	 published	 a	

program	for	computing	tunneling	half-lives	by	simply	using	WKB.	We	hope	that	this	program	can	lead	to	

the	discovery	of	more	intriguing	tunneling	reactions	establishing	QMT	as	a	fascinating	facet	in	chemistry	

and	as	a	common	kinetic	phenomenon	for	chemical	reactions.	We	are	confident	that	we	delivered	the	basis	

for	a	continuous	effort	to	make	the	computation	of	accurate	rates	in	the	deep	tunneling	regime	a	simple	

task.	We	would	like	to	add	features	like	a	GUI	for	Polyrate	input,	temperature-dependent	rates,	and	a	GUI	

for	managing	tunneling	computations	on	servers.		

Trifluoromethylhydroxycarbene	 is	 the	 first	 example	 of	 conformer-specific	 tunneling.	 The		

s-trans-conformer	 undergoes	 QMT	while	 the	 s-cis-conformer	 displays	 no	 reactivity.	 Conformer-specific	

tunneling	can	affect	 selectivity	 in	chemical	 reactions	 tremendously	as	only	one	conformer	 is	 stable	and	

engages	in	intermolecular	interactions.	The	well-known	Curtin-Hammett	principle	is	not	applicable	in	the	

case	 of	 trifluoromethylhydroxycarbene	 as	 the	 s-trans-conformer	 cannot	 be	 replenished	 from	 the		

s-cis-conformer	but	as	in	the	case	of	methylhydroxycarbene,	one	should	always	be	vigilant	for	the	violation	

of	principles	derived	from	TST	if	deep	tunneling	is	involved.	Further	investigations	should	concentrate	on	

the	effect	of	 spx	(x=1,2)	 substituted	carbenes	and	hetero	atoms	with	 similar	electronegativities,	 such	as	

sulfur.	

With	the	discovery	of	the	s-cis,s-cis-conformer	of	dihydroxycarbene,	we	found	one	of	the	last	intermediates	

on	the	[CH2O2]	hypersurface.	The	s-cis,s-cis-conformer	could	be	an	important	intermediate	in	the	reaction	

of	 CO2	 with	 H2.	 Dihydroxycarbene	 can	 be	 seen	 as	 the	 reactive	 form	 of	 formic	 acid,	 enabling	 further	

investigation	on	the	reactivity	of	CO2	and	H2.	Additionally,	we	have	found	an	indication	of	tunneling	to	CO2	

and	H2,	effectively	lowering	the	reaction	barrier.	Hence,	we	argue	that	cc-1c	is	involved	in	the	direct	reaction	

of	 CO2	 and	H2.	As	 carbenes	 are	 good	nucleophiles,	 longer	 carbon	 chains	 can	be	 formed	under	 the	 right	

conditions.	 We	 should	 further	 investigate	 the	 existence	 of	 s-cis,s-cis-dihydroxycarbene	 from	 the	 direct	

reaction	of	CO2	and	H2	by	means	of	rotational-vibrational	spectroscopy.	Furthermore,	we	should	investigate	

the	(N)IR	excitation	of	 the	methoxyhydroxycarbene,	where	the	unknown	s-cis,s-cis-conformer	may	form	

methane	and	CO.	

As	tunneling	was	considered	mostly	a	mathematical	construct,	I	want	to	close	this	thesis	as	it	has	begun	

with	a	quotation	from	Albert	Einstein:	

„Insofern	sich	die	Sätze	der	Mathematik	auf	die	Wirklichkeit	beziehen,	sind	sie	nicht	sicher,	und	insofern	sie	

sicher	sind,	beziehen	sie	sich	nicht	auf	die	Wirklichkeit.”	

Albert	Einstein	(1879–1955)	
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Conformer-specific hydrogen atom tunnelling
in trifluoromethylhydroxycarbene
Artur Mardyukov, Henrik Quanz and Peter R. Schreiner*

Conformational control of organic reactions is at the heart of the biomolecular sciences. To achieve a particular reactivity,
one of many conformers may be selected, for instance, by a (bio)catalyst, as the geometrically most suited and
appropriately reactive species. The equilibration of energetically close-lying conformers is typically assumed to be facile
and less energetically taxing than the reaction under consideration itself: this is termed the ‘Curtin–Hammett principle’.
Here, we show that the trans conformer of trifluoromethylhydroxycarbene preferentially rearranges through a facile
quantum-mechanical hydrogen tunnelling pathway, while its cis conformer is entirely unreactive. Hence, this presents the
first example of a conformer-specific hydrogen tunnelling reaction. The Curtin–Hammett principle is not applicable, due to
the high barrier between the two conformers.

Conformationally controlled reactions play a crucial role in the
selectivity and function of chemical reactions1,2 and biologi-
cally active molecules3. Conformers can be interconverted

via hindered rotation about single bonds, and the low energy bar-
riers associated with these rotamerizations lead to rapid equili-
bration, even at low temperatures. Conformational specificity has
been demonstrated in the gas phase and in low-temperature
matrix-isolation experiments4,5. For example, conformer-dependent
reactions have been reported for the dissociation of iodopropane
radical cation conformers that produce different products6. In
another study, the photodissociation channels of the trans and cis
conformers of formic acid in solid argon matrices were shown to
give different product distributions: the trans rotamer predomi-
nantly dissociates into H2O and CO, and the cis rotamer undergoes
photodissociation to H2 and CO2 (ref. 7). In parallel, cis formic acid
also converts back to the more stable trans isomer with a half-life of
only a few minutes via quantum mechanical tunnelling (QMT).
These studies beautifully demonstrate the possibility of reaction
control via narrowband infrared radiation.

Experimental evidence of QMT of hydrogen atoms is a widely
observed phenomenon in chemistry8–10 and biology11–13. Conformer-
specific tunnelling, on the other hand, has, at least to the best of our
knowledge, only been reported for a single case. Such specificity
was demonstrated for the preferential carbon atom tunnelling of
exo-1-methylcyclobutylfluorocarbene, with the endo isomer remain-
ing unchanged under identical conditions14.

Recently, we have shown that hydroxycarbenes (R–C–OH)
undergo facile tunnelling reactions, even at temperatures as low as
10 K in noble gas matrices8, eventually leading to the new reactivity
paradigm of tunnelling control15. Here, we present the preparation
and study of novel trifluoromethylhydroxycarbene (1, Fig. 1),
which allowed the first observation of the cis and trans conformers
of a hydroxycarbene. Thus far, previous studies only yielded the
corresponding trans hydroxycarbene conformer, because it is
the conformer that preferentially forms in the decarboxylation of
the respective precursor. Photochemical conformer equilibration
was not possible as this also triggered the tunnelling isomerizations.
Hence, 1 is the first hydroxycarbene to allow the photochemical
preparation and spectroscopic identification of a hydroxycarbene
cis isomer (1c). As only the trans conformer (1t) shows
the typical [1,2]hydrogen tunnelling ([1,2]H-tunnelling) shift to

trifluoroacetaldehyde (2), while 1c remains unchanged, we present
the first example of a conformer-specific H-tunnelling reaction.

Our initial idea was to study the effect of CF3 substitution on the
H-tunnelling half-life, which is strongly affected by the electronic
properties of the atoms adjacent to the carbene centre16. For
instance, π donors extend the half-lives and thereby allow control
of the tunnelling process on the basis of stereoelectronic effects
and straightforward structure–activity relationships. As the CF3
group in 1 is σ-electron-withdrawing, we expected reactivity signifi-
cantly different from the parent methylhydroxycarbene (8)15. With
respect to the QMT behaviour, one would expect that σ-electron
withdrawal increases the electron deficiency at the carbene carbon,
leading to a shorter half-life, while hyperconjugative stabilization
through one of the C–F bonds should diminish the driving force
for QMT and therefore increase the half-life. As we demonstrate
here, the CF3 group stabilizes 1c sufficiently for it to be prepared
photochemically and so that it remains unchanged during the
tunnelling isomerization of 1t to 2.

Result and discussion
Following our established route to hydroxycarbenes, commercially
available 3,3,3-trifluoro-2-oxopropanoic acid (3) was chosen as the
thermal precursor for the generation and matrix-isolation of 1 at 10 K
through thermally allowed CO2 extrusion using flash vacuum pyrolysis
(FVP) at 900 °C in an argon gas flow at less than 1 × 10–3 mbar total
pressure8,15,17. The infrared spectrum of the FVP products of 3
(Supplementary Fig. 1) shows several new absorptions in the C=O
stretching region between 1,850 and 1,650 cm–1, next to some
unreacted starting material and the usual impurities (for example,
H2O) often found in FVP matrix-isolation experiments. The target
carbene 1t is present in minor amounts but can be identified on the
basis of matching the observed and the unscaled (harmonic) com-
puted vibrational bands computed at the coupled-cluster singles and
doubles as well as the perturbatively included triple excitations level
of theory (CCSD(T)/cc-pVTZ; for details see Supplementary
Sections 3–7 and Supplementary Table 1). Additionally, selective pho-
tolysis of 1t (Fig. 2), gives infrared difference spectra that match the
computed data very well. The infrared spectrum of the matrix-isolated
pyrolysis mixture contained a significant amount of CO and HF, and
the most prominent bands at 1,221 and 1,102 cm–1 were attributed to
difluorocarbene 4, which most probably derives from the gas-phase
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decomposition of 1, involving HF elimination from 1c, which gives
intermediate difluoroketene 5, which loses CO to yield 4
(Supplementary Fig. 1). We also observed other less intense signals
at 1,818, 1,250, 1,207, 1,186, 1,131 and 776 cm–1 that can be assigned
to trifluoroacetic acid 6, formed by gas-phase decarbonylation. The
infrared spectra of the pyrolysis mixture of 3 also showed a small
amount of 2, the [1,2]H shift product of 1t.

Prolonged irradiation of the pyrolysis products in argon at 465
nm results in complete bleaching of the infrared bands of 1t and
the formation of new bands at 1,782, 1,383, 1,304, 1,193, 1,172,
833 and 705 cm–1 (Fig. 2d), which were assigned to 2,2,2-trifluoroa-
cetaldehyde 2 formed via a 1,2[H] migration. Photoproduct 2 was

identified by comparison of its experimental and computed infrared
spectra (Fig. 2e). The assignments are also supported by isotope
labelling experiments using O-deuterated acid d-3, yielding the cor-
responding deuterated carbene d-1t as well as d-1c and d-2 upon
irradiation of d-1t at 465 nm (Supplementary Fig. 2).

Carbene 1t was unambiguously identified in the matrix by the
excellent matching of the experimental and unscaled CCSD(T)/
cc-pVTZ computed infrared absorptions (Fig. 2a,b); this conformer
is 0.8 kcal mol–1 more stable than 1c at this level (vide infra). In line
with our earlier studies on other hydroxycarbenes, there are no indi-
cations for the formation of 1c directly from pyrolysis. Indeed, a cis
conformer has never been observed for any hydroxycarbene. The
ultraviolet/visible (UV–vis) absorption maximum of 1t computed
with time-dependent density functional theory (TD-DFT) at
TD-M06-2X/cc-pVTZ predicts a weak transition at λmax = 415 nm.
Visible-light irradiation (λ = 465 nm) of the FVP mixture results
in a rapid decrease of all infrared bands attributed to 1t, with the
other bands remaining unaffected. The infrared difference spectrum
of 1t after 30 s irradiation at λ = 465 nm shows two sets of bands,
one appearing (pointing upward) and another disappearing (point-
ing downward) during irradiation of the matrix (Fig. 2b). The bands
disappearing clearly correspond to 1t, as is evident from a compari-
son between the CCSD(T)/cc-pVTZ computed and experimental
infrared spectra. From the decay kinetics of these bands during
photolysis, the most intense band at 1,175 cm–1 is assigned to the
C–F stretching mode of 1t. The strong band at 3,506 cm–1 is attrib-
uted to the OH stretching ν(O–H) mode of 1t. An additional set of
bands at 1,396, 1,299, 1,238, 830 and 670 cm−1 were also assigned to
1t (Supplementary Table 1). All characteristic infrared frequencies
for 1t nicely match the computed unscaled harmonic vibrational
frequencies at CCSD(T)/cc-pVTZ. The experimentally observed
UV–vis spectrum of the pyrolysis mixture revealed a strong absorp-
tion pattern at 225–270 nm (Supplementary Fig. 3). The absorption
bands display a resolved vibrational structure that belongs to
difluorocarbene 4, in perfect match with the literature spectra.
Unfortunately, due to the low extinction coefficient, the UV–vis
transitions of 1t could not be detected (for time-dependent
DFT-computed spectra see Supplementary Fig. 4).

At least two distinct species formed simultaneously during
photolysis. The comparison with the computed infrared spectrum
indicates that most of the appearing bands correspond to 1c. In
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Figure 1 | Schematic presentation of the thermal generation of trans-
trifluoromethylhydroxycarbene (1t) from 3,3,3-trifluoro-2-oxopropanoic
acid (3) and subsequent reactions. Thermal extrusion of CO2 via an
allowed six-electron/five-centre electrocyclic process yields the title
compound 1t. Difluorocarbene (4), CO and HF also form under the FVP
conditions through decomposition of 1t. Conformer-specific tunnelling
rearranges 1t to 2 via a [1,2]H shift. The cis-isomer 1c can be
populated through irradiation but does not undergo tunnelling
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1c appear after irradiation. c, Infrared spectrum of 1c computed at the CCSD(T)/cc-pVTZ level of theory. d, Infrared difference spectra showing the
photochemistry of 1t after 300 s of irradiation with λ= 465 nm in argon at 10 K. Bands pointing downwards assigned to 1t disappear, and bands pointing
upwards assigned to 2 appear after irradiation. e, Infrared spectrum of 2 computed at CCSD(T)/cc-pVTZ (unscaled). As there are no significant absorptions
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particular, the signals at 3,269, 1,436, 1,331, 1,233, 1,191, 1,146, 861
and 683 cm–1 increase in intensity after irradiation and were
assigned to 1c (Fig. 2b and Supplementary Table 1). The photo-
chemical conversion of 1t to 1c and 2 is rapid; irradiation for 10,
20, 30 and 60 s showed that 30 s are sufficient for complete conversion
of 1t. A comparison of the computed and experimental infrared
frequencies of the two rotamers of 1 allowed their unambiguous
identification. Remarkably, in the case of 1t, the O–H stretching
vibration mode appears at 3,506 cm–1, whereas 1c shows a weak
absorption at 3,269 cm–1. The experimentally frequency shift
between the two isomers is calculated to be –237 cm–1, in excellent
agreement with the computed frequency shift of –238 cm–1

(Supplementary Table 2). This shift is smaller than the correspond-
ing frequency shift in parent 8 (321 cm–1) but much larger than the
experimentally found 22 cm–1 shift between the trans and gauche
conformers of 1,1,1-trifluoroethanol18, which is the hydrogenated
congener of 1. One may suspect that these large infrared frequency
shifts of the cis and trans conformers arise from the carbene lone
pair donation into the periplanar C–O, C–F and C–H bonds in 1c
and 8c. The lp(C) → σ*(OH) interaction can be recognized in
both cis carbenes: a second-order perturbation natural bond
orbital (NBO)19 analysis at the M06-2X/cc-pVDZ level of theory
gives 7.8 and 10.2 kcal mol–1 for 1c and 8c, respectively. The
lp(C) → σ*(CF) (7.2 kcal mol–1) and lp(C) → σ*(CH) (7.8 kcal mol–1)
interactions in 1c and 8c, respectively, are about equally large. All of
these interaction terms are rather small, and their differences are too
small todrawfirmconclusions.Aquantumtheoryof atoms inmolecules
(QTAIM) analysis20 reveals both a bond critical point between the

in-plane fluorine and hydrogen atoms and a ring critical point
(Supplementary Fig. 9). Furthermore, the C–F stretching absorption in
1t (1,175 cm–1) is slightly lower than that of 1c (1,191 cm–1), again in
agreement with the computed value, which gives a shift difference of
Δν = 24 cm–1 (Supplementary Tables 1 and 2). Hence, it is likely that
conformer 1c benefits from weak internal H···F bonding, as is also
evident from the CCSD(T)/cc-pVTZ structure (Fig. 2), which gives an
H···F bond distance in 1c of 1.907 Å, which is even shorter than
the shortest H···F distance (2.01 Å) found in the crystal structure
of HOC(CF3)2(4-Si(i-Pr)3-2,6-C6H2(CF3)2) (ref. 21). A balanced
(homodesmotic) equation (Supplementary Fig. 6) gives a stabilization
of 1c over 8c of ∼2 kcal mol–1.

Carbene 1 has large singlet–triplet energy separation of
ΔEST = –26.8 kcal mol–1 at CCSD(T)/cc-pVTZ, underlining its
singlet ground-state nature, similar to other hydroxycarbenes
(note that there is only one C1 triplet conformer). Thermolysis of
3 under FVP conditions at 900 °C is strongly dominated by
entropy, a situation that preferentially leads to difluorocarbene 4
as well as HF and CO as the major products trapped from the
pyrolysis mixture (for a complete CCSD(T)/cc-pVTZ-computed
potential energy hypersurface (PES), see Supplementary Fig. 7).
However, 1 forms in sufficiently significant amounts to allow its
characterization and study of its reactivity. The key parts of the
PES are depicted in Fig. 3. Carbene 1t is only 0.8 kcal mol–1 more
stable than 1c, which is a significantly smaller energy difference
than for the parent methylhydroxycarbene (8t is 3.1 kcal mol–1

more stable than 8c at CCSD(T)/CBS), probably due to the intra-
molecular H···F interaction, which may be estimated through this

F3C

1t

0.0

1c

0.8

H

O

F

F OH

F

F

F
F

O H

O

F

F

F H

O

F

F

F

H

7

–22.9

2

–49.7

TS1

26.4

TS2

30.7

TS3

47.5

ξ (reaction coordinate)CCSD(T)/cc-pVTZ

Tunnelling

ΔH
0 
(k

ca
l m

ol
−1

)

1.555 1.297

109.2

1.907

1.547

106.0

1.305

Figure 3 | Depiction of the computed potential energy surface (ΔH0) of ground-state singlet 1t for its unimolecular reactions at CCSD(T)/cc-pVTZ.
Colour code: yellow, fluorine; grey, carbon; red, oxygen; light blue, hydrogen. The grey pathway for the rearrangement to trifluoro enol 7 is energetically unfeasible but
is shown for completeness. Tunnelling of 1t to 2 depletes the concentration of 1t. This cannot be replenished through rotamerization of 1c owing to the higher barrier
(viaTS1), which cannot be overcome at the experimental temperature of 10 K. Hence, a Curtin–Hammett situation is not given and this principle does not apply.
Selected bond lengths are in Å, bond angles are in degrees. Dagger symbols represent transition state.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.2609 ARTICLES

NATURE CHEMISTRY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemistry 3

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



2.1 Conformer-specific hydrogen atom tunnelling in trifluoromethylhydroxycarbene 
	

	 29	

	

	 	

conformer pair energy difference to be ∼2 kcal mol–1, in line with
our homodesmotic evaluation (Supplementary Fig. 6). The tran-
sition structure TS1 for the rotamerization of 1t to 1c is associated
with a sizeable barrier of 26.4 kcal mol–1; is also 2 kcal mol–1 above
that for the 8t → 8c conversion (24.4 kcal mol–1).

Apart from the reactions depicted in Fig. 3 and discussed in
detail below, 1c can undergo a mildly exothermic (–3.1 kcal mol–1)
concerted HF extrusion to difluoroketene (5) that requires
27.2 kcal mol–1 activation. Subsequent CO extrusion to difluoro-
carbene (4) is accompanied by a surprisingly low activation
barrier of only 10.0 kcal mol–1 via TS5 (Supplementary Fig. 7).
The fact that we did not observe characteristic peaks for 1c directly
after FVP suggests that the energy is sufficient in the pyrolysis zone
for 1t to undergo all of these reactions to give 4 as the major
product. The experimentally not observed formation of the enol
1,2,2-trifluoroethen-1-ol (7) either from 1t or 1c is energetically
excluded as it requires activation energies of ∼48 kcal mol–1, which
is far too high to be surmounted at the temperature of our FVP exper-
iments. Finally, the pyrolysis of starting material 3 at 900 °C also
yielded infrared signals that were clearly identifiable as trifluoroacetic
acid (6), which is the decarbonylation product of 3; computations on
this part of the PES of 6 are summarized in Supplementary Fig. 8.

Conformer-dependent QMT. Carbene 1t is metastable under
matrix-isolation conditions as it slowly rearranges to 2 through a
[1,2]H-shift, even at temperatures as low as 3 K, despite a
considerable barrier for this process of ∼31 kcal mol–1. The decay
kinetics were monitored using the intense O–H and C–F
stretching absorptions of 1t at 3,605 and 1,175 cm–1 (Fig. 4). We
determine an experimental half-life of 1t of 144 ± 11 h, which is
largely independent of the temperature of the matrix in the

measured 3–20 K temperature interval (for changes in the
infrared spectra over time at 20 K, see Supplementary Fig. 5). This
is highly indicative of a QMT process, as is typical for the majority
of hydroxycarbenes22. As found for other hydroxycarbenes,
O-deuteration (d-1t) completely suppresses the rearrangement to
d-2, and no spectral changes were observed for at least 30 days.
This provides additional solid evidence that the observed
phenomenon is indeed a tunnelling process that very sensitively
depends on the mass of the tunnelling particle (as well as on
barrier height and width).

To confirm our experimental observations, we computed the
tunnelling half-lives of 1t and d-1t using the Wentzel–Kramers–
Brillouin (WKB) formalism, which has been shown to deliver
excellent agreement between experiment and theory8,15,23. Kästner
has demonstrated that our one-dimensional WKB treatment for
determining the tunnelling half-lives of hydroxycarbenes agrees
well with a more elaborate instanton approach24. The WKB calcu-
lations at the (M06-2X/6-311++G(d,p)) level of theory yield a
[1,2]H-tunnelling half-life for 1t of 172 h, in excellent agreement
with the experimental value. The computed half-life of d-1t is on
the order of 106 years. Unsurprisingly, we could not locate a tran-
sition structure for the direct conversion of 1c to 2, implying that
the QMT ‘escape’ path to 2 is blocked, leading to entrapment of
1c in a rather deep minimum of the PES. As a consequence, tunnel-
ling arises specifically from the 1t conformer only. The Curtin–
Hammett principle does not apply as the barrier between the two
conformers is large relative to the adjacent reaction barriers25,26.

Competing QMT processes may be envisaged for the reaction of
1t or 1c to 7 via a [1,2]F-shift, that is, F-tunnelling, or for the HF
extrusion from 1c to 5. However, apart from the fact that an
element heavier than hydrogen is involved, which would signifi-
cantly slow QMT, the barriers are wider in all cases and much
higher than for 1t → 7. As a consequence, these reactions were
not observed. As QMT of 1t is relatively slow, we also investigated
whether 1c would undergo conformational tunnelling back to 1t;
this would be a conformational QMT process that is very
common to carboxylic acids through C–OH bond rotation27–29.
The tunnelling half-lives for such conformational tunnelling of
carboxylic acids are in the range of 10–5 s to several minutes30–36.
After photochemical generation of 1c, no spectral changes were
observed in an argon matrix at 10 K over a period of at least 24 h,
making 1c kinetically stable under matrix-isolation conditions.
Accordingly, our WKB computations yield a half-life for the
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Figure 5 | Comparison of the intrinsic reaction coordinates of 1t and 8t for
rearrangement to their corresponding aldehydes. Although the differences
in the path curvatures are small (computed at theM06-2X/cc-pVTZ level of
theory), the slightly wider and higher barrier for the rearrangement of 1t
results in a significantly longer half life of 1t (∼144 h) versus parent 8t (∼1 h).
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Figure 4 | Time evolution of a selection of infrared bands for the
disappearance of 1t. a,b, The band around 3,506 cm–1 corresponds to the
O–H stretching absorption (b), while the signals at 1,175 cm–1 are composed
of C–F stretching and O–H wagging bands (a). The spectra were recorded
over the course of nearly 300 h in an argon matrix at 10 K and demonstrate
the facile QMT process for the isomerization of 1t to 2.
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rotamerization of 1c to 1t of 1,190 years, owing to the high
(26.4 kcal mol–1) and wide barrier as compared to the much
smaller barriers typically encountered for carboxylic acid rotational
isomerizations (2–13 kcal mol–1)27,37–41.

The long QMT half-life for 1t of 144 h must be related to the
stereoelectronic effect of the CF3 group on the carbene carbon
(note that the half-life of parent methylhydroxycarbene 8 is only
1.1 h)15. As σ-electron withdrawal would increase the electron
deficiency in 1t, one may argue that it may be the σC–F → C(p) or
lp(C) → σ*C–F hyperconjugation interactions42 that are responsible
for this effect. However, our NBO analysis (vide supra) does not
reveal particularly large contributions from such interactions, as
they are quite comparable to those in parent 8t. The intrinsic reac-
tion paths associated with the rearrangement of hydroxycarbenes 1t
and 8t are qualitatively the same, and they differ quantitatively only
very little (Fig. 5), with the barrier for 1t being 2.6 kcal mol–1 higher
and also wider.

This alone is probably sufficient to rationalize the large
differences in half-lives, even though it is quite remarkable just
how sensitive QMT is to the fine details of a PES. From a chemical
viewpoint it is instructive to consider the atomic NBO charges of 1t
and 8t, because they are quite different. Although the methyl-group
carbon in 8t bears a –0.8e charge, the CF3 carbon shows just the
opposite (+0.9e). The carbene carbons are similarly charged
(+0.3e in 8t and +0.2e in 1t), implying that 1t is unexpectedly
somewhat less electron-deficient than 8t, leading to a longer
tunnelling half-life.

Another important aspect may be the differential sensitivity of
the conformers to the host material35,37,43–49 and also to different
matrix sites30. The effect of noncovalent interactions on H-tunnel-
ling processes was investigated primarily for conformational
changes in carboxylic acids. For instance, the parent formic acid
displays two conformers that differ by the orientation of the OH
group with respect to the carbonyl oxygen50. The higher-energy
E-conformer can be prepared selectively through vibrational
excitation of the Z-conformer in inert host materials, including
noble gases, N2 and para-hydrogen43,51. Z- to E-conformer
re-equilibration occurs through H-tunnelling rotamerizations.

Conclusions
Here, we present the first example of a conformer-specific [1,2]H-
tunnelling process. This was demonstrated through the generation
of a novel hydroxycarbene, namely trifluoromethylhydroxycarbene
(1), whose trans (1t) and cis (1c, generated photochemically from
1t) conformers behave very differently. The study presents the
first preparation of a hydroxycarbene cis conformer (1c), prepared
from photoisomerization of the trans form 1t. While 1t undergoes
a [1,2]H-tunnelling shift at 10 K in solid Ar with a half-life of
144 ± 11 h (172 h, theoretical), 1c remains unchanged over the
same length of time. The intramolecular hydrogen bonding in 1c is
not responsible for this specificity as 1c has about the same thermo-
dynamic stability as 1t. Rather, there does not seem to be a direct
tunnelling path for 1c to the aldehyde product (2). Owing to the
large (26.4 kcal mol–1 at CCSD(T)/cc-pVTZ) and wide barrier for the
interconversion of 1c to 1t, the latter cannot effectively be replenished,
and the Curtin–Hammett principle does not apply.

Methods
Matrix apparatus design. For the matrix isolation studies we used an APD
Cryogenics HC-2 cryostat with a closed-cycle refrigerator system, equipped with an
inner CsI window for infrared measurements. Spectra were recorded with a
Bruker IFS 55 Fourier transform infrared spectrometer with a spectral range of
4,500–400 cm−1 and a resolution of 0.7 cm−1. For the combination of high-vacuum
flash pyrolysis with matrix isolation, we employed a small, home-built, water-cooled
oven, which was directly connected to the vacuum shroud of the cryostat. The
pyrolysis zone consisted of an empty quartz tube with an inner diameter of 8 mm,
which was resistively heated over a length of 50 mm by a coaxial wire. The
temperature was monitored with a NiCr−Ni thermocouple. 3,3,3-Trifluoro-2-

oxopropanoic acid (received from Rare Chemicals Building Blocks) was evaporated
at 20–24 °C from a storage bulb into the quartz pyrolysis tube. At a distance of
∼50 mm, all pyrolysis products were co-condensed with a large excess of argon
(typically 60–120 mbar from a 2,000 ml storage bulb) on the surface of the matrix
window at 11 K (or at 20 K, see the Supplementary Information). Several
experiments with pyrolysis temperatures ranging from 600 to 960 °C were performed to
determine the optimal pyrolysis conditions. A high-pressure mercury lamp (HBO 200,
Osram) with a monochromator (Bausch & Lomb) was used for irradiation.

Computations. All coupled cluster computations were carried out with the
CFOUR52 program package. The structures were pre-optimized at the
B3LYP/cc-pVTZ level using the Gaussian09 program package53. All computed
harmonic vibrational frequencies are unscaled. For more details, see Supplementary
Information. Details on the WKB tunnelling computation are provided in the
Supplementary Information.
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TUNNEX: An Easy-to-Use Wentzel-Kramers-Brillouin (WKB)
Implementation to Compute Tunneling Half-Lives
Henrik Quanz and Peter R. Schreiner *

Tunneling in experiments (TUNNEX) is a free open-source pro-
gram with an easy-to-use graphical user interface to simplify
the process of Wentzel-Kramers-Brillouin (WKB) computations.
TUNNEX aims at experimental chemists with basic knowledge
of computational chemistry, and it offers the computation of
tunneling half-lives, visualization of data, and exporting of
graphs. It also provides a helper tool for executing the zero-
point vibrational energy correction along the path. The program
also enables computing high-level single points along the

intrinsic reaction path. TUNNEX is available at https://github.
com/prs-group/TUNNEX. As the WKB approximation usually
overestimates tunneling half-lives, it can be used to screen
tunneling processes before proceeding with elaborate kinetic
experiments or higher-level tunneling computations such as
instanton theory and small curvature tunneling approaches. ©
2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25711

Introduction

Recent experimental findings[1–5] imply that selectivity based
on thermodynamic versus kinetic control is undermined by
quantum mechanical tunneling (QMT) that can override this
classic concept. The concept of a product that forms despite a
high barrier that cannot be overcome (within finite time) at a
given (low) temperature was termed “tunneling control,”[5] and
can be considered as the third paradigm of chemical reactivity
next to kinetic and thermodynamic control.[6] The first such
example was reported only in 2011 with the hydrogen tunnel-
ing via a [1,2]H-shift of methylhydroxycarbene (H3C C OH) to
acetaldehyde (H3C CHO) through the higher barrier relative to
the competing reaction of H3C C OH rearranging to vinyl
alcohol (H2C CH OH), the kinetic product.[5] Despite the low
temperature of the experiment (ca. 10 K in solid argon), facile
tunneling with a half-live (τ) of only about 1 h entirely domi-
nates the reactivity. Recent examples demonstrate[7] that
tunneling is not relevant to cryogenic temperatures, but also
for reactions under ambient conditions.[1]

Currently, the major challenge is to predict if tunneling con-
trol or simply tunneling will play a role for a particular reaction.
Experimentally, QMT may reveal itself by higher than expected
reaction rates, no or only little temperature dependence of the
reaction rate, a large kinetic isotope effect, and a nonlinear
Arrhenius plot. Still, there are no general predictive guidelines
regarding the occurrence and relative importance of tunneling,
and predictions currently solely rely on elaborate computations;
these are often undertaken only after the (experimental) fact.
These QMT computations involve calculating the intrinsic reac-
tion path (IRP) connecting starting material and product, a pro-
jection of the reactive vibrational mode (and correction of the
path) in 3N–7 dimensions (one mode is removed as a transla-
tional degree of freedom along the IRP toward the transition
structure that has one imaginary frequency), determination of
the attempt energy for the tunneling particle through the bar-
rier at the zero-point vibrational energy (ZPVE) level, and finally

calculating the penetration integral. After some simple opera-
tions, this leads to τ.

Computing the IRP is a simple task and is available in many
common quantum mechanical (QM) programs; even the com-
putation of IRPs involving whole enzymes is nowadays possi-
ble.[8] There are many comprehensive tools available to
compute rates with tunneling corrections such as Polyrate,[9]

MultiWell,[10–12] and Chemshell/DL-find[13–15] as well as others,
but they sometimes lack the simplicity of a simple graphical
user interface (GUI) that would make them readily accessible
for non-theoreticians (i.e., experimental chemists more likely to
encounter unusually high reaction rates). The freely available
GUI program presented here caters to this group.

Wentzel-Kramers-Brillouin (WKB)[16–18] theory is often used
together with mathematical scripts for the tasks described
above. This somewhat cumbersome mix of approaches and
tools motivated us to develop the TUNNEX (TUNNeling in
EXperiments) program to simplify tunneling computations and
to allow routine predictions of half-lives. In turn, we expect that
experimentalists familiar with common QM software will
employ TUNNEX to assess the possibility of QMT in their reac-
tions. TUNNEX is designed to guide the user through the WKB
computations by visualization of the energetic profile of the IRP
and asking for the necessary parameter(s). TUNNEX aims at
using data from QM/MM programs and currently works with
simple text input file (txt) which will be extended in the near
future.

TUNNEX is written mainly in C++ and makes use of the com-
prehensive Qt library to ensure a native look and feel on every
supported platform. The source code is available for free,

H. Quanz, P. R. Schreiner
Institute of Organic Chemistry, Justus Liebig University Giessen, Heinrich-Buff-
Ring 17, Giessen 35392, Germany
E-mail: prs@uni-giessen.de
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making it easy to add new plugins and functionalities to the
program.

General Features of TUNNEX
WKB theory

WKB theory attempts to solve the Schrödinger equation in the
form of

d2ψ xð Þ
dx2

+Q xð Þψ xð Þ¼ 0 ð1Þ

where

Q xð Þ¼ 2m
ℏ2 E−V xð Þð Þ ð2Þ

by transferring it to a Riccati differential equation for which
solutions are known. This is done by substituting ψ with

ψ xð Þ¼ exp
ð
i
ℏ
y xð Þdx

" #
ð3Þ

The resulting Riccati equation is then given by

iℏ
2m

dy xð Þ
dx

−
1
2m

y2 xð Þ+ E−V xð Þ¼ 0 ð4Þ

Because y xð Þ
dx only contributes slightly with its small coefficient

ℏ
2m, eq. 4 can be solved by an expansion around ℏ:

y¼
X∞

ν¼0

ℏ
ν!

" #ν

$ yν xð Þ ð5Þ

Truncating the series at ν = 2 in eq. 5 and only taking the
terms with ℏ in 0th order yields:

ℏ0 E−V xð Þ− 1
2m

y0 xð Þ½ &2
" #

¼ 0 ð6Þ

which is solved to

y0 xð Þ¼'
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m E−V xð Þð Þ

p
ð7Þ

and from eq. 3:

ψ xð Þ¼Aexp
i
ℏ

ð
'

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m E−V xð Þð Þ

p
dx

" #
ð8Þ

This is the simplest WKB solution for the Schrödinger equation
for ℏ ! 0. Obviously, this solution shows a divergence, because
it is divided by ℏ ≈ 0. Therefore, solutions for ℏ = 0, 1, and 2 have
to be included. The resulting transmission probability after solv-
ing the corresponding equation is then defined as:[19]

T Eð Þ¼ exp −2σð Þ
1 + 1

4 exp −2σð Þ
% &2 ð9Þ

where σ¼
Ð b
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−Q xð Þ

p
dx.

In TUNNEX, we use the method of Miller and Good.[20] In this
method, the probability of a particle tunnel through a barrier is
equal to

Tj j2 ¼
1

1+ exp 2θ Eð Þ½ &
ð10Þ

in which

θ Eð Þ¼
ðb

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 V xð Þ−E½ &

p
dx ð11Þ

is known as the penetration integral and a and b are the turn-
ing points where a classical particle is reflected. This corre-
sponds to the intersection of the attempt energy line with the
IRP curve.

If the exponent is much larger 1, eq. 10 is reduced to

ln Tj j2
% &

¼ −2
ðx2

x1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m
ℏ2 V xð Þ−E½ &

r
dx ð12Þ

which agrees with WKB’s result in eq. 9 when σ > 1.

The Role of the Barrier Width

The penetration integral [eq. 11] can be rewritten to analyze
the factors that contribute to the tunneling rate

θ Eð Þ¼
ffiffiffiffiffi
m
ℏ2

r
πffiffiffi
8

p
" #

w Eð Þ
ffiffiffiffiffiffiffiffiffiffiffi
V0−E

p( )
f α,βð Þ ð13Þ

as done as in Ref [5]. V0 is the potential barrier height connect-
ing starting material and the transition state (TS), w(E) the width
of the barrier, and f(α, β) a dimensionless function. f(α, β) equals
1 for a truncated parabolic barrier, which coincides with the
illustration of Borden et al.[21] This leads to the conclusion that
the barrier penetration integral depends on the product of
three factors: the barrier width w(E), the activation energyffiffiffiffiffiffiffiffiffiffiffi
V0−E

p
, and the mass √m. Hence, the barrier width influences

the penetration integral linearly whereas mass and activation
energy are only considered as the square root. This means
width dominates height, as noted before,[22,23] and readily evi-
dent from the series of tunneling reactions of the hydroxycar-
benes, which all have a very similar activation energies
(28–31 kcal mol−1), but very different half-lives (1–144 h).[6]

The GUI of TUNNEX

The GUI (Figure 2) was programmed using the Qt 5 libraries.[24]

The Qt-Project is open source and can be used under the GPL
v3 and the LGPL v2.1 license. Qt provides an application
programmable interface (API) and tools for building cross-
platform applications.[24] Currently, TUNNEX runs on Mac OS X
(10.9 or higher), Windows (7 or higher) as well as on all Linux
distributions offering a C++11 compiler (Fig. 1). QCustomPlot[27]

is employed for graphical depictions of the reaction paths
needed for WKB, the ZPVE along the IRP, and for their combina-
tion. We prefer to use the reaction coordinate formulation of
Fukui[28,29] together with the Hessian-based predictor–corrector
algorithm[30–32] as implemented in, for example, Gaussian09
(and subsequent versions).
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To correct the IRP with the ZPVE at every single discretized
gradient point, the user can choose a tab or comma separated
file containing the reaction coordinate with the associated
ZPVE. This file can be generated with a tool described below.
The computations can also be performed without ZPVE correc-
tion resulting in half-lives that are generally much too high
(Table 1). This procedure is advantageous to estimate whether
a time-consuming frequency computation really is needed.

WKB also requires the attempt energy ν, that is, the fre-
quency (in wavenumbers) corresponding to the reaction coordi-
nate between stationary points on the potential energy surface,
which turns into an imaginary frequency along the reaction
path toward the TS. An easy method to identify the attempt
energy is to inspect the eigenvalues of the projected Hessian
matrix computations of the points near the starting material
with the frequencies of the starting material side by side. The
attempt frequency is then identified as the frequency of the
starting material that is missing in the projected frequencies.

The algorithm employed in TUNNEX relies on the common
agreement that the TS defines the zero of the reaction coordi-
nate, with the starting material on the left (negative) and the
product on the right (positive). This enables TUNNEX to take
the energy and the ZPVE of the starting material straight from
the IRP. In cases where the IRP does not fully connect to the
starting material, the user can add the starting material energy
and ZPVE manually. It is possible to save the “new” curve as a

Figure 1. An illustration of the WKB approach. The black line represents the
IRP (V(x)) and the gray area represents the integral.

Table 1. Benchmark results[a] for tunneling half-lives of three
hydroxycarbenes computed at M06-2X/6–311++G(d,p).

Molecule Without ZPVE With ZPVE Expt.

Methylhydroxycarbene[5] 1203 y 3 d 1 h
Phenylhydroxycarbene[25] 3401 y 5 d 3 h
Dihydroxycarbene[26] 6 × 106 y 353 y –[b]

[a] The half-lives computed at the much more sophisticated CCSD(T) level of theory in
combination with very large basis set extrapolations for methylhydroxycarbene and
phenylhydroxycarbene are 1[5] and 3 h[28], respectively.
[b] Tunneling not observed.

Figure 2. The GUI of TUNNEX. (Top) Display of the electronic IRP and the ZPVE curves. The combined IRP is automatically computed and displayed at the
bottom. The user has to input the reactive mode and the energy of the starting material, and the tunneling half-life is computed automatically. [Color figure
can be viewed at wileyonlinelibrary.com]
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separate value table in a tsv-file. The computation can be saved
into one xml file, which TUNNEX can read.

Obtaining the data

To extract data from quantum chemical programs, a small tool
was written to support TUNNEX. Currently, it is possible to
extract the coordinate to generate the input for the “projected
frequency” (explained below) computation[33] and to extract the
energy as well as the reaction coordinate. At this time Gauss-
ian09 and Gaussian16 are supported; other programs will follow.

The general workflow on how to compute the data is shown in
Figure 3. First the TS is optimized, followed by a separate IRP com-
putation to the product and starting material. Make_projection
fuses these two computations into one single IRP. The second
step requires the computation of the ZPVE, which is corrected by
projecting the Hessian matrix on the tangent of the path, thus
transferring one vibrational degree of freedom to a translational
degree of freedom. We term the resulting computation the “pro-
jected frequencies.”Make_projection can help facilitate this other-
wise work-intensive task and generates the input for the QM
program. The last step includes a visual inspection of the starting
material’s frequencies in order to obtain the attempt energy,
which is the frequency that turns into an imaginary frequency
along the IRP. Make_projection also provides a flexible interface
to compute high-level single points on each point of the IRP.

Installation

The source code of Make_projection can be obtained from
https://github.com/prs-group/make_projections. Make_projec-
tion needs to be compiled on the server where Gaussian is
running. The compilation details and dependences are listed
on the website. Make_projection guides the administrator
through the configuration upon running Make_projection. The
source code of TUNNEX is available at https://github.com/prs-
group/TUNNEX. We also provide precompiled binaries for Win-
dows, MacOS, and Linux Debian. For MacOS and Linux, a sim-
ple installer for popular packet management software will be
provided in the future. Currently, auto update is not yet
supported.

Algorithms. Third party libraries. TUNNEX uses the ALGLIB
project library for spline interpolation.[34] The ALGLIB project is a
collection of numerical analysis tools, which comes in two differ-
ent license terms (GPL and commercial). The GPL-licensed version
delivers a full set of numerical functionalities but lacks the support
for multithreaded applications. Due to the fact that most IRPs con-
sist of less than 100 points, the speed of this library is sufficient
and has been used for the implementation. In the case of WKB,
the monotonic cubic Hermite interpolation was used.[34] This type
of spline is of the third-degree and very reliable, but lacks the
accuracy of higher-order splines. Some tests with the Akima
spline gave similar results.[34] A simple cubic spline could not be
used due to the instability with respect to outliers.

Root finding and integration. As shown in Figure 1, the inte-
gration starts at predefined points (a and b) located at the two

intersections of the attempt energy curve and the IRP. The
attempt energies are the vibrational states starting at ν = 0. The
energies are computed by using the attempt frequency as a
reference point. Therefore, a root finding algorithm had to be
included to find both intersections. This is done by bracketing
of the roots between the TS and the product coordinate and
vice versa for the starting material. A bisection method is then
used to locate the root within an accuracy of 1 × 10−4, which is
enough for most potentials.[35]

The integration between the obtained borders uses the so-
called adaptive quadrature algorithm. This algorithm has been
described by Gander and Gautschi.[36] The basic idea behind
this integration method is that one has numerical estimates of
I1 and I2 for the integral

I¼
ðb

a
f xð Þdx ð14Þ

Figure 3. General workflow for WKB computations. The process starts at
the bottom and continues stepwise to the top to yield the tunneling half-
life. Make_projection is a helper tool to extract data from the QM
computations and help facilitate the input generation of the “projected
frequencies” on each point of the IRP. [Color figure can be viewed at
wileyonlinelibrary.com]
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Using the difference between I1 and I2 as an error estimate
(ϵ), the answer to I would be I1 if I1 − I2 < ϵ. Otherwise, the inte-
gral is divided into two subintervals

I¼
ðm

a
f xð Þdx +

ðb

m
f xð Þdx ð15Þ

where m = (a + b)/2. The subintervals are computed indepen-
dently. The algorithm stops if the contribution to ϵ is sufficiently
small [4,10].

Conclusions and Outlook

We present an easy-to-use implementation of the WKB method to
compute tunneling half-lives. WKB is a simple approximation that
does not include corner-cutting effects like small-curvature tunnel-
ing or optimized tunneling paths as included in instanton theory.
Therefore, all half-lives computed with this method are systemati-
cally too high. The advantage is its ease of use and simplicity. A
drawback is the computation of the Hessian at each point of the
IRP. If the generation of the IRP uses interpolated Hessians, the
Hessian can be computed in parallel at each point. Another caveat
of this method can be the mathematical failure for computing the
projected frequency near the minima of the starting materials
(division by a number nearing zero); the obtained ZPVE then is
wrong. This issue is fixed by evaluating the amplitude of the gradi-
ent. If the gradient is small enough (10−3 Hartree Bohr−1) the reac-
tive mode is not projected. This is implemented in Gaussian16.

In the future, TUNNEX will include a ssh interface to send
and receive data; the Make_projection source code will be
included as well. To overcome the computation of the Hessian
at each point, an interpolation algorithm will be implemented.
TUNNEX should also provide an interface to generate the input
for standard kinetic suites like POLYRATE. The support for more
QM/MM programs will be added in the near future. Customiza-
tion of the style of the plots is going to be added soon.
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pyrolysis	 of	 oxalic	 acid,	 isolation	 of	 the	 lower-energy	 s-trans,s-trans (1tt)	 and	 s-cis,s-trans (1ct)	 product	

conformers	at	cryogenic	 temperatures	 in	a	N2	matrix,	and	subsequent	narrow-band	near-infrared	(NIR)	

laser	excitation	to	give	1cc.	Carbene	1cc converts	quickly	to	1ct via	quantum-mechanical	tunneling	with	an	

effective	half-life	 of	 22	min	 at	 3	K.	 The	potential	 energy	 surface	 features	 around	1 were	pinpointed	by	

convergent	 focal	 point	 analysis	 targeting	 the	 AE-CCSDT(Q)/CBS	 level	 of	 electronic	 structure	 theory.	

Computations	of	the	tunneling	kinetics	confirm	the	time	scale	of	the	1cc → 1ct rotamerization	and	suggest	

that	direct	1cc → H2	+	CO2	decomposition	may	also	be	a	minor	pathway.	The	intriguing	latter	possibility	

cannot	be	confirmed	spectroscopically,	but	hints	of	it	may	be	present	in	the	measured	kinetic	profiles.	
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ABSTRACT: We report the first preparation of the s-cis,s-cis conformer of dihydroxycarbene (1cc) by means of pyrolysis of oxalic
acid, isolation of the lower-energy s-trans,s-trans (1tt) and s-cis,s-trans (1ct) product conformers at cryogenic temperatures in a N2
matrix, and subsequent narrow-band near-infrared (NIR) laser excitation to give 1cc. Carbene 1cc converts quickly to 1ct via
quantum-mechanical tunneling with an effective half-life of 22 min at 3 K. The potential energy surface features around 1 were
pinpointed by convergent focal point analysis targeting the AE-CCSDT(Q)/CBS level of electronic structure theory. Computations
of the tunneling kinetics confirm the time scale of the 1cc → 1ct rotamerization and suggest that direct 1cc → H2 + CO2
decomposition may also be a minor pathway. The intriguing latter possibility cannot be confirmed spectroscopically, but hints of it
may be present in the measured kinetic profiles.

The fundamental chemistry of the [CH2O2] system is
paramount to the grand challenges of energy storage and

transportation as well as control of global warming. Moreover,
as highly abundant molecules in space, H2 and CO2 may
provide access to simple organic molecules in the atmosphere
of prebiotic earth and extraterrestrial environments.1−3

Although the direct reduction of CO2 with H2 has a prodigious
activation barrier (>80 kcal mol−1), McCarthy et al.4 formed
both s-cis,s-trans-dihydroxycarbene (1ct) (Scheme 1) and s-

trans-formic acid (2t) by electric discharge of gaseous H2 +
CO2 mixtures. This alternative route complements our original
synthesis of 1ct and s-trans,s-trans-dihydroxycarbene (1tt)
based on pyrolysis of oxalic acid.5

The formation of 1 and subsequently 2 from H2 + CO2
potentially plays a role in the origin of life by trapping of H2
from volcanic or other origins before its rapid escape into the
atmosphere.6 As 2 is present in volcanic eruptions and black
smokers,7 one viable route may involve 1 as a reactive
intermediate. In a different vein, we have shown recently that

hydroxycarbenes react with carbonyl compounds to form
sugars in the gas phase.8 Analogously, 1 may be a C1 building
block for amino acids through its reactions with imines.
In contrast to most hydroxycarbenes, at cryogenic temper-

atures 1 does not undergo a [1,2]-H shift via quantum-
mechanical tunneling (QMT) to the associated carbonyl
product9 2 because strong oxygen lone-pair electron donation
increases the accompanying barrier.4 Of the three possible
dihydroxycarbene rotamers,10 1tt and 1ct have been identified
spectroscopically,4,5,11 but the higher-energy species s-cis,s-cis-
dihydroxycarbene (1cc) has not been reported. Here we isolate
and spectroscopically characterize 1cc, document its conforma-
tional QMT to 1ct, and explore the possibility of its direct
dissociation into H2 + CO2 at very low temperatures.
The direct formation of 1 from H2 and CO2

4 seems feasible
only through the 1cc rotamer, elevating the need to fully
characterize this species. While 2c is 44.6 kcal mol−1 lower in
energy than 1cc (Figure 1), the activation barriers to form 1
and 2 from H2 + CO2 differ by less than 8 kcal mol−1.
Although the formation of 2 is formally a thermally
forbidden12,13 four-electron [2 + 2] cycloaddition,14,15 it is
kinetically favored in the absence of QMT over the allowed six-
electron [3 + 2] reaction to give 1cc (Scheme 1). However, the
situation might change when QMT is taken into account, as
this phenomenon leads to increased reaction rates, i.e.,
effectively lower activation barriers. The possible involvement
of 1 in fundamental [CH2O2] chemistry has long been

Received: August 30, 2020
Published: November 9, 2020

Scheme 1. Formal Electrocyclic Reactions of H2 + CO2
Leading to s-cis,s-cis-Dihydroxycarbene (1cc), s-cis-Formic
Acid (2c), and the Lower-Lying Rotamers of 1
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overlooked, as studies have mostly emphasized the Criegee
intermediate 416,17 and dioxirane 3,18 which are actually higher
in energy (Scheme 2).
Here we follow our established route employing high-

vacuum flash pyrolysis (HVFP) of oxalic acid (6) to first
produce and trap 1tt and 1ct in a N2 matrix at 3 K.5 To
generate 1cc, 1tt and 1ct were prepared first and then
selectively irradiated with near-infrared (NIR) light from a
narrow-band optical parametric oscillator (OPO) laser. Similar
strategies have been used to detect higher-lying rotamers of
other matrix-isolated compounds (e.g., formic acid).19−22 New
electronic structure computations employing focal point
analysis (FPA)23−27 were executed to obtain definitive
energetics for the potential energy surface (PES) surrounding
1 (Figure 1) at the composite AE-CCSDT(Q)/CBS//AE-
CCSD(T)28−32/aug-cc-pCVTZ33 level of theory.34,35 Tunnel-
ing half-lives were computed using both AE-CCSD(T)/aug-cc-
pCVTZ reaction paths conjoined with the Wentzel−Kramers−
Brillouin (WKB) method36−39 as well as density functional
theory (DFT)40−46 curves treated with small-curvature
tunneling (SCT) canonical variational theory (CVT).47,48

In our optically transparent matrices resulting from
deposition of the pyrolysis products on a cold window,
selective vibrational excitation of 1tt at 7026 ± 4 cm−1 gave 1ct
(Figures S2 and S3), while the back reaction was initiated with
NIR irradiation at 6542 ± 4 cm−1 (Figure S3). After NIR
irradiation at either of these two absorptions, we also observed
new IR bands that vanished over the course of 1.5 h when the
matrix was kept in the dark (Figure S4). We assigned these
bands to the 1cc conformer with the help of VPT2//AE-
CCSD(T)/aug-cc-pCVTZ49,50 vibrational frequency computa-
tions (Figure 2); full details of the assignments, including total
energy distributions,51−53 can be found in Table S3. The

multireference character of TS4 and TS5 is marginal (cf.
Chapter 4.3 in the Supporting Information (SI)).25

While the bands of 1cc vanished, the bands of 1ct
simultaneously grew. Because the barrier for this conforma-
tional interconversion is 9.4 kcal mol−1 (Figure 1), QMT must
be operative for this reaction to occur at 3 K. The
disappearance of 1cc over time (Figure 3) was monitored at

different temperatures, and our kinetic analyses revealed
effective tunneling half-lives in the 17−22 min range over
the 3−20 K interval (Table 1). The relative insensitivity of the
reaction rate to temperature is also indicative of QMT.
In solid Ar and Ne matrices, we could interconvert 1tt and

1ct by NIR irradiation, but the 1cc rotamer remained
undetected (Figures S7−S11). However, the bands of 1ct
could not be depleted completely even after prolonged
irradiation, which might hint that 1cc formed but has an
inherent lifetime of less than 2 min in these environments. Our

Figure 1. Pictorial presentation (not drawn to scale) of the converged
FPA relative energies (ΔH0, in kcal mol−1) of key species connected
to 1. Details of the computations are given in the SI.

Scheme 2. Relative Energies of the Experimentally
Identified Species (Lowest-Energy Conformers) on the
[CH2O2] Potential Energy Surface (Computed FPA
Relative Energies Are Given in kcal mol−1)

Figure 2. Dihydroxycarbene rotamers 1cc and 1ct identified in a N2
matrix at 3 K. Bottom and top traces: computed VPT2//AE-
CCSD(T)/aug-cc-pCVTZ spectra of 1cc and 1ct, respectively. Middle
trace: difference spectrum obtained from spectra recorded before and
after the matrix was irradiated at 7026.0 ± 4 cm−1 (1tt band) for 15
min and then at 6542 ± 4 cm−1 (1ct band) for 15 min and then kept
in the dark for 1.5 h. The full spectrum is shown in Figure S4.54−56

Figure 3. Temporal decay of the most intense IR band (1260.2 cm−1)
of 1cc over 138 min at 3.0 K in a N2 matrix. Spectra were taken every
98 s with a 4.5 μm low-pass filter in front of the matrix to avoid
photoreactions caused by the spectrometer globar source. For clarity,
only every fourth trace is shown. The temporal profile of the 1cc band
at 730.1 cm−1 is shown in Figure S5.54−56
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best theoretical prediction for the 1cc → 1ct tunneling half-life
in the gas phase is 1.2 min, which was derived as follows: (a)
uniform scaling of the optimized AE-CCSD(T)/aug-cc-
pCVTZ potential energy curve (Table S30) by 1.024 to
reproduce the converged FPA rotamerization barrier; (b)
WKB evaluation of the tunneling half-life on this scaled curve;
and (c) application of the SCT correction factor of 0.0363
given by the B3LYP/cc-pVTZ level of theory (Table S29). The
resulting prediction is consistent with both the observed lack of
1cc bands in the Ar and Ne matrices and the measured 1cc half-
life of 17−22 min in solid N2, whose appreciable polarizability
is known to stabilize reactive intermediates. Khriachtchev et al.
reported a similar stabilization of the high-lying HOCO·
conformer in N2.

19 To investigate this effect, we computed N2
complexes of all three rotamers of 1 (SI Chapter 4.2), similar
to those reported for formic acid.20 The AE-CCSD(T)/aug-cc-
pCVTZ-optimized complexes display O−H···N2 interactions
that yield binding energies of 1.2−1.8 kcal mol−1 and
vibrational frequency shifts as large as 63 cm−1. Such
substantial interactions are also evidenced in the experimental
IR spectra of 1ct and 1tt, as both species display an O−H
stretching frequency in N2 that differs from the corresponding
value in solid Ne (Tables S11 and S12) by almost 60 cm−1.
The QMT kinetics from 3 to 20 K was analyzed by means of

a simultaneous nonlinear least-squares fit of two 1cc and three
1ct high-quality IR bands (Table 1). The simplest integrated
rate equations capable of accurately fitting the entirety of the
kinetic data for 1cc decay and 1ct growth required four
adjustable parameters: the rotamerization half-life (τct), the
1cc:1ct initial population ratio, a half-life for alternative 1cc
decay (τleak), and a branching fraction for such secondary
leaking. Unlike the cases of carbonic57 and oxalic acid,58 no
evidence of frozen molecules or distinct fast and slow
conformational tunneling was found. Figures S19−S28 show
that if the rate constants for 1cc decay and 1ct growth are set
equal to one another, the spectral data cannot be fit precisely,
revealing the necessity of the “leak” component. As shown in
Table 1, leaking is responsible for roughly 10% of the decay,
which is too small to allow the parameters for this unknown
process to be pinned down to a high degree. Nonetheless, we
believe that the kinetic profiles provide compelling evidence
for a secondary, minor process of decay with a half-life less
than but on the same order of magnitude as τct.
One candidate for the leaking process is suggested by our

CVT/SCT tunneling computations (Tables S29−S33) at
several levels of theory, including CCSD(T)/aug-cc-pVTZ//
B2-PLYP/aug-cc-pVTZ. To wit, the rate for the direct 1cc →
H2 + CO2 decomposition is in the same time regime as the

rotamerization, in agreement with the kinetic analysis. Neither
product can be monitored in our experiments because the CO2
concentration after pyrolysis exceeds our spectrometer limits
and H2 is not IR-active. Continuously populating 1cc by laser
irradiation of the other rotamers should lead to overall
depletion of 1 to form H2 and CO2, but this was not observed
after 5 h (Figure S6).
We attempted to probe the behavior of the dideuterated

species 2H2-1 originating from the pyrolysis of 2H2-oxalic acid
5

in order to further characterize 1cc and its tunneling decay
(which should be quenched by dideuteration). However,
bands of 2H2-1cc were not observed after NIR excitation
because the energy of the O−2H overtone of 2H2-1tt is barely
too low (5258 cm−1 = 15.0 kcal mol−1) to overcome the
rotamerization barriers (1tt → 1ct = 15.9 and 1ct → 1cc = 16.1
kcal mol−1).
We tried to prepare monodeuterated 1 through ester

pyrolysis of several suitable precursors59 (Scheme S1), hoping
to use the OH group as an NIR antenna for remote
rotamerization.60 This would have allowed an indirect probe
of the leak process because the heavier 2H-1cc isotopomer
could not dissociate by QMT while rotamerization would still
occur at approximately 50% of the rate of the parent molecule.
However, in all of our attempts the carbene yield was too low
through this alternative generation method (see the SI for
details).
To conclude, we have isolated and characterized in solid N2

the higher-lying s-cis,s-cis rotamer of dihydroxycarbene, which
may be the missing link in the reduction of CO2 with H2 to
form 1ct4 and subsequently formic acid. The 1cc species rapidly
rotamerizes even at 3 K and could be identified only in
stabilizing N2 rather than noble gas cryogenic environments. A
secondary QMT pathway involving dissociation of 1cc to H2 +
CO2 is plausible according to theory and might be responsible
for the biexponential characteristics measured in our decay
profiles.
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