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Zusammenfassung

Carbene und carbenoidéerbindungen wurden bis heute im breiten KontexBezug auf
synthetische Anwendueg, Aufklarung (bio)chemisch relevanter Prozesse und das
Verstandnis von gbiotischer Chemie untersucht. MetahrbenKomplexe wie die Grubbs
Fischer und Schrockkomplexe sowie N-heterozyklische Carbene (NHCspielen eine
essentielle Rolle fir chemischedustriepozesse. Chemikemenund Chemikeentwickelten

eine Vielzahl von Anwendungen fir NHCwas insbesonderan iBezug auf metalfreie,
nachhaltige Chemiésustainablechemistry von groRerBedeutung ist. Sie spielen ebenfalls
eine wichtige Rolle in biologischen Systemen wie Thiamin (Vitami), Binem Enzym
verantwortlich fur biokatalytische Reaktionen wieB. die BenzoirKondensation. Die
genannten Anwendungen bedingen Carbene, die eine gewisse Stabilitat aufweisen. Sehr
reaktive Carbene, wie Methylender Hydroxymethylen konnten erstdurch spezielle
Technikemachgewiesen werden. Diese wurden inteimsBezug auf prabiotische Chemie als
Grundbausteine fir Aminosauren und Kohlenhydrate, welche zum Teil auch im interstellaren

Raum nachgewiesen werden konnten, untersucht.

Die Arbeitsgruppe um P. R. Schreiner isolierte erfolgreich verschiedene Hydroxycarbene und
untersuchte siehingehendihrer Stabilitdt. Hierbei stellte sich heraus, dass einige unter
kryogenen Bedingungen stabil sjmebhin gegen andere Reaktionen zeigen, die nur durch den
Tunneleffekt erklart werden kdénnenAuch wenn es sich bei Hydroxycarbenen um gut
untersuchte Spezies handelt, fehlt es an Methoden, ihre Kongenere, Mercaptocarbene
generieren und zu isolieren. Fir diese gibt es nur wenige Untersuohumgjet theoretischer
Natur.DasKernthema dieser Arbeit ist die Suche nach geeignatrervVorlaufersubstanzen

und deren Synthessowiedie Isolation und Untersuchung von Mercaptocarbenen.

In der vorliegenden Arbeit beschreild die Untersuchung vohllydroxymercaptomethylen
(HOi Gi SH), das sichunter kryogenen Bedingungesls stabilin Bezug auf mdogliche
Tunnelreaktionen erwies.Weiterhin konnte Aninomercaptomethylen (H2Ni Gi SH),
ausgehend von-2mino-2-thioxoessigsaurephotochemisclgeneriet werden Das Carben
entsteht als C&Komplex der durch Schweratomtunneln zurliick zHduktreagiert. Auf der
Suche nach einer passenden Vorlaufersubstanz HanyfmercaptomethylenéPh Gi SH)
bemerktec¢hdie Bildung eines ThiopheDerivates. Diese einfact&ntopf Reaktion kann auf

v e r s ¢ h iKetacarboesautéester angewendet werden
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Abstract

Carbenesrad carbenoid species have been extensively studied in a broad context for synthetic
applications, insiglstinto (bio)chemical reactions, and understanding interstellar and prebiotic
chemistry. Metal carbenoids, such as GrupBsscher, and Schrock carbeneass well as\-
heterocyclic carbenes (NHC) play a crucial role in industrial synthesis. Furthermore, chemists
developed a broad scope of applications for NHCs in the contesxistdinablechemistry to

avoid metals in synthesis. They algay animportantrole in biochemistry, e.g., in thiamine
(vitamin B1), a vitamin responsible for catalytic reactions Jlikeg.,benzoin condensations.

More reactive carbenes have been extensively studied as intermediates in prebiotic chemistry
as building blocks for the chemical evolution of amino acids and sugars that were partly

identified in interstellar media.

Schreineros group generated vari ous hydr ox
behavior. Although sophisticated methods for the generation of hydroxy and aminocarbenes
lead to a good understanding of these systems, it still lacks métiwatsiscongeners of these

species, namely mercaptocarbenes. They have been rarely investigaiaty & theoretical
investigations can be found theliterature. The key topic of this work is the theoretical and
experimental investigation of mercaptocarbenes symthesis of suitable new precursor

systems for their generation.

We reported the generation of hydroxymercaptomethy(et@i Gi SH) that is remarkably
stable under cryogenic conditions at 3 K and that does not show any tunneling resééions.
alsorepored the photochemical generation of aminomercaptomethy(epidi Gi SH) in its
complex with CQ from 2-amino-2-thioxoacetic acidThis complexundergoedackeactionto

the starting material by heavy atom tunneling

On the search for a suitable precursor system for phenylmercaptomet(Bteae SH) we
noticed the formation of a thiophene derivative. This simplepmeaeaction starting from
substitutedJ-keto carboxylic acid esters to substituted thiopheapgesents a new synthetic

approach towards these substituted heterocycles
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Preface

This workpresented herewwas conducted under supervision of Prof. Dr. Schreiner, PhD in the
Institute of Organic Chemistry at the Justusbig University Giessen from August 2017 to
July 2022.

The introductiongives an overview on the backgrouadd the broad contexf this work
regarding the role of carbenes in prebiotic, biologi@atl industrial chemistry. This part gives

a historical background and examples of modern applications in industcyaedtresearch

In thefirst andsecondchapterour peesreviewed publications apgesentedvith permission of
the publishers that also contain the experimental details. The publications as well as their

corresponding supporting information can be

Preliminary esults that are not published are presented ithiletand burth chapterof this
work. Herel describe the new synthetic approach for substituted thiophenes anebbldég

investigations towards the Breslow intermediate.

| thank all my supervisors, colleagues, family, and friends for their constant support during this
work. | am particularly grateful to all of them.

Vi
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AHome is behind, the world ahead,
And there are many paths to tread
Through shadows to the edge of night,

Until the stars are all alight.
Then world behind and home ahead,
We'll wander back andome to bed.
Mist and twilight, cloud and shade,

Away shall fade! Away shdlla d e ! A

J.R.R. Tolkien

FUr meine Familie
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Introduction

1. Motivation and Objectives

The field of physical organic chemistdeals withthe detailed understanding of chemical
mechanismsand reactivity of compound#n all areas of organic chemistryA deep
understandin@f biochemical processes helps to develop syntpeticedureshrough catalyst
designandinsight intothe mechanism of biochemical reactidasilitates the targebriented
synthesis oEhemical agent©ur modern society produces all kinds of pollutants éinatpartly
ubiquitousin the oceans, soils amdifferentlayes o f e ar t h Gomplex themacalp her e
reaction network in these media lead to their degradation involving thé swadiation and
differing aqueous conditions giving a whole variety of possible proditisse degradation
products are often unknown as well as the processes that lead forthaifon Understanding
thesecomplex systemis important tocomprehad ther influence on oumw o r | clintate

especially when talking about climate active compounds in the atmosphere

The question howhese complex chemical systearsd even complex forms of lifdeveloped

from atoms and simple compounds underrthggh conditions on prebiotic earth still under
debate. Atoms form molecules in interstellar media and can enrich on entities like dust grains,
comets and planetsThe understanding of chemiaalolutionfrom these simple molecules to

the first reproducing cells andtimatelyto intelligent Ife is still inits infancyandmanyof the

requiredsteps are still undearely known

All the fields mentioned above requspecial techniques to be investigated such as millimeter
(rotational)spectroscopy, matrix isolation, high lewelmputations and simulatioas well as
advanced laser techniques. In this work | focused my research on reactive sulfur containing
species such as aminomercaptomethytbae showed to be able to activate 3®en at 3 K

and hydroxymercaptomethylenethe first reported free mercaptocarbefidese reactive
speciegnight representeactive linkes to more complex compounds, thaayrbe involved in
prebiotic chemistrywhichin generatanbe builtfrom small molecular entities.g.,H>O, NHs,

H.S, CS, CO.

2. Carbenes as Reactive Intermediates

Carbenes are electron deficient carbon species bearing two substituents and two unpaired
electrons resulting in an electron sextet in the valence shell of the carbon Teistefectron
deficiency leads to very high reactivi§arbenesnayexisteitherin singletor triplet statesthe

latter being more stabléor examplein methyleneThe singlet state either exists as a closed

2
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shell singlet or as an open shell state. The carbene center is approxaspatsigridizedbut

the bonding anglesliffer depending on substituents and electrosiiate’ The different
electronic statesesult in different reactiviés towards other substratels. general, carbenes
themselves can dimerizerming ethylene derivativesSinglet carbeneseadily react with

singlet substrates such as typical organic molecules whereas triplet carbenes have to undergo a
spin inversion to react with these molecifié3ne of the first experiments investigating the
reactivity of methylene was published by Meerwein and coworkers in. Mdthylene was
generated photochemically from diazomethane and captured with various suBsTtites
simplest carbene possesses a triplet ground state but this is not necessasy theall types

of carbenesThe singl et st at e -elecranadonaisg substituegschasa bl e i
hydroxy and amino groups are involvéaring systems such as imidagthis stabilizingeffect

is evenmore pronouncedThese electronic effects in carbenes wexeensivelystudied by
Wanzlick in imidazol2-ylidenesthat tend to dimeriz&® Saturated carbertedimerizes in an

irreversible fashion whereas its aromatically stabilized countebman be isolatedg. 1).’

R R R R

N N NN
2[>:<—>2[\>®—x—> [>:<]
N N NN
R R R R
1 2 3
R o R R R
N N N N
2 [ 2% — [ =]
N N NN
R R R R
4 5 6

Fig. 1. Dimerization ofcarbened and4.”



Introduction

Bertrand isolatedthe first free carbene in 1989Employing bulky substituents, such as
adamantanehindering dimerization of thearbene Arduengo managed to isolate thee
carbens9 and10in 1992 Fig. 2).°

Bertrand's system Wanzlick's system stable Arduengo carbenes

CHs
7 8 9R =CH;
10R=H

Fig. 2 Berta n d 6 s 7sWaszticetype carben® andArduengetype carbenef®, 10).*
6,89

N-heterocyclic carbenes today represent a broad class of compounds used for catalysis as free

carbenes or as metal ligands. The resulting metal complexes chvidesl in Schrockand

Fischer carbemcomplexegFig. 3).1013

Schrock carbene complexes Fischer carbene complexes
P(Cy)s N_ N \
Cls,,, | T @]
Ru=
c” | ph Cl, L=
R R
1 P(Cy)s 13

12
Grubbs catalysts

Fig. 3. Carbenemetal complexes like the Grubbs catalysts are used for industrial olefin
metathesis. Schrock carbenes feature nucleophilic chavawteead-ischer carbenes bearing

heteroatoms$eatureelectrophilic character.

In Fischertype complexes the carbene acts as an electrophile whereas Schrock carbene
complexes have nucleophilic charactére free NHCshemselvesave showro have various
applications in modern synthetic chemisBgnzointype reactions offered new wagf Ci C-
coupling reactions by use of various reagents to change the polarity of aldehydes, for example,
with thiazolium salts*®> NHCs are also responsible for biologically relevant reactions.

Biochemically such transformations can be achieved catalyticallyjngtance with thiamine
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pyrophosphate (TPP), which is generated from vitamiTBP is a coenzyme that is active in,

e.g, the decarboxylation of pyruvic acid or the transketolase reaétion

The mechanismof TPP-catalyzed reactions was investigatgdBreslow in the late 1950s. He
suggested the mechanism shownFigure 4 based ona mechanismreportedearlier by
Lapworth for the cyanide catalyzed benzoin reactidhiBasic amino acids deprotonadté to
form 15; 15 reacts with an aldehyde to gité. The mesomeristructuresl7 and18 represent

t he fact i,t8skrowndnahe ltatatute as the Breslowermediateé® This substrate
is able to react with another equivalent of aldehyde to i&mwhich decomposes to the catalyst

15 and the acyloin produ@o.

RO o°
JOL 1IS\>—<R4
H R R' e
2@NR3 2 ,53
10— T
R1 S _ ® 1=8
14 15
_H®
0
R“JKKRS
20 OH

Fig. 4. Postulated mechanism for the thiazolylidene catalfBsstzoin reaction®

Since Breslow postulated the enaminol fdi@as the key intermediate for this kind of reaction,
several attempts to isolate or to spectroscopically identify this intermediate failed. A
spectroscopic hint was published Byor d a n i n hi s wor Kk on br e
carboxylasé® Furthermore Teles used derivatives of thiazold{-imidazole and H-1,2,4
triazole as stable carbene catalysts for benrzqua reactions and isolated several intermediates
that suppoedBr es | owd s Edm261i2 Rawis iaotatectmazoljdene derived aza
analogues of the Breslowntermediate and characterized thdmy X-ray diffraction
measurement$XRD).2! A carbanion enamine could be identified by Tittmann by high
resolution XRD in pyruvate oxidagé Important progress was made by Berkessel who
characterized the 1,2fiazolylidenederived Breslowntermediate in its ketiorm by NMR-
spectroscopy’® Later Berkessehnd coworkersiave showrthat electrorwithdrawing groups
should make the enaminol more stable-Ri@mino enols that show a similar reactivity like
thiaminbased Breslow intermediates coualldo be characterized by NMBpectroscopy and

5
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XRD.?*?|n the past year8erkessel published detailed work on the katiol thermodynamics
of Breslow intermediag®?’ In 2019 Berkessel anaoworkerssucceeded indentifying a
thiazolylidene based Breslow intermediate in NMR stu(is. 5).%

benzimidazolin-2-ylidenes thiazolin-2-ylidene
R CHj;
N 21-Mes: - i H3C i
. -Mes: R = 2,4 6-trimethylphenyl N
N> : 21-Dipp: R = 2,6-di(2-propyl)phenyl I > P23
= Hc” S

Fig. 5. In 2019, Berkessebkuccessfully characterizesgstemsbased on unsaturated/aromatic
NHCs by NMR spectroscopy and by XEP

The systems present@d Figure 5are stabilized by means of electronic effects and steric
hindrance. Smallecarbenes areighly reactive compoundshat cannotbe studied with
fi ¢ | a sapalytical methods Therefore, matrix isolation technique facilitates the

characterization of such compownehder cryogenic conditions.

3. Matrix Isolation Spectroscopy

The wsoldion of reactive intermediates such as carbenes in solid inert gas matrices under
cryogenic conditions allows to record highly resolved IR spectra because traaslatidn
rotatioral degrees of freedom anet thermally accessibld-igure 6 schematically shows the

cold head of the matrix isolation apparatus. The sample substance is placed in a sample holder
and depending on its vapor pressexentuallyneeds to be cooled or heatedachieve a
suitable dilution in the host gaBhe host gagypically being nitrogen or noble gasedpcated

in a 2 L glass bulb and its flow can be adjusted by a valve. Typical dilutions of substrate and

inert gas are approximately 1:1D0
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Fig. 6. Schematic representationthe matrix isolation apparatus.

The mixture freezes on a Gsindow that is cooled to 3 K by a Helium cyaegyostat After
deposition, the head rotatedto allow the spectrometer beam to pass the coolingtheaugh

the outer KBf and the Cslindow. To investigate thermal fragments or to generate highly
reactive species a pyrolysis oven can be installed. In the oventa e can be heated up to
1100 °C.The resultingproductsfreeze on the Csl window surrounded by host gas atoms or
moleculestheso-calledmatrix. A more detailed experimental description of this setup is given

in the experimental parts of chapieand2.

Under cryogenic conditions the energetic barrietymtal organic reactions ared high to be
overcome. Nevertheless, quantum mechamimneling sometimes facilitates reactions even at

temperatures near O K.
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4. Quantum MechanicTunneling
Thetermiquant umaline o h a(@WT) describes the possibility find a certain

particlewith a probability greatethan0 on the other side ohaenergetidarrier. Therefore,
reactions can take place for which the thermal energy is not suffiarehthe activation barrier
cannot be surmountdéig. 7).

A

AG
hdk

NAN
VARV

AGt

& (Reaction coordinate)

Fig. 7. Reaction profile for an exothermic reaction. On the right side of the barrier the squared

wavefunction is greater than 0.

The probability of a particle to cross the barrier by QMT generally depends approximately on
the penetration integra) below the energetic barriet)( This approach was developed by
Jeffreys, Wentzel, Kramers, and Brillouin in the 1920s. Their findings are concluded in the so
called JIWKBapproactt®

9 Com - Q® (1)

V(x) describes the energy potential didhe collision energy of the particle, and s are the

points at both sides of the barrier at the given level of energy. The resulting tunneling probability
I is given through (2):

P Apﬂ g @

When the speed of ligletis used together with the attempt frequencythe tunneling halife

is obtained3):
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e
T 1T wdl (3)

The barrier for M T calculations can also be descritzggbroximately as a parabolic curve (4).

“ DO Oow O

- @

00 Agb

P(E) depends linearly on the barrier widthand on the square root of the barrier helgit

leading to a stronger impact of the barrier width to the overall tunnedotzability.

Transition state theory (TST) developed by Eyring, Evans, and Polanyi in 1935 describes the
kinetics of classic thermal reactiofis® TST describes the rate constantiepending on
Bol t zman n &sthecempesaturd,n t P | a n k dhsandctlee requilibaiumt constant

KY (5).
- Q JY
Q —g- o0f ©

The equilibrium constarky depends on the activation barri&®’ the temperaturend the gas
constant Rg).
yd
o d
Y A@D — 6
2D =, (6)

Not every vibration leads to conversion of the educt to the product. This is included by a
probability factoreal so cal |l ed nAt r aThs feads ® i@ Accucate eaftef | c i e

constantsvhenincludinga (7).

Q1 oo o)
0 v

(")

QMT is an effect withtypically small influence on organic reactions since thermal reactivity
dominates these processestaindard oelevated temperatures. Nevertheless, QMT becomes
more important when systems are investigated at very low temperatures. At temperatures near
0 K QMT can havea huge influence and even facilitate readditimat are thermally not
accessible. Hybxycarbenes represent a class of compounds that in some cases show QMT and

allow to investigate #hir reactivity under cryogenic conditios.
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5. Hydroxycarbenes

Today, lydroxycarbenes are axtensivelystudial class of carbendbatfirst wasisolated in
solid inert gas matrices by Schreirgtral. The parent systemyldroxymethylengHOi Gi H)
wasgenerated by thermal extrusion of £@m glyoxylic acid Fig. 8.3

Fig. 8. General procedure for the generation of hydroxycarb®n&=carboxylation of
glyoxylic acid(R=H) yields HQ Gi H.%’

At 11 K hydrogen tunneling and the formation of formaldehyde with alivafof 2 h was
observedAfter the parent system has been successfully isolated this procedure showed to be

applicable for varioudifferently substituted hydroxycarbenes (F2).3%

General method

P Y

H” T OH 0 W
|
25 Q) ‘/O 00
R)S( 1.AT,-CO, R" O 0OH
t=21h [e) 2. Matrix isolation
AH*=29.7 kcal mol™ at 3-20 K

Nature 2008, 453, 906

. 3 on . .
Me” “OH \k\o"' ©/\ vﬂ OH F2C” “OH
27 28 29

26 30
t=11h t=18h t=25h t=17.8h t=144h
AH*=28.0 keal mol™ AH¥=28 5kcalmol™!  AH*=28.8kcalmol!  AH¥=30.4 kcalmol”'  AH*=30.7 kcal mol™!

Science 2011, 322, 1300 Chem. Sci. 2013, 4,677 JACS 2010, 132, 7273 JACS 2011, 133, 13614 Nat. Chem. 2017, 9, 71

Increasing half-lives with electron donor ability

P

HO” OH and HO™ ~OMe HN™ "OH
31 32 33
no tunneling no tunneling
AH*=34.1 kcal mol™! AH= 35.4 kcal mol!
ACIE 2008, 47, 7071 J. Phys. Chem. A 2021, 125, 7023

Fig. 9. SubstitutedU-keto carboxylic acids yield their corresponding hydroxycarbempen
thermal extrusion of C® The halflife for the Hshift by QMT elongates witthe electron
donor ability of thesubstituents RY'C computed at coupleduster level of theory with triple

¢ basis set or highe?$

The halflifes of the hydroxycarbenes range from hours to days depending on the aleaiwon

ability of the substituents. In some cases, no tunneling was observed. For

10
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methylhydroxymethylene the reaction to acetaldeligdd no reaction to vinyl alcoh®b) was
observed, the latter featuring a lower but broadactionbarrier. This finding represents the
first exampleof a third reaction paradigntunneling controbf achemicalreaction(Fig. 10.%°

/U\ 35
H

H tunneling control

o™ H o
)b[(‘/é AT,-CO, Me) :
0
34

26

Fig. 10 Tunneling control of the reaction of methylhydroxymethylene to acetaldehyde. The
reaction path featuring a higher, but narrower barrier is preferred at cryogenic conditions due
to QMT.%

Substitution of a radical center with an electron donatamgl an electron withdrawing group

(EDG, EWG)can significantly stabilize the system. This effect is known as captodative effect
(Fig. 11).40

//N /N
c’ c
\N®—/ \N _/
/e /
/,N
&
\N -/
/
'/'N@ ‘NO
& &
>N<9_// @>Nﬂ

Fig. 11 Captodative effect ia radical substituted by an EWG and an EBG.

For hydroxyarbenesa captodative effect mlsopresent leading to further stabilization of the

carbenesvshen Ppplushsubstituentso ar @Egdldt™ Sached t

11

(0]
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a -l —l-M
. F,C” “OH
&~ "OH : NG OH
37 38 39
t=3d t=7d t=24d
AH¥=31.8 keal mol™! AH¥=30.7 keal mol™! AH¥=33.3 keal mol™!
JACS 2021, 143, 100 Nat. Chem. 2017, 9, 71 Chem. Sci. 2019, 10(3), 802

Captodative Effect

Fig. 12. Captodative effect in hydroxycarben@§C' computed at coupleduster level of
theory with tripleg basis set or highef§*

In 2018, Schreineret al. succeeded isolating aminomethylene, the parent system of
aminocarbenesdn contrast tohydroxycarbengsno Htunneling was observed Figure 13
shows the isodesmic stabilization energies for selected heidvenes. Compared to the parent
methylene, the thiol group is least stabilizing while the amino group has the most stabilizing
effect. This trend is also true for disubstituted methyberévatives*

isodesmic stabilization / kcal mol~" (B3LYP/6-311+G(d,p))

BN

H H 0.0 HO SH -71.0
H/\SH -44.5 HZN/\SH -81.8
H/\NHZ -63.6 HO/\NHZ -91.4

Fig. 13. Isodesmic stabilization energies for selected mand disubstituted carbesi®

Although various hydroxycarbenes have been studied, their congeners, mercaptocarbenes,
remain elusive specig® date and little evidence is found in literatuvéhile most of the
carbenes shown in Figui® have beensolated and characterizeaminomercaptomethylene

and hydroxymercaptomethylene were isolated only very recentlysty On the potential

energy surface (PES) of the@B50 system all other species were isolated by Schreiner and
coworkers in2010 excephydroxymercaptomethylerfé These species might play a role as
intermediates in photolytically initiated sulfur transfer reactioitie parent system
mercaptomethylen&as proposed as an intermediate that formed during molecular cross beam
experiments with consecutive mass spectrometri{digeret al.in 1998% Its lower energy

conformer thioformaldehyde and its isotopologu€B were detected in interstellar metfia
12
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Vivekanandaet al reported the formation of the dimeptocarbene radicatation during
tandem mass spectrometric experiméhta contrast to hgroxycarbenestheoretical studies
on their congeners, mercaptind selenocarbenesuggest that tunneling isdslow in these
species to be observalie a reasonable time scalae to enlarged bond lengths and resulting
tunneling paths® Concerning d,2[H]-shift from the SH group and/or from an amino group

we could confirm these findings experimentdfyg. 14).

HO”>SH  12[H]-tunneling OZ\SH or HO/&S
+>

40 41 "

H
S/

) X - JL
H,N \,/C/ 1,2[H]-tunneling H,N H or HN)\H + Co,

0
43t-CO,

44 45

Fig. 14. For hydroxymercaptomethylene and aminomercaptomethylerie2fid]-tunneling

reactions werebserved>!

For further details to these systesee chaptefl and 2. In hydroxycarbene®QMT mostly
concerns H atomsut heavier atoms can alsoundergd@. Thi s phenomenon is

atom tunnelingo.

Heavy Atom Tunneling

The termt dmetaugnel ingd refers to heawenhand i ng r
hydrogenSince the tunneling probability is strongly influenced by the particle,ragamples

for this phenomenon are rare compared to hydrogen atom tunnElisg.examples for

reactions of thisyipe have beeneportedin the 1970s and 198085 Whereas dr reactions

involving H-tunneling, a kinetic isotope effect (KIE) of greater than typscally foundat r.t,

heavy atom tunneling KIEs are usually smaller thar.1

13
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Tunneling control was observed for heavy atom tunneling reactideg-iputylchlorocarbene
by Zuev and SheridarF{g. 15.5%

C-C insertion C-H insertion
CH3  kinetic control

HsC .. tunneling control H H
H;C
H3C\%\CI X 3 \‘ACI . :j><CI

CH, CHs HsC

46 47 48

Fig. 15. Fortert-butylchlorocarbene the reactiondaomethylchlorocyclopropawas observed
instead of the 1;Pnethyl shift featuring a lower but broader barrier. This is an example for
tunneling control involving heavy atom tunneliffg**°

Starting from the same compound, different tunneling reactions involving heavy atoms can
compete with each other. When amswubstituted benzazirine is generated in solid argon under
cryogenic conditionstwo heavy atom tunneling reactions can be observed leading either to
p-aminophenylnitrene by nitrogegannneling or to an aminsubstituted keteneimine by carbon

tunneling Fig. 16).%°

Nitrogen N Carbon N
tunneling tunneling 7
. N J
SN
NH
NH2 NH2 2
49 50 51

Fig. 16. Competitive heavy atom tunneling in amisubstituted benzazirirmé

In our studies w found that heavy atom tunneling can even lead tpaCtivation at cryogenic
conditions starting from a G&zomplex of aminomercaptomethylene. Betaik see chapte3.

The knowledge about reactive species such as carbenes as well as QMT as showals@above
givesinsighss into processes that might be present in interstellar naalzon prebiotic earth
leading tothe firstbuilding blocks of fie.

6. Interstellar and Prebiotic Chemistry

The natural occurringelementsof the periodic systenfiorm in stars and supernovae and
distribute in the cosmos treatenebulae, planets, and other entities in the univésseler
suitable conditions siple moleculesorm. Up todate, a whole variety of simple moleculessy
detected in these interstellar metfidust recentlyvarious organic compounds such as organic
amines, amino acid®\-heterocycles, carboxylic acids and polyaromatic hydrocarbons were
detected from the Hayabusa2 spacecraft on theFardn asteroid Ryugtf.Reactionf small

14
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molecules i.e, H20, CO, CS, and N§labundant in interstellar medianight lead to the
formation of essential building blocks fitfe oninterstellar entities such #ise prebiotic earth
forming amino acids and sugar3hesein turn represent essential parts of important

macromolecular structures.

Deoxyribonucleic acigDNA) is an essential building block ofdi on earth bearing the coded
information necessary for reproductj@key attribute ofife. The backbone of the DNA double

helix consists of phosphoric acid and riboskeiranose® Therefore, sugars are crucial building

blocks for life. Carbohydratessuch asribose can be formally described with the general

formular (CHO)n, hydrateo f car bon. The simplest fAcarbohyc
is formaldehyde. It was shown by Butlerov in 1861 that formaldehyde reacts to a variety of
higher sugars in basic aqueous solutiorthe secalled formose reactiof In the 1950s

Breslow investigated the mechanism of this reactid® found an autocatalytic influence of
glycolaldehydé1through hydrogebondingto formaldehydé&0that is formed in the first step

of the formose reactoend postul ated fAactive aldehydesbo
initial step(Fig.17).¥The term fAactive aldehydeodo has beer
the early 19508

o

(o] JL 0]
2 slow HJ\/OH H™ H H)H/\OH ——— _  higher sugars
OH
52 53 54
H
oY
H o

Autocatalysis

Fig. 17. Formaldehyde slowly forms glycolaldehyde that catalyzes this initial reaction in an

autocatalytic proces$

Higher products of this reaction such as trioses and tetroses do also catalyze the primary reaction
but to a lower extend. Whereas lower monosaccharides have higher activation gotégtiet

sugars activate formaldehyde to a lower extend and aldoses generally feature lower activity in
the initial reactiotf?> Formaldehyde reacts to glycolaldehyde and trioses but pentoses and
hexoses form from C2 and C3 sugars.

However,for the initial reactiontwo formaldehyde moleculesustreact to glycolaldehyde
This is not possiblevithout further activation or an Umpolung. Hydroxymethylene represents

a high energy conformer of formaldehyde that is formally the adduct of C #ddhidt has
15
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been postul ated as fAact i v a t%®Sdhreine ancheowatkers y d e 0
isolated this species and could furthermore show that this carbene indeed reacts with
formaldehyde to glycolaldehydé® Hydroxymethylenecould also be involved in the
formation of aminoacidsvia a reaction with aminomethylen&ig. 18.**% This nitrogen

analogueof hydroxymethylene can form from activated carbon and ammniofiia

H\N’H H\N”H\‘O 0 H-tunn.e-ling O,H . o
). - = )_; ! -~ )L Schreiner ) - C* + H;
H™ HoT */H H™ "H  etal. 2008 Q-
52
55 26
Shevlin et al. 1987
HCN OH +H,0 OH
e N ET
c* + 3 H Streckel_' H-N CN —NH3 H,N COOH
N synthesis
HJ\/OH 58 60
serine
56 +H,0 (0]
—NH,4 HJK/OH

59
28 5q+ 2 HY Sutherland et al. 2012

glycolaldehyde

P

NC”~ "OH

57
Fig. 18. Aminomethylene and hydroxymethylene might play an important role in (ieteryt
prebiotic chemistry leading to amino acids like serine and simple sugars like glycolaldehyde

that areessential building blocks of lif¢:5%

In conclusion,hese small reactive molecules could in thgaeyd amino acids and small sugars
underprebiotic conditions. Stng from carbon, water, ammon&and other small and abundant
molecules in space these might represent the dastiggss in chemical evolution ultimately

leading tdlife.

7. CO Activation

Making use of abundant G@s a G-building block for chemical synthessan important goal

that features removal of COrom the atmosphere to reduce climate change and leads to
sustainable chemistry as well as green fuels. Varatisationmethods to make use of €O
have been developed in the past decades inclugmgN-heterocyclic carbenes (NHES

ionic liquids,”* Grignard reagest’? frustrated Lewis pairé-LP9,” phosphorudetaineg* and

poly-oxometallate’™ (Fig. 19.
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Lewis pair activation

CO,, 25°C ® o
(CeHoMe3)oP----- B(CsFs)2 - (CeHaMe3)oR  B(CeFs)2
61 CH,Cl,, >-20 °C >ﬁ0
-CO, (e} 62

NHC mediated CO, reduction

R-NN-g 1
CO, 4+ RgSIH —— " o= RySIOCH; 4+  R;SIOSIRs

64 65

63

H,O
66 67
R3SiOH + CH30H
Phosphorous betaine activation
@®
Ph;P o
Yo 0
0 % 9 A

/\ + CO,
68 T

Poly-oxometallate activation

o)
/ + CO, [("C7H15)4Nlslo-SiW11034Cu] 0~ "N-Bn
= 72
71 73
lonic liquid activation
TFE= FsC~ “OH
o 0. 0
©/ + CO,  [MTBDHYTFE] ©/ Nl (\N/j
B
o MTBD =
75 N/)\N
74 76 |

Grignard reagent activation

MgBr DBU COLH AN
DBU = L/N
CO, saturated THF

r.t.

77 78

Fig. 19. CQ; activationemploying various reagents or cataly$t®

NHCs form carboxylates when reacted with Clhese remarkably stable compounds can be

used for thermah situNHC generationig. 20).”
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80 1
_N&,N- =

R N~ R _Cco
I o el

07330 h R

NH  + RN we EWG
Nu
79 0

82
é/COZMe
NuH = R"SH, R",P(O)H, 81

Fig. 20. NHC catalyzed Michael addition using an N+¢@rboxylate’®

The mechanism of the addition of €@ an NHC is still under debatélkorta, Merced
MontercCampillo, and Elguero investigated the thermodynamic stability of variousSg
systems regarding the formation of NHXD, complexes and their corresponding carboxylates.
Theoetical investigations suggest the formation of a-comalent bond NHECO, complex
precedingthe formation of the carboxylate. Depending on the nature of the NHC these
complexes are even thermodynamically more stable than their corresponding carboxyhates (gas

phase computatia) (Fig. 21).”"

AN

classical N~ "N N [\l/ \N ,N/
\—/ \:N N:N
83 84 85
|
AN N
TNOINT N NN
abnormal \O,. (ON O
86 87 88
remote @
N—N
/ \

Fig. 21. NHCs investigated by Alkorta, Merced Monte@ampillo, and Elguer&

The number of nitrogen atoms in the N$l@fluencestheir Lewis basicitywhich strongly
impactsthe ability of the NHC to bind CO Energy decomposition analyses show that the
energy needed toebd the CQmolecule increases with the number of nitrogen atoms in the
NHC. For 77 the formation of the carboxylate is endothermic+#i¥ kcal mol while the

formation of the complex is exothermic b¥5 kcal molt””

Denning and Falvey theoretically investigated the stability of NHC complexes withnCO
different solventswith polarities between 1.dioxane and wateand found that polar
environmentgavor a shorter, more polar bond between the carbene and® @Qdetailed

understanding on the mechanisms involved in Ntd@alyzed CQactivation allows rational
18
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catalyst design to further improve these reactitmsur study on aminomercaptomethylene
representing the smallest centerpiece of the NHC thiag@ldound that it forms a carbene
CO, complex under matrix isolation conditions. Heavy atom tunneling alld@sactivation

throughthe formation of a covalent bond under cryogenic conditions. Please see 8Hapter

further information.

8. Thiophene Synthesis

Polymers and gels bearing thiophene linkers feature electronic properties that make them
valuable components for organic fiedffect transistors as alternatives for silidoased
technology’®®° Due to their photochemical properties, thiophenes can be used as chemosensors
for metalssuch asaluminum indium, andmercury® but also for organic compounds such as
nucleic acids down to the zeptorablevel® Technicalapplications neetarge amounts of
building blocks, such as functionalized thiophenes together with a cost efficientssytithe

can compete with the production of their silicon counterpBesideselectronic applications
thiophenescanbe used in pharmaceutical composfidind thiopheneliazo compounds can

be used as organic dy¥sBeing anticancerand antimicrobial agents as well as antioxidative
and anticorrosig, thiophenes are a compound class of wide interest and new synthetic routes
expand the variety of derivatives accessible for all &midapplication$® While thiophene

itself is a byproduct of thepetrochemical industrsubstituted hiophenes can be synthesized
throughdifferent synthetic strategig& The Gewaldeaction yields substituted thiophenes from
aldehydes or ketones abetyano esters in the presence of suffuk modified version starting

from cyano acetone givesaminothiophene® In industry thiophene is produced by reacting

CS with butanol in the presence of an oxide catalyst at about 500 °C in ca. 2000 t per year (Fig.
22).89

0]

R )K/Rz NC/YO\Rs
o)

1
85
l 86 this work

Gewald synthesis
\\ S // one-pot o

post- O (0] o
Isolation from S functionalization? \ /) LR ~
Coal Tar \ / o)

T industrial synthesis

S /\/\OH
90

LR = Lawesson's Reagent

Fig. 22 Previously reported sources for (substituted) thiophenes and our approach.
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Depending on the target compound pglosictionalization might be more expensive and
inefficient compared tanepot reactions to obtain highly functionalized thiophemdgeren

report such a orpot reaction to obtaib-ether and-substituted phenyl substituted thiophenes
from readily availableUketo carboxylic acidsthat makes them suitable for further

functionalization, e.g., the generation of polymers and gels that are widely used in ele€tronic

This type of reactivity is known from thes®o mediated condensation of aromatic diketones
like 88 (Fig. 23) or benzilthat represents a rare example for this reactWifjhis reaction
proved to be applicabléo various substituted ethyl benzoylformate derivatiiestailed

information is given in chapter 4.

93 94
Fig. 23. P4S10 mediated condensation 88 to 89.%

9. Closing Remarks

We succeeded in the generation and isolation of two new mercapto carbeneknawn
speciego date. Hydroxymercaptomethyle(t¢Oi Gi SH) showed to be stable under cryogenic
conditionswhereasaminomercaptomethylen(H2Ni Gi SH) can activate CQ even at 3 K
through heavy atom QMT. WhildOi Gi SH can be generated high vacuum flash pyrolysis
HoNi Gi SH is only accessiblevia photochemistry. Thermal decomposition of the starting
material yields exclusively thioformamide that itself shows complex photocherfigtigure

24 illustratesthe key systems relevant in this work.

synthetic work

SH HoNT P

/,C
o 0 w O

J. Phys. Chem. Lett. 2022, 13, 3138-3142. Chem. Sci. 2023, 14(1), 130-135.

HO

Fig. 24. The key systems investigated herefOi Gi SH,*> HoNi Gi SH* and substituted
thiophenes.
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Besides thesolation and characterization fo new mercaptocarbenewe developed new

synthetic pathway to substituted thiophetied might be suitable for further functionalization

and investigations towards their physical properties

The presentedvork opers the door for futher investigations on mercaptocarbenes and their

properties as well as new thiophene based compounds for a broad range of applications.
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Hydroxy Mercapto Methylene: The MissingG$50O Isomer

1.1. Introduction

We report the isolation of hydroxymercaptethylene (HOGi SH) under cryogenic conditions
via pyrolysis of 2ethoxy-2-thioxo-acetic acid. The two most stable carbene rotamersviarm
extrusion of ethylene and G@om this precursor. This donstabilized carbene represents a
hitherto uncharacterized GHO species and the first spectroscopically characterized free

mercaptocarbene. CCSD(T)/p¥TZ computations support our findings.

Understanding the chemistry of fundamental small molecules on prebiotic Earth leading to
chemical evolution and ultimately to life is still an ongoing endeavor of rest@ebides
hydrogen, carbon, nitrogen, and oxygen, sulfur is a crucial element in biological chemistry as
itis incorporated in, e.g., cysteine that is responsible for the formation of macroscopic structures
such as proteins. Besides NO and Cg% I8 a signaling molecule in the human body and helps
regulate cell functions and orgahid.Sis cytoprotective at low concentrations but can also be
toxic when reaching supraphysiological level%S, CS, COS, and highly reactive small
molecules such as mercaptocarbenes are likely to be relevant (by analogy to -thwair all
species) as building blocks for largerc@taining molecules in prebiotic chemistry. The
reaction of HS with atomic carbon yields mercaptomethylene that fragments into atomic
hydrogen and HCS according to molecular crossed beam experiments byedfaitemhe
authorspropped t he fragmentation of HCS to H and
radicals to give C&and COS in the atmosphere of Jupiter. Ghadiri, Leman, and Orgel showed
COS to mediate amino acid condensation to peptides under prebiotic corfdFierisermore,
thioformate facilitates the condensation of amino acids to peptides in aqueous solution showing
the importance of small sulfur containing molecules in prebiotic cheniigthjoformaldehyde
represents the lowest energy species of th€SHsystemand has also been detected in
interstellar entities such as dark clouds, hot cores, and comets likeBélaé?® Its
isotopologue BCS was detected in the Barnard | clSuReactions of simple building blocks

like H2O + CS, H+ COS, or HS + CO represent direct entry channels for the@$isystem

that appears rather simple but displays intriguing structural diversity. While stable molecular
entities like HC(O)SH, and HC(S)OH come to mind immediately, and arekneiin,
oxathiirane 2), sulfine @), Hi C I i$i H (6) with a formal CS triple bontf,and formaldehyde
O-sulfide (7) have only been prepared relatively mite!! Even though hydroxy
mercaptomethylenel) looks like another species of this stoichiometry that should be readily
accessibleKig. 1), it has not been reported to date whilst its radical cation could be detected

via mass spectrometry.
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Fig. 1. Molecular structures and relatiemergies of bound CISO species at CCSD(T)kc
pVTZ + ZPVE as shown by us earlier.

After hydroxymethylene and many of its derivatives were detected under cryogenic
conditions'® it was expected that the S and Se congeners can be prepared in an analogous
fashion. Computational studies suggest that tunneling, which is common for
hydroxycarbene¥, is extremely slow in these systefisAlthough there is spectrometric
evidence for the pareri,®!’ it has not been characterized spectroscopically. We showed
recently that flash vacuum pyrolysis (FVP) of-tlithietane 1,3lioxide deliver® (Scheme 1),

which can be transformed photochemically into several otheSBOHsomers, excefit!! One

of the challenges associated with making small and fundamental molecules is the nature of the
precursor, which often presents a (synthetic) conundrum by itself. Thus,2xmts can be
preparedvia irradiation of 3 at different wavelengthsl is not photochemically accessible
through any of the other CBO isomers. Hence, another precursor is needed. Here we
demonstrate that-8thoxy-2-thioxo-acetic acid §) is a suitable precursor for generatihg
thermally through FVP and trapping in a catatrix (10 K) in an excess of argon.
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1.2. Results and Discussion
Our idea was to utilize the ester pyrolysis8db generate the corresponding monothiooxalic

acid @) that releases carbemeipon decarboxylatio(Fig. 2).

VS
S S ﬂ
//\O O\// HVEP HO '\(O .
= —co. HO™ “SH
(@] (0]

- -CO,
1
8 9

Fig. 2. Ethylene extrusion leads to the formation of intermedatehich further reacts in an

allowed 5e6e rearrangement to carbehe

Under FVP condition8 forms in the gas phase and undergoes-@esihermally allowed CO
extrusion tol. We identified the CO and OH bond stretching vibration of the isotopologues
1tt/1ct and1tt/1ct-d2 (t and c indicatéransandcis stereochemistry for the rotation of the OH

and SH moieties) as their strongest absorptions when compared to coupled cluster computations
(CCSD(T)/cepVTZ, unscaled, Figt 3 and 1 We excluded the rotamerization of conformers

of 9 since no changes in the C=0 stretching vibration regions werevedsepon irradiation

(see Sl for further details).
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Fig. 3. Comparison of the relevant parts of the matrix isolation infrared spectr@umdn
HVFP (blue) and the spectrum recorded after 20 min of UV irradiation (redh(@54or the
full spectra see Figurg4d. TheOH (top) and CO stretching vibrationbdttom) of 1tt and1ct
vanish upon irradiation. Computed vibrations at the CCSD(TWEZ level of theory,

unscaled.

To ensure the assignments of the IR bandswé synthesized perdeuterat@dtarting from
oxalyl chloride and EtOHis. As expected, the characteristic OD bands shift significantly
compared to the OH vibrations. Gratifyinglict-d2 and 1tt-d2 form upon FVP of8-dio in

analogous fashion as the protio species @ig.
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Fig. 4. The matrix isolation infrared spectra®fter HVFP (blue) and the spectrum recorded
after 20 min of UV irradiation (red) (254nm) show th#td> and1ct-dz vanish. A broad band
at 1205 critt can be assigned ®dio that alsodecomposes upon UV irradiation. Computed

vibrations at the CCSD(T)/egVTZ level of theory, unscaled.
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Irradiation of the matrix leads to a fast [H2-shift across the CO bonds bt and1ctto give

the thioformic acid conformerg5 and Z5 (Fig. 5) that are already present after pyrolysis.
Consequently, the bands of these species increase in intensity upon irradiation for 8 min due to
the carbenes reacting Eb andZ5. Further irradiation leads to the decomposition of these
species to smaller fragments. Without irradiation, the carbene conformers show no intrinsic
reactivity. There are no indication§ loydrogen tunneling even when warming the system to

35 K for 5 min and reooling.
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Fig. 5. Formationof the thioformic acid conformeis5 andZ5 after pyrolysis o8B at 900 °C
(blue spectrum). The intensities of the bandE®&ndZ5 increase upon 254 nm irradiation

of the matrix for 8nin (red).

To confirm these findings, we modeled the tunneling kinetics with density functional theory
(DFT) computations at the B3LYR®&L1++G(3df,3pd) level of theory utilizing canonical
variational transition state theowith small curvature tunneling (CVT/SC¥)Figure6 shows

the PES and the interconnection of the observed species (for a detailed RXSeserental

par). The computations predict thatt and 1ct should not show measurable tunneling
reactivity as the halfives are longer than the measuraiiiee scale (seexperimental parfior
details)!® in agreement with our observation that the spectra did not change at least over the

course of several days.
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AH,/ keal mol™

CCSD(T)lcc-pVTZ

Fig. 6. Structuresdltt and1lctundergoing1,4 H] shi fts acHoass t he CO b
CCSD(T)/cepVTZ).

Conformerslct and 1tt rearrange t&5 andE5, respectivelyyia a 1,2[H] shift across their

CO bonds. Al,2-[H] shift along the CS bond dftt would lead toHC(S)OH conformerE4

thatwas not observed. The rotamerization 1af to 1ct is associated with a barrier of
15.3kcalmol ®. This interconversion does not oceiatunneling because the barrier is rather

wide. Like its congener dihydroxymethylene, hydroxymercaptomethylene is persistent under
cryogenic conditions and no tunneling reactions take place. Catlbasea similar stabilization
enthalpy compared to di hydiraoxdg méB8ByHKBeénkecal(rl
(B3LYP/6-311++G(d,p)) according to the homodesmotic equation 1 (X, Y = O andi®t®s)

H/"\H+X Yy — H H+X/“\Y (1)

Similar to dihydroxymethylenel, has a singlet ground state; tripftis about 3%&cal mol'!
higher in energy (vertical, CCSD(T)@/TZ). The experimentally detected conformerd of
also are the most stable according to our computatidineir stability can be explained by
minimization of their dipole moments that are smallest fordth@ndl1ct conformers (Fig7)

in the gas phase.
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Fig. 7. The most stable conformetst and1tt also possess the lowest dipole moments
(CCSD(T)/cepVTZ), given as vectors in blue.

Carbenes bear an electron sextet at the carbon center making them formally-difatrent.

This can, however, be overwritten when heteroatoms are attached to the carbene center that
donate el ectrons iporbital. Thé keeteroatom-domatien dfssulfernsp t y
captured i n HOM-@adndtionof axigger ieveswalizédyeHOMC (Fig. 8).

HOMO-1 HOMO-3

1tt

1ct

Fig.8. The HOMAQitdndletddl i s p | adpnattor cf the sulfur atom to the carbene
center wher eas HONGatid ofthe axyganlatom (@mages gereerated with
VMD software).

The orbitals of the carbon atom and the oxyg
geometric proxi mity resulting in a | ower e

Therefore, the oxygen atom contributes more to the overall stabilization @rifene.
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In summary, we report the isolation of the two most stable conformers of
hydroxymercaptomethylene 1,(HOi GiSH), the first spectroscopically identified
mercaptocarbene and the missing isomer on the PES of th®QCs{stem. Similar to its
congener dihydroxymethyleng,shows no tunneling reactivity and is persistent at least up to
35 K. As aformal adduct ofd® and CS, this intermediate might represent a-biggrgy linker

to sulfur containing prebiotic molecules.

1.3. Experimental
Methods

Matrix isolation studies

The matrix isolation experiments weyerformed using a Sumitomo cryostat system consisting

of an F70 compressor unit and an RDK 408D2 clesgdle refrigerator cold head. For infrared

(IR) measurements polished KBr and Bafndows in the vacuum shroud and a Csl window

on the sample holder was used. Silicon diodes attached to the sample holder measured the
temperature (deposition at 15 K, measurements at 3 K). During the experiments pure
diethylmonothiooxalat¢8) was kept i n a storage bulb in
matrix host ga (Ar, gas purity of 99.999%) was stored in a 2 L glass balloon that was refilled
and flushed three times with Ar before the experiments. The typical deposition time of our
experiments was 2 h depositing a total amount of ca. 150 mbar of Ar togeth& amtthe

matrix window. For irradiation a higpressure mercury lamp (SP200) in conjunction with an
MSH 150 monochromator system from L&@IuantumDesign GmbH was used. The IR spectra
were recorded with a Bruker Vertex 70 FTIR spectrometer equipped withdasiaKBr or
wide-range beansplitter in a range from 7000 éito 350 cm?! (resolution: 0.7 cit). For

every measurement 50 scans were recorded. Fomidlet/visible (UV/Vis) measurements a
Jasco V760 spectrophotometer was used in the range from 190 nm to 800 nm
(resolution:1 nm). A background spectrum of the cold matrix window was recorded fori

deposition. While depositing the matrix was kept in the dark to avoid unwanted photochemistry.
Computations

The computations at the B3LY#/6-311++G(3df,3pd¥?3level of theory using an ultrafine

grid and very tight conversion criteria were performed with Gaussian16 Revision B.01 (full
citations of electronic structure codes are given at the end of this document. The computed
minimum structures on the PES featur@ imaginary frequencies and all transition states

possess one imaginary frequency.
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CVT/SCT rate constants were computed with POLYRATE 20l1at the B3LYP/6
311++G(3df,3pd) level of theory.

For coupleecluster computations (CCSDEPf®cc-pVTZ2 ) CFOUR 1.0 was used with the
following keywords: ABCDTYPE=AOBASIS, CC_PROG=ECC, SCF_CONV=10, and
CC_CONV=7; CONVERGENCE=8 in addition for geometry optimizations; VIB=EXACT for

analytical computations of harmonic frequencies; METHOD=TS for transitiors state

The images in Figure 6 were generated with VMD software sujpyottte Theoretical and
Computational Biophysics group at the Beckman Institute, University of Illinois at Urbana

Champaign.
General analytics

All NMR spectra were recorded with a Bruker Avance Il (HD) AV400 (400 MHz)
spectrometer and a Bruker Avance Ill HD AV600 (600 MHz) at 298 K. Chemical shitisg
given in ppm relative to the respective solvent residual peak of {DEF.26and 77.16 ppm).
ATR-IR spectra were recorded on a Bruker Alpha spectrometer (4QED cm?). High

resolution mass spectrometry was performed with a Bruker Impact Il (negative mesSESI
Synthesis of the Starting Materials

Diethylmonothiooxalat€8)

0] LR S
/\O)S]/O\/ T PhMe /\O)S‘/O\/
o 130°C,5d o)
10 8

Fig. 9. Synthesis of Diethylmonothiooxalat®)

Diethyl oxalate was obtained froBigmaAldrich Chemie GmbHin > 99%purity and was used
without further purification. 1.08 g diethyl
reagent (LR) (12.5 mmol) were dissolved inrBD of dry toluene and stirred for 5 days (reflux).

The solution was cooled to r.t. and filtered 0aesilica plug to remove side products formed of

LR (pentane/diethylether 20:1). The solvents were removed and the residue was yiarified

column chromatography (pentane/diethylether 20¢E ®25). The product was obtained as a

yellow liquid in 34% yeld.

Yield: 164.4 mg (1.05 mmol, 34%).
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IH-NMR (400 MHz, CDC#): Ui = 4.62 (q,J = 7.1 Hz, 2H), 4.33 (¢] = 7.2 Hz, 2H), 1.48 (t]
= 7.1 Hz, 3H), 1.36 () = 7.1 Hz, 3H)ppm.

13C-NMR (101 MHz, CDC#$): t=201.4, 159.9, 69.5, 63.2, 14.1, 13.5 ppm.

IR (ATR): 3=2985.1, 1734.5, 1445.7, 1367.6, 1250.7, 1173.5, 1088.8, 1001.4, 897.4, 813.0,
764.1, 677.9 cnt.

HRMS (ESI): m/z= 185.0246 [M+Na] (calcd.m/z= 185.0243).

Diethyl oxalatedio (10-d10)

1.27 mL EtOHds (1.0 g, 19.2 mmol, 2 equiv.) was dissolved in 10 mL DCM. 0.85 mL oxalyl
chloride (1.2 g, 9.9 mmol, 1 quiv.) was added dropwise at O °C over 5 min. The solution was
stirred at O °C for 1.0 h and at r.t. for another 1.5 h. The solution was washed 2 ttmes wi
20mL NaHCQ (aqu., 8%) each. The combined aqueous phases were extracted with 20 mL
DCM. The combined organic phases were dried oveS8a The solvent was removed and

the product was obtained as a colorless liquid.
Yield: 1.17g (7.5 mmol, 75%).
IH-NMR (600 MHz, CDC}): ti = -.

13C-NMR (150.9 MHz, CDGJ): ii = 158.0, 62.5 (pJ = 22.7 H3, 13.0(dp, J = 38.8, 19.4 Hz)
ppm.

IR (ATR): 3=2235.7,1764.4, 1736.3, 1344.5, 1212.1, 1175.4, 1087.0, 1047.4, 966.7, 914.8,
882.5, 733.8, 562.4 crh

HRMS (ESI): m/z=179.1102 [M+Na] (calcd.m/z= 179.1099).

Diethylmonothiooxalat&lio (8-d10)

Diethylmonothiooxalat@lio was synthesized starting from diethyl oxaldieaccording to the
procedure foB starting with 200 md.0-dzo.

Yield: 88.0 mg (0.51 mmol, 40.0%).

'H-NMR (400 MHz, DMSGQGdg): U = -.
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13C-NMR (101 MHz, DMSQdg): Ui=201.5, 160.0, 68.7 (9,= 22.9 H3, 62.5 (pJ = 22.7 H3,
12.7 (ddtJ = 11.6 H2 ppm.

IR (ATR): 3=2235.8, 2117.8, 1733.0, 1294.2, 1195.0, 1128.8, 1086.1, 1045.9, 1000.7, 970.2,
876.0, 768.5, 651.3, 589.5 cin

HRMS (ESI): m/z= 195.0870 [M+N4] (calcd.m/z= 195.0870).

NMR Spectra

7.26 CDCI3
7.26 CDCI3

/
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Fig. 10.'H NMR (400 MHz, CDCJ) of diethylmonothiooxalatés).
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Fig. 12.13C{H} NMR (101MHz, CDCk) of diethyl oxalatedho (10-d10). (Splitting visualizes
full deuteration).
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Fig. 13.3C{!H} NMR (101 MHz, CDCk) of diethylmonothiooxalatelo (8-di0). (Splitting

visualizes full deuteration).
Matrix Isolation UV/VIS Spectrum

We need high pyrolysis temperatures to observdékeribed spectra and most of the precursor
decomposed to GOCO, and COS. The absorption of the fragments is therefore very low and

not visible in the UV region (Fidl4).
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Fig. 14. The black trace shows the reference UV spectrugimfsolid Ar at 3 K and the blue

trace the UV spectrum of the pyrolysis mixture. At around 340 nm a small bulge arises due to

the lamp exchange.
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Matrix Isolation IR Spectra

Absorbance
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Fig. 15. Computed spectrum & at the B3LYP/6311++G(3df,3pd) level of theory compared
to the IR spectrum of matrix isolat&dn solid argon at 3 K.
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Fig. 16. Computed spectrum o8-dio at the B3LYP/6311++G(3df,3pd) level of theory

compared to the IR spectrum of matrix isola@edio in solid argon at 3 K.
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Fig. 17. Matrix isolated fragments & upon HVFP at 900 °C.
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We observed several new bands in the carbonyl region upon pyrolgs{sigtire15). These

bands can be assigned to conformer@afid8 that are hardly distinguishable.
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Fig. 18. IR-spectra of the pyrolysis &before (blue) and after irradiation (red) for 20 min with

254 nm compared to the reference spectru of

While bandsE5 andZ5 appear when the matrix is irradiated for 8 min, prolonged irradiation

leads to the decomposition of these compounds. The precursor itself decomposes upon

irradiation. No distinct photochemistry of the conformer8 aind9 upon irradiation can be

found probably due to fast interconversion of the conformers.cdgpounds oxathiiran2,

the HO ACS complexy, 6, and3 have not been observed. We observed tiny amouiz4.of
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IR Spectroscopic Data

Table 1. Comparison of experimental vibrational frequenciesabisolated in an argon matrix
at 15 K and computed vibrational frequencies at the CCSD¢(pYa&Z level of theory
(unscaled).

Assignment Sym. ’ gcmt O g/ kmmolt *  g/cm? O
u(COS) ao 419.1 3.1 n.o. n.o.
{SH) aodo 532.8 14.7 n.o. n.o.
3(CS) ao 693.6 44.5 n.o. n.o.
({OH) aodo 701.8 97.6 n.o. n.o.
U(CSH) ao 899.3 97.3 n.o. n.o.
3(CO) aob 1245.3 226.1 1211.0 w
Uu(COH) ao 1331.4 39.9 n.o. n.o.
3(SH) ao 2581.3 15.4 n.o. n.o.
3(OH) aob 3788.4 153.3 3577.9 w

rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.@mbsemeéd,;
0.0.r.= out of range.

Table 2. Comparison of experimental vibrational frequencied afd: isolated in an argon
matrix at 15 K and computed vibrational frequencies at the CCSD{pY¢Z level of theory
(unscaled).

Assignment Sym. ’ gemt O g/ kmmolt g cm? O
U(COS) aob 373.0 2.0 n.o. n.o.
(D) aodo 419.1 7.0 n.o. n.o.
({oD) aobo 519.3 49.3 n.o. n.o.
3(CS) ao 639.8 9.6 n.o. n.o.
U(CSD) ao 725.7 101.9 n.o. n.o.
U(COD) aob 1041.3 19.8 n.o. n.o.
3(CO) ab 1241.5 230.0 1227.9 W
3(SD) ao 1853.4 7.8 n.o. n.o.
3(0OD) aob 2758.0 89.0 2660.4 w

rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strongyve&s/sstrong); n.o. = not observed;
0.0.r.= out of range.

Table 3. Comparison of experimental vibrational frequenciestbisolated in an argon matrix
at 15 K and computed vibrational frequencies at the CCSD(pVYd&Z level of theory
(unscaled).

Assignment Sym. ’ gdemt O g/kmmolt g cm? O
U(COS) aob 411.9 7.0 n.o. n.o.
{SH) aodo 485.3 3.0 n.o. n.o.
(OH) aodo 702.2 104.7 n.o. n.o.
3(CS) ao 739.4 98.5 n.o. n.o.
U(CSH) ao 940.2 78.4 n.o. n.o.
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3(CO) aob 1248.8 245.0 1225.3 w
u(COH) ao 1332.1 44.4 n.o. n.o.
3(SH) ao 2725.7 0.5 n.o. n.o.
3(OH) aob 3803.5 170.1 3633.9 w

rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.@mbsemeéd,;
0.0.r.= out of range.

Table 4. Comparison of experimental vibrational frequencied tfdz isolated in an argon
matrix at 15 K and computed vibrational frequencies at the CCSD{pY¢Z level of theory

(unscaled).

Assignment Sym. ’ gcmt O g/ kmmoll g/ cm? Os
{sD) aodo 373.0 1.9 n.o. n.o.
u(COS) ao 392.1 6.0 n.o. n.o.
{oD) aodo 517.5 55.2 n.o. n.o.
3(CS) ao 671.1 22.0 n.o. n.o.
U(CSD) aob 725.8 110.7 n.o. n.o.
u(COD) ao 1046.2 26.0 n.o. n.o.
3(CO) aob 1240.3 257.9 1231.6 W
3(SD) ao 1957.4 0.2 n.o. n.o.
3(0OD) aob 2769.2 96.9 2662.2 W

rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed,;
0.0.r.= out of range.

Table 5 compares the experimental isotope shift to the computed shifts. The close proximity of
a second H atom that is exchanged for D at the SH position might lead to a greater discrepancy
between experiment and literature.

Table 5. Experimental isotope shift of the OH/OD stretching band compared to the
computational shifts.

a(OH/OD it a(OH/OD ).t
experimental 971.7 917.5
computed 1034.3 1030.4
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Computed Potential Energy Surface
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Fig. 19. PES ofl at the CCSD(T)/c@VTZ level of theory.

Table 6. Energies of small fragments of theG80 system on the CCSD(T)/p¥/TZ level of

theory compared tict.

Fragments Energy / kcal mot
COS+H 15.0
HO +CS 149.2
H.S + CO 149.8

Hzo + CS —_—

HS + CO

CCSD(T)/cc-pVTZ + ZPVE experimental

-44 .1 kcal mol™ -40.5 kcal mol™

Fig. 20.Isodesmic Reaction energy comparegits gastaken from the NIST databa¥e.
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Wiberg Bond Indices

The natural resonance theory (NRT) analysis and the Wiberg bond indicesowgnated with
NBO7 at the B3LYP/6311++G(3df,3pd) level of theory based on geometries at the
CCSD(T)/cepVTZ level of theory.

Wiberg Bond Indices

1ct 1tt

The natural resonance theory (NRT) analysisabfand1tt is depicted irFigure 21

NRT Analysis:
© . ©
H. &2 H @
\o/\sl H\O/\§ \O/§$
H - H e H
42.7% 1ct 50.6%
© . S
HO X H H. _H Ho  NOH
0° > s o s o s
D B
45.9% 1tt 48.2%

Fig. 21.NRT analysis oflct and 1tt at the B3LYP/6311++G(3df,3pd) level of theory with
structures optimized at the CCSD(THa¥TZ level of theory.

In both conformers we found a similar weight of the two resonance structures with the CS
double bound structure being more important. This further indicates a stronger stabilization of
the carbene due to sulfur compared to oxygen. The carbene strudtyiealy not found in

such analysis. Since both ylidic structures are nearly equally important for both systems, the

structure is best described as a carbene.
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PES ofltt
t
+
TS5 = H>\ _H
40 - S (0]
TS2 = Hoo <L
o 0% S o
.m.o ho ’. oo .o
.0 ;. .. : o o o
20 .. : .o % .' o. .. ®
4 .o .0 ... ... :.. ° . o.
IB ° * .’:: > ° .
£ 04 . L .
8 .. N Hig oM ., .
= ° N °
~ R * 1t °
L -20 . . . o
° : . ° fe)
.‘. s . . SJ\H E5
-40 ‘... ’. ..o ..o |l|
- - HSCOH ~ e
0" H « DSCOD
H
-60 I I I I I I I
6 4 -2 0 2 4 6

r.c./ a@aamu bohr

Fig. 22. IRC curves for possible reaction pathways ldf and 1tt-d2 computed at the
B3LYP/6 311++G(3df,3pd) level of theory.
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Tunneling Computations with POLYRATE

Table 7. Computed ate constants in'%5 of the reactionof 1tt to E4 at the

B3LYP/6-311++G(3df,3pd) level of theory.

T/K TST CVvT CVT/ZCT CVT/SCT
4.00 0.00x 1¢° 0.00 x 16 0.00 x 16 0.00 x 16
5.00 0.00 x 18 0.00 x10° 0.00 x 18 0.00 x 18
6.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
8.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
10.00 0.00 x 18 0.00 x 18 0.00 x 18 0.00 x 18
20.00 5.19 x 16143 4.79 x 10143 2.39 x 16143 2.39 x 16143
28.00 6.78 x10'%° 6.41 x 10%° 3.20 x 10%° 3.20 x 10%
40.00 9.19 x 1056 8.84 x 1056 4.42 x 1056 4.42 x 1056
50.00 2.82 x 10 2.73 x 10%° 1.37 x 1650 1.37 x 1650
75.00 1.40 x 10% 1.37 x 10%° 6.89 x 10%° 6.88 x 10%°
77.36 2.56 x 1028 2.51 x 1028 1.26 x 1028 1.26 x 1028
100.00 3.40 x 1619 3.34 x 161° 1.69 x 10*° 1.69 x 10*°
125.00 6.11 x 1013 6.03 x 1013 3.06 x 10%3 3.05x 10%
150.00 9.37 x 16° 9.27 x 16° 4.72 x 16° 4.70 x 106°
175.00 9.39 x 10° 9.31 x 10° 4.75 x 10° 4.74 x 10°
194.70 6.31 x 104 6.26 x 10% 3.21 x 16% 3.19 x 164
200.00 1.70 x 163 1.69 x 16° 8.66 x 10% 8.62 x 164
225.00 9.84 x 167 9.77 x 162 5.03 x 107 5.01 x 162
250.00 2.55x 16 2.54 x 10 1.31x 16 1.30 x 16
273.15 3.07x10 3.06 x 18 1.58 x 10 1.58 x 10
275.00 3.68x10 3.66 x 18 1.90 x 10 1.89 x 10
298.15 2.94x 16 2.93x 16 1.52x 16 1.51x 16
300.00 3.43x 16 3.41x 16 1.77 x 16 1.76 x 16
325.00 2.27 x10° 2.26 x 16 1.18 x 18 1.17 x 18
350.00 1.15x 14 1.15x 10 6.02 x 16 5.97 x 16
373.15 4.27 x 10 4.25 x 10 2.24 x 10 2.23 x 10
375.00 4.71 x 10 4.69 x 10 2.47 x 10 2.46 x 10
400.00 1.62 x 10 1.61x 10 8.55 x 10 8.48 x 10
Table 8 Computed rate constants in'lsof the reaction ofl1tt to E5 at the

B3LYP/6-311++G(3df,3pd) level of theory.

T/K TST CVT CVT/ZCT CVT/SCT
4.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
5.00 0.00 x 16 0.00x 1¢° 0.00 x 16 0.00 x 16
6.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x10°
8.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
10.00 0.00 x 16 0.00 x 16 0.00x 1¢° 0.00 x 16
20.00 1.11 x 106%™ 1.09 x 102" 5.45 x 10272 5.45 x 10272
28.00 8.46 x 1011 8.35 x 101°1 4.18 x 1611 4.18 x 1611
40.00 4.31 x 1010 4.27 x 16130 2.14 x 10130 2.14 x 10130
50.00 9.74 x 1012 9.66 x 10102 4.86 x 1092 4.85 x 1010
75.00 6.88 x 1054 6.84 x 10 3.45 x 10%4 3.45 x 10%
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77.36 1.39 x 1651 1.39 x 165 7.01 x 10°2 7.00 x 10°2
100.00 6.22 x 104 6.20 x 104 3.14 x 16% 3.13x106%
125.00 1.53 x 1633 1.53 x 1633 7.77 x 103 7.76 x 103
150.00 6.21 x 10%° 6.19 x 102° 3.16 x 1026 3.15 x 1026
175.00 1.72 x 162 1.72 x 1620 8.81 x 10 8.79 x 1067
194.70 3.52 x 10Y7 3.51 x 10%/ 1.81 x 10Y 1.80 x 10%/
200.00 2.12 x 1016 2.12 x 10 1.09 x 1616 1.09 x 1616
225.00 3.26 x 1613 3.26 x 1013 1.68 x 10%3 1.68 x 10*3
250.00 1.17 x 1610 1.17 x 1610 6.07 x 101 6.05 x 101!
273.15 1.05 x 108 1.05 x 108 5.46 x 10° 5.44 x 10°
275.00 1.45 x 168 1.45 x 168 7.58 x 10° 7.55 x 10°
298.15 6.19 x 107 6.18 x 107 3.24 x 107 3.23x 107
300.00 8.15 x 107 8.14 x 167 4.27 x 107 4.25 x 107
325.00 2.47 x 10° 2.47 x 10° 1.30 x 10° 1.29 x 10°
350.00 4.62 x 106% 4.62 x 16% 2.45 x 104 2.43 x 164
373.15 4.93 x 103 4.92 x 103 2.62 x 10° 2.61 x 164
375.00 5.88 x 103 5.87 x 103 3.13x 163 3.11 x 164
400.00 5.46 x 107 5.45 x 102 2.92 x 102 2.90 x 102
Table 9. Computed rate constants in'!sof the reaction oflct to Z5 at the

B3LYP/6-311++G(3df,3pd) level of theory.

T/K TST CVT CVT/ZCT CVT/SCT
4.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
5.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
6.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x1C°
8.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
10.00 0.00 x 16 0.00 x 16 0.00 x 16 0.00 x 16
20.00 4.03 x 10192 4.02 x 10192 2.02 x 10192 2.01 x 101°2
28.00 5.62 x 10134 5.61 x 10134 2.82 x 1034 2.82 x 103
40.00 2.53 x 10°° 2.53 x 16 1.27 x 16% 1.27 x 16%
50.00 6.30 x 107° 6.29 x 167° 3.17 x 167 3.16 x 167
75.00 1.09 x 1042 1.08 x 10%? 5.48 x 10% 5.47 x 10%
77.36 4.97 x 104 4.97 x 104 2.51 x 104 2.51 x 104
100.00 4.82 x 16%° 4.82 x 16%° 2.44 x 10%° 2.44 x 10%°
125.00 7.72 x 10% 7.71 x 164 3.92 x 102 3.92 x 102
150.00 2.33 x 10" 2.33 x 10% 1.19 x 10%° 1.19 x 161
175.00 1.94 x 101 1.94 x 101 9.96 x 10%? 9.95 x 10%?
194.70 4.72 x 10° 4.72 x 10° 2.43 x 10° 2.42 x 10°
200.00 1.72 x 108 1.72 x 108 8.86 x 10° 8.85 x 10°
225.00 3.41 x 10° 3.41 x 10° 1.77 x 168 1.76 x 1068
250.00 2.37 x 10* 2.37 x 1064 1.23 x 10* 1.23 x 10*
273.15 6.07 x 10° 6.07 x 10° 3.17 x 108 3.16 x 10°
275.00 7.68 x 10° 7.68 x 10° 4.01 x 163 4.00 x 108
298.15 1.15 x 16! 1.15 x 161 6.03 x 102 6.01 x 102
300.00 1.40 x 10* 1.40 x 10° 7.35 x 102 7.33 x 102
325.00 1.64 x 16 1.64 x 10 8.66 x 10! 8.64 x 10°
350.00 1.36 x 18 1.36x 18 7.22 x 16 7.19 x1
373.15 7.51 x 10 7.51x 106 4.00 x 16 3.99x 16
375.00 8.54x 108 8.54 x 18 455 x 10 453 x 10
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400.00

4.27 x 16

4.27 x 16

2.29x 16

2.28 x 16

Cartesian Coordinates of Computed Structures

In this section thelectronic andzeropoint vibrational energies (ZPVES) are provided for each

structure. For transition states, the imaginary frequency is given additionally; all other structures

display only real frequencieg&or the full coordinates please see the published supporting

information:

https://pubs.acs.org/doi/abs/10.1021/acs.jpclett.2c00344

Table 10 Electronic and zerpoint vibrational energies (ZPVES) at the CCSD(T-pTZ

level of theory.

Structure E/au ZPVE / kcal mol't  3i/icm'!

1ct 1512.02031371395969 17.4308

1tt 1512.02065595671115 17.7110

1tc 1512.01518819577893 17.2288

1cc 1512.01401018627746 16.9471

51 1511.95953155449808 16.1418

E4 1512.07956749503955 19.6616

Z5 1512.09002564833963 17.5282

ES 1512.08838777653932 17.4536

TS1 1511.97355356247607 13.1141 1836.7767
TS2 1511.96325939257394 13.8158 2084.1781
TS3 1511.96679881880203 14.4457 1740.4392
TS4 1511.96381905629289 13.7017 2062.9640
TS_1tt to_1ct 1511.99468893889076 16.6131 503.1489
COS 1510.91878545180316 5.7182

H2 11.172336686948533 6.3035
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Full Citations for Electronic Structure Codes
Gaussian 16

Gaussian 16, Revision A.03; Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E,;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuiji, H.; Li,
X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gonspdtt; Mennucci, B.;
Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williximsng, D.; Ding,

F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.;
Zakrzewski, V. G.; Gao, J.; Rega, N.; Zhe@g;, Liang, W.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven,
T.; Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J.
J.; Brothers, EN.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A. P.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Millam,
J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokufa
Farkas, O.; Foresman, J. B.; Fox, D. J., Gaussian Inc., Wallingfo@0 O3

Cfour

CoupledCluster techniques for Computational Chemistry, a quatiuemical program
package by Stanton, J.F.; Gauss, J.; Harding, M.E.; Szalay, P.G. with contributions from Auer,
A.A.; Bartlett, R.J.; Benedikt, U.; Berger, C.; Bernholdt, D.E.; Bomble, Cliristiansen, O.;
Heckert, M.; Heun, O.; Huber, C.; JagauCT; Jonsson, D.; Jusélius, J.; Klein, K.; Lauderdale,
W.J.; Matthews, D.A.; Metzroth, T.; O'Neill, D.P.; Price, D.R.; Prochnow, E.; Ruud, K;
Schiffmann, F.; Stopkowicz, S.; Taijti, A.; Vazqudz, Wang, F.; Watts, J.D. and the integral
packages MOLECULE (Almlof, J. and Taylor, P.R.), PROPS (Taylor, P.R.), ABACUS
(Helgaker, T.; Jensen, H.J. Aa.; Jgrgensen, P. and Olsen, J.), and ECP routines by Mitin, A. V.
and van Willen, C. For the current sien, see; CFOUR01Q

Polyrate 2017C

POLYRATE 2017C; Zheng, J.; Bao, J. L.; Meafafeda, R.; Zhang, S.; Lynch, B. J.;
Corchado, J. C.; Chuang,-Y.; Fast, P. L.; Hu, WP.; Liu, Y-P.; Lynch, G. C.; Nguyen, K.
A.; Jackels, C. F.; Ramos, A. F.; Ellingson, B. A.; Melissas, V. S.; Vill,dssRI.; Coitio, E.
L.; Pu, J.; Albu, T. V.; Steckler, R.; Garrett, B. C.; Isaacson, A. D.; Truhlar, 20&7,
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CYLview

CYLview, 1.0b; Legault, C. Y., Université de Sherbrodk@)9(http://www.cylview.org.

NBO7

Glendening, E. D.; Badenhoop, J, K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; Morales,
C. M.; Karafiloglou, P.; Landis, C. R.; Weinhold, F. NBO 72018 Theoretical Chemistry

Institute, University of Wisconsin, Madison.
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Chapter 2: Reversible CQ Activation via Heavy-

Atom Quantum Tunneling

Reprinted with permission from B. Bernhardt, M. Schauermann, E. Solel, A. K. Eckhardt, P.
R. SchreinerChem. Sci2023 14(1), 130 135. Copyrigh023Royal Society of Chemistry.
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2.1. Introduction
The search for methods to bind £€&hd use it synthetically as a-®wilding block under mild

conditions is an ongoingndeavoupof great urgency. The formation of heterocyclic carbene
carbon dioxide adducts occurs rapidly when the carbene is generated in solution in the presence
of COx.. Here we demonstrate the reversible formation of a complex of the hitherto unreported
aminomercaptocarbene {Ni Gi SH) with CQ isolated in solid argon by photolysis of 2
aminc2-thioxoacetic acid. Remarkably, the complex disappears in the dark as déguced
time-dependent matrix infrared measurements, and equilibrates back to the covalently bound
starting material. This thermodynamically excluded process below 8 K is made possible
through heawyatom quantum mechanicalnnelling as also evident from density functional
theory and ab initio computations at the CCSD(Fp¥ad Z level of theory. Our results provide
insight into CQ activation using a carbene and emphasize the role of quantum mechanical
tunnellingin organic processes, even involving heaoe.

Incorporating CQin industrial synthesis for basic chemicals, drugs, or fuels is a key goal in
sustainable chemistry and much effort has been made to develop @@ivating systems:
Besides frustrated Lewis pairsionic liquids', superbas€s poly-oxometallate and
phosphorus ylidés N-heterocyclic carbene@NHCs) can be used to activate ¢&©. Such
carbenes form carboxylates that can be further used for synthetic applicatprisr carbene
catalyzed carba sulfa, and phosphichael addition¥ or as catalysts for other carbene
promoted CQfixation reaction§:16, e.g, as organic carbonatés Azolium carboxylates are
remarkably stablé, becauseritramolecular neutralization evenrdigh transfer of the R
group does not occuFig. 1)*°. The zwitterionic structure, however, also implies that charge
separation has to occur in the attack of the carbene on the highly unreactive carben of CO
NHC-carboxylates can be used as carbgmeeursors when COs thermally extrudeth situ.
Some decarboxylation reactions can be achieved photochemigllyacetic acid extrudes
CO; when irradiated with UV light® Photodecarboxylation has also besed for synthetic
applicationg! The photolysis of thiaze?-carboxylic acidand imidazole2-carboxylic acid
results in the formation of carbed@, complexes but the reverse reaction has not been
reportec??22 For various C(s}) carboxylate$3CO, exchange in solution wasported recently
andcarbon nucleophikand enolates wereoptulatedas intermediate¥ Our results suggest

the presence of carbe@O, complexes in such reactions.

Here we present thepreparation andreaction of a novel carbene, namely

aminomercaptomethyleng, (H2Ni Gi SH) in its complex with CQ(1-CO,) thatreacts back to
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2-amino-2-thioxoacetic aciq2) under cryogenic conditior{§ig. 1). The concomitant transfer

of a proton onto the COnoiety leads to a neutral system instead of a zwitterion as in case of
the azolium carboxylates, and this process is associated with a very low barrier. Additionally,
we demonstrate that the association reaction is accelerated throughatmawyuantum
mechanical tunneling (QMTthat opens new possibilities for affecting the reactions of CO
with carbenes or other nucleophilds.this context we demonstrate the first evidencd feine
parent str uct ur2elidend activeditesimeg,ottsaminen(vitananoBll) and
pyruvate decarboxyla$t in its complex with CQ Coincidently,1-CO, resembles a rare
example of a spectroscopically characterized member of the family of mercaptocarkienes (R
Gi SH) of which hydroxymercaptomethylene was the first spectroscopically identified
membert® Spectrometric evidence has been reported for parent mercaptometiiyfene.

Literature

RS R3
R? N/ R? N/ 0 N 5 O
C02 1l
. - = : —_— \
\/[ ) \/[ )¢ j[ ) /<©
RS R17 S o
Predicted
This work
_H
AT or S
V/O hv (254 nm) ) m  reversible through H-transfer
HzN \
O// m  CO,tunneling
2c 1t-CO,

Fig. 1. In solution NHCs add to CQo form carboxylate zwitterions. In this study the model
system2c photodecarboxylates to give-CO,. This enetype reaction is reversible under
cryogenic conditionsand dominated byYQMT below 8 K indicating nostovalent bound

complexes as intermediates of the carboxylate formation

Under cryogenic conditions the contribution of QMT to the overall reaction rate is larger
compared to ambient conditions and sometimes completely determimgmtitative outcome

of areaction?®3! While protontunneling is a rather common feature, heatym QMT is
encountered less frequentf?® However, sometimes even larger groups are transferred as in
the case of trifluoroacetyl nitrene, which reacts to trifluoromethyl isocyanate by transferring the
CFs-group in a formaj1,2}-shift via QMT.3¢

High-vacuum fashpyrolysis HVFP) of U-ketocarboxylicacids gives rise to the corresponding

hydroxycarbenes that have been investigataanatrix isolation spectroscopy>-*3 Besides

their intriguing QMT behavior, some hydroxycarbenes add to carbonyls in nearly barrierless
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carbonyienereactions'* The reactiorlt-CQ; Y 2c(Fig. 1) resembles another example of this
reaction type.In analogy to these studies, we uReas the precursor for the generatiornlof
complexed with C@

2.2. Results and Discussion

We synthesize@ via saponification ofcommercially availableethyl thiooxamate (sethe
experimental paror details) After deposition o on a Csl window at 3 K together with a
largeexcess of Ar, we exclusively observe its most stahte(E)-conformer2c (Fig. 2). The
anti-(Z)-conformer2t is 4.3kcal mol' higher in energy (CCSD(T)/egVTZ) and, hence, not
populated at 3 K To isolate freeaminomercaptomethylerfiewe performed multipledVFP
experiments exposingto pyrolysis temperatures ranging from 300 up to 1150 °C. However,
we could not detect even traceslaind only observed CGand thioformamide together with
small amounts ofts thiolimine tautoméeP as the pyrolysis products. This result is not
completely unexpected as the corresponding carbonyl species (here a thioamide) has been the
main pyrolysis product in all our previous studies on the matrix isolation of hydroxycarbenes,
which followed simila strategies’® Furthermore, the compute@ibbs freepotential energy
hypersurface (PES) of the pyrolysis explains the absenck iof such experimentsct.
Supplementary Materid)s Fortunately, we were able to isolate the desired carliene

complexed with C@photochemically as outlindd the following

Upon UV irradiation there are several conceivable reaction path&c.of Photoinduced
rotamerizations of carboxylic acf§8° and isomerizations of thioamides to thiolimitié8 are
well known under cryogenic conditions. A&s contains both of these functionalities, many
photoproducts can be envisagedy, the higher lying conforme2t and 16 conformationally
distinct thiolimines, which are 11.4 to 34«dalmol'! higher in energy than2c
(B3LYP/6-311++G(3df,3pd), see the Supmentary Material§or an energetic ranking and
experimental dataf the rotamerization and tautomerizatiori2pf Furthermore, we observed
the formation ofa complexof trans-1 and CQ (1t-COy) evidenced by characteristic matrix
infrared (IR) band with maxima 8836.1, 2333.2, and 233Q# ! in good agreement with the
computedantisymmetric C@stretching vibration 82356.7cm'  (B3LYP/6-311++G(3df,3pd),
anharmonic) in the complex. Wea bands aB444.9(computed:3404.6, 1634.8(1633.0),
and641.8 6253) cm' ! can be assigned f-CO; as well These bands reach their maximum
intensity after 4 min of irradiation at 254 nm (F&). The assignment is further supported by
comparing experimental and computed shifts of perdeutett€i,-ds (Supplementary
Materials).
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Fig. 2. Experimental matriXR difference spectruntB) of spectra measured before after
4 min of irradiation at 254 nm compared witle anharmonic spectruimf 1t-CO, (A) and2c
(C) computed at thé83LYP/6-311++G(3df,3pd)level of theory(anharmonic) Increasing
bands not assigned here are discussed in the Supplementary Materials. Inset: Spectra recorded

before (black) and after (red) keeping the matrix in the dark for 70 h.

Much to our surprise, once generatédCO, convertsback to2c in the dark The halflife
(ti2) of this process depends on the matrix®3igmd can be derived by monitoring the time
dependent band profile of the antisymmetricG@etching vibration ott-CO.. The decay of
the maximum at 2336.dm' ! yields ti> = 26 min (3 K) while the maximum at 2333.2 '¢m
yields t12=3.8d (20 K, no reaction at 3 K). The third maximum (2336 1) cannot be
reliably evaluated due to its small intensity and long-lif@f Distinct matrix sites presumably
lead to different distances between the two fragmerits @0, which result in different half
lives. The first value is in excellent agreement wi@VT/SCT//B3LYP/6311+G(d,p)
computations yieldingy> = 55 min at 3 K for thelt-CO, Y 2creactiorwhile the second value
agrees well with CVT/SCT//B3LYP#811++G(3df,3pd) computationg = 7.6d). TheCiC
distancein 1t-CO, is 2.971A at the first and 3.008 at the latter level of theoryFor details

on the kinetic analyses see the Supplementary Materials.

Even though the computed barrier of kcal mol! (CCSD(T)/cepVTZ) is low, the

1t-CO, Y 2creaction cannot occur thermally aK3 andonly QMT explains the experimental
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observation.To ensure that thereisno activattyt he spectr ometer éds | i gh-
the experiment measuring every 5 min while the matrix was not exposed to the spectrometer
globarbeam between measurements. We also prepareiduteratedt-CO»-dz whose haH

life extends td12 =36 min (3 K) in the first and2=5.1 d (20 K) in the second matrix site

(see the GBpplementary Materialsfor details). This is in good agreementvith
CVT/SCT//IB3LYP/6311++G(3df,3pd) computationsi6 =259 min at 3 K, second matrix

site: 7.6 d at 20 K) This effect is smal(KIE = 1.4 at 3 K, computed: 4.7 at 3 Kyving to the

minute movements of the H/D atoms in the QMT procesde(infrg). Additionally, we
performed kinetic measurements at temperatures between 3 K and 12 K to solidify the QMT
mechanisnof the reactiorit-CO, (2336.1cm'1) Y 2c(Fig. 3). Note that 820 Kwe could not
detect1t-CO; in this matrix sitepresumably due to its very fast reactigte < 1 min) The
logarithmic ratevs. inverse temperature plo{é&rrhenius plots)of theory and experiment in

Fig. 3 agree well witlthe regions of Arrhenius and n@&arhenius behavior, underlining our

QMT hypothesis. We conclude that at temperatures b8lKWQMT dominates this reaction
entirely. Above 2K the rate grows exponentiglisince the barrier of 4&almol'!
(CCSD(T)/cepVTZ) can be overcome thermallyThis system allows for measuring of the
kinetics up to temperatures that are in the transition range between the@Miated and the

thermallydominaged regions.
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Fig. 3. Arrhenius plot of the experimental rateonstarg (k) of the reaction oflt-CO;
(2336.1cm'1) to 2c at different temperature€T; triangle compared to computed rates
(CVT/SCT/B3LYP/6-311+G(d,p) circleg. Above 20 K the classic thermal reactivity
dominates this reaction (linear curv®elow 8 K (constant valugghis reaction can only occur
via QMT.

Our result can be rationalized comparing the geomettyGO, with that of TS _COz (point B;

Fig. 4). InTS_COz the S H bond does not elongate; the distance the hydrogen atom moves is
the result of the HSI C angle decreasing. Instead, the main movemen®irCO: is the two
carbon atoms approaching each other by aboul 0T&vo hydrogen bonds form between the
thiol- and the amingroup facilitating the bonding and activation of £QJpon Q C-bond
formation the curve flattenand reachepoint C (Fig. 4B) corresponthg to a zwitterionic
structure similar to the carboxylate products iact®ns of NHCs with C®(cf. Fig. 1)
However, point C is not a minimum on the PES=(164.5 cr?!, B3LYP/6-311++G(3df,3pd))

anda hydrogenshift immediatelyoccurs yielding an uncharged specidfie potentiabf this
hydrogen transfer isteepand this step does not contribute to the observable kinetics of the
reaction Hence, the measured kinetics (Fig. 3) are due to the two fragrheartd CQ
approaching each other and not the subsequent hydrogen transfer. Therefore, below 8 K the

reaction mechanism can be best described as feany QMT.
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Fig. 4.Potential Energy Hypersurfadgond critical points (green) and a ring critical point (red)

in 1t-CQOrindicate bonding interactions between the carbon atoms and between oxygen and the
amino groupThis is also visualized by the Laplacian. When reaching the transition state B the
RCP shifts towards the-N-O hydrogen bond showing this bond to be particular important for
the activation of C@ Along the PESf the reactiorlt-CO, Y 2cthe zwitterion is located on

a flat shoulder (snapsh@), which is howevernot a minimum. Once theiC-bond is formed

the hydrogenshift occurs without further activation. THBC curvewas computed at the
B3LYP/6-311++G(3df,3pd) level of theyp.

Carbenel possesses a singlet ground state and the vertical (adiabatic) singlet/triplet energy gap

amounts to 110.%1.4) kcalmol tat the CCSD(T)/c@VTZ level of theory. Int-CO; these

values are 61.8 (57.2) kaalol' ! (B3LYP/6-311++G(3df,3pd). Complext-CO; is stabilized

by 4.2kcalmol'! (CCSD(T)/cepVTZ) compared to the free fragmentBond critical point

analysis (Fig. 4B) oft-CO, suggestsiydrogen bonding interactiofgreen)oetween the amino

group and C@as well as an onset of interactspetween the carbon atoms, even at a distance

of nearly 3 A. This leads to a circular arrangement of bonding interactions indicated by a ring
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critical point (red). The attractive interaction can be interpreted by electron donationtHiem
carbene lone pair to h e-CG, drbital (Fig. 4A).

Complexes of carbenes with @ight represent transient intermediates in carbene mediated
CO, activation in general. W theoretically found complexesef aminomethyleni,
dihydroxymethylen&, and aminohydroxymethyleffewith CO, to be minimum structures on
their PES. The carbongne reactions of aminomethylene and dihydroxymethylene are
barrierless while the C{addition of aminohydroxymethylene is associatgith an activation
barrier of 3.9kcal mol! (CCSD(T)/cepVTZ). However, these complexes have not been
observed experimentally since the mentioned carbenes have been generateld\kRler
conditionsin the gas phas when entropy precludes their formation

As noted above, a G@omplex of thiazolylidene has been spectroscopically identified earlier,
buttheback reactioni.e., CO; activation has not been reported. We reproduced these results
andalso four no evidence foreversaeaction tdakeplace even upon annealing the matrix to
32 K. Note that in thiazolylidene the proton has to be transferred from the NH(gralipot

from the SH moiety as iht-COy). This possibility is in principle also given it-CO, via TS15

(Fig. 5).
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Fig. 5. IRC curvesof the H transfer int-CO; from the SH group and the NHroup (blue)
compared to the reaction profile df3 (red). All profiles were computed at the
B3LYP/6-311++G(3df,3pd) level of theory.

While the Htransfer from SH is barrierless (Fig. 5, blue), in both cases transfers from NH
feature a second barrier after the formation of the zwittel2snafd 13*). In the case of
thiazolylidene the formation of the zwitterion itself is even endothermic. This leads to a large
barrier integral and QMT cannot take place. Accordinghy or the reaction o1t-CO, to 2¢
tunneling was observedVVhile NHCs readily react with COin solution toform stable
carboxylatesthis is not possible in the gas pbaw in inert gas matrices due to the charge
separation. Iit-CO, the thiol group facilitates the formation of a covalent bond by avoiding

charge separation through an H shift.

We isolated &omplex of aminomercaptomethylene with 80 solid argon by photolysis of
2-amino2-thioxoacetic acid The carbene s$elf is a rare example of spectroscopically
examined amincarbenesas well asmercaptocarbese Once generatedhé complex reacts
back to the precursor in a heaagom quantumtunneling process ati. At slightly higher

temperatures thermal activation contritsute the overall reaction rate.

2.3. Experimental
Methods

Matrix Isolation Studies

All matrix isolation experiments were performed with a Sumitomo cryostat system consisting
of an F70 compressor unit and an RDK 408D2 clesgdle refrigerator coldhead. For the
infrared (IR) measurements polished KBr windows in the vacuum shroud and a Csl window on
the sample holder were used. Silicon diodes attached to the sample holder measured the
temperature (deposition at 15 K, measurements at 3 K if not sitliedvise). During the
experiments, pure-dmino-2-thioxoacetic acidg) was kept in a storage bulb in the dark and at
room temperature (r.t.). The matrix host gas (Ar, gas purity of 99.999%) was stored ina 2 L
glass balloon that was refilled and flushiibdee times with Ar before every experiment. The
typical deposition time of our experiments was 1 h in which a total amount of ca. 60 mbar of
Ar together with2 were deposited on both sides of the matrix window. For irradiation a
high-pressure mercury lamp (SP200) in conjunction with an MSH 150 monochromator system
from LOT-QuantumDesign GmbH was used. The IR spectra were recorded with a Bruker

Vertex 70 FTIR spectroater equipped with a standard KBr or widmge beansplitter in a
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range from 7000 chto 350 cm? (resolution: 0.7 cht). For every measurement 50 scans were
performed. For ultraviolet/visible (UV/Vis) measurements a Jas@®(/ spectrophotometer
was used in the range from 190 nm to 800 nm (resolutiom). Prior to deposition a
background spectrum of the cold matrix danv was recorded. During deposition the matrix

was kept in the dark to avoid unwanted photochemistry.
Computations

All computations at the B3LY#°7/6-311++G(3df,3pPP°° and the MP2"Ydef2QzVPP?>73

levels of theory using an ultrafine grid and very tight geometry conversion criteria were
performed with Gaussian16 Revision B.01 (full citations of electronic structure codes are given
at the end of this documenfinharmonic frequencies at the B3LYP3&1++G(3df,3pd) level

of theory were computed using the Freq=Anharmonic keyword. The computed minima on the
PES feature namnaginary frequencies while all transitiotates possess one such frequency.
UV/Vis spectra were computed at the -B3LYP/6-311++G(3df,3pd) level of theory. Bond

and ring critical points were computed using th&put=wfn keyword at the B3LYP/6
311+G(3df,3pd) level of theomnd visualized with AIMAII studio

CVT/SCT rate constants were computed with POLYRATE 2017 at B3L-8P168-G(d,p).

Natural bondbrbitals (NBO), natural resonance theory (NRT), and Wiberg bond indices were
computed with NBO7 at the B3LYR®&L1++G(3df,3pd) level of theory based on geometries

at the same level.

For coupleecluster computations (CCSD(ff*cc-pVTZ’%’% CFOUR 1.0 was used with the
following keywords: ABCDTYPE=AOBASIS, CC_PROG=ECC, SCF_CONV=8, and
CC_CONV=10; CONVERGENCE-=8 in addition for geometry optimizations; VIB=EXACT

for analytical computations of harmonic frequencies; METHOD=TS for transitiors state

Bond and ring critical points and the Laplacian have been visualized using the AIMAIl software
packagfwi t h Bader 6s quantum theofy of atoms i
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Synthesis of the Starting Materials

2-Aminc2-Thioxoacetic Acid2)

S S
o NaOH OH
H2N)Jﬁ( ~ Water H2N
@) RT, 80 min @)
Ethylthiooxamate 2

Fig. 6. Synthesis of 2amino-2-thioxoacetic aid (2).

Ethylthiooxamate was obtained from TCI Europe N. V> @8% purity and was used without
further purification. 0.30 g (2.25 mmol) ethylthiooxamate was dissolved iml2@&queous
NaOH (2.8 mol [) and stirred for 80 min at r.t. The solution was cooled to 0 °C and
concentrated aqueous HCI (12 méb)lLwas added until pH =-8 was reached. The solution
was extracted four times with 80 mL ethyl acetate in total. The solvent was remo\kdand

obtained as a yellow solid. If necessary, the product was purified by sublimation.
Yield: 74 mg (0.70 mmol, 31%).

IH NMR (400MHz, DMSO-ds): ti= 102 (s, 1H (NH)),9.84 (s, 1H (NH)), not visible (broad
s, 1H (OH)) ppm.

13C{'H} NMR (101 MHz, DMSOde): i = 192.4, 164.1 ppm.

IR (ATR): 3=3406.5, 3289.6, 2722.7, 2410.6, 1720.4, 1593.4, 1444 .4, 1406.6, 1240.5, 1183.9,
919.6, 846.5, 752.0, 692.4, 636.6, 589.3, 469.6.cm

HRMS (ESI): miz= 1 0 3. 9 8*(calcd[mii 193.9812).

All-Deutere2-Amina2-Thioxoacetic Acid2-ds)

176 mg2 was dissolved in 20 mD20 (99.9%) purchased from Deutero GmbH. After 14 days
the solvent was removed and the product was obtained as a yellow solid. If necessary, the

product was purified by sublimation.
Yield: 181 mg (0.68 mmol, quant.).

'H NMR (400 MHz, DMSO-ds): U= 102 (s, 1H (NH)),9.87 (s, 1H (NH)) (visible through

exchange with water in the solvent), not visible (broad s, 1H (OH)) ppm.

13C{*H} NMR (101MHz, DMSO-dg): ti=192.1, 163.9 ppm.
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IR (ATR): 3=2902.9, 2559.8, 2408.5, 2091.6, 1971.5, 1705.4, 1478.2, 1322.4,1226.4, 1158.7,
1013.1, 774.2,692.9, 616.1, 537.7, 467.6'cm

HRMS (ESI): m/z= 105.9934 [MD]* (calcd.m/z= 105.9937).

High resolution mass spectrometry was performed wBnuker MicrOTOF (negative mode
ESEMS).

CO2-Exchange Experiments in Solution
Inert Conditions

In a glove box 50 mg ¥ were dispersed in 8 ml of dry DMF in a Fisclirter tube. The tube
was degassed three times and filled with 1 at*©@©,. The solution was stirred for 20 h at
70°C. The solvent was remove&dh distillation (50 °C at 30 mbar).

StandardConditions

50 mgK-2 were dispersed in 8 ml of DMF in a FiscHeorter tube. The tube was degassed
three times and filled with 1 atm &¥CO,. The solution was stirred for 20 h at 0. The

solvent was removeda distillation (50 °C at 30 mbar).
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NMR Spectra

All NMR spectra were recorded with a Bruker AV400 spectrometer at 298 Kclidmical
shifts (i) are given in ppm relative to the respective solvent residual peak of BElMISO
(t=2.50and 39.5 ppm). ATRR spectra were recorded on a Bruker Alpha spectrometer (4000
i 400 cmY).
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Fig. 7. '"H NMR (400 MHz, DMSGds) of 2-amina-2-thioxoacetic aid (2).
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Fig. 8. ®*C{*H} NMR (101 MHz, DMSO-ds) of 2-amino-2-thioxoacetic aid (2).
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Fig. 9. 'H NMR (400 MHz, DMSQds) of 2-amino-2-ahioxoacetic eid-ds (2-ds) (visible

through exchange with water in the solvent)
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Fig. 10. BC{*H} NMR (101 MHz, DMSO-ds) of 2-amino2-thioxoacetic aid-ds (2-ds)

(splitting visualizes complete deuteration)
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13C0O2-exchange experiment

]
-]
2
2
w ® Q
B 3 8
o ¥ &
S
OK
HzN
o]
K-2
1 i
. T T T T T T T T T T . T T T T T T r T T T T T T
50 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

Fig. 11 *C{!H} NMR (101 MHz, DMSO-ds) of 2-amino2-thioxoacetic aid potassium salt
(K-2).
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Fig. 12 3C{H} NMR (101 MHz, DMSO-ds) of **C-labelled 2-amino-2-thioxoacetic aid

potassium salt (K*).
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Fig. 13 13C NMR (101 MHz, DMSGds) of potassiunR-amino-2-thioxoacetic acetatéK-2)
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Fig. 14 3C NMR (101 MHz, DMSQds) of C-labelled potassiur2-amina2-thioxoacetic
acetate (K2*) with DMF (12,7% enrichment dfC).

75



Reversible C@Activation via HeawAtom Quantum Tunneling

Matrix IR Spectra

2-Amino-2-Thioxoacetic Acid
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Fig. 15. Experimental spectrum @ amino2-thioxoacetic aid recorded at 3 K in an Ar matrix
(upper trace) compared to the computedtharmonic spectrum at the B3LYP/6

311++G(3df,3pd) level of theory (most stable confor@eiower trace).
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Fig 16. Experimental spectrum of trideutera2dmino2-thioxoacetic aid recorded at 3 K in
an Ar matrix (upper trace) compared to the compargtarmonicspectrumat the B3LYP/6
311++G(3df,3pd) level of theory (most stable confor@wds, lower trace).
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Fig. 17. Under HVFP conditions2 decomposes to GCand thioformamidé® (4; computed
anharmonicspectrum at theB3LYP/6-311++G(3df,3pd)level of theory. Changing the
pyrolysis temperature from 300 °C to 11%D increases the degree of decomposition

Aminomercaptomethylen@) could not be detectad any HVFP experiment

Photolysisof 2-Amino-2-Thioxoacetic Acid2)
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Fig. 18. Irradiation of perdeuterate@c-ds at 254 nmfor 4 min generatedt-CO,-ds. The
corresponding difference spectrimatween 1 min and 4 min of irradiatismcompared to the
computed spectraf 1t-CO»-ds computed athe B3LYP/6-311++G(3df,3pd)evel of theory.

The corresponding spectra for the undeuterated isotopologue are depicted in the main text.
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Fig. 19. To exclude activatioinduced by the IRBpectrometer the matrix was kdpt 70 hin
the dark andt-CO; still vanishes
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Fig. 20. To exclude activation induced by the IR spectrometer the matrix was kept in the dark
for 67 h andLt-CO»-ds still vanishes.
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Further irradiation decomposes both complexes but to a different exten2{Fighe black
trace shows the spectrum of the starting material. After 1 min of irradiation (254t+@Q)»
starts to form and nearly no free £€ias evolved. The spectrum measured after irradiation for
additional 3 min (red trace) shows strong absorptions of &@ the complex bands further
ensue. After another I@in of irradiatontheC&bands ensue but t he

to decrease.
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Fig. 21. Optimal irradiation time.The black spectrunwas measured after deposition of
precursor2. When the matrix is irradiated @64 nm for 1 minred spectrun 1t-CO; starsto
form. Upon further irradiation for 3 min the bands of the complex ensugea@O; starts to

form (bluespectrum). Further irradiation fobnin leads talecompositiorof 1t-CO,.
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Fig. 22. Both 1t-CO, and itspedeuteratedsotopologuelt-CO,-ds reactback to the starting

material2 with half-lives of 31 min and 90 min, respectively.
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Fig. 23. Two other matrix sites dit-CO, lead to slower kinetics at 20 K (left arrow: 95 h, right
arrow 16 h)
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Rotamerization o2-Aminc2-Thioxoacetic Acid2)

Upon irradiation of an Ar matrix containirgg at 254 nm for 1 mi2c rotamerizes t@t. When
keeping the resulting matrix in the darRt vanishes with a halife of 1.5 h
(CVT/SCT//IB3LYP/6311+G(d,p): 1.3 h at 10 K)Repeating the same experiment with
perdeuterated, we do nobbservehis spontaneous revenssaction.This clearly hints towards
a QMT reaction fron®t to 2c, which is associated with an activation barrier ofk&& mol'*

at the CCSD(T)/c@VTZ level of theory.
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Fig. 24. Experimental difference spectrum compared to the computed anharmonic sp2ctra of
and2t at the B3LYP/6311++G(3df,3pd) level of theory. Upon irradiation at 24 for 1 min

2crotamerizes t@t.
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Fig. 25. Experimental difference spectrum compared to the computed anharmonic spectra of
2c-dz and2t-ds at the B3LYP/6311++G(3df,3pd) level of theory. Upon irradiation at 254 nm

for 1 min2t-ds rotamerizeso 2c-ds.
Isomerization o2-Amino2-Thioxoacetic Acid2)

Thiolimine tautomers form under Ulradiation from the corresponding thioamigfes, Both

2c and 2t can undergo isomerization to 16 conceivable conformers of the corresponding
thiolimine (3) via 1,3H] -shifts and consecutive rotamerizations. After 4 min of irradiation, we
observed two new bands in the @@etching region, which we assign to two thiolimine
conformers that are formed in one elementary step fomnd 2t, respectively. These two
species §a and 3b) vanish with haHllives of 1.8 h and 2.3 h. When investigating the
perdeuterated starting material, the corresponding bands do not vanistaimglthat these
1,3H] -shifts are also QMT reactions. Only two such cases dH];8hifts via QMT are
reported for thioamid&®%%2, Interconversions of thiolimine conformevéa SH rotational

QMT have been reported recefif? and might contribute to the overall decrease of the

thiolimine concentration over time.
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Fig. 26. Thiolimines3aand3b are the only of 16 conceivaltenformerf 3 that can form in

one elemental stefpom 2c and2t without further rotamerizations.

Fig. 27 shows the carbonyl region of the IR spectrum, in widatand3b show the highest
band intensities3a and3b react back to the starting material when keeping the matrix in the
dark.
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Fig. 27. A 1,3[H] shift leads to various thiolimine conformers of the precursor. We assign those
bands tentatively t@a and 3b. They vanishover timeand reform the precurs@c. In the

perdeuterated case, the corresponding bands remain unchanged.
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ThiazolylideneCO, Complex(13)
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Fig. 28. Top: Computed spectrum df3 at the B3LYP/6311++G(3df,3pd) level of theory.
Bottom: Computed spectrum &2 at the B3LYP/6311++G(3df,3pd) level of theory. Middle:
Difference spectrum before and after irradiation of the matrix with 254 nm for 10Athin.

observed bands agree with reported reference?tata.
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IR Spectroscopic Data
Table 1. Comparison of experimental vibrational frequenclesCO; isolated in an argon
matrix at 3K and computed vibrational frequencies atB3tYP/6-311++G(3df,3pd)evel of

theory (unscaled).

Assignmernt  Sym. ' g cmt O g/ kmmolt geml  Og/kmmoll ° gleml O
U(CCO) aod 52.2 2.6 47.0 3.5 0.0.1. 0.0.1.
({co) aoi 57.9 2.7 51.4 1.7 o.o.I. 0.0.1.
¥(CC) ao¢ 86.3 15 101.6 8.6 0.0.1. 0.0.1.
U(CCN) aod 116.7 7.8 102.1 0.5 0.0.1. 0.0.1.
G(CCO) ao 139.5 0.5 147.3 0.4 0.0.I. 0.0.r.
U(NCS) ad 398.4 12.3 399.9 125 n.o. n.o.
{cs) ao 451.7 22.4 431.6 26.7 n.o. n.o.
U(CO) aob 625.3 1149 628.5 122.0 641.8 w
¥(COp) ao 650.4 94.4 674.9 15 n.o. n.o.
¥ (NH2) ao¢ 670.8 151 683.6 148.7 n.o. n.o.
g(CS) ad 684.2 34.9 705.5 32.9 n.o. n.o.
{CN) ao¢ 728.3 24.4 733.6 2.6 n.o. n.o.
U(CSH) ao 955.7 13.2 970.8 14.1 n.o. n.o.
U(CNH) aod 1176.2 18.0 1204.5 16.4 n.o. n.o.
(COy) ao 1380.7 1.2 1366.1 1.6 n.o. n.o.
o(CN) ab 1395.7 10.9 1405.9 98.0 n.o. n.o.
U(NH2) abd 1633.0 58.2 1664.5 7.7 1634.8 w
2336.1
R{CO) ao 2356.7 516.4 2404.6 562.2 2333.2, S
2330.4
o(SH) ab 2570.8 0.5 2685.1 0.8 n.o. n.o.
as(NH2) ao 3175.1 11.4 3404.2 8.8 n.o. n.o.
GaNH?2) ad 3404.6 67.4 3586.6 86.1 3444.9 w

a: assignments (= stretching], = bending;¥ wagging,T = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.= out of range

Table 2. Comparison of experimental vibrational frequenciestaf O,-ds isolated in an argon
matrix at 3K and computed vibrational frequencies atB3tYP/6-311++G(3df,3pd)evel of

theory (unscaled).
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Assignmert  Sym. gcml  Og/kmmolt o cml  Og/ kmmolt ' gleml O
U(CCO) aod 51.4 2.7 459 3.3 0.0.1. 0.0.1.
(cc) ao¢ 54.4 2.7 49.1 1.4 0.0.r. 0.0.I.
¥(CC) ao¢ 84.0 1.0 93.2 5.8 0.0.1. 0.0.1.
U(CCN) aod 104.2 4.4 97.7 0.4 0.0.1. 0.0.1.
U(CCO) aob 137.4 0.4 145.8 0.3 0.0.I. 0.0.I.
{cs) aoi 326.1 18.0 317.7 20.4 o.o.I. 0.0.1.
U(NCS) aod 356.7 10.2 358.2 10.1 n.o. n.o.
¥ (ND2) ao¢ 510.2 39.0 522.0 45.7 530.2 w
¥(NCS) ao¢ 557.6 17.4 569.7 12.6 n.o. n.o.
U(COy) ab 624.3 102.2 628.2 119.1 615.9 w
g(CS) ao 670.6 11.2 671.2 33.1 n.o. n.o.
¥(CO) aod 671.8 151 676.0 27.3 n.o. n.o.
U(CSD) aob 702.9 3.8 713.6 25 n.o. n.o.
U(CND) ao 967.6 8.4 987.2 14.4 n.o. n.o.
tU(ND2) ad 1150.8 15.7 1168.5 17.9 n.o. n.o.
o(COr) ao 1386.8 2.7 1366.4 3.4 n.o. n.o.
g(CN) aod 1406.9 112.9 1438.7 130.5 1408.3 w
o(SD) aod 1869.7 0.2 1929.0 0.2 n.o. n.o.
2336.0
{CO2) ao 2356.3 529.6 2404.2 564.2 2332.6, s
2330.2
o(ND2) ao 2365.3 8.2 2464.6 10.0 n.o. n.o.
%{ND2) ao 2544.9 42.1 2645.3 50.0 25779 w

a:assignments (= stretching], = bending;¥ wagging,T = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.= out of range
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Table 3. Computed vibrational frequencie$ 1c-CO; at theB3LYP/6-311++G(3df,3pd)evel
of theory (unscaled)Ve did not observic-CO, experimentally.

Assignmernt  Sym. ' g cmt O g/ kmmolt geml  Og/kmmoll ° gleml O
U(CCO) aod 38.4 7.4 46.2 4.9 0.0.1. 0.0.1.
(co) ao¢ 45.8 4.9 49.0 45 0.0.I. 0.0.I.
¥(CC) ao¢ 47.2 24.4 103.1 29.9 0.0.1. 0.0.1.
U(CCN) aod 85.6 1.4 103.6 2.2 0.0.1. 0.0.1.
U(CCO) aod 1245 0.4 135.2 0.2 0.0.1. 0.0.1.
U(NCS) aod 391.1 6.9 396.6 6.1 n.o. n.o.
{cs) ao¢ 4815 0.0 524.6 0.0 n.o. n.o.
U(COy) ad 625.6 102.2 637.8 110.0 n.o. n.o.
¥(NH2) ao 636.0 101.5 669.1 76.2 n.o. n.o.
¥(COp) ao 675.9 36.2 677.8 76.7 n.o. n.o.
g(CS) aod 689.4 215 709.2 21.1 n.o. n.o.
{CN) ao¢ 724.4 10.5 729.2 2.8 n.o. n.o.
U(CSH) ad 906.9 38.9 941.6 40.3 n.o. n.o.
U(CNH) ao 1158.9 8.7 1189.0 8.7 n.o. n.o.
o(COr) ao 1389.6 1.8 1368.7 13 n.o. n.o.
g(CN) aob 1418.8 42.5 1427.9 94.0 n.o. n.o.
U(NH2) aob 1625.7 64.7 1656.1 83.9 n.o. n.o.
R{CO) aob 2271.7 549.7 2408.3 567.8 n.o. n.o.
9(SH) ao 2361.2 115.5 2413.2 122.2 n.o. n.o.
a(NH2) ad 3156.9 19.3 3383.9 19.6 n.o. n.o.
GaNH?2) abd 3409.5 58.5 3582.2 77.2 n.o. n.o.

a: assignments (= stretching} = bendingy wagging,t = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.= out ofrange
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Table 4. Computed vibrational frequencies 1c-CO»-dz at theB3LYP/6-311++G(3df,3pd)

level of theory (unscaledyVe did not observic-CO,-ds experimentally.

Assignmernt  Sym. ' g cmt O g/ kmmolt geml  Og/kmmoll ° gleml O
U(CCO) ao 7.7 35 45.7 4.7 0.0.I. 0.0.I.
(co) ao¢ 47.0 4.8 47.4 4.2 0.0.I. 0.0.I.
¥(CC) ao¢ 83.7 1.2 89.7 19.7 0.0.1. 0.0.1.
U(CCN) aod 87.8 3.2 98.5 1.7 0.0.1. 0.0.1.
U(CCO) aod 127.0 0.2 134.7 0.2 0.0.1. 0.0.1.
U(NCS) aod 334.7 4.9 339.7 45 0.0.1. 0.0.1.
{cs) ao¢ 374.2 2.1 395.7 2.4 n.o. n.o.
¥(ND2) aod¢ 499.9 44.7 516.5 46.9 n.o. n.o.
¥(NCS) ao 552.3 12.1 565.3 115 n.o. n.o.
U(CO) ao 634.7 100.6 636.9 108.7 n.o. n.o.
¥(COy) aob 673.7 27.3 676.8 27.9 n.o. n.o.
g(CS) aob 663.8 3.4 685.7 5.6 n.o. n.o.
U(CSD) aob 689.7 33.1 707.1 325 n.o. n.o.
U(CND) ao 952.2 18.6 970.8 15.8 n.o. n.o.
U(ND2) ao 1154.2 19.5 1171.0 216 n.o. n.o.
o(COr) ao 1390.8 35 1368.8 21 n.o. n.o.
g(CN) aod 1428.4 102.2 1458.3 118.2 n.o. n.o.
o(SD) ab 1662.6 57.8 17335 57.8 n.o. n.o.
R{CO) ao 2360.6 546.6 2408.0 576.5 n.o. n.o.
a(ND2) aod 2339.9 10.0 2450.1 18.9 n.o. n.o.
g{ND>) ao 2542.4 34.9 2641.1 43.0 n.o. n.o.

a: assignments (= stretching} = bendingy wagging,t = twisting,” = rocking; s = symmetric, as = antisymmetric).

b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed
0.0.r.= out of range

Table 5. Comparison of experimental vibrational frequencie2aifolated in an argon matrix

at 3K and computed vibrational frequencies at@&3:. YP/6-311++G(3df,3pd)evel of theory

(unscaled).

Assignmert  Sym. ’ gcmt  Og/kmmolt gdeml  Og/kmmoll ° g/eml O
{co) ao¢ 92.9 8.3 93.8 7.6 0.0.I. 0.0.I.
u(CC) aod 267.9 31.3 273.6 29.9 0.0.1. 0.0.1.
U(CN) aod 360.9 35 368.7 3.9 n.o. n.o.

¥(CCN) ao¢ 410.5 4.7 416.4 8.4 n.o. n.o.
U(CCN) aod 466.4 7.1 479.4 8.0 n.o. n.o.
¥ (NH2) ao¢ 539.5 145.7 531.2 157.3 521.9 S
U(CCO) ao 559.7 0.3 565.5 0.5 n.o. n.o.
{cN) aoi 631.8 8.8 663.1 6.7 n.o. n.o.
({co) aoi 701.1 51.6 737.1 63.8 703.9 m
g(CC) aod 754.2 17.2 765.3 21.3 758.3 w
¥(CCO) aod¢ 792.2 18.0 799.7 6.1 n.o. n.o.
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Assignmermt  Sym. geml O g/kmmolt gdeml  Og/kmmolt ° gcml O
U(CNH) aob 908.6 7.4 931.5 34 n.o. n.o.
g(CO) aob 1166.1 0.5 1217.5 4.6 1066.7 w
U(CNH) ao 12737 22.7 1281.4 25.2 1273.2 m
U(COH) ab 1341.6 319.6 1397.6 446.1 1352.2 S
9(CN) aob 1405.6 71.1 1443.3 129.6 1428.4 m
U(NH2) ab 1577.4 208.2 1615.8 259.2 1580.1 VS
g(C=0) ao 1790.0 251.7 1821.4 284.3 1758.6 Vs
0(OH) aob 3195.3 231.4 3455.5 217.5 3357.8 w
g(NH2) ao 3363.6 95.7 3533.4 122.2 3374.9 m
ga{NH2) ao 3501.3 70.8 3684.5 83.0 3510.7 m

a: assignments (= stretching, = bending;y wagging,t = twisting,” = rocking; s = symmetric, as = antisymmetric).

b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not jobserved
0.0.r.= out of range

Table 6. Comparison of experimental vibrational frequencieofl; isolated in an argon
matrix at 3K and computed vibrational frequencies atB3tYP/6-311++G(3df,3pd)evel of

theory (unscaled).

Assignmert  Sym. ' g cmt O g/ kmmolt gdeml  Og/kmmoll ° gleml O
{coc) ao 91.3 7.8 91.5 7.5 0.0.I. 0.0.I.
U(CC) aob 257.5 30.4 263.0 29.8 0.0.I. 0.0.r.
U(CN) aob 327.2 1.2 333.0 1.3 0.0.I. 0.0.r.
¥ (ND2) aob 3524 25.3 352.8 321 n.o. n.o.

¥(CND) ao 437.5 27.7 455.8 53.3 439.8 S
U(CCO) aob 462.2 6.9 464.2 8.7 469.0 S
¥(CND) aob 485.3 59.2 491.2 14.5 477.8 S
U(CCO) ao 526.0 0.3 532.1 0.8 519.7 S
(co) ao 526.4 4.7 539.9 22.8 n.o. n.o.
g(CC) ao 734.8 14.7 743.3 22.6 738.3 s
¥(CCO) ao 785.4 8.1 795.8 11.0 780.2 S
U(CND) aod 779.2 0.2 798.4 0.2 n.o. n.o.
G(COD) ad 958.8 16.3 1004.1 52.8 974.7 s
U(ND2) aod 1095.5 1.2 1116.8 2.7 n.o. n.o.
g(CS) ao 1169.7 35.3 1196.7 39.0 1177.4 S
g(CO) aob 1284.8 151.8 1315.0 245.9 1319.0 S
o(CN) aob 1452.8 250.0 1491.5 324.8 1465.5 s
g(C=0) ao 1781.0 214.6 1811.2 307.7 1775.9 S
g(OD) ab 2383.2 102.7 2515.0 113.2 2391.1 w
os(ND2) aob 2454.7 25.0 2552.8 101.3 2462.3 m
0{ND2) aod 2629.2 40.1 2728.9 47.2 2629.5 w

a: assignments (= stretching} = bendingy wagging,t = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.= out of range
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Table 7. Comparison of experimental vibrational frequenciegta$olated in an argon matrix
at 3K and computed vibrational frequencies at&8.YP/6-311++G(3df,3pd)evel of theory

(unscaled).
Assignmert  Sym. gcml  Og/kmmolt o cml  Og kmmoll ' gleml O
(co) ao 53.0 5.3 51.1 4.1 0.0.I. 0.0.I.
U(CCO) aob 243.2 6.5 244.9 6.4 0.0.1. 0.0.I.
U(CCN) ab 380.2 6.2 383.9 6.1 n.o. n.o.
¥(CCN) ab 386.4 89.4 393.0 66.4 n.o. n.o.
¥ (NH2) ao¢ 479.5 15 465.8 89.3 n.o. n.o.
U(CCO) ao 507.9 34.6 475.1 2.3 n.o. n.o.
U(CCO) aob 547.4 37.1 553.4 40.3 546.1 w
(gco) aob 595.1 49.8 627.6 106.4 597.0 m
{CN) ao¢ 614.0 63.4 638.9 2.2 602.6 VW
9(CC) ao 733.6 23.7 746.5 26.1 738.7 w
¥(CCO) aob 791.6 215 800.6 33.6 782.9 w
U(CNH) aod 922.3 10.0 944.4 7.9 947.7 VW
U(COH) aob 1145.3 156.0 1187.8 246.8 1183.0 m
U(CNH) ao 1259.7 6.8 1270.6 14.3 n.o. n.o.
g(CS) aod 1347.0 47.9 1396.2 77.9 1361.9 w
9(CN) ao 1363.6 200.2 1405.5 176.5 13785 m
U(NH2) aob 1572.3 144.6 1607.0 268.2 1571.3 S
g(C=0) aod 1747.0 202.6 1777.3 272.6 1747.1 S
0s(NH2) aob 3377.8 54.4 3550.1 96.2 3386.5 m
G NH2) aob 3507.8 61.9 3695.9 73.8 3520.7 m
o(OH) aob 3577.0 855 3754.9 99.9 3557.1 m

a: assignments (= stretching], = bending;¥ wagging,T = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.=out of range
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Table 8. Comparison of experimental vibrational frequencietefl; isolated in an argon
matrix at 3K and computed vibrational frequencies atB3tYP/6-311++G(3df,3pd)evel of

theory (unscaled).

Assignmert  Sym. ’ geml O g/kmmolt gdeml  Og/kmmolt ° geml O
(co) ao 51.6 4.6 50.4 4.0 0.0.I. 0.0.I.
U(CCO) aob 236.2 6.2 238.1 6.2 0.0.1. 0.0.I.
¥(ND2) ab 327.5 715 314.6 78.8 0.0.r. o.o.r.
U(CCN) aod 343.7 3.7 346.6 3.7 0.0.1. 0.0.1.
¥(CCN) ao¢ 387.8 0.7 388.2 2.6 n.o. n.o.
{cN) aoi 440.9 8.2 456.7 10.3 n.o. n.o.
U(CCO) aob 461.7 2.1 464.6 2.3 n.o. n.o.
(gco) ao¢ 499.1 41.2 517.6 54.6 511.3 w
i(CCO) ad 513.1 42.9 519.0 47.0 517.0 w
9(CC) aob 666.7 20.9 679.7 19.7 673.2 vw
¥(CCO) ao 787.0 145 796.9 18.3 n.o. n.o.
U(CND) ao 787.6 4.4 798.3 6.8 n.o. n.o.
{i(COD) aob 990.1 39.1 1017.8 57.1 1006.4 vw
U(ND2) ao 1088.8 0.7 1111.1 0.3 n.o. n.o.
o(Cs) aob 1168.3 40.0 1200.1 61.8 1187.9 w
9(CO) aob 1303.1 142.8 1334.3 199.9 1327.5 w
9g(CN) aob 1413.9 206.5 1454.8 330.1 1432.6 S
g(C=0) ao 17375 255.2 1768.3 294.7 1740.7 s
os(ND2) aob 2458.8 47.0 2563.3 81.3 2470.1 m
g(OD) aob 2633.5 41.8 2731.3 59.1 2623.9 m
g{ND>) ao 2635.3 46.8 2738.4 44.3 2644.6 w

a: assignments (= stretching], = bending;¥ wagging,T = twisting,” = rocking; s = symmetric, as = antisymmetric).
b: rel. experimental intensities (vw = very weak, w = weak, m = middle, s = strong, vs = very strong); n.o. = not observed

0.0.r.=out of range
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Matrix UV/V is Spectra

UV/Vis spectra recorded after deposition2dblack spectrum ifrig. 30) show an absorption

at 293.6 nm, which we assign ®c (compd. 276.1 nm withf =0.1343 atB3LYP/6-
311++GQdf,3pd)). After 4 min of irradiation at 254 nm the intensity of this absorption
decreases. F@t we computed the absorbance maximum at 295.4f rn0.(L304), which is in
accord with a shift to higher wavelengths of the absorption in the experiment (red spectrum).
Within 19 h2c reforms (the maximum shifts left), but does not heds initial concentration

(blue spectrum).

1.6

///\\ 2
1449 [\ — 4 min 254 nm
\ —— 19 h dark

12 _\x // \\

\\
. \ ’/‘ /,/ //\\ \
\ / a4 N\
1.0 - \ / /,/ \\\~\ \\
[/ \\
/ \

084 //
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\ /,f{, ) \\\ \
0.6 4 \\ NN Y \
\ O\ W\
~ \ \
0.4 T \!

0.2 4

0.0

T T T T T T 1
200 250 300 350 400
Wavelenght / nm

Fig. 29. Experimental matrixJV/Vis spectra. Black: After deposition. Red: After irradiation at
254 nm for 4 min. Blue: After keeping the matrix 19 h in the dark. @dseline of the blue

spectrum is shifted to facilitate visual comparison.
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Fig. 30. Experimental matrixUV/Vis spectra ofl2. Black: After deposition. Red: After

irradiation at 254 nm for 10 min. The baseline of the red spectrum is shifted to facilitate visual

comparison.
Kinetic Analyses
Kinetic Measurements

To evaluate the kinetics of the reactidtsCO, Y 2c and2t Y 2c we measured the time
evolution of the corresponding matrix IR bands at different temperatures. The decay of the
integral below the strongest band was measured and plotted to catidblaiegh exponential
fitting. The band decay was evaluateid integration using a Python script (available at:
https://github.com/prgroup/Spectra_Analyzeryhe bands at 2336.1 and 2333.2 t(distinct

matrix sites displaying different kinetics) were used for the evaluation of the det&Z Gb.

The third band at 233@cm' ! cannot be reliably evaluated due to its small intensity and long
half-life.

We performed temperature dependent measurements of the band at 2336Themesults
are displayed in Table 9.

Table 9. Experimental rate constant®easured at different temperaturdhe band at

2336.1cm' twas used for the evaluation of the decagte€O;. The values of the first reaction
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are plotted in an Arrhenius plot in the main text. The values of the second reaction are plotted

in Fig. 31.
Reaction Temperature / K Experimental k /s  Experimental ti2/ h
3.5 4.53x 104 0.43
53 4.64 x 164 0.41
1u-Co Y 2¢ 7.2 9.10 x 164 0.21
10.0 2.00 x 163 0.10
12.2 4.51 x 103 0.04
35 1.74 x 16% 1.11
53 1.71 x 16% 1.13
2tY 2c 7.2 1.75 x 16% 1.10
10.0 1.83 x 106 1.05
12.2 1.84 x 16% 1.05
T/K
20 10 7 5 4 3 )
T T T T T 1.4x10" °
4 2.1x10" 7
4 3.1x10' °
s H
— H. o) Lo
£ v i
2t 4 6.9x10"
- 1.0x10?
A A
T1 T T T T T T T T T 1.5x10*
0.05 0.10 0.15 0.20 0.25 0.30
T1/K?

Fig. 31. Arrhenius plot of th&t Y 2c reactionBelow 20 K therotamerization is only feasible
via QMT since this reaction is associated with a barrier of 9.9 kcatmolhe CCSD(T)/cc

pVTZ level of theory(circles: computed rates; triangles: experimental rates)
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Figure33 shows an example of the evaluation of the decay-6fO; (2336.1cm'?Y) at 3K. A
biexponential model is used for the fit function. A monoexponential function does not yield a
good fit due to the presence of several matrix sites. To oktéinand t2 were scaled with A1

and A2 and the average of the resulting values was further used.

0.040
r y = Al*exp(-x/t1) + A2*exp(-x/t2) + yO
0.035 - ] B
Reduced Chi-Sqr 5.52173E-8
1 Adj. R-Square 0.99831
0.030 & y0 1.66762E-4 + 4.1877E-5
' | Al 0.01943 + 2.5112E-4
1 L t1 0.34004 + 0.00867
S 0.025 | A2 0.01597 + 1.93456E-4
('U. o t2 3.1479 + 0.05537
=
'S 0.020 1 +
o 1%
2 .
£ 00154
1
"l
0.010 ®
0.005
0.000 — T T T T T T T T T
0 2 4 6 8 10 12 14
Time / h

Fig. 32. Decay of the integral of the 233&1mi 1 | R 1bGOR dverdifme. Black:
Measured values. Red: Biexponential fit function.

Figures33 to 34 show the evaluation of tt#2833.2 cm! band of1t-CO, compared to bands of

2c¢. The resulting QMT haffife of the reaction at this matrix site amounts to ca. 90 h.
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Fig. 33. Evaluation of thelt-CO, Y 2c reaction. The kinetics a?c are dominated by the
reaction fromlt-CO; at the abovenentioned matrix site &336.1cm'* and from further side

products present after photolysisde supra.
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Integral at 2333.4 cm~!/ a.u.
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Fig. 34. Evaluation of thelt-CO, Y 2c (17854 cm'1) reaction considering only the points
recorded after 50 h wheit-CQO; (2333.2 cht) Y 2cis the dominant reactiomf( Fig. 33).
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Fig. 35. Evaluation of thelt-CO, Y 2c (14283 cm'1) reaction considering only the points
recorded after 50 h wheit-CQO; (2333.2 cht) Y 2cis the dominant reactiomf( Fig. 33).

We note that another way &ssign the 2333.2 diband would be theis-complex1c-CO;,
(computed2271.7cm'Y). This bandlisappears with a long hdife (ca. 90 h) and the hindered
rotation of the CS bond to giv&t-CO; is associated with a barrier of 10.7 kcal rhol
(CCSD(T)/cepVTZ + ZPVE). The overallc:CO, Y 1t-CO; Y 2creactionwould represent

a domino QMTprocess, for which only one other example has been repbrttalvever, the
experimental haifife is not in accordance at all with the computed Hi#df of the

1¢CQ. Y 1t-CO, reaction (CVT/SCT//B3LYP/6311+G(d,p):5.23 x 10 years at 10 K).
Furthermore, the corresponding band also vanishes in the perdeuterated case providing another
hint that these bands can indeed be assigned to different matrix ske€0$ instead of

1¢-CO,. Similar behavior has already been observed for other mistliated compunds®.
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Kinetic Computations

Table 10. Computed rate constants at the CVT/SCT//B3L¥®16+G(d,p) level of theory
The values of the first reaction are plotted in an Arrhenius plot in the main text. The values of

the second reaction are plottedHig. 26.

Reaction Temperature / K Computedk /st Computedtiz/ h
4.0 2.09 x 164 0.92
5.0 2.09 x 10* 0.92
1t-CO: Y 2c 6.0 2.10 x10* 0.92
8.0 2.13x 104 0.90
10.0 2.31x 104 0.83
4.0 N.A. N.A.
5.0 N.A. N.A
2tY 2c 6.0 N.A. N.A
8.0 1.50 x 10* 1.28
10.0 1.50 x104 1.28

The computed rates of the reactionIpfCO;, to 2c vary over several orders of magnitude
depending on the basis set used in the computations (Table 11). This is expected to be a result
of significant changes in the CC distance betwg&esand CQ for the different basis sets
(Table12). The shortening of the CC distance for smaller basis sets matches our expectations
when considering the basis set superposition error (E&SHjinking of the matrix cage, in

which the complex forms, the complex might not reach its minimunrphase structure due to

the restrcted cage space (Fig. S31). In addition, diffetesmvere measured at different matrix

sites, suggesting different geometries that result in markedly different tunneling rates. The
changes in geometries caused by different basis sets can simulate the restrictions enforced by
the matrix. B3LYP/6311+G(d,p) sBnulatesty/, of the2336.1cm' ! matrix-site very accurately
presumably because the computed CC distance is smaller dltgncompared to the
B3LYP/6-311++G(3df,3pd) minimum, whose resulting computed fits well with the
2333.2cm Lsite(Table 11 and Fig.&.
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Table 11. Comparison of the computed hiilfes of 1t-CO, Y 2c at different levels of theory
with experimental halfives at different matrisites

Level of Theory aEY/ kcal mol!  k/h't tiz(comp.) tiz (exp.)
B3LYP/6-311++G(3df,3pd) 2.15 1.06x 10° 7.6 d 3.8d(2333.2 crit)
B3LYP/6-311+G(d,p) 1.85 2.09x 10* 0.92 h 0.4 h 2336.1cnY)

1t-CO,

Fig. 36. The Ar matrix cage inhibits the systéram reaching theninimum gasphase geometry
of 1t-CO; after photolysis. Geometries were optimizedB&8LYP/6-311++G(3df,3pd). The
radius of the Ar atomwasapproximatd to1.9A (Van-derWaalsradius)®
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Fig. 37. 1t-CO, Y 2cIRC curves at two different levels of theory (only energy values above

0 kcalmol'! are shown). The smaller basis set mimics the surrounding of the complex in the
2336.1cm' ! matrix cage better, while the larger basis set fitof the 2333.2 cm! site. The
different barrier widths and heightssult fromdifferent Q C distances iit-CO;, (Table R).

We conclude that a small€i C bonddistance indeed better represents the minimum structure
in the 2336.1cm' ! matrix-site than gas phase minimum structures obtained at higher levels of
theory.As expected he rotamerization d?t to 2c wasrather insensitive tohanges in the basis
set,becausef the smaller influence on geometries of covalent bonds on the reaction rate. As
this reaction does not exhibibncovalently bounéragments we also expect a smaller effect

of the matrix cage on the geometries compared to the reactiodxG@, to 2c (Table 12)

Table 12. Comparison of the influence of the level of theorytioe G C bond distance a2c
and1t-CO..

Level of Theory Ci C distance2c/ A Ci C distancelt-CO, / A
B3LYP/6-311++G(3df,3pd) 1.540 3.005
B3LYP-D3BJ/6311++G(3df,3pd) 1.538 2.851
B3LYP/6-311+G(d,p) 1.543 2.971
B3LYP/6-31+G(d,p) 1.543 2.942
CCSD(T)/cepVTZ 1.539 2.963
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NBO and QTAIM Analysis.

Fig. 38. Electrondonation from the carbene lone pairttoh e-CG, drbital resuls in an

attractive interaction betwedn and CQ.

Table 13. Selected parameters obtained from a QTAIM analysislB€O, at the
B3LYP/6-311++G(3df,3pd) level of theory.

Entry Type Atoms 1 1eA® 1Py eSS G()/y () H(r)/eA3

1 BCP1 C1-07 0.011169 +0.033811 +0.007124 10.001328
2 BCP2 C1-N3 0.345661 10.902908 +0.329806 +0.555533
3 BCP3 N3-H5 0.343694 11.714455 +0.060493 +0.489107
4 BCP4 H4-07 0.009954 +0.039526 +0.008254 10.001628
5 BCP5 N3-H4 0.353381 11.919840 +0.056557 +0.536517
6 BCP6 C1-S6 0.212440 10.405396 +0.069516 +0.170865
7 BCP7 C2-07 0.467088 10.085893 +0.858614 +0.880088
8 BCP8 C2-08 0.474101 10.005124 +0.898183 +0.899464
9 BCP9 S6-H9 0.225051 10.705425 +0.051033 +0.227389
10 RCP1 C1-N3-H4-0O7 0.008225 +0.035906 +0.00624 10.001352
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Fig. 39. BCP1 and BCP4 represent attractive interactions compared to hydrogen bonds in

H9

-
-
-
-

-
-
-

different systems showing resonasassisted hydrogen bontfs

Table 14. Selected parameters obtained from a QTAIM analysiEof1t-CO; Y 2c at the
B3LYP/6-311++G(3df,3pd) level of theory.

Entry Type Atoms 1 1eA® 1Py 1eAS G(r)/y (1) H(r)/eA

1 BCP1 C1-C7 0.015865 +0.065980 +0.014056 -0.002439
2 BCP2 C1-N2 0.065154 +0.052796 +0.028036 +0.014837
3 BCP3 N2-H5 0.224839 -0.704291 +0.047381 +0.223454
4 BCP4 C1-S3 0.348184 -1.943924 +0.053775 +0.539757
5 BCP5 N2-H4 0.347666 -1.812744 +0.058621 +0.511807
6 BCP6 S3-H6 0.213184 -0.414497 +0.072635 +0.176260
7 BCP7 H4-08 0.352877 -0.946339 +0.333683 +0.570268
8 BCP8 C7-08 0.442635 -0.334663 +0.737026 +0.820692
9 BCP9 C7-09 0.450880 -0.264327 +0.777743 +0.843825
10 RCP1 C1i N2-H47 O81 C7 0.015317 +0.078707 +0.016603 -0.003073
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Fig. 40. BCPs and RCP of S: 1t-CO; Y 2c.
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Computed Potential Energy Surfaces.

S H ]
hv (254 nm) H\N)H(O hv (254 nm) H\NJ\”/O\H
QMT (1= 0.4 h) b o QMT (1= 1.5h) b0
2c 2t
hv
hv
FVP\ (400-1150 °C)
SH
: HN)\H/OH
H N) + C02 0
2 .
16 possible
conformers
Fig. 41. Reaction network a2.
s H S S S
H. 0 H. 0
LT I S s
H (e} H (0] H O\H H H,O
2c 2t 2t 2c’
0.0 5.1 7.7 -
(0.0) @.7) (7.0) “)

Fig. 42. There are thre€s symmetric conformers of-@mino-2-thioxoacetic acid2). Among
them, 2c is the most stable one. Conceivable conforgeraduld not be located as a local
minimum structure even when its geometry was not restricted @Gstbeint group. Energies
including ZPVEs are given in kcal mél at the B3LYP/6311++G(3df,3pd)
(MP2/def2QZVPP, in brackets) level of theory.
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Fig. 43. There are 16 conformers of the thiolimine tautome2.dEnergies including ZPVEs

are given

in kcal

mét  with

respect to 2c at the B3LYP/6311++G(3df,3pd)

(MP2/def2QzZVPP, in brackets) level of theory. FdZ: symmetric conformers, the

correspondin@s geometries represent transition states of the respective rotamerization, which

are associated with barriers <1 kcal hd8k could not be localized as a stationary point at the

B3LYP/6-311++G(3df,3pd) level of theory.
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Fig. 44. PES of experimentally observed species. Black: Photodecarboxylation.

Rotamerization. Red: Isomerization.
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Fig. 45. PES of the rotamerization of free aminomercaptomethylene
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Fig. 46. Comparison of the PESs tHCO; (left) and freel (right). The energetics of the right
PES were obtained by adding the energy of Ginputed at the respective level of theory. The

complex is stabilized by ca. 4 kcal motompared to freé.
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Fig. 47. Connection between free aminomercaptocarkkeraad thioformamide. Note that
TS_tf3is planar Cs) at B3LYP/6311++G(3df,3pd) and at MP2/de@ZVPP while it bear€:
symmetry at CCSD(T)/epVTZ.
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Fig. 48. PES of the pyrolysis dIcvia 1t-CO; and 1t to yield thioformamidetfhione) at 0 K.
Note thatTS_tf3is planar Cs) at BALYP/6311++G(3df,3pd) and at MP2/de@ZVPP while
it bearsC; symmetry at CCSD(T)/epVTZ. Some energies were corrected for.0@3s. CQ

was computed at the respective level of theory.
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Fig. 49. PES of the pyrolysis ofc via 1t-CO; and 1t to yield thioformamide thione) at
1273.15K (1000 °C). Some energies were corrected fop (08s. CQ was computed at the
same level of theory. The low activation barriéS(tf3) is presumably the reason for the

absence ot in our pyrolysis experiments. For analogue PESs of related systems see below.
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Fig. 50. PES of thioformamide and connectioritdNote thaflS_tf3is planar Cs) at B3LYP/6

311++G(3df,3pd) and at MP2/de€QZVPP while it bear€, symmetry at CCSD(T)/epVTZ.
Other Carbene-CO2 Complexes

175.4°

Fig. 51. Minimum geometries of aminomethyle®@,, dihydroxymethylen€CO,, and
aminohydroxymethylenr€0O, complexes at the CCSD(T)A/TZ level of theory.
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