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Quantum Mechanical Tunneling (QMT)

\
\
Lo € )

QMT in chemical reactions:

* Low masses

\ TS(A) /

* Small and narrow activation
barriers

Tgnnelin_g

v

é(reaction coordinate)

P. R. Schreiner, Trends Chem. 2020, 2, 980-989.



Quantum Mechanical Tunneling (QMT)
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QMT in chemical reactions:

£ \ TS(A) /
* Low masses
* Small and narrow activation
. . A Tunneling 2
barriers -

v

é(reaction coordinate)
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)
tunneling

In KIE

no tunneling

In k

* LargeKIE

no tunneling

A
* Tindependence x
tunneling
1

E. M. Greer, K. Kwon, A. Greer, C. Doubleday, Tetrahedron 2016, 72, 7357—-7373.



Tunneling Control
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P. R. Schreiner, H. P. Reisenauer, D. Ley, D.
Soc. 2017, 139, 15276-15283.

Gerbig, C.-H. Wu, W. D. Allen, Science 2011, 332, 1300-1304; P. R. Schreiner, J. Am. Chem.
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Tunneling Product

0 o OH
N. @ N. . N
® O~ 313 nm &OH Tunneling
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o Product
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N
OH Thermodynamically and
kinetically favored
2 O

D. Gerbig, P. R. Schreiner, Angew. Chem. Int. Ed. 2017, 129, 9573-9576.



Recent Advances o &

Switching on H-Tunneling through Conformational Control

B Conformational ~-

Control’

H-Tunneling:~ -, |

N\

»'t_/ﬂs?-“»‘

. ~ triplet’

singlet

J. P. L. Roque, C. M. Nunes, L. P. Viegas, N. A. M. Pereira, T. M. V. D. Pinho e Melo, P. R. Schreiner, R. Fausto, J. Am. Chem. Soc. 2021, 143,
8266-8271. 5



Toolkit

How to influence/control QMT?

* Selecting only specific conformers (e.g. by NIR excitation) FCTOH NG OH

A. Mardyukov, H. Quanz, P. R. Schreiner, Nat. Chem. 2016, 9, 71-76; A. K. Eckhardt, F. R. Erb, P. R. Schreiner, Chem. Sci. 2019, 10, 802-
808; P. R. Schreiner, H. P. Reisenauer, F. C. Pickard IV, A. C. Simmonett, W. D. Allen, E. Matyus, A. G. Csaszar, Nature 2008, 453, 906-909;
M. M. Linden, J. P. Wagner, B. Bernhardt, M. A. Bartlett, W. D. Allen, P. R. Schreiner, J. Phys. Chem. Lett. 2018, 9, 1663—-1667. 6



Toolkit

How to influence/control QMT?

* Selecting only specific conformers (e.g. by NIR excitation) FCTOH NG OH
Py QmT O
* |sotopologues i oA i
. O
Woo HJ\D

A. Mardyukov, H. Quanz, P. R. Schreiner, Nat. Chem. 2016, 9, 71-76; A. K. Eckhardt, F. R. Erb, P. R. Schreiner, Chem. Sci. 2019, 10, 802-
808; P. R. Schreiner, H. P. Reisenauer, F. C. Pickard IV, A. C. Simmonett, W. D. Allen, E. Matyus, A. G. Csaszar, Nature 2008, 453, 906-909;
M. M. Linden, J. P. Wagner, B. Bernhardt, M. A. Bartlett, W. D. Allen, P. R. Schreiner, J. Phys. Chem. Lett. 2018, 9, 1663—-1667. 6



Toolkit

How to influence/control QMT?

» Selecting only specific conformers (e.g. by NIR excitation) F.C T OH NG oH
N QmT Q
P —_—
H OH
* |sotopologues HJ\H
. 0]
H YSop 1T HJ\D
* (Remote) molecular structure
(0] t1/2:R=H<CH3<CD3
0]
r L _aQur
0 (|_')| R\OJI\Q/H in contrast to
trans cis

t40: formic acid > acetic acid

A. Mardyukov, H. Quanz, P. R. Schreiner, Nat. Chem. 2016, 9, 71-76; A. K. Eckhardt, F. R. Erb, P. R. Schreiner, Chem. Sci. 2019, 10, 802-
808; P. R. Schreiner, H. P. Reisenauer, F. C. Pickard IV, A. C. Simmonett, W. D. Allen, E. Matyus, A. G. Csaszar, Nature 2008, 453, 906-909;
M. M. Linden, J. P. Wagner, B. Bernhardt, M. A. Bartlett, W. D. Allen, P. R. Schreiner, J. Phys. Chem. Lett. 2018, 9, 1663—-1667. 6



Toolkit

How to influence/control QMT?

H OH
* |sotopologues
H” oD
* (Remote) molecular structure
0]
R\O)J\O
H
e Matrix material trans

 Temperature, light

QMT

ST

Selecting only specific conformers (e.g. by NIR excitation)

o)
HJ\H

t1/2: R=H< CH3 < CD3
in contrast to

t40: formic acid > acetic acid

A. Mardyukov, H. Quanz, P. R. Schreiner, Nat. Chem. 2016, 9, 71-76; A. K. Eckhardt, F. R. Erb, P. R. Schreiner, Chem. Sci. 2019, 10, 802-
808; P. R. Schreiner, H. P. Reisenauer, F. C. Pickard IV, A. C. Simmonett, W. D. Allen, E. Matyus, A. G. Csaszar, Nature 2008, 453, 906-909;

M. M. Linden, J. P. Wagner, B. Bernhardt, M. A. Bartlett, W. D. Allen, P. R. Schreiner, J. Phys. Chem. Lett. 2018, 9, 1663—-1667.
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Matrix Isolation &

* Reactive species are trapped on a cold window (3-20 K)
* Co-condensation with matrix host (Ar, N,, ...)
* Generation of intermediates by pyrolysis or photolysis

* Characterization by IR, UV/Vis, or VCD




Matrix Apparatus




Examples

 Unstable Molecules e Carbenes

j)J\ .o R/\OH
H. _H
oo
Cl
* Radicals * High-energy conformers
O O O

O O I
N\ S\\
/S\O. . N O H)J\Q H\O)J\O

S35 H W

O o)

/\/O\O /S\O/O

H. P. Reisenauer, J. P. Wagner, P. R. Schreiner, Angew. Chem. Int. Ed. 2014, 53, 11766-11771; A. Mardyukov, P. R. Schreiner, Acc. Chem

Res. 2018, 51, 475-483; G. Yao, P. Rempala, C. Bashore, R. S. Sheridan, Tetrahedron. Lett. 1999, 40, 17-20; W. W. Sander, J. Org. Chem

1989, 54, 333-339; M. Pettersson, J. Lundell, L. Khriachtchev, M. Rasanen, J. Am. Chem. Soc. 1997, 119, 11715-11716. 9



Examples

 Unstable Molecules
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Cl

* High-energy conformers

H. P. Reisenauer, J. P. Wagner, P. R. Schreiner, Angew. Chem. Int. Ed. 2014, 53, 11766-11771; A. Mardyukov, P. R. Schreiner, Acc. Chem.
Res. 2018, 51, 475-483; G. Yao, P. Rempala, C. Bashore, R. S. Sheridan, Tetrahedron. Lett. 1999, 40, 17-20; W. W. Sander, J. Org. Chem.
1989, 54, 333-339; M. Pettersson, J. Lundell, L. Khriachtchev, M. Rasanen, J. Am. Chem. Soc. 1997, 119, 11715-11716. 9



The C;H,0 Potential Energy Surface

C3 : H20 hv >

hv

detected in space

detected in laboratory

hv

B. J. Ortman, R. H. Hauge, J. L. Margrave, Z. H. Kafafi, J. Phys. Chem. 1990, 94, 7973-7977.
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The C;H,0 Potential Energy Surface oo

C3 . HQO hv

\

o QmT 0

detected in space

detected in laboratory

R. Liu, X. Zhou, P. Pulay, J. Phys. Chem. 1992, 96, 5748-5752; ). Szczepanski, S. Ekern, M. Vala, J. Phys. Chem. 1995, 99, 8002—- 1
8012.



The C;H,0 Potential Energy Surface sm\
4/8/3@0'

C3 . HQO hv >

oM aur 0 i “H
—_— —_— _— O/
./\H _/\H o OH z

detected in space

detected in laboratory

S. Ekern, J. Szczepanski, M. Vala, J. Phys. Chem. 1996, 100, 16109-16115. 10



The C;H,0 Potential Energy Surface

C3 . HQO hv

og QmT 0 L
./\H _/\H H™ O‘H

detected in space

detected in laboratory

Co,H, + CO -~

S. Ekern, J. Szczepanski, M. Vala, J. Phys. Chem. 1996, 100, 16109-16115.
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The C;H,0 Potential Energy Surface

CiHO M, = Oy P

e

(@)

QMT o L ___H
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./\H H o OH z

detected in space

0
- I -
n
7 H

detected in laboratory \

H
Co,H, + CO - >:C\\ _
H C=0

S. Ekern, M. Vala, J. Phys. Chem. A 1997, 101, 3601-3606.
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The C;H,0 Potential Energy Surface

Cs-HO0 —— » 1&0“ .
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QMT

detected in space

0
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n
7 H

detected in laboratory \

H
Co,H, + CO - >:C\\ _
H C=0

B. Bernhardt, M. Ruth, A. K. Eckhardt, P. R. Schreiner, J. Am. Chem. Soc. 2021, 143, 3741-3745.
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Ethynylhydroxycarbene — Reaction Scheme

o O H
HVFP ! HVFP
0 o} -H
o e NS = 2

(@) —02H4 (0] _COZ

10 9c 1t
TOX.
OH

B. Bernhardt, M. Ruth, A. K. Eckhardt, P. R. Schreiner, J. Am. Chem. Soc. 2021, 143, 3741-3745.
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Ethynylhydroxycarbene — Precursor
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Ethynylhydroxycarbene — Pyrolysis Spectrum
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Ethynylhydroxycarbene — Pyrolysis Spectrum
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Ethynylhydroxycarbene — Reaction Scheme
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Ethynylhydroxycarbene — Photochemistry
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Ethynylhydroxycarbene — Reaction Scheme
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Ethynylhydroxycarbene — QMT
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Ethynylhydroxycarbene — Kinetic Analyses oy
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Ethynylhydroxycarbene — Kinetic Analyses
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Ethynylhydroxycarbene — Potential Energy Surface
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QMT Half-Lives of Hydroxycarbenes
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Captodative Effect
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no QMT
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QMT Half-Lives of Hydroxycarbenes
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Aminohydroxymethylene

R R'
HO™ “OH HoN" “NH, a)R='Pr, R'=Bu
known unknown b) R ='Pr, R"= Me
(-88.4) (-91.2) ¢)R =Me, R'=Bu

P. R. Schreiner, H. P. Reisenauer, Angew. Chem. Int. Ed. 2008, 120, 7179-7182; A. K. Eckhardt, P. R. Schreiner, Angew. Chem. Int. 7>
Ed. 2018, 57, 5248-5252; B. Bernhardt, M. Ruth, H. P. Reisenauer, P. R. Schreiner, manuscript in preparation.



Aminohydroxymethylene &l &

isodesmic stabilization / kcal mol™’

19 {4y 0.0 B3LYP/6-311+G(d,p)
.o A,Ho =Zl'A/HO
20 4 ¢ 250 P

. 21 A -29.7
. R H™F
H,N"" OH I;
R. A~

1 N0 22 gy —445 .
(-91.4) L o 456 ¢ 28

e /0-\ 9 H/\OH _504 .
HO™ OH HaN"NH, a)R ='Pr, R'= Bu =589 T 24

known unknown b) R ='Pr, R' = Me 1 ~ —-63.6 T ..
(-88.4) (-91.2) ¢)R = Me, R' = Bu he N 661 yssH B
818 PN~ SsH 26
884 Lo on 27

b

-91.2 HoN NH, 28

-91.4 HoN OH

P. R. Schreiner, H. P. Reisenauer, Angew. Chem. Int. Ed. 2008, 120, 7179-7182; A. K. Eckhardt, P. R. Schreiner, Angew. Chem. Int. 7>
Ed. 2018, 57, 5248-5252; B. Bernhardt, M. Ruth, H. P. Reisenauer, P. R. Schreiner, manuscript in preparation.



Aminohydroxymethylene

VAP
QMT
or 470 nm H
PN >
H™ “OH Hko
3 5
(no QMT)
P 336 nm H
H,N~ ~H >
2 HN)\H
4 6
H 254 nm P 254 nm H
-~ H,N™ ~OH — N/§O
HN™ "OH QMmT 1 QMmT 2
10 9
HNCO +H, = ~  NH3+CO
254 nm
23

B. Bernhardt, M. Ruth, H. P. Reisenauer, P. R. Schreiner, manuscript in preparation.



Aminohydroxymethylene — Reaction Scheme

FVP\ -CO,

-
H,N" 0

1t
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Aminohydroxymethylene — Precursor
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Aminohydroxymethylene — Photolysis
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Aminohydroxymethylene — Reaction Scheme
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{a@ e
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FVP\ —Co,
< H
H,N" 0

1t

27



Aminohydroxymethylene — Pyrolysis
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Aminohydroxymethylene — Pyrolysis
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Aminohydroxymethylene — Potential Energy Surface B
VAP
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Aminohydroxymethylene — Photochemistry

15 min 254 nm
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Aminohydroxymethylene — Matrix UV/Vis Spectrum
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Aminohydroxymethylene — Reaction Scheme
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Aminomercaptomethylene
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Aminomercaptomethylene
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Dihydroxycarbene
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Outlook
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Outlook
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