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Abstract

The impact of Lewis acids on photochemical reactions of conjugated carbonyl com-
pounds was investigated within two projects. The first study focused on fundamen-
tal studies on Lewis acid—chromophore assemblies using model complexes, namely
cyclohex-2-enone-BF3 and benzaldehyde-BClz. A combination of experiments, spec-
troscopy and theory was used to evaluate mechanistic hypotheses. For the benzalde-
hyde-BCl3 complex, photoinduced B-Cl bond fission was found and utilized for C-H
bond activation. The second study focused on the application of Lewis acids to the
photoinduced E-Z isomerization of cycloheptene derivatives, which generates strained
intermediates for Diels-Alder and other reactions. For cyclohept-2-enone and cyclohept-
1-enecarbaldehyde, the substrate scope was investigated. The method was applied to
the total synthesis of trans-a-himachalene. With Lewis acids, thermal background re-
actions were unavoidable, making this substrate—catalyst combination unsuitable for
photoinduced Diels-Alder reactions. The insights of these studies may benefit related
studies on similar chromophores or other catalyst classes.

Zusammenfassung

Der Einfluss von Lewis-Sdauren auf photochemische Reaktionen konjugierter Carbonyl-
verbindungen wurde in zwei Projekten untersucht. Die erste Studie konzentrierte
sich auf grundlegende Studien zu Lewis-Sdure-Chromophor-Verbiinden unter Verwen-
dung von Modellkomplexen, speziell Cyclohex-2-enon-BF3 und Benzaldehyd-BCls.
Zur Bewertung mechanistischer Hypothesen wurde eine Kombination aus Experi-
menten, Spektroskopie und Theorie eingesetzt. Fiir den Benzaldehyd-BCl3-Komplex
wurde eine photoinduzierte B-Cl-Bindungsspaltung beobachtet und fiir eine C-H-
Bindungsaktivierung genutzt. Die zweite Studie konzentrierte sich auf die Anwen-
dung von Lewis-Sduren auf die photoinduzierte E-Z-Isomerisierung von Cyclohepten-
derivaten, die gespannte Zwischenprodukte fiir Diels-Alder-Reaktionen und andere
Umsetzungen erzeugt. Fiir Cyclohept-2-enon und Cyclohept-1-encarbaldehyd wurde
die Substratbreite untersucht. Die Methode wurde auf die Totalsynthese von trans-
a-Himachalen angewendet. Mit Lewis-Sduren waren thermische Hintergrundreaktio-
nen unvermeidbar, sodass diese Substrat-Katalysator-Kombination fiir photoinduzier-
te Diels-Alder-Reaktionen ungeeignet war. Die Erkenntnisse dieser Studien kénnen
verwandten Studien zu dhnlichen Chromophoren oder anderen Katalysatorklassen zu-

gutekommen.
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1 Introduction

Pharmaceutical agents and their development play a crucial role in society and economy.
They are essential for treating various illnesses, ranging from cancer and cardiovascular
diseases to bacterial and viral infections. Active pharmaceutical ingredients often have
complex structures with defined stereochemical configurations. Many of them are
chiral,l'l meaning their image and reflection are not congruent, like a human being’s
left and right hands. Enantiomers of active ingredients may have different effects, with
only one enantiomer achieving the desired effect while the other causing unwanted
side effects or no effect at all. Therefore, efficient methods are necessary to synthesize

active ingredients from simple precursors in a controlled fashion.

Photochemical reactions (i. e. reactions that are induced by light)??! are of particular
interest since they provide means of accessing structurally complex molecular scaffolds
from simple starting materials.[3*! For years, photochemists have studied these reactions
and tried to perform them enantioselectively. To achieve the desired enantioselectivity,
chiral catalysts have been applied. A catalyst is a chemical compound that increases
the reaction rate and/or induces a certain selectivity, without being consumed in the

process.[5]

In the field of photochemistry, major research efforts are still needed to understand
the interaction of chromophores and catalysts. Having a wide range of chiral catalysts
would be extremely useful for science and industry. However, since excitation with
light already forms extremely reactive species that react quickly to form the products,
increased demands are placed on a catalyst for a photochemical reaction. The catalyst
must already bind strongly to the substrate during the excitation or enable its exclusive
excitation by binding to the substrate. Achieving this poses a challenging task and

remains an active area of research.®!

Lewis acids are catalysts that have been commonly employed in both thermall”! and pho-
tochemical reactions.[®! They are electron-poor entities that can coordinate to electron-
rich moieties and thereby form a defined assembly.! It stands to reason that this Lewis
acid—substrate assembly has distinct photophysical and photochemical properties. Due
to their electron-rich oxygen atom, conjugated carbonyl compounds are potential sub-
strates for this kind of catalysis. These molecules have a carbonyl group as well as a
system of alternating single and multiple bonds.! In this thesis, conjugation refers to

molecules like ,f-unsaturated or aromatic aldehydes and ketones.



1 Introduction

The aim of this research was to investigate how Lewis acid catalysts impact photo-
chemical reactions of conjugated carbonyl compounds in two main projects. One
study focused on fundamental studies of Lewis acid—chromophore assemblies, us-
ing two model complexes (Scheme 1a): The cyclohex-2-enone-BF3 complex (1-BE3)
and the benzaldehyde-BCl; complex (2:BCl3) served as representative models for a,f-
unsaturated ketones and aromatic aldehydes. Through experiments, theory and spec-
troscopy, we gained insights into their photochemical mechanisms and found novel

reactivity.

Another project focused on the application of Lewis acids to the photoinduced E-Z
isomerization of cycloheptene derivatives (Scheme 1b). This isomerization generates
strained intermediates that undergo Diels-Alder reactions at room temperature. Al-
though few publications exist on this reaction with cyclohept-2-enone (3) and cyclooct-
2-enone (4), it has not yet been carried out enantioselectively. As a comprehensive
picture of the substrate scope had been missing, we investigated the scope and mecha-
nism of this reaction as well as used the products as a starting point for the synthesis of
the natural product trans-a-himachalene. Furthermore, we studied whether other cy-
cloheptene derivatives like cyclohept-1-enecarbaldehyde (5) undergo the photoinduced
E-Z isomerization. Finally, the impact of Lewis acids on the isomerization and strain

release-cycloaddition reactions was studied.

0 3 0
BF3-OEt, OI ! BCl;
O A O
1 1.BF; 2
b) 0 :
hv | Q .
( E H ~=-z==zz===
n=1:(2)-3 ' (E)5
2:(2)-4

Scheme 1: Substrates investigated in this research study: a) 1 and 2 as model substrates for
fundamental studies on Lewis acid-assemblies. b) Photoinduced E-Z isomerization
of 3, 4, and potentially 5.



2 Theoretical Background

2.1 General Photochemistry

The Italian chemist Giacomo Ciamician was a pioneer in the field of photochemistry and
already proclaimed in 1912 that photochemistry will be an useful and sustainable field
of chemistry in the future.l’! Since then, research in photochemistry has continuously
been growing and photochemical reactions have found numerous applications, e. g. in
natural product synthesis.®! In recent years, modern theoretical and spectroscopical

methods increased our fundamental understanding of photochemistry.

The foundation of any photochemical reaction is the absorption of a photon with energy
E = hv. With this energy uptake, an excited state is reached, from which different
physical or chemical pathways are available. These possibilities are summarized in a
Jabtoriski diagram (Figure 1).[1% For most organic molecules, their electrons are paired
so the sum of the electron spins S is zero, resulting in a multiplicity (M = 25 + 1)
of 1. States with this multiplicity are called singlet states. In case of a spin flip of a
single electron, the multiplicity changes to 3, which means the molecule is in a triplet
state. The transition between states of different multiplicities is called intersystem
crossing (ISC), a slow process for most organic molecules. A transition between states
of the same multiplicity is called internal conversion (IC). These two transitions are non-
radiative and provide the molecule the opportunity to return to the ground state Sy. If
a molecule returns to Sp by emission of a photon, the transition is called fluorescence

or phosphorescence, depending on the original multiplicity.['!]

“ [ttt |
S'1 — ! e electronic states: !
, So. Sq:singlet states 0,1 !

E ISC p 2o >S9 !
| T,: triplet state 1 |

E e radiative transitions: :

F IC ' F:fluorescence !
, P: phosphorescence .

| e non-radiative transitions: |

E IC: internal conversion |

1

! ISC: intersystem crossing !

hv

So

Figure 1: Simplified Jabtoniski diagram showing energy levels and possible transitions.

All the discussed transitions are chemically non-productive. However, new and often

distinct reaction pathways are available for organic molecules in their excited states (e. g.
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2 Theoretical Background

S1, T1). Typical photoreactions include isomerization reactions,[2! and photocycloaddi-
tion reactions like [2+2] photocycloaddition of alkenes!!*~'%! or ortho photocycloaddition
of arenes,[1°18] for which selected examples are shown in Scheme 2. Lewis acids on
photochemical reactions as well as on photoinduced E-Z isomerization are provided

in the next sections.

hv (A = 402 nm)

a)
0 riboflavin
N0t N
(MeCN) 07 OEt
b) O
’\ +

88% (Z:E = 95:5)

a6 hv (A > 280 nm) : /2
@ (CH,Cly)
COzMe MeO,C H 539,
OMe
°) /©/0Me J/CN hv (A = 254 nm) = ON
+ |
NG Ph (MeCN) NC i Ph
65%

Scheme 2: Selected examples of typical photoreactions: a) Isomerization of a cinnamic acid
derivative. b) [2+2] Photocycloaddition of a -functionalized cyclopent-2-enone with
an alkene. c) ortho Photocycloaddition of an electron-rich arene with cinnamonitrile.

To evaluate the efficiency of a photochemical reaction, its quantum yield @ can be
determined. This valueis defined as the number of certain chemical events per absorbed
photon:!

_ number of consumed starting material or formed product molecules

number of absorbed photons

The value depends on several factors, as can be seen from the examples in Table 1.
For a purely photochemical reaction, the quantum yield cannot exceed unity, as every
absorbed photon can only lead to one chemical transformation. In case of radical
chain reactions, one photon can lead to the conversion of several molecules of starting
material, which results in a quantum yield greater than unity (also see Table 1, entry 7).
Thus, the quantum yield can be an indicator if a radical chain mechanism operates in
a photoinduced reaction. However, the quantum yield can be dependent on the light

intensity in these reactions, which makes it difficult to replicate.!"!



2.1 General Photochemistry

Table 1: Overview of photoreactions for which their quantum yields were determined by
our group (chronologically ordered). BArF = tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate, bpy = 2,2"-bipyridine, bpz = 2,2’-bipyrazine, TXT = thioxanthone.

#  Reaction and Quantum Yield

Reference
R
1) A hv (A = 366 nm)
N\R( (PhCF3)

X
R=R =H:®=0.30

H 0 R=Me, R =H:®=0.72
R=H,R =Me: ®=0.32
R=R =Me: & = 0.26 + crossed product

1 ref.[20]
R hv (A = 366 nm)
H o R=H:®=0.73

R=Me: ®=0.54

AN
hv (A = 457 nm) N-Ph
/  _— _pPh  [Ru(bpy)s]BAIF, (MeOH)
2 o + _Si N ref.[21]
N l l ® =0.17+0.02

hv (A = 380 nm)
(MeCN)

I=

hv (A = 368 nm)
(CH,Cly)

[23]
o ref.

O H
' iﬁi
@ = 0.052 £ 0.007 S

(without Lewis acid: @ = 0.38 = 0.02)

(@) hv (A = 440 nm) (&) Sy
N ONg j: [Ru(bpz)s](PFg) (MeCN) N W 4
* ref.
Kl @ = 0.052 +0.003
Ph

PH \(




2 Theoretical Background

(0]
condmons
O~ ©i>| -
©§'\“\
6 ref.[25]

A =368 nm (CHCly) no catalyst @ =0.321 £0.034 o
A=382nm (CH.Cl) TXT @ =0.316+0.011 ik
A=424nm (DCE) TXT @ = 0.299 + 0.055

A=424nm (DCE) Rh cat. @ = 0.003 + 0.001

hv (A = 368 nm)
(@] Cl

BCl; (CH,Cly)

7 H + O ° e ref.[%]

® =1.04 £0.06

2.2 Lewis Acids in Photochemical Reactions of Conjugated Carbonyl

Compounds

Already in the 1980s, a change in absorption and reactivity was reported for conjugated
carbonyl compounds by addition of Lewis acids.[?”-8] Since then, the activation of conju-
gated carbonyl compounds with Lewis acids and other compounds for photochemical
transformations has been studied.[?-3!! It has become clear that various facets can be
modulated by Lewis acids: singlet and triplet state energies, absorptivity, redox poten-
tial, or the reaction pathway in general. For example, with chiral 1,3,2-oxazaborolidine

catalysts, various substrates can undergo enantioselective photochemical reactions.[3?!

Chiral oxazaborolidines have already been studied extensively in thermal reactions.!**!

They can be tailored to a specific reaction by variation of the aryl substituents as
these stem from condensation of a prolinol and a boronic acid, comparable to two
variable modules being put together. The sterically demanding aryl residues allow side
differentiation and thus enantioselectivity when the catalyst is bound to the substrate.
A correspondingly strong bond to the substrate is therefore necessary. Calculations
suggest that on the one hand the boron atom (Lewis acidic site) coordinates to the
oxygen atom of the carbonyl group (Lewis basic site) and on the other hand the oxygen
atom of the catalyst forms a non-classical hydrogen bond with either an olefinic a-
hydrogen atom or an aldehyde hydrogen atom.3*! As conjugated carbonyl compounds
share these structural features, many of them are suitable chromophores for activation
with chiral 1,3,2-oxazaborolidine Lewis acids (Scheme 3).

In some cases, racemic background reactions prevent the use of low catalyst loadings
(< 50mol%, see Scheme 3a,b). For example, simple a,f-unsaturated ketones show

a weak absorption band typically between 300nm to 350 nm, where also the strong

6



2.2 Lewis Acids in Photochemical Reactions of Conjugated Carbonyl Compounds

Br3Al
O oo CF;
fj (50 mol%)
N~ hv (A = 366 nm)
5 (CH,Cl,) =70 °C

84% (88% ee)

Br3AI@

o)
J\ (50 mol%)
+
S hv (A = 366 nm)
(CH,Cl,) =75 °C

00

Br3AI@
O (20 mol%)

g I hv (A = 457 nm)
(CHxCl,) -78 °C

3,5-Me,CeHg

65% (96% ee)

79% (94% ee)

O]
B, AI('g“B/O 3.5-Me,CqHs
O 3,5-MeyCgHs o
(10 mol%) H
hv (A = 437 nm)

(CH,Cl,) -78 °C
68% (92% ee)

Scheme 3: Selected examples of enantioselective photoreactions with 1,3,2-oxazaborolidine cat-
alysts: a) [2+2] Photocycloaddition of a 2,3-dihydropyridin-4(1H)-one. b) [2+2] Pho-
tocycloaddition of a cyclohex-2-enone. c) ortho Photocycloaddition of phenanthrene-
9-carbaldehyde. d) Oxadi-ri-methane rearrangement of a cyclohexa-2,4-dienone.



2 Theoretical Background

absorption band of their Lewis acid assembly lies. Therefore, both the assembly and

the uncomplexed substrate will be excited, leading to a loss of enantioselectivity.

Besides the possibility of stereoselectivity, Lewis acids can also enable new photoreac-
tivity. As an example, 2-naphthaldeyhde (6) typically reacts with simple olefins like
2,3-dimethylbut-2-ene in a Paterno-Biichi reaction to oxetane 7. In the presence of AlBr3
as Lewis acid, the ortho photocycloaddition product 8 was obtained (Scheme 4).%] In
addition, a significant bathochromic shift was observed for the substrate-Lewis acid
assembly, which enabled irradiation with visible light. This effect has also been ob-
served for other chromophores, e.g. cyclohexa-2,4-dienones.[*! In these cases, high
enaniomeric excesses can be achieved even with low loadings of chiral catalyst (see
Scheme 3c,d).

0]
hv (A = 366 nm) Pater.no-BiJchi
reaction
(@]
O H \%\
6 ortho-photo-
fiv (1. = 457 nm) cycloaddition

AlBr3 (5 mol%)

Scheme 4: Change of 2-naphthaldehyde’s reactivity by addition of AlBrs.

Gaining a better understanding of how Lewis acids interact with conjugated carbonyl
compounds is therefore helpful to design new photochemical methods and expand the

synthetic photochemistry toolbox.

2.3 E-Z Isomerization of Cyclic Alkenes and Subsequent

Strain-Release Reactions

The photoinduced isomerization of olefinic double bonds is a topic of ongoing scientific
research and even relevant for vision in mammals.'?l While substituents at a C=C
double bond must be planar in the ground state, the double bond character is removed
in the excited state, allowing rotation around the C—C bond (Scheme 5a). The molecule
can then relax to either the E- or Z-configured isomer. Depending on the absorptivity
of these two isomers (or the triplet energies in case of a sensitized isomerization), one

of the two diastereomers will be enriched. In mammalian vision, 11-cis-retinal (9) is

8



2.3 E-Z Isomerization of Cyclic Alkenes and Subsequent Strain-Release Reactions

bound to a protein, opsin, and isomerizes upon excitation to 10 (Scheme 5b), which
causes a neural signal and sets free all-trans-retinal (11). In a separate biochemical

pathway, 11 is transformed back to 9.

a) ' hv
hv R
H,__ .R H ,e,\\\R H., . .( __.H
R’ "H [R H] [R H] R’ 'R
{ |
1) protein
2) hv Y \N/opsin

H®
10

Scheme 5: a) Photoinduced E-Z isomerization of an alkene. b) Photoisomerization of retinal 9
as part of the visual cycle.

In cyclic systems, this isomerization is intrinsically limited. While isomerization is
impossible for cyclopentene, the flexibility of the chain increases with the number of
carbon atoms, so that larger rings like cyclooctene can adopt a highly twisted state
from which they can also relax to the corresponding (E)-isomer. For example, Swenton
described the photoisomerization of (Z)-cyclooctene to (E)-cyclooctene in 1969.1971 Tts
ring strain can be used for reactions at room temperature that would otherwise require
elevated temperatures. This has been employed in the field of bioconjugation.!38-4]
(E)-Cyclooctene derivatives readily undergo bioorthogonal Diels-Alder reactions with
tetrazine derivatives (with bioorthogonal meaning rapid and selective, under physio-
logical conditions and tolerating functional groups of living systems).[*! For example,
the Diels-Alder reactions of (E)-cyclooctene derivatives can be employed in pre-targeted

positron emission tomography (Scheme 6).[4243!

0]

g:Eo HN
o)
&2 LT e S o

N’, \||/ >_/
PET b
N,N N

Scheme 6: Bioorthogonal Diels-Alder reaction between a tetrazine attached to an antibody and
an (E)-cyclooctene derivative with a PET probe. R = spacer + antibody.

Isomerization of simple cycloalkenes requires irradiation with highly energetic UV-
C light, which limits functional group tolerance. In contrast, cycloalk-2-enones can
absorb UV-A light, as typical for a,f-unsaturated ketones. From their excited state,

9



2 Theoretical Background

isomerization and relaxation into their strained isomers are possible. For example,
photoisomerization of (Z)-cycloheptenone [(Z)-3] and (Z)-cyclooctenone [(Z)-4] were
studied.[***5! (E)-Cycloheptenone and (E)-cyclooctenone possess significant ring strain,
which enables chemical reactions that normally require separate activation of their (Z)-

[46,47]

isomers. This includes Diels—Alder reactions with dienes, conjugate additions of

nucleophiles[44'48‘50] or dimerization reactionsl®! (Scheme 7).

H
N
O
hv (A =>300 nm) <\N]©

=)
]
N —
H W

Scheme 7: Examples of photoinduced reactions of 3 (n =1) and 4 (n = 2).

Since the (E)-isomers are chiral and the ring chain shields one face of the C=C double
bond, attack of the nucleophile or diene occurs from the more accessible face. So
far, this aspect has not been exploited for enantioselective reactions. Again, chiral
Lewis acids could be employed to enantioselectively form (E)-cycloalkenones for use
in a subsequent Diels—Alder reaction. Since an attack would be stereospecific, the

stereoinformation would be transferred to the product.

10



3 Experiments Conducted, Results and Discussion

3.1 Fundamental Studies on Lewis Acids in Photocatalysis

As chiral boron-based Lewis acids have been frequently employed in photochemistry,
e.g. with a,S-unsaturated ketones,!?3521 we wanted to investigate their influence on a
substrate’s pathway after photoexcitation. But as the chiral 1,3,2-oxazaborolidines are
too large to be adequately treated on a high level of theory, smaller analogues had to be
studied instead. For a,f-unsaturated carbonyl compounds, cyclohex-2-enone (1) was

chosen as a suitable model substrate.

State-of-the-art transient absorption spectroscopy and high level calculations were
therefore conducted on the cyclohex-2-enone-BF; complex.[®®! Experiment and the-
ory were in good agreement and showed that the complex relaxes to its triplet state
after excitation with BF; still attached. Likely, this applies also to the more complex
chiral 1,3,2-oxazaborolidines and corroborates their mode of action. In addition, we
investigated whether we can selectively excite the Lewis acid—substrate assembly 1-BF3
by judicious choice of irradiation wavelength [Figure 2; Amax(1) = 224nm, 329 nm;
Amax(1:-BF3) = 250nm]. With irradiation at A = 272nm, no conversion of cyclohex-2-
enone could be detected with isobutene as reactant, due to the ketone alone showing
almost no absorption at that wavelength. However, the BF;-complex showed steady
conversion, forming 12 (Scheme 8), due to its significant absorptivity. This highlights
how a change in absorptivity, induced by a Lewis acid, can be used for selective excita-

tion and reactivity.

BF4-OEt, (50 mol%)

O
hv (A =272 nm)
ij (CHLCl,) rt

1

Scheme 8: Selective excitation of 1-BF3 results in a reactive triplet state (r7*) that undergoes
[2+2] photocycloaddition with isobutene to cyclobutane 12.

Similarly to a,f-unsaturated carbonyl compounds, aromatic aldehydes can form as-
semblies with Lewis acids that have shown distinct photochemistry compared to their

uncomplexed chromophores.[355453] As a next study,!?®! we selected benzaldehyde (2),

11



3 Experiments Conducted, Results and Discussion

15 L L L | L L L L | L L L L | L L L L | L L L 5
1.0 mM cyclohexenone
n —— without BF,

——— 5.0 equiv BF,-OFEt, -4 ?
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1,0 o

0] 50 mM cyclohexenone '
e : -3 &
& — =without BF, o
8 =
o =
2 uv-C LEQ . > >
< [Jemission 5
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e
=
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0,0 - — 0
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Figure 2: UV /Vis absorption spectrum of 1 and its BF; complex (1.0 mm quartz cuvette, in
CHCl,) as well as emission spectrum of the 272 nm LED.

the simplest representative of this class. Due to the lower Lewis basicity of aldehyde 2,

BCl; was chosen as a suitable Lewis acid for effective formation of the assembly.[>]

By non-adiabatic dynamics calculations, we predicted a homolytic cleavage of the B—Cl
bond after excitation with UV light (A > 300 nm), which forms ketyl radical 13 and a
chlorine radical (Scheme 9). These radicals were calculated to undergo single electron
transfer (SET) to cation 14 and a chloride anion. Both radicals and ions can potentially

recombine and tautomerize to the original complex.

_.BCl3 hv BClz ~BCl recombination &

0 _ o, O
| (A = 350 nm) cl SET ©¢l  tautomerization 0.BC
H “H T O H o

2-BCl3 13 14

Scheme 9: Photoinduced B-Cl bond fission upon UV irradiation of 2-BCl3 and consecutive
reactivity as proposed by theory.

UV /Vis titration experiments confirmed that the assembly is a 1:1 complex [Figure 3;
Amax(2) = 246 nm, 281 nm, 323 nm; Ayax(2:-BCl3) = 297 nm]. In addition, the calculated
spectrum matched the experimental one, confirming that the complex can be adequately
described by theory. UV /Vis ultrafast transient absorption spectroscopy revealed that
radical 13 was formed with a lifetime of approximately 400 ps. Also cation 14 was

identified at approximately 1ns.
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3.1 Fundamental Studies on Lewis Acids in Photocatalysis

215 L L L 1 L L L L 1 L L L L 1 L L L L 1
1.0 mM benzaldehyde
without BCl,
2,0 1 1.0 equiv B
| 2.0 equiv
© 5.0 equiv
8 1,5 - 10 equiv n
® 20 equiv
=
o
a 50 mM benzaldehyde
< 107 — —withoutBCl; [
0,5 -
\
b\ / -~ h
0,0 —=—— 1 | ~
250 300 350 400

Wavelength (nm)

Figure 3: UV /Vis absorption spectrum of 2 and its BCl3 complex (1.0 mm quartz cuvette, in
CHxCly).

To use this reactivity synthetically, the benzaldehyde-BCl; complex was irradiated in
the presence of cyclohexane (Scheme 10). The formed chlorine radical was expected to
abstract an hydrogen atom from the alkane (hydrogen atom transfer, HAT), forming a
cyclohexyl radical.l’”] This alkyl radical can then either recombine with a ketyl radical 13
or react with another molecule of the complex, so that a chlorine radical is formed. The
latter pathway corresponds to a chain mechanism. In both cases, a borylated alcohol
is formed that can undergo nucleophilic substitution with a chloride anion. This
hypothesis was confirmed as product 15 was isolated in good yield after irradiation
of 2-BCl3 with cyclohexane. Because 15 is very non-polar, separation from minor

impurities was difficult. This fact sparked the desire to isolate the intermediate alcohol.
BCls (1.5 equiv) |
o hv (A = 300 nm) G
e
(CH.Cly) rt, 15 min H
2 20 equiv 15
71%

Scheme 10: Formation of 15 by irradiation of 2-BCl3 with cyclohexane.

To avoid the nucleophilic substitution and isolate alcohol 16, inorganic bases as additives
were screened. Indeed, with 10 equivalents of K3POy, the reaction stopped at the alcohol

stage. Best yields were obtained with 20 equivalents of the alkane, 1.5 equivalents of
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3 Experiments Conducted, Results and Discussion

BCl3 and irradiation with a 368 nm LED at 0°C. Different aromatic aldehydes and
alkanes were probed under these optimized conditions and their alcohols were isolated
in 42-76% yield (19 examples, 0.200 mmol to 1.00 mmol, Figure 4).

e ot ot o

16a 16b 16¢ CF, 16d
65% 76% 74% 48%
OH OH OH OH OH

D W) wHD

16e 16f 16g 16h 16i
59% 60% 44% (rr = 2/1) 42% 55% (rr = 4/1)

Figure 4: Selected examples of alcohols 16 obtained through the BCl3-mediated photoreaction
with base. Major regioisomers are depicted.

Besides the synthetic scope, we were also interested in the reaction mechanism. There-
fore, different mechanistic studies were conducted. H/D experiments with PhCDO or
CsD12 showed that deuterium was incorporated into 15 as expected. With a 1:1 mixture
of CgHip and CgD12 (Scheme 11), 50% of the isolated product featured a di;-deuterated
cyclohexane ring, suggesting no kinetic isotope effect.

BCI3 (1.5 equiv)
O O hv (A = 300 nm)
@ (CH2Cly) tt, 30 min m m011
10 equiv. 10 equiv 1:1 15-dy4

Scheme 11: Irradiation of 2-BCl3 with an equimolar mixture of C¢Hjz and C¢Dyy, providing 15
and 15-dq; in a 1:1 ratio.

In a set of kinetic experiments, the effect of various parameters on the reaction of 2-BCl3
with C¢Hi, was studied. We found that a higher alkane concentration leads to a faster
reaction. This can be attributed to competing loss channels, e. g. radical recombination
to 2 or single electron transfer of the radicals, so that a higher concentration of alkane
can contribute to a productive reaction by enabling the HAT. When the light intensity
was decreased with neutral density filters, the reaction rate decreased proportionally,

which stands to reason for a photochemical reaction that is photon-limited.

By light on-off experiments, we found that a small amount of starting material is

consumed also in the dark. This thermal reactivity could be due to a radical chain
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3.2 Photochemical Isomerization of Cycloheptene Derivatives

pathway. In addition, the obtained quantum yield after 120 s of continuous irradiation
was determined as 1.036+0.062, which confirmed that a radical chain pathway operates
in this reaction. By calculations, we found that an attack of a cyclohexane radical to
complex 2-BCl3 can propagate the chain (Scheme 12). The key step is an intramolecular

SET that restores aromaticity and provides a free chlorine radical.

Cl cl Cl ¢ Cl
. -B~ci cIPB.

Scheme 12: Radical chain mechanism proposed via calculations.

In summary, these fundamental studies showcased the diversity of Lewis acid-modified
photochemistry and the fruitful interplay of theory, spectroscopy and synthesis. With
the study on the cyclohex-2-enone-BF3 complex, existing mechanistic hypotheses on
the activation of enones by Lewis acids could be corroborated. With the study on
the benzaldehyde-BCl; complex, photoinduced bond fission in a substrate-Lewis acid

assembly was established as a possibility for C—H bond activation.

3.2 Photochemical Isomerization of Cycloheptene Derivatives

With our interest in enantioselective photochemistry of «,f-unsaturated ketones, we
became intrigued by the Z-E isomerization of cyclohept-2-enone (3) and focussed on
the photoinduced Diels-Alder reaction of 3 (Scheme 13). This transformation would
provide structurally intriguing bi- or tricyclic products with multiple defined stereo-
genic centers. Therefore, we wanted to study its diene scope, reaction pathway, and
synthetic applications.®®! Also effects of Lewis acids on the reaction were investigated.

hv j
(A =350 nm) 7z

i: Diels-Alder

(2)-3 (E)-3 17a

Scheme 13: Photoinduced isomerization of (Z)-3 that enables a Diels-Alder reaction.

Theoretical studies revealed the isomerization of (Z)-3 to proceed by two competitive
reaction channels on either the singlet or triplet hypersurface. In both cases, the
molecule can end up in the E-configuration with a dihedral angle (H-C=C-H) of 170°,
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3 Experiments Conducted, Results and Discussion

which is 120kJ mol™! higher in energy compared to the Z-configuration (in Sp) and

which allows for a consecutive Diels-Alder reaction.

While this strain energy enables various reactions, it prohibits isolation of (E)-3 and
leads to its consumption when no suitable reaction partner is present, as (E)-3 can react
with (Z)-3 in a thermal [2s+72,] cycloaddition reaction. We studied this reaction spec-
troscopically: (Z)-3 was irradiated without other reactants and the solution monitored
by UV /Vis or NMR spectroscopy. In both cases, signals of (Z)-3 disappeared while
signals of dimers emerged. This dimerization occurs within a typical time period of a
photo-induced Diels-Alder reaction. Therefore, if the Diels-Alder reaction with a cer-
tain diene is comparatively slow, the dimerization becomes dominant and consumes
the material. Both the dimerization of 3 and thermal re-isomerization to (Z)-3 preclude

the isolation of pure (E)-3.

With suitable dienes, a clean Diels-Alder reaction was observed. Various dienes and
cycloalk-2-enones were probed (17 examples, 0.100 mmol to 1.00 mmol) and provided
the products 17 in 68-98% yield (Figure 5).

17d
73% (rr = 50/50)

17e 171 179
86% (rr=50/50) 91% (dr=71/29)  98% (dr = 65/35,
calcd: 76/24)

17h 17i 17] 17k
89% (dr = 39/61) 84% (dr = 72/28) 94% (dr = 80/20) 80% (dr = 62/38)

Figure 5: Selected examples of products 17 obtained through photoinduced Diels-Alder reac-
tion. Major regioisomers and diastereomers are depicted.

The reaction with furan was studied in detail by theory and the calculated diaste-

reomeric ratio matched the experimental ratio. Additionally, product 17g gave access
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3.2 Photochemical Isomerization of Cycloheptene Derivatives

to single crystals for X-ray analysis, by which the relative configuration of the product

could be proven.

To highlight the applicability, racemic trans-a-himachalene (18) was synthesized in
four steps (14% overall yield, Scheme 14). After the Diels-Alder reaction of ketone
19 with diene 20, alcohol 171 was directly obtained by treating the crude product with
hydrochloric acid. Methylation and Wittig methylenation provided ether 21. Reductive

treatment with lithium in ammonia furnished the natural product 18.

(Me30)BF,
o X hv (A = 350 nm) proton sponge
(CHLCI,) rt (CH,Cly) rt
+ =
then HCl(aqg.) 85%
OTMS (THF) rt
19 20 64% (rr = 56:44) 171

Li
(NHg/THF) rfx

PhgPCH3Br, n-BuLi
(THF) 0 °C — rt

87%

89% (based on rsm;
rr=61:39)

21 OMe

Scheme 14: Total synthesis of trans-a-himachalene with the photoinduced Diels-Alder reaction
as key step.

As we were pleased with the scope of the photoinduced Diels-Alder reaction of 3, we
studied the effects of Lewis acids on the reaction. Therefore, chiral 1,3,2-oxazaboro-
lidines were tested as Lewis acid catalysts for the reaction of 3 with cyclopenta-1,3-
diene. Unfortunately, an inseparable mixture of multiple stereoisomers was obtained.
While the trans-configured product 17f was formed with up to 42% ee, also the cis-
configured Diels-Alder product was found. The latter can be explained by a Lewis
acid-induced thermal background reaction. Even when the reaction was conducted
at low temperatures (—78 °C), this issue remained. We deemed 3 unsuitable for Lewis
acid-catalysis and hypothesized that a potentially less reactive trisubsituted dienophile
could be an alternative to 3, as this could avoid the undesired thermal background

reaction.

As aldehyde moieties are possible handles for Lewis acids in photochemistry (see
Section 2.2 on page 6), we wondered if cyclohept-2-enecarbaldehyde (5) could act as a
viable alternative for 3. To the best of our knowledge, the photochemistry of 5 has not
been explored. Due to its structural similarity to previously studied cycloheptenel®!

and 3 (see above), we expected photochemical isomerization of (E)-5 to (Z)-5 and a
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3 Experiments Conducted, Results and Discussion

subsequent Diels-Alder reaction as depicted in Scheme 15. Therefore, we studied the

photoinduced isomerization of 5 and subsequent strain-release reactions.

o) hv Ox
(A = 350 nm) : :
Diels-Alder Qliji

H
22a

Scheme 15: Photoinduced isomerization of (E)-5 that enables a Diels-Alder reaction.

Indeed, upon irradiation of 5 with 2,3-dimethylbuta-1,3-diene, we saw starting material
consumption. Surprisingly, two structurally different products were obtained. The
major product was the Diels-Alder product 22a, whose structure was corroborated
through reduction and esterification with para-bromobenzoyl chloride and X-ray ana-
lysis. The minor product was the Alder-ene product 23a. Gratifyingly, 5 underwent
the Diels-Alder reaction with other 1,3-dienes or in case of methylenecyclopentane
the Alder-ene reaction (Figure 6). When 1,3-dipoles were used as reaction partners,
[3+2] cycloaddition products like 24 were formed, similar to 3.0 In total, 12 different

Ox Ox
H H
22b 22¢c

photoproducts could be isolated.

42% 14% 70% (dr = 90/10) 39% (rr = 72/28)
0
0 Ox W H
o O Qb
o) N

H H ©

23b 22d 24
32% 65% (dr > 95/5) 82% (dr = 85:15)

Figure 6: Selected examples of products obtained through photoinduced Diels-Alder, Alder-
ene or [3+2] cycloaddition reactions of 5. Major regioisomers and diastereomers are
depicted.

When comparing the reactivity of 3 with 5, two aspects were noticeable: The reactions
with 5 were slower and the products were obtained in lower yields. This could be
explained through the decreased ring strain of (Z)-5 compared to (E)-3. To quantify
the different efficiencies, the quantum yields of the photoinduced Diels-Alder reac-

tions with cyclopenta-1,3-diene were determined. For the consumptions of 3 and 5,
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3.2 Photochemical Isomerization of Cycloheptene Derivatives

quantum yields of 0.50 + 0.09 and 0.096 + 0.005 were obtained, respectively. This
means that (Z)-5 is 81% less reactive than (E)-3. Nevertheless, the quantum yields
for these Diels-Alder reactions are in the same order of magnitude of other, relatively
efficient photoreactions like the intramolecular [2+2] photocycloaddition reaction of
2-(allyloxy)cyclohexenone.?! In the latter case, we obtained quantum yields of approx-
imately 0.3 both for directly excited or sensitized reactions. Only with a chiral Lewis

acid, the quantum yield dropped to 0.003.

Also for 5, the effect of Lewis acids was studied. Unfortunately, 5 was rapidly consumed
in the dark with EtAICI, as Lewis acid and cyclopenta-1,3-diene as reactant. In addition,
we found that ketone 25 was formed with BF3 or EtAlICl; and 2,3-dimethylbuta-1,3-diene
(Scheme 16). This can be mechanistically explained through a thermal Diels-Alder
reaction to 26 followed by a rearrangement cascade.

BF;
BF5-OFEt, (i) H O|
2,3-dimethylbutadiene N
5 —_—
(CHxCly) 1, 1 h
H
H
26 25
87%

Scheme 16: Lewis acid-induced Diels-Alder/rearrangement reaction to ketone 25.

As, again, thermal reactions were induced by Lewis acids, no experiments regarding
enantioselective photocatalysis were conducted with 5. Our findings indicate that
Lewis acids are too strong activators for a,f-unsaturated carbonyl compounds to allow
for exclusively photoinduced Diels-Alder reactions. In summary, we could show that
the E-Z isomerization/Diels—Alder sequence is a versatile tool to obtain trans-fused

ring systems from cycloheptene derivatives 3 and 5.
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4 Information on Original Publications

4.1 Diels—Alder Reaction of Photochemically Generated
(E)-Cyclohept-2-enones: Diene Scope, Reaction Pathway, and
Synthetic Application

Bibliographic information:

D. P. Schwinger, M. T. Peschel, C. Jaschke, C. Jandl, R. de Vivie-Riedle, T. Bach, J. Org.
Chem. 2022, 87, 4838-4851. Published on 22 March 2022 (see A on page 29).

Summary:

(Z)-Cyclohept-2-enones can undergo isomerization to their strained (E)-isomers upon
UV-irradiation. We studied this process theoretically by calculations and experimen-
tally by subsequent Diels—Alder reactions. The calculations revealed that the isomer-
ization can occur on both the singlet and triplet hypersurface. In the Diels—Alder
reactions, various dienes served as suitable reaction partners and provided the cor-
responding products in good yields (up to 98%) and with trans-configuration of the
bridgehead substituents. For furan, the relative configuration of all stereogenic centers
could be established by X-ray diffraction analyses and the experimental results matched
the calculated ones. In addition to cyclohept-2-enone, substituted cyclohept-2-enones
and cyclooct-2-enone were studied with cyclopenta-1,3-diene. The method was also

used to synthesize the natural product trans-a-himachalene in four steps.

Author contributions:

D.P. Schwinger and T. Bach developed the project. D.P. Schwinger designed and
performed synthetic experiments as well as generated and evaluated the analytical data.
M. T. Peschel and C. Jaschke developed the theory and performed the calculations with
input from R. de Vivie-Riedle. C. Jandl performed X-ray crystallographic analyses. D. P.
Schwinger validated all data. T. Bach administered the project, acquired funding and
supervised the research. D.P. Schwinger and T. Bach wrote, reviewed and edited the

manuscript with critical input from the other authors.
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4 Information on Original Publications

4.2 Photoinduced B-Cl Bond Fission in Aldehyde-BCl; Complexes as

a Mechanistic Scenario for C—H Bond Activation

Bibliographic information:

D. P. Schwinger, M. T. Peschel, T. Rigotti, P. Kabaciniski, T. Knoll, E. Thyrhaug, G.
Cerullo, J. Hauer, R. de Vivie-Riedle, T. Bach, J. Am. Chem. Soc. 2022, 144, 18927-18937.
Published on 7 October 2022 (see B on page 45).

Summary:

Lewis acids are established catalysts for photochemical reactions. In previous studies,
the induced changes of a substrate’s photophysical and -chemical properties were in
the spotlight. We could show that the assembly of an aromatic aldehyde with BCls
as Lewis acid exhibits completely different reactivity compared to the sole substrate.
Upon UV-irradiation, the B-Cl bond is homolytically cleaved, which forms a borylated
ketyl radical as well as a chlorine radical. This was established by transient absorption
spectroscopy and time-dependent DFT calculations. These radicals were synthetically
used in a hydroalkylation reaction with alkanes. As the chlorine can abstract an H
atom from simple alkanes, alkyl radicals are formed that can either recombine with a
ketyl radical or react with an aromatic aldehyde-BCl3 assembly via addition and then
elimination of a chlorine radical. The latter process leads to radical chains and was
confirmed by DFT and quantum yield measurements. As products of this reaction,

various alcohols were obtained in moderate to good yield (up to 76%).

Author contributions:

D.P. Schwinger, M. T. Peschel and T. Bach developed the project. D.P. Schwinger and
T. Rigotti designed and performed synthetic and mechanistic experiments as well as
generated and evaluated the analytical data. M. T. Peschel and T. Knoll developed the
theory and performed the calculations with input from R. de Vivie-Riedle. P. Kabacinski
designed and performed the transient absorption measurements with guidance from
G. Cerullo. E. Thyrhaug evaluated the transient absorption data and performed the
kinetic analysis with input from J. Hauer. D.P. Schwinger, M. T. Peschel and T. Rigotti
validated all data. J. Hauer, R. de Vivie-Riedle and T. Bach administered the project,
acquired funding and supervised the research. D. P. Schwinger, M. T. Peschel, T. Rigotti,
J. Hauer, R. de Vivie-Riedle and T. Bach wrote, reviewed and edited the manuscript

with critical input from the other authors.
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5 Conclusions

This research study focused on the use of Lewis acids to modulate the reactivity of
conjugated carbonyl compounds in photochemical reactions. Therefore, we investi-
gated model substrates together with boron-based Lewis acids, involving mechanistic
experiments, theory and spectroscopy. Within our study on the cyclohex-2-enone-BF;
complex, we discovered that selective excitation of a Lewis acid—chromophore assem-
bly with UV light is possible, as long as the absorption of the complex lies in-between
absorption bands of the uncomplexed chromophore and a suitable irradiation source is
used. In addition, we could corroborate the photophysical and -chemical mechanism
of Lewis acid—enone assemblies. We also found a new photochemical method for C-H
bond activation through our study on the benzaldehyde-BClz complex. Its reaction
mechanism includes B—Cl bond fission, subsequent hydrogen abstraction and radical
chain propagation. These steps were not only supported by mechanistic experimental
studies and high level calculations but were also predicted by theory before any ex-
periments were conducted. This theory-driven approach to synthetic discovery might
prove useful for other substrate classes, e. g. photochemical reactions of heteroarene—

Lewis acid assemblies.[181]

Furthermore, we investigated the application of Lewis acid-catalysis to E-Z isomeri-
zation of cycloheptene derivatives. The scope of the photoinduced Diels-Alder reaction
with cyclohept-2-enone was explored, the structures of certain products were con-
firmed by X-ray analysis, and the reaction pathway analyzed by theory. In addition,
trans-a-himachalene was synthesized applying this method. As Lewis acids triggered
a thermal reaction of cyclohept-2-enone in the dark, we investigated the more hindered
cylohept-2-enecarbaldehyde. Its photochemical behavior was so far unknown. Simi-
lar to cyclohept-2-enone, it underwent different strain release-promoted cycloaddition
reactions. Also an Alder-ene reaction was observed. With Lewis acids, thermal re-
actions of cylohept-2-enecarbaldehyde with 1,3-dienes were detected. Taken together,
our findings suggest that Lewis acids may be unsuitable for photoinduced Diels-Alder

162,631 could allow

reactions of cycloheptene derivatives. However, other catalyst classes
for these ring strain-promoted reaction to occur enantioselectively, which warrants fur-
ther investigations. In summary, the findings as part of this thesis shed light on the
fundamental aspects of Lewis acid-catalyzed photochemical reactions of conjugated

carbonyl compounds and offer insights for future research in this area.
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ABSTRACT: Upon irradiation at 4 = 350 nm, cyclohept-2-enone
undergoes an isomerization to the strained (E)-isomer. The process
was studied by XMS-CASPT?2 calculations and found to proceed by
two competitive reaction channels on either the singlet or the triplet
hypersurface. (E)-Cyclohept-2-enone is a reactive dienophile in
thermal [4 + 2] cycloaddition reactions with various dienes. Ten
different dienes were probed, most of which—except for 1,3-
cyclohexadiene—underwent a clean Diels—Alder reaction and gave
the respective trans-fused six-membered rings in good yields (68—
98%). The reactions with furan were studied in detail, both
experimentally and by DLPNO—CCSD(T) calculations. Two
diastereoisomers were formed in a ratio of 63/35 with the exo-
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product prevailing, and the configuration of both diastereoisomers was corroborated by single crystal X-ray crystallography. The
outcome of the photoinduced Diels—Alder reaction matched both qualitatively and quantitatively the calculated reaction pathway.
Apart from cyclohept-2-enone, five additional cyclic hept-2-enones and cyclooct-2-enone were employed in their (E)-form as
dienophiles in the Diels—Alder reaction with 1,3-cyclopentadiene (80—98% yield). The method was eventually applied to a concise
total synthesis of racemic trans-a-himachalene (four steps, 14% overall yield).

B INTRODUCTION

Photochemical reactions are particularly useful if they provide
access to intermediates that cannot be generated by conven-
tional (thermal) transformations. They open unprecedented
reaction channels, which in turn can lead to novel, structurally
unique products.’ Along these lines, the Z/E isomerization of
cyclic alkenes has received intensive attention,” and out-
standing contributions were made by the group of Y. Inoue,’
who focused on the preparation of chiral (E)-cycloalkenes in
enantiomerically enriched form.* In recent years, the ring strain
of cyclic (E)-alkenes has been favorably used to facilitate
biochemical ligation reactions.” From a synthetic perspective,
the high ring strain in (E)-cycloalkenes and specifically (E)-
cycloalk-2-enones allows for consecutive reactions that are not
feasible thermally or require activation by a catalyst. In back-to-
back publications, the groups of Corey® and Eaton” reported in
1965 on the photochemical formation of (E)-cyclohept-2-
enone” and its consecutive reaction with either 1,3-cyclo-
pentadiene or furan as diene components in a Diels—Alder
reaction (Scheme 1).” Despite the fact that the Diels—Alder
adducts, which are—unlike thermal products'’—intrinsically
trans-fused,"" hold promise for the total synthesis of naturally
occurring cycloheptanes, the number of subsequent publica-
tions on the topic has remained limited. Hiraku et al. studied
© 2022 The Authors. Published by

American Chemical Society
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Scheme 1. Photochemical Isomerization of (Z)-Cyclohept-
2-enone [(Z)-1] to Its (E)-Isomer [(E)-1] and Structures of
Dienes Known to Undergo a Diels—Alder Reaction with

(E)-1
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the photochemical reaction of cyclohept-2-enone with cyclo-
pentadiene and isoprene claiming the formation of structurally

defined products as single isomers.'”
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recognized that the regioselectivity of the reaction can be
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favorably controlled in an intramolecular reaction and reported
on the formation of polycyclic cyclohept-2-enone adducts by a
cascade of photochemical Z/E isomerization and intra-
molecular Diels—Alder reaction."

The hitherto most comprehensive study on the photo-
chemical reaction of cyclohept-2-enones with dienes was
performed by Autschbach, Davies, and co-workers.'* In the
context of a projected total synthesis of vibsanin E, they
studied the reaction of various cyclohept-2-enones with
isoprene, 2,4-hexadiene, and 1-methoxy-1,3-butadiene. For
the parent compound cyclohept-2-enone (1), they observed
upon reaction with neat 1-methoxy-1,3-butadiene two major
products in a ratio of 4/1 to which they assigned the structures
2a and 2a’ (Scheme 2). On the basis of DFT calculations on

Scheme 2. Previous Study'* on the Diels—Alder Reaction of
1-Methoxy-1,3-butadiene with (E)-Cyclohept-2-enone [(E)-
1] to Regioisomeric Bicyclic Products 2a and 2a’

o] O  OMe
H H
= neat : s
ey g +
94%

OM H = H

¢ OMe
rr= 2a/2a'= 80/20 2a 2a'

the B3LYP/6-31G(d) level of theory, they could rationalize the
outcome of the reactions by analyzing the transition state
energies for the approach of the diene to substrate (E)-1.
Ghosh, Datta, and co-workers studied the photochemical
reaction of chiral cyclohept-2-enones with various dienes
focusing on its use for diterpene total synthesis. For furan as
diene, they found a single addition product, the selective
formation of which was explained by the fact that its formation
was most exothermic according to DFT calculations.”> With
nonsymmetric dienes, the formation of regioisomeric products
was observed. In a recent study, Wang et al. employed the
photoinduced Diels—Alder reaction for the construction of a

spirooliganin library.'® They also analyzed structures and
relative energies of Diels—Alder products and transition states
for the reaction of isoprene and 4,4-dimethylcyclohept-2-enone
by DFT calculations at the @B97X-D/def2-QZVPP//wB97X-
D/def2-TZVP level of theory.

Our interest in the photochemistry of cyclohept-2-enone
and its derivatives was kindled by the intrinsic chirality of (E)-
cyclohept-2-enones (vide supra), which could potentially be
exploited for enantioselective transformations.'” Since a
procedure to access racemic compounds was needed and
since it seemed desirable to establish the constitution and
relative configuration of the Diels—Alder products, we studied
the photoinduced reaction of various cyclohept-2-enones with
dienes in detail. We herein describe the results of our
experiments, which were combined with computational studies
and which led to the application of the photoinduced Diels—
Alder reaction to the synthesis of the natural product trans-a-
himachalene.

B RESULTS AND DISCUSSION

Cyclohept-2-enone displays two notable absorption bands in
the UV—vis spectrum. At A = 226 nm, a strong absorption (¢ =
10475 L mol™ cm™) is recorded in dichloromethane
solution, while the long-wavelength absorption at 4 = 325
nm is weak (& = 64.4 L mol™! cm™). The spectrum calculated
at XMS-CASPT2(6,5)/cc-pvtz level of theory matched the
experimental data well and allowed us to assign the blue-
shifted absorption (4. = 220 nm) to a bright z7* transition
and the red-shifted absorption (4. = 336 nm) to an almost
dark, forbidden nz* transition (see the SI for further details).
The XMS-CASPT2 optimizations of critical points in the
excited states of cyclohept-2-enone indicated two ultrafast
relaxation pathways that allow for the observed Z/E isomer-
ization, a triplet pathway via intersystem crossing (ISC) as well
as a singlet pathway via internal conversion (Figure 1). After
photoexcitation to the S;(nz*) state, the (Z)-isomer of
cyclohept-2-enone, (Z)-1, starts to relax. Already close to the

AE in kJ/mol

51 TS coln/isC

510 kJ/mol

S1T1So

S min.

(%]
S,TyS, Coln/ISC S, TS

I I
90° 170°

Dihedral Angle H-C=C-H

Figure 1. Critical points in the S; (black), S, (blue), T, (red), and T, (yellow) states along the Z/E photoisomerization pathways of cyclohept-2-
enone optimized using XMS-CAPT2(6,5)/cc-pvtz.”' The three most critical points on the left lie close to the Franck—Condon region with H—
C=C—H torsion angles (indicated by gray ellipses) close to 0°, the six critical points in the middle have torsion angles close to 90° and the lowest
lying (E)-conformer has a torsion angle of 170°. As examples, we explicitly show the molecular structures of the lowest lying (Z)- and (E)-isomer,
the transition state (TS) connecting them, as well as the structure of the S, TS, CoIn/ISC, where a transannular interaction between C-3 and the

hydrogen atom at C-7 is indicated.
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Franck—Condon region, intersystem crossing between S, and
T, can occur as both states become degenerate (S,T, ISC).
From there, following the T,, the system arrives at a conical
intersection between T; and T, (T,T, Coln), allowing a
transition to T,. Relaxation in the T, leads to a torsion of the
double bond by 90° and a T, minimum of z7* character is
reached. A barrier of 27.7 kJ mol™ has to be overcome to
reach the crossing region with the S, state (T,S, ISC). This
region is geometrically close to the thermal Z/E transition state
in the S, (S, TS). Two pathways are now possible, either back
to (Z)-1 or continuing the rotation toward the (E)-isomer,
(E)-1. The final geometry of (E)-1 is characterized by a double
bond torsion of 170°, which deviates from the classical value of
180° due to ring strain. For smaller enones'® this ring strain is
even stronger and prevents full isomerization. Only the larger
and more flexible cyclohept-2-enone can undergo complete
isomerization in the triplet states as has already been shown by
Garcia-Expésito et al. at the CASSCF level.'” At the XMS-
CASPT2 level, we identified another possible isomerization
pathway exclusively via singlet states. Only a small barrier in
the S, state (S; TS), lying 20.5 kJ mol™" below the Franck—
Condon point, has to be overcome to reach a three state
crossing between S;, T, and S;. Here the double bond torsion
is also close to 90°. Furthermore, the structure is stabilized by a
transannular interaction of C-3 and the hydrogen at C-7. As
internal conversion is typically faster than intersystem crossing,
we expect preferential population of the S, state and the
possibility of Z/E isomerization by relaxation in the S, toward
(E)-1. In case of the studied Diels—Alder reactions, dienes are
used in excess, which can act as efficient triplet quenchers.”
This would lead to an additional loss channel when following
the triplet pathway. However, the excited molecules might
have suflicient energy and momentum to overcome the barrier
associated with the T,S; ISC before quenching can occur.
Thus, the possibility of isomerization along the triplet path
should still be considered.

A first set of preparative experiments were performed with
cyclohept-2-enone (1) and some substituted 1,3-butadienes
(Scheme 3). It was found that the reactions worked best in
dichloromethane solution at an irradiation wavelength of 4 =
350 nm (emission maximum of the fluorescent lamps). The
diene component was used in excess to secure an efficient
trapping of the strained (E)-intermediate. With 1,3-butadiene
itself (product 3a) and symmetrical 2,3-disubstituted dienes
(products 3b, 3c), only a single product was obtained for each
reaction. [2 + 2] Photocycloaddition reactions between the
enone and 1,3-dienes were not observed.*>

The trans-fusion of the newly formed cyclohexene ring was
corroborated by a single crystal X-ray analysis of product 3b
derived from 1,2-bis(methylene)cyclohexane. The reaction
with 2-substituted 1,3-butadienes led to a mixture of
regioisomers, and no preference was observed (rr
regioisomeric ratio). The minor differences in the spectro-
scopic properties of the isoprene adducts 3d and 3d" may have
been difficult to detect by the techniques available in the
1970s, which in turn accounts for a previous report on
regioselective formation of 3d.'> A similar observation as with
isoprene was also made with myrcene which gave the trans-
fused products 3e and 3e’ as a mixture of inseparable
regioisomers. The reaction scale was irrelevant for the yields,
which were consistently good to excellent. The limited
regiocontrol exerted by the alkyl substituent in 2-position
appeared to be due to its low electron-donating properties, and

4840

Scheme 3. Photoinduced Diels—Alder Reaction of
Cyclohept-2-enone (1) with 1,3-Butadiene and Related
Alkyl-substituted 1,3-Dienes®

\
/—R

20 equiv

o}

hv (% = 350 nm)
rt. (CH2C|2)

= 50/50

3¢, 87%°

3d
3e

3d'
3e'

64%, 73%"
98%

90.1 mmol scale. “1.0 mmol scale. 0.2 mmol scale. Molecular
structure of 3b in the solid state with ellipsoids at the 50% probability
level.

a better regiocontrol was expected for more electron-donating
substituents.”> However, the lack of regioselectivity persisted
for stronger electron donors. 2-Trimethylsiloxy-1,3-butadiene,
for example, is known to react with (Z)-enones under thermal
conditions with high regioselectivity, even in the absence of a
Lewis acid.”* In contrast, no selectivity was observed in the
reaction with photochemically generated (E)-enone (E)-1.
Ketones 2b and 2b’ were obtained after hydrolysis of the silyl
enol ether in an equimolar ratio (Scheme 4).

Scheme 4. Photoinduced Diels—Alder Reaction of
Cyclohept-2-enone (1) with 2-Trimethylsiloxy-1,3-
butadiene Delivering trans-Fused Products 2b and 2b’

X
1+ ;\
OTMS

1. hv (» = 350 nm)
r.t. (CHoClo)

2.aq. HCI
rt. (THF)

86% (rr = 50/50)

It seems reasonable to assume that stereoelectronic
parameters play a smaller role in the reaction of the twisted
(E)-enone as compared to reactions of cyclic (Z)-enone. We
thus anticipated that the endo/exo-selectivity might also be less
pronounced. The reaction with furan had been previously
studied by Eaton and Lin who reported the formation of two
diastereomeric products when irradiating cyclohept-2-enone in
furan as the solvent.” Under our conditions, the high yield of
the reaction was confirmed (Scheme 5) and the products were
further analyzed (dr = diastereomeric ratio). The minor
diastereoisomer 4’ gave crystals that were suitable for X-ray
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Scheme 5. Photoinduced Diels—Alder Reaction of
Cyclohept-2-enone (1) with Furan: Structure Proof and
Subsequent Diastereoselective Reactions to Alcohol § and
Epoxide 6

O.

7

hv (. = 350 nm)
rt. (CHoClo)
—_—

98%
dr = 65/35
NaBH,4
r.t. mCPBA
(MeOH) rt. (CH,Cly)

6, 85% (major), L.
dr=285/15 S il

5, 98%,
dr>95/5

“Molecular structures of 4" and 6 in the solid state with ellipsoids at
the 50% probability level.

crystallographic analysis. In this tricyclic product, the former a-
hydrogen atom of the @,f-unsaturated enone is positioned exo
to the double bond, the former f-hydrogen atom endo. The
keto group is also positioned endo to the double bond, which is
why we refer to 4’ and related products as endo-products. The
exo-product 4 was the major diastereoisomer the relative
configuration of which was established by X-ray crystallo-
graphic analysis of its epoxidation product 6. Unlike the
reduction of the ketone to alcohol S, which proceeded with
perfect diastereoselectivity, the epoxidation led to two
diastereoisomers in a ratio of 85/1S.

Since the photoinduced Diels—Alder reaction is irreversible,
product formation occurs under kinetic control. For the furan
cycloaddition, we probed the predictive character of DLPNO—
CCSD(T) calculations by comparing their results with the
experimental data. The calculations (Figure 2) confirmed that
the (E)-isomer of cyclohept-2-enone, (E)-1, can undergo an
uncatalyzed Diels—Alder reaction with furan. The activation
barrier was calculated to be between 80 and 90 kJ mol™".
Similar barrier heights were obtained in previous work for the
reaction of isoprene with (E)-4,4-dimethylcyclohept-2-
enone.'®

The respective lowest transition states for an exo- vs an endo-
approach of furan to (E)-1 are depicted in Figure 2. They are
energetically close to each other and lead to products 4 and 4.
The reaction is found to be exergonic with a Gibbs free
reaction energy A,G° of —105.1 and —102.7 kJ mol™,
respectively. The endo-transition state is higher in energy and
the expected dr can be calculated from the relative barrier
heights A*G°. The calculated value (dr = 76/24) is in
remarkably good agreement with the experiment. The
optimized molecular structure of 4 matches closely the
experimental structure of the compound in its crystal.

4841

calcd.: dr = 76/24
exp.:

dr = 65/35

(E)-1-furan- -
n-complex F

Figure 2. Transition states for the Diels—Alder reaction of (E)-1 with
furan to form products 4 and 4’ (black) and for the thermal
isomerization back to (Z)-1 (gray). Gibbs free activation energies
A*G® for the Diels—Alder reactions and Gibbs free reaction energies
A,G° for all reactions were calculated using DLPNO—CCST(D)/
CBS(3/4, cc)25//wB97xD/aug—cc—pvtz.26 Gibbs free activation
energies A*G® for the Z/E Isomerization were calculated using
XMS-CASPT2(6,5)/cc-pVTZ//UwB97xD/aug-cc-pvtz. All values are
given in kJ mol™". The calculated diastereomeric ratio dr and the
experimental dr are shown, as well as the structure of a 7-complex of
(E)-1 and furan.

Scheme 6. Photoinduced Diels—Alder Reaction of
Cyclohept-2-enone (1) with Various Bridged Dienes
Delivering trans-Fused Products 7 and 7’

X

W

hv (3 = 350 nm)
r.t. (CH,Cly)
—————

(o]

7a/la’, 91%
dr=71/29

7b/7b', 58%
dr = 33/67

7c/1¢', 77%
dr=72/28

Expectedly, 1,3-cyclopentadienes reacted well in the Diels—
Alder reaction with (E)-cyclohept-2-enone (Scheme 6,
products 7a/7a’ and 7c/7c¢’). The configuration assignment
was based on analogy to the furan products, which means that
the major product was exo-configured. This assignment is in
line with previous work’ in which the exo-isomer was
described. We could further corroborate the analogous
assignment by comparison of the experimental with calculated
'"H NMR data for both 4/4’ and 7a/7a’; in both cases the
olefinic signals of the exo-isomer are well separated while those
of the endo-isomer overlap and lie in-between the signals of the
exo-isomer (see SI for more details). However, we could not
confirm that the product with cyclopentadiene was a single
diastereoisomer,” even if the reaction was performed at low
temperature (dr = 75/25 at —70 °C). This is again in
agreement with the DLPNO-CCSDT calculations, which
predict a barrier height of 77.7 kJ mol™" for the exo approach
leading to 7a and a barrier height of 81.7 k] mol™ for the endo
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approach leading to 7a’, corresponding to a predicted
diastereomeric ratio of dr = 83/17.

The reaction with 1,3-cyclohexadiene was slugglsh as
expected from the poor reactivity of this diene’” in thermal
Diels—Alder reactions. On the basis of the 'H NMR data we
assign the endo-isomer 7b’ to be the major diastereoisomer. In
general, if trapping with a diene was not successful (e.g., with
thiophene), a series of polar spots were detected on TLC,
stemming from [;2, + ,2,] dimerization products® of
cyclohept-2-enone. When a solution of cyclohept-2-enone
was irradiated without diene, the substrate was consumed
within the same time period typically required for completion
of a photoinduced Diels—Alder reaction (2—4 h; see SI for
more information on corresponding studies). This dimeriza-
tion—in addition to thermal reisomerization to the (Z)-
isomer—precludes an isolation of (E)-1 at noncryogenic
temperatures.

The scope section of this study was completed by submitting
other readily available, seven-membered cyclic enones to the
conditions of the photoinduced Diels—Alder reaction. 1,3-
Cyclopentadiene was employed as the diene component
(Scheme 7). In all cases, a mixture of exo- (9) and endo-

Scheme 7. Photoinduced Diels—Alder Reaction of Various
Cycloalk-2-enones 8 with Cyclopentadiene to trans-
Products 9 and 9’

Q@

20 equiv

hv (A = 350 nm)
rt. (CH20I2)

9a/9a’, 89%
dr =39/61

9b/9b’, 98%
dr = 80/20

9c¢c/9c', 85%
dr=71/29

9d/9d’, 84%
dr=72/28

9e/9¢', 94%

of/of', 80%

dr =80/20 dr =62/38

products (9”) was obtained. The reaction proved remarkably
robust toward a potential steric hindrance by methyl
substituents. Yields remained high irrespective whether a
methyl or dimethyl substitution was introduced in the 3-, 4-, or
7-position of the cyclohept-2-enone (products 9a/9a’, 9b/9b’,
and 9¢/9¢’). A difluorosubstitution was also well tolerated and
gave the respective tricyclic products 9d/9d” in high yield. The
result is relevant for possible applications since it enables the
introduction of fluorine atoms into a strained scaffold by a
photochemical method. The reaction of cyclooct-2-enone with
1,3- cyclopentadlene was previously reported to yield a single
product.'” Under our conditions, we did not observe a single
product but a mixture of two diastereoisomers (9e¢/9e’) in a
ratio that was similar to the dr of the cyclohept-2-enone
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addition (Scheme 6, 7a/7a’). Eventually, the Diels—Alder
reaction was performed with 8,9-dihydrobenzocyclohepten-5-
one which also reacted cleanly to products 9f/9f upon
irradiation. In all cases but 9a/9a’, the exo-product was again
the major diastereoisomer.

As mentioned in the introduction, applications of the
photoinduced Diels—Alder reaction in total synthesis are
infrequent despite the fact that several natural products display
trans-annulated bicyclo[5.4.0]undecane skeletons. As a poten-
tial target, the sesquiterpene trans-a-himachalene (14) was
selected, which was isolated as (+)-14 by Bartelt and co-
workers™® in 2001 from the male flea beetle Phyllotreta
cruciferae and which had been previously synthesized from (R)-
carvone by Srikrishna and Kumar.”’ The literature-known'®
starting material 8b was shown to be a competent substrate for
the reaction (cf. Scheme 7) despite its geminal dimethylsub-
stitution at C-4. Reaction with silylenolether 10*° was initiated
by irradiation at A = 350 nm and resulted in a mixture of
regioisomeric cycloaddition products 11 and 11’ (rr = 56/44).
Remarkably, the major regioisomer of the reaction, which was
isolated in a yield of 36% after hydrolysis, was found to be
diastereomerically pure (Scheme 8).

Scheme 8. Concise Total Synthesis of trans-a-Himachalene
(14) by a Photoinduced Diels—Alder Reaction as Key Step

o = (0]
A hv (A = 350 nm)
Q rt. (CH,Cly)
+  Z
then HCI (aq)
OTMS rt. (THF)
8b 10 64% (rr=11/11"' = 56:44) 11
(Me30)BF,
proton sponge PhzPCH3Br, BulLi
r.t. (CH,Cl,) 0°C — 1t (THF)
85% 87%

Li, reflux (NHy/THF)

89% (based on rsm;
rr=14/14' = 61:39)

The relative configuration could be assigned after methyl-
ation of the free hydroxy group with a strong methylating agent
(Meerwein salt) in the presence of 1,8-bis(dimethylamino)-
naphthalene (proton sponge) as Brensted base. NOE contacts
were observed between one C-9 methyl group and the
bridgehead hydrogen atom in a-position to the carbonyl group
as well as between the other C-9 methyl group and the
hydrogen atom geminal to the methoxy group. Consequently,
these hydrogen atoms need to be on opposite sides of the ring
system confirming the depicted relative configuration of
product 11. In turn, this means that the attack of the diene
had occurred with exo-selectivity on the intermediate (E)-
enone. The result is in good agreement with the outcome of
the above-mentioned reaction of 1-methoxycyclobutadiene
(product 2a, Scheme 2).'* Methylenation of the carbonyl
group of ketone 12 was performed by a Wittig olefination,
which produced diene 13 in 87% yield. The final step of the
synthesis followed a literature-known” elimination under
strongly reducing conditions. After release of the methoxide,
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the allylic anion is not protonated with perfect selectivity,
which required separation of the natural product 14 from its
regioisomer by column chromatography using AgNO;-
impregnated silica. The brevity of the synthesis is mainly due
to the fact that the trans-junction of the annulated ring does
not require a sequential introduction of the two stereogenic
centers but was established in the [4 + 2] cycloaddition step.

B CONCLUSION

In summary, we have shown that the sequence of Z/E
isomerization/Diels—Alder reaction is a versatile tool to obtain
trans-fused bicyclic ring systems from cyclohept-2-enones.
Formation of the (E)-isomer can occur on the triplet or on the
singlet hypersurface. The high ring strain of (E)-cyclohept-2-
enones is responsible for their high reactivity toward dienes
and the Diels—Alder reaction occurs in the absence of any
catalyst. If cyclic dienes were employed, a notable exo/endo
selectivity was recorded, mostly in favor of the exo-isomer.
With substituted acyclic 1,3-dienes the regioselectivity was not
very pronounced. Still, the method invites applications in total
synthesis due to the unique bond formation it entails.

B EXPERIMENTAL SECTION

General Methods. All air or moisture sensitive reactions were
carried out in heat gun-dried glassware under an argon atmosphere
using standard Schlenk techniques. Photochemical experiments were
carried out in heat gun-dried Duran tubes in a positive geometry setup
(cylindrical array of 16 fluorescent light tubes, see SI for datasheet)
with the sample placed in the center of the illumination chamber. As
cooling baths, ice/water (0 °C) and dry ice/isopropanol (—78 °C)
mixtures were used. Commercially available chemicals were used
without further purification unless otherwise noted. The following
compounds were synthesized according to literature procedures: 1,2-
dimethylenecyclohexane,’’  trimethyl((2-methylbuta-1,3-dien-1-y1)-
oxy)silane.>” For moisture sensitive reactions, tetrahydrofuran
(THE), diethyl ether (Et,O), and dichloromethane (CH,Cl,) were
dried by a MBSPS 800 MBraun solvent purification system. All other
dry solvents were purchased from Acros Organics (extra dry, over
molecular sieves) and used without further purification. For
photochemical reactions, dry dichloromethane was degassed by
three freeze—pump—thaw cycles and stored over 3 A molecular
sieves (10% w/v), and all dienes were degassed by three freeze—
pump—thaw cycles. For extractions or column chromatography,
technical solvents were distilled prior to use. Flash column
chromatography was performed on silica 60 (Merck, 230—400
mesh) with the indicated eluent mixtures. Thin layer chromatography
(TLC) was performed on silica-coated glass plates (Merck, silica 60
F,q;) with detection by UV-light (4 = 254 nm) [UV] and/or by
staining with a potassium permanganate solution (3.00 g KMnO,,
20.0 g K,CO; and 5.00 mL of 5% aq. NaOH solution in 300 mL
H,0) [KMnO,] followed by heat treatment. Melting points were
determined using a Biichi M-565 melting point apparatus. Nuclear
magnetic resonance spectra were recorded at room temperature on a
Bruker AVHD-400, AVHD-500, or AV-III-S00 (equipped with a
CyroProbe). '"H NMR spectra were referenced to the residual proton
signal of the deuterated solvent [§(CHCl;) = 7.26 ppm, 5(CHDCl,)
= 5.32 ppm, 6(C¢HD;) = 7.16 ppm, §(CHD,CN) = 1.94 ppm]. C
NMR spectra were referenced to the carbon signal of the deuterated
solvent [§(CDCl;) = 77.16 ppm, §(CD,Cl,) = 53.84 ppm, 6(C¢Dy) =
128.06 ppm, §(CD;CN) = 118.26 ppm]. "’F NMR spectra were not
referenced. Apparent multiplets that occur as a result of coupling
constant equality between magnetically nonequivalent protons are
marked as virtual (virt.). The following abbreviations for single
multiplicities were used: br (broad), s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet). Composition of isomeric
mixtures was determined by "H NMR analysis of the crude product.
Infrared spectra (IR) were recorded on a PerkinElmer Frontier IR-
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FTR spectrometer by ATR technique. The signal intensity is assigned
using the following abbreviations: br (broad), vs (very strong), s
(strong), m (medium), w (weak). UV—vis spectra were recorded on a
PerkinElmer Lambda 35 UV—vis spectrometer, using a Hellma
precision cell made of quartz SUPRASIL with a pathway of 1.0 mm.
Mass spectrometry (MS) and high resolution mass spectrometry
(HRMS) was performed on a Thermo Scientific DFS-HRMS
spectrometer (EI).

Synthetic Procedures and Analytical Data. 3-Methylcyclo-
hept-2-en-1-one (8a). Based on a literature procedure.” 3.75 mL of a
solution of MeLi (1.6 M, 6.00 mmol, 1.2 equiv) was added dropwise
to a solution of 551 mg cyclohept-2-en-1-one (5.00 mmol, 1.0 equiv)
in dry Et,O (10 mL) at —78 °C. After stirring for 4 h, H,O (5.0 mL)
was added and the mixture allowed to warm to rt. The layers were
separated and the aqueous layer was extracted with Et,0 (3 X 10
mL). The combined organic layers were washed with brine (10 mL),
dried over Na,SO,, filtered, and concentrated in vacuo. The crude
tertiary allylic alcohol was dissolved in dry CH,Cl, (15 mL) and 2.07
g pyridinium dichromate (5.50 mmol, 1.1 equiv) were added. The
mixture was vigorously stirred for 18 h. Et,0 (10 mL) was added and
the mixture filtered through a pad of silica gel with Et,O as eluent.
After removing the solvent in vacuo and subsequent purification by
column chromatography (2.5 cm X 20 cm, P/Et,0 = 4/1 — 2/1),
321 mg enone 8a (2.59 mmol, 52%) were obtained as a colorless oil.
TLC R, = 0.50 (Hex/EtOAc = 3/1) [UV, KMnO,]. 'H NMR (500
MHz, CDCl,, 300 K) & [ppm] = 5.93 (q, ] = 1.3 Hz, 1H), 2.58 (dd, J
=72,5.2Hz 2H), 241 (dd, ] = 6.9, 4.6 Hz, 2H), 1.96 (d, ] = 1.3 Hz,
3H), 1.86—1.73 (m, 4H). °C NMR{'H} (126 MHz, CDCl,, 300 K)
& [ppm] = 204.0, 158.7, 130.0, 42.7, 34.7, 27.8, 25.3, 21.6. UV—vis
(CH,CL,) Ay (€) = 235 (11576), 322 nm (72.3 M™' cm™). The
data obtained matched those reported in the literature.**

2,2-Dimethyl-6-oxoheptanoic acid. Based on a literature
procedure.”> 6.10 mL p-lonone (5.77 g 30.0 mmol, 1.0 equiv)
were dissolved in acetone (150 mL) and cooled at 0 °C. 47.4 g
KMnO, (300 mmol, 10 equiv) were added in small portions so that
the temperature of the solution stayed below 10 °C. The mixture was
stirred for 2 h at rt. After removing the solvent carefully in vacuo, the
residue was suspended in water and cooled at 0 °C. Then, 15 g
Na,SO; and 150 mL of a diluted aqueous H,SO, solution (conc.
H,S0,/H,0 = 1/2) were added in portions. While more diluted
aqueous H,SO, solution was added until the solution became clear,
portions of Na,SO; were added to keep the pH-value between 2 and
7. Once gas evolution stopped and the solution was clear, the pH-
value was adjusted to pH = 2 with conc. H,SO,. The solution was
extracted with CH,Cl, (6 X 100 mL) and the combined organic
layers were dried over MgSO,, filtered, and concentrated in vacuo.
After purification by Kugelrohr distillation (0.1 mbar, 150 °C), 1.06 g
2,2-dimethyl-6-oxoheptanoic acid (6.17 mmol, 21%) were obtained as
a yellowish oil. '"H NMR (500 MHz, CDCl,, 300 K) & [ppm] = 2.45
(t, ] = 6.9 Hz, 2H), 2.16 (s, 3H), 1.66—1.52 (m, SH), 1.24 (s, 6H).
3C NMR{'H} (126 MHz, CDCl;, 300 K) § [ppm] = 209.0, 183.9,
43.9, 42.1, 39.6, 30.0, 24.9, 19.2. The data obtained matched those
reported in the literature.*®

2,2-Dimethyl-6-oxoheptanal. Based on literature procedures.*
To a stirred suspension of 661 mg LiAlH, (17.4 mmol, 3.0 equiv) in
dry THF (60 mL) at 0 °C was added a solution of 1.00 g 2,2-
dimethyl-6-oxoheptanoic acid (5.81 mmol, 1.0 equiv) in dry THF (10
mL). After stirring for 30 min at rt, the mixture was heated at 80 °C
for 2.5 h. The mixture was allowed to cool to rt and was diluted with
wet Et,0 (60 mL). 6.6 g Celite were added and the mixture
vigorously was stirred. H,O was added until gas evolution ceased. The
mixture was filtered and concentrated in vacuo. The crude diol was
dissolved in wet CH,Cl, (450 mL) and cooled at 0 °C. A mixture of
16.0 g Dess—Martin periodinane (37.7 mmol, 6.5 equiv) and 6.34 g
NaHCO; (75.5 mmol, 13 equiv) was added in portions. After the
resulting suspension was stirred for 2 h at 0 °C and for 2 h at rt, 450
mL of a sat. ag. NaHCO;/Na,$, 0 solution (1:1) were added and the
solution stirred for 15 min. The aqueous layer was extracted with
Et,0 (3 X 200 mL). The combined organic layers were washed with
brine (200 mL), dried over Na,SO,, filtered, and concentrated in
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vacuo. After purification by column chromatography (4.0 cm X 20
cm, P/Et,O = 4/1), 823 mg 2,2-dimethyl-6-oxoheptanal (5.27 mmol,
91%) were obtained as a yellowish oil. TLC R;= 0.21 (P/Et,0 = 4/1)
[KMnO,]. "H NMR (500 MHz, CDCl,, 300 K) & [ppm] = 9.45 (s,
1H), 2.43 (t,] = 6.9 Hz, 3H), 2.13 (d, ] = 1.2 Hz, 4H), 1.54—1.38 (m,
6H), 1.06 (s, 6H). *C NMR{'H} (126 MHz, CDCl,;, 300 K) &
[ppm] = 208.5, 2062, 45.8, 43.8, 36.4, 30.0, 21.3, 18.5.

3-Hydroxy-4,4-dimethylcycloheptan-1-one. Based on a literature
procedure.’” 50.0 mg 2,2-dimethyl-6-oxoheptanal (320 umol, 1.0
equiv) and 314 mg NPh; (1.28 mmol, 4.0 equiv) were dissolved in
dry PhMe (40 mL) and cooled at —78 °C. 960 uL of a 1.0 M
LiHMDS in PhMe solution (960 umol, 3.0 equiv) were added
dropwise and the solution was stirred for 2 h. After allowing the
solution to warm to rt, sat. ag. NH,Cl (10 mL) was added, the layers
separated and the aqueous one extracted with EtOAc (3 X 20 mL).
The combined organic layers were washed with brine (20 mL), dried
over Na,SO,, filtered, and concentrated in vacuo. After purification by
column chromatography (1.5 cm X 20 cm, P/Et,O = 1/1), 33.1 mg 3-
hydroxy-4,4-dimethylcycloheptan-1-one (212 umol, 66%) were
obtained as a yellow oil. TLC R; = 0.16 (P/Et,O = 1/1) [KMnO,].
'"H NMR (500 MHz, CDCl,, 300 K) & [ppm] = 3.62 (dd, ] = 8.0, 1.9
Hz, 1H), 2.85 (dd, J = 15.3, 1.9 Hz, 1H), 2.69 (dd, J = 15.3, 8.0 Hz,
1H), 2.55—2.39 (m, 2H), 1.79—1.61 (m, 4H), 1.04 (s, 3H), 1.01 (s,
3H). C NMR{'H} (126 MHz, CDCl;, 300 K) & [ppm] = 212.9,
75.0, 47.2, 44.2, 382, 38.0, 26.6, 25.8, 19.2. IR (ATR) ¥ [ecm™'] =
3438 (br m), 2952 (s), 2932 (s), 2871 (m), 1691 (vs). MS (EI, 70
eV) m/z (%) = 95 (100), 109 (38), 123 (50), 139 (71), 156 (4)
[M]*. HRMS (EI, 70 eV) calcd for CoH 40, [M]*: 156.1145, found
156.1136.

4,4-Dimethylcyclohept-2-en-1-one (8b). 50.0 mg 3-hydroxy-4,4-
dimethylcycloheptan-1-one (320 umol, 1.0 equiv) were dissolved in
dry PhMe (25 mL) and 6.09 mg p-toluenesulfonic acid monohydrate
(32.0 gmol, 10 mol %) were added. A Dean—Stark trap filled with dry
PhMe was attached and the mixture heated at 150 °C for 1 h. After
allowing the solution to cool to rt, sat. ag. NaHCO; (5.0 mL) was
added. The aqueous layer was extracted with EtOAc (3 X 10 mL).
The combined organic layers were washed with brine (10 mL), dried
over Na,SO,, filtered, and concentrated in vacuo. After purification by
column chromatography (2.0 cm X 20 cm, P/Et,O = 4/1), 36.7 mg

ketone 8b (266 umol, 83%) were obtained as a yellowish oil. TLC R¢

= 0.51 (H/EtOAc = 3/1) [UV, KMnO,]. 'H NMR (500 MHz,
CDCl,;, 300 K) 6 [ppm] = 6.04 (d, ] = 12.9 Hz, 1H), 5.76 (d, ] = 12.9
Hz, 1H), 2.64—2.57 (m, 2H), 1.85—-1.77 (m, 2H), 1.76—1.70 (m,
2H), 1.12 (s, 6H). *C NMR{'H} (126 MHz, CDCl,;, 300 K) &
[ppm] = 204.9, 153.9, 127.6, 45.2, 40.7, 39.7, 29.9, 18.8. UV—vis
(CH,CL,) Ay () = 226 (11311), 292 nm (89.7 M™* cm™). The
data obtained matched those reported in the literature.'®

General Procedure for a-Derivatization of Enones. Based on a
literature procedure.”® A solution of 165 mg cyclohept-2-en-1-one
(1.50 mmol, 1.0 equiv) in dry THF (7.5 mL) was cooled at —78 °C
and 2.0 mL of a 1.0 M LiHMDS solution in THF (1.95 mmol, 1.3
equiv) were added dropwise. After stirring for 30 min, the electrophile
(2:25 mmol, 1.5 equiv) was added as a S00 mM solution in dry THF.
The solution was allowed to warm to rt and stirred for 1 h. After
cooling at =78 °C for 15 min, another 2.0 mL of a 1.0 M LiHMDS
solution (1.95 mmol, 1.3 equiv) were added dropwise. After stirring
for 30 min, a second portion of the electrophile (2.25 mmol, 1.5
equiv) was added as a 500 mM solution in dry THF. The solution was
allowed to warm to rt and stirred for 1 h. Then, sat. ag. NH,CI (10
mL) was added, the layers were separated and the aqueous one
extracted with Et;O (3 X 10 mL). The combined organic layers were
washed with brine (10 mL), dried over Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by column
chromatography.

7,7-Dimethylcyclohept-2-en-1-one (8¢c). Following the general
procedure, 165 mg cyclohept-2-en-1-one (1.50 mmol, 1.0 equiv) were
converted with two times 0.14 mL Mel (319 mg, 2.25 mmol, 1.5
equiv). After purification by column chromatography (2.0 cm X 20
cm, P/Et,0 = 95/5), 85.9 mg ketone 8c (622 umol, 41%) were
obtained as a yellowish liquid. TLC Ry =0.57 (Hex/EtOAc = 3/1)
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[UV, KMnO,]. "H NMR (500 MHz, CD,Cl,, 300 K) & [ppm] = 6.28
(dt, ] = 12.6, 4.3 Hz, 1H), 5.88 (dt, ] = 12.6, 2.0 Hz, 1H), 2.37 (tdd, J
= 6.2, 4.3, 2.0 Hz, 2H), 1.80—1.66 (m, 4H), 1.56 (s, 2H), 1.12 (s,
6H). 3C NMR{'H} (126 MHz, CD,Cl,, 300 K) & [ppm] = 209.9,
142.4,130.2, 49.0, 38.2, 33.4, 27.1, 22.8. UV—vis (CH,CL,) 4,,,, (¢) =
225 (9034), 321 nm (112 M™' cm™). The data obtained matched
those reported in the literature.*

7,7-Difluorocyclohept-2-en-1-one (8d). Following the general
procedure, 165 mg cyclohept-2-en-1-one (1.50 mmol, 1.0 equiv)
were converted with two times 710 mg N-fluorobenzenesulfonimide
(2.25 mmol, 1.5 equiv). After purification by column chromatography
(2.0 cm X 20 cm, P/Et,0 = 7/1), 51.8 mg ketone 8d (355 pmol,
24%) were obtained as a yellowish liquid. TLC R, = 0.33 (Hex/EtOAc
=3/1) [UV, KMnO,]. '"H NMR (500 MHz, CD,Cl,, 300 K) & [ppm]
= 6.84—6.76 (m, 1H), 6.10—6.03 (m, 1H), 2.54—2.46 (m, 2H), 2.34—
222 (m, 2H), 1.93—1.84 (m, 2H). *C NMR{'H} (126 MHz,
CD,Cl,, 300 K) & [ppm] = 190.6 (t, ] = 28.3 Hz), 1502, 127.1, 1182
(t, J = 247.7 Hz), 33.5 (t, ] = 23.9 Hz), 30.6, 20.8 (t, ] = 6.0 Hz). '°F
NMR (376 MHz, CD,Cl,, 300 K) & [ppm] = —98.3 (t, ] = 16.6 Hz).
IR (ATR) ¥ [cm™'] = 2941 (w), 1670 (vs), 1686 (vs), 1627 (w).
UV—vis (CH,CL,) A (€) = 235 (8351), 305 nm (167 M~ cm™).
MS (EI, 70 eV) m/z (%) = 109 (100), 115 (18), 125 (14), 146 (4)
[M]*. HRMS (EI, 70 eV) caled for C,HzOF, [M]": 146.0538, found
146.0536.

General Procedure for the a-Bromination of Ketones. Based on a
literature procedure.*” A solution of a cycloalkanone (1.0 equiv) in
dry Et,0 (1.0 M) was placed in a water bath. N-Bromosuccinimide
(1.0S equiv; recrystallized from 10 mL water per g NBS: dissolved at
approximately 90 °C, cooled in ice bath for 3 h, colorless crystals
filtered and washed with water, dried in vacuo overnight, stored dark
under inert gas in fridge) and subsequently NH,OAc (10 mol %)
were added to the solution. The mixture was stirred at rt until full
conversion was reached as determined by TLC. After filtration (Et,O
as eluent), the filtrate was washed with water and brine, dried over
Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography.

General Procedure for the Elimination of a-Bromoketones to
Enones. Based on literature procedures.*’ LiBr (2.5 equiv) and
Li,CO; (2.5 equiv) were added to a solution of a 2-bromocycloalka-
none (1.0 equiv) in dry DMF (500 mM). The mixture was stirred at
130 °C until full conversion was reached as determined by TLC. After
cooling to rt, the mixture was diluted to double its volume with
EtOAc and filtered over a pad of Celite (EtOAc as eluent). The
filtrate was washed with water (3X) and brine (2X), dried over
Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography.

2-Bromocyclooctan-1-one. Following the general procedure, 2.52
g cyclooctanone (20.0 mmol, 1.0 equiv) were converted with 154.0
mg NH,OAc (2.00 mmol, 10 mol %) and 3.74 g NBS (21.0 mmol,
1.0S equiv) within 4 h. After purification by column chromatography
(5.0 cm X 20 cm, P/Et,0 = 95/5), 3.29 g ketone 2-bromocyclooctan-
1-one (16.0 mmol, 80%) were obtained as a yellowish oil. TLC Ry =
0.67 (Hex/EtOAc = 2/1) [KMnO,]. 'H NMR (500 MHz, CDCl,,
300 K) & [ppm] = 427 (dd, J = 11.3, 4.0 Hz, 1H), 2.87 (virt. td, J =
12.1, 3.7 Hz, 1H), 2.44—2.26 (m, 3H), 1.98—1.87 (m, 1H), 1.83—
1.63 (m, 3H), 1.63—1.50 (m, 2H), 1.46—1.35 (m, 1H), 1.24—1.12
(m, 1H). *C NMR{'H} (126 MHz, CDCl,, 300 K)  [ppm] = 208.9,
54.5, 36.3, 32.8, 28.9, 26.7, 25.5, 24.1. The data obtained matched
those reported in the literature.*”

(2)-Cyclooct-2-en-1-one (8e). Following the general procedure,
3.08 g ketone S3 (15.0 mmol, 1.0 equiv) were converted with 3.26 g
LiBr (37.5 mmol, 2.5 equiv) and 2.77 g Li,CO; (37.5 mmol, 2.5
equiv) within § h. After purification by column chromatography (4.5
cm X 20 cm, P/Et,0 = §/1), 513 mg enone 8e (4.13 mmol, 28%)
were obtained as a yellowish oil. TLC R, = 0.58 (Hex/EtOAc = 2/1)
[UV, KMnO,]. "H NMR (300 MHz, CDCl,, 300 K) & [ppm] = 6.35
(dt, J = 12.4, 7.0 Hz, 1H), 6.06—5.95 (m, 1H), 2.65 (t, ] = 6.8 Hz,
2H), 2.58—2.45 (m, 2H), 1.90—1.75 (m, 2H), 1.71-1.51 (m, 4H).
BBC NMR{'H} (126 MHz, CDCl;, 300 K) § [ppm] = 214.1, 131.5,
124.2, 44.3, 42.2, 27.1, 25.7, 24.7. UV—vis (CH,Cl,) .., (¢) = 227
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(8222), 315 nm (77.3 M™! cm™). The data obtained matched those
reported in the literature.*

6-Bromo-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one. Follow-
ing the general procedure, 1.60 g 1-benzosuberone (10.0 mmol, 1.0
equiv) were converted with 77.0 mg NH,OAc (1.00 mmol, 10 mol %)
and 1.87 g NBS (10.5 mmol, 1.05 equiv) within S h. After purification
by column chromatography (4.0 cm X 20 cm, P/Et,0 =95/5),1.23 ¢
ketone 6-bromo-6,7,8,9-tetrahydro-SH-benzo[7]annulen-S-one (5.14
mmol, 51%) were obtained as a yellow oil. TLC R; = 0.40 (Hex/
EtOAc = 9/1) [KMnO,]. 'H NMR (500 MHz, CDCl;, 300 K) §
[ppm] = 7.60 (dd, J = 7.7, 1.5 Hz, 1H), 7.42 (virt. td, ] = 7.5, 1.5 Hz,
1H), 7.30 (virt. td, ] = 7.6 Hz, 1.2, 1H), 7.23—7.16 (m, 1H), 4.86 (dd,
J =738, 4.1 Hz, 1H), 3.10-2.84 (m, 2H), 2.52—2.19 (m, 2H), 2.09—
1.95 (m, 2H). *C NMR{'H} (126 MHz, CDCl,;, 300 K) § [ppm]
200.2, 139.7, 137.8, 132.3, 129.8, 129.7, 126.9, 54.5, 33.9, 33.4, 24.1.

8,9-Dihydro-5H-benzo[7]annulen-5-one (8f). Following the gen-
eral procedure, 1.08 g ketone S4 (4.50 mmol, 1.0 equiv) were
converted with 977 mg LiBr (11.3 mmol, 2.5 equiv) and 831 mg
Li,CO; (11.3 mmol, 2.5 equiv) within 3 h. After purification by
column chromatography (2.5 cm X 20 cm, P/Et,0 = 9/1), 265 mg
enone 8f (1.67 mmol, 37%) were obtained as a yellow oil. TLC Ri=
030 (Hex/EtOAc = 9/1) [UV, KMnO,]. '"H NMR (500 MHz,
CDCl,;, 300 K) & [ppm] = 7.68 (dd, J = 7.8, 1.5 Hz, 1H), 7.44—7.32
(m, 1H), 7.28—=7.19 (m, 1H), 7.13 (d, J = 7.3 Hz, 1H), 6.69 (dt, ] =
12.0, 4.7 Hz, 1H), 621 (dt, ] = 12.0, 1.9 Hz, 1H), 3.03—2.97 (m, 2H),
2.57-2.50 (m, 2H). *C NMR{'H} (126 MHz, CDCl,, 300 K) &
[ppm] = 195.2, 147.2, 140.1, 139.9, 132.6, 132.3, 129.8, 129.0, 126.9,
34.6, 29.9. UV—vis (CH,Cl,) A, (¢) = 232 (8287), 351 nm (178
M™ cm™). The data obtained matched those reported in the
literature.**

General Procedure for the Photoinduced Diels—Alder Reaction.
The dienophile (1.0 equiv) was transferred as a solution in dry
CH,Cl, (1.5 mL) to a Duran phototube. Then, the diene (20 equiv)
was added and the solution diluted with dry CH,Cl, to reach a total
volume of 10 mL. The mixture was irradiated with fluorescent light
tubes (4. = 350 nm) until full conversion of dienophile was reached
as determined by TLC (2—4 h), concentrated in vacuo, and purified
by column chromatography.

(4a5*,9a5%)-1,4,4a,6,7,8,9,9a-Octahydro-5H-benzo[7]annulen-
5-one (3a). Following the general procedure, 22.0 mg cyclohept-2-en-
1-one (200 pmol, 1.0 equiv) were converted with 2.35 mL butadiene
in hexanes (15% w/w, 4.00 mmol, 20 equiv). After purification by
column chromatography (1.5 em X 20 cm, P/Et,0 = 9/1), 22.2 mg

ketone 3a (135.1 umol, 68%) were obtained as a colorless oil. TLC Ry

= 0.58 (Hex/EtOAc = 3/1) [KMnO,]. '"H NMR (500 MHz, CDCl,,
300 K) & [ppm] = 5.69—5.65 (m, 2H), 2.66 (virt. td, ] = 11.3, 3.2 Hz,
1H), 2.44—2.34 (m, 1H), 2.30 (virt. td, ] = 10.8, 6.3 Hz, 1H), 2.19—
2.04 (m, 3H), 1.99—1.87 (m, 2H), 1.87—1.78 (m, 1H), 1.76—1.65
(m, 2H), 1.53—1.45 (m, 2H), 1.30—1.17 (m, 1H). *C NMR{'H}
(126 MHz, CDCl,, 300 K) & [ppm] = 216.9, 127.2, 125.6, 55.1, 41.2,
36.8, 35.6, 33.8, 29.6, 29.2, 26.5. The data obtained matched those
reported in the literature.'’
(5a5*,10a5%)-1,2,3,4,5,5a,7,8,9,10,10a,11-Dodecahydro-6H-
cyclohepta[blnaphthalen-6-one (3b). Following the general proce-
dure, 11.0 mg cyclohept-2-en-1-one (100 ymol, 1.0 equiv) were
converted with 216 mg 1,2-dimethylenecyclohexane (2.00 mmol, 20
equiv). After purification by column chromatography (1.5 cm X 15
cm, P/Et,0 = 9/1), 19.8 mg ketone 3b (90.5 pmol, 91%) were
obtained as a colorless oil. TLC = 0.65 (Hex/EtOAc 3/1)
[KMnO,]. mp 74.9 °C. 'H NMR (500 MHz, CDCI,, 300 K) & [ppm]
=2.67 (virt. td, J = 11.4, 3.2 Hz, 1H), 2.40—2.32 (m, 1H), 2.27 (ddd,
J =117, 10.5, 5.3 Hz, 1H), 2.08—1.80 (m, 9H), 1.80—1.63 (m, 5H),
1.52—1.43 (m, 4H), 1.28—1.17 (m, 1H). *C NMR{'H} (126 MHz,
CDCl,;, 300 K) & [ppm] = 217.2, 128.2, 126.7, 55.8, 41.3, 39.1, 37.3,
35.5, 34.6, 30.0, 29.8, 29.3, 26.5, 232, 23.1. IR (ATR) ¥ [em™'] =
2919 (s), 2857 (s), 2824 (m), 1694 (vs). MS (EI, 70 eV) m/z (%) =
91 (96), 131 (40), 145 (38), 161 (29), 189 (23), 218 (100) [M]*.
HRMS (EI, 70 eV) caled for C;H,,O [M]*: 218.166S, found
218.1669. Crystals for X-ray analysis were obtained through preparing
a concentrated solution of 3b in CH,Cl, and allowing the solvent to
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slowly evaporate at room temperature (see SI for information on
crystal measurement).
(4aS5*,9a5%*)-2,3-Dimethyl-1,4,4a,6,7,8,9,9a-octahydro-5H-
benzo[7]annulen-5-one (3c). Following the general procedure, 110
mg cyclohept-2-en-1-one (1.00 mmol, 1.0 equiv) were converted with
2.26 mL 2,3-dimethylbuta-1,3-diene (20.0 mmol, 20 equiv). After
purification by column chromatography (2.0 cm X 20 cm, P/Et,0 =
9/1), 168 mg ketone 3c (874 umol, 87%) were obtained as a colorless
oil. TLC R, = 0.71 (Hex/EtOAc = 3/1) [KMnO,]. 'H NMR (500
MHz, CDCl,, 300 K) § [ppm] = 2.66 (virt. td, ] = 11.4, 3.2 Hz, 1H),
2.39-2.32 (m, 1H), 2.24 (virt. td, ] = 11.4, 5.3 Hz, 1H), 2.16—2.03
(m, 1H), 2.02—1.76 (m, SH), 1.77-1.62 (m, 2H), 1.60 (s, 6H),
1.51—1.42 (m, 2H), 1.28—1.15 (m, 1H). *C NMR{'H} (126 MHz,
CDCl,, 300 K) 6 [ppm] = 217.1, 125.9, 124.3, 55.8, 41.3, 40.4, 37.4,
35.8,35.4,29.3, 26.4, 18.9, 18.6. IR (ATR) 7 [cm™'] = 2911 (s), 2858
(m), 2826 (w), 1699 (vs). MS (EI, 70 eV) m/z (%) = 91 (37), 107
(53), 119 (36), 135 (23), 159 (39), 177 (28), 192 (100) [M]".
HRMS (EI, 70 eV) caled for C3H,,0O [M]*: 192.1509, found
192.1510; caled for C,'*CH,,0 [M]*: 193.1542, found 193.1541.
(4aS*,9aS*)-2-/-3-Methyl-1,4,4a,6,7,8,9,9a-octahydro-5H-
benzo[7]annulen-5-one (3d/3d’). Following the general procedure,
110 mg cyclohept-2-en-1-one (1.00 mmol, 1.0 equiv) were converted
with 2.00 mL isoprene (20.0 mmol, 20 equiv). After purification by
column chromatography (2.0 cm X 15 cm, P/Et,0 = 9/1), 129.7 mg
ketones 3d/3d’ (728 umol, 73%, rr = 50:50) were obtained as a
colorless oil. Mixture of 3d/3d’ (assignments to a specific isomer not
possible): TLC R; = 0.66 (Hex/EtOAc = 3/1) [KMnO,]. '"H NMR
(500 MHz, CDCI,, 300 K) & [ppm] = 5.40—5.33 (m, 2H), 2.71-2.59
(m, 2H), 2.40—2.15 (m, 4H), 2.15—1.58 (m, 22H), 1.54—1.41 (m,
4H), 1.31-1.17 (m, 2H). C NMR{'H} (126 MHz, CDCl,, 300 K)
5 [ppm] = 217.2, 216.9, 134.4, 132.8, 121.2, 119.5, 55.5, 55.1, 41.3,
41.2, 38.8, 37.1, 36.8, 35.5, 35.4, 34.2, 34.1, 29.8, 29.3, 29.2, 26.5,
26.4,23.4,23.2. IR (ATR) ¥ [cm™'] = 2913 (s), 2858 (m), 2830 (w),
1700 (vs). MS (EI, 70 eV) m/z (%) = 93 (56), 105 (42), 145 (38),
163 (26) [C,,;H,50]*, 178 (100) [M]*. HRMS (EL 70 eV) calcd for
C,H,s0 [M]*: 178.1352, found 178.1354; calcd for C;;"*CH,O
[M]*: 179.1386, found 179.1392.
(4aS*,9aS*)-2-/-3-(3'-Methylbut-2'-en-1'-yl)-1,4,4a,6,7,8,9,9a-
octahydro-5H-benzo[7]annulen-5-one (3e/3e’). Following the
general procedure, 22.0 mg cyclohept-2-en-1-one (200 pmol, 1.0
equiv) were converted with 616 uL myrcene (4.00 mmol, 20 equiv).
After purification by column chromatography (1.5 cm X 15 cm, P/
Et,0 = 9/1), 45.5 mg ketone 3e/3e’ (196 pmol, 98%, rr = 50:50)
were obtained as a colorless oil. Mixture of 3e/3e’ (assignments to a
specific isomer not possible): TLC R; = 0.69 (Hex/EtOAc = 3/1)
[KMnO,]. 'H NMR (500 MHz, CDCl,, 300 K) & [ppm] = S.41—
5.35 (m, 2H), 5.13—5.04 (m, 2H), 2.66 (virt. tdd, ] = 11.3, 5.0, 3.2
Hz, 2H), 2.41-2.32 (m, 2H), 2.28 (virt. td, ] = 11.2, 5.5 Hz, 1H),
221 (virt. td, ] = 11.2, 5.4 Hz, 1H), 2.16—1.44 (m, 35H), 1.30—1.17
(m, 3H). *C NMR{'H} (126 MHz, CDCl,, 300 K) § [ppm] = 217.2,
217.1, 138.1, 136.5, 131.8, 124.2, 120.8, 119.1, 55.5, 55.3, 41.3, 41.2,
37.5, 374, 37.2, 37.1, 36.9, 35.6, 35.4, 34.0, 32.7, 29.8, 29.3, 29.2,
26.5, 26.4, 259, 17.9 (due to overlapping signals, the number of
reported signals is smaller than the number of magnetically
inequivalent carbon atoms). IR (ATR) ¥ [cm™'] = 2918 (s), 2857
(m), 1702 (vs). MS (EL 70 eV) m/z (%) = 91 (99), 105 (100), 159
(73), 177 (27), 203 (78), 232 (4) [M]*. HRMS (EL 70 eV) calcd for
CyH,,0 [M]*: 232.1822, found 232.1818.
(4aS*,9aS*)-Octahydro-1H-benzo[7]annulene-2,5-dione/-2,9-
dione (2b/2b’). Following the general procedure, 22.0 mg cyclohept-
2-en-1-one (200 umol, 1.0 equiv) were converted with 702 uL (buta-
1,3-dien-2-yloxy)trimethylsilane (4.00 mmol, 20 equiv). The reaction
mixture was concentrated in vacuo and filtered through a SiO, plug
(100 mL of P/Et,O = 4/1 as eluent). After concentrating in vacuo,
the crude product (rr = 50:50) was dissolved in THF (10 mL) and
conc. HCI (aq.) (100 L) was added. The solution was stirred for 15
min, after which H,O (5.0 mL) and sat. ag. NaHCO, (2.0 mL) were
added. The layers were separated and the aqueous one extracted with
EtOAc (3 X 10 mL). The combined organic layers were washed with
brine (10 mL), dried over Na,SO,, filtered, and concentrated in
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vacuo. After purification by column chromatography (1.5 cm X 20
cm, P/Et,O = 1/1), 154 mg ketone 2b (84.4 ymol, 43%) and 15.6
mg ketone 2b’ (86.6 umol, 43%) were obtained as colorless oils.
Head-to-tail isomer (2b): TLC Ry = 0.31 (Hex/EtOAc = 1/1)
[KMnO,]. 'H NMR (500 MHz, CD,Cl,, 300 K) § [ppm] = 2.75
(ddd, J = 12.5, 10.7, 4.4 Hz, 1H), 2.63 (ddd, J = 14.8, 12.5, 1.0 Hz,
1H), 2.58—2.49 (m, 2H), 2.42—2.33 (m, 1H), 2.29 (dddd, | = 14.8,
4.8,3.1,2.2 Hz, 1H), 2.18 (ddd, ] = 14.8, 4.4, 2.1 Hz, 1H), 2.04 (virt.
ddt, J = 13.1, 6.0, 3.4 Hz, 1H), 1.98—1.86 (m, 3H), 1.75—1.49 (m,
3H), 1.39—1.30 (m, 2H). '*C NMR{'H} (126 MHz, CD,Cl,, 300 K)
6 [ppm] = 212.3, 210.8, 54.9, 43.1, 42.0, 40.8, 39.6, 37.2, 34.5, 27.5,
24.0. IR (ATR) ¥ [em™'] = 2923 (m), 2856 (w), 1704 (vs). MS (EI,
70 eV) m/z (%) = 109 (63), 135 (43), 151 (100), 180 (91) [M]".
HRMS (EI, 70 €V) caled for C;;H,;s0, [M]*: 180.114S, found
180.1151. Head-to-head isomer (2b’): TLC Ry=1025 (Hex/EtOAc =
1/1) [KMnO,]. '"H NMR (500 MHz, CD,CL, 300 K) & [ppm]
2.58—2.50 (m, 2H), 2.50—2.43 (m, 1H), 2.41-2.27 (m, 3H), 2.17
(dd, J = 14.6, 12.8 Hz, 1H), 2.07—1.71 (m, 6H), 1.62—1.51 (m, 1H),
1.47—-1.31 (m, 2H). 3C NMR{'H} (126 MHz, CD,Cl,, 300 K) §
[ppm] = 214.6, 210.0, 55.1, 48.6, 42.8, 40.7, 40.1, 37.7, 28.5, 28.4,
25.1. IR (ATR) ¥ [em™] = 2925 (m), 2859 (w), 1702 (vs). MS (EI,
70 eV) m/z (%) = 110 (43), 125 (40), 152 (11), 180 (100) [M]".
HRMS (EI, 70 eV) caled for C;;H;,O, [M]": 180.1145, found
180.1153.

(1R*,45* 4aR* 9aR*)-/(15*4R* 4aR* 9aR*)-1,4,4a,6,7,8,9,9a-Oc-
tahydro-5H-1,4-epoxybenzo[7]annulen-5-one (4/4'). Following the
general procedure, 110.0 mg cyclohept-2-en-1-one (1.00 mmol, 1.0
equiv) were converted with 1.45 mL furan (4.00 mmol, 20 equiv).
After purification of the crude product (dr = 65:35) by column
chromatography (2.5 cm X 20 cm, P/Et,0 = 1/1), 115 mg ketone 4
(645 pmol, 64%) and 61.2 mg ketone 4’ (343 pmol, 34%) were
obtained as colorless solids. Major isomer (4): TLC Ry = 0.32 (P/Et,0
=1/1) [KMnO,]. mp 69.8 °C. 'H NMR (500 MHz, C4D, 300 K) &
[ppm] = 6.02 (dd, ] = 5.8, 1.7 Hz, 1H), 5.78 (dd, ] = 5.8, 1.7 Hz, 1H),
524 (s, 1H), 447—4.42 (m, 1H), 2.23 (ddd, ] = 18.7, 62, 2.3 Hz,
1H), 2.06 (ddd, J = 18.7, 122, 2.6 Hz, 1H), 1.66 (d, ] = 7.2 Hz, 1H),
1.58—1.47 (m, 2H), 1.38 (virt. ddt, ] = 12.7, 5.1, 2.6 Hz, 1H), 1.33—
123 (m, 1H), 1.06 (virt. dtt, J = 14.5, 12.2, 2.0 Hz, 1H), 1.00—0.83
(m, 1H), 0.46—0.34 (m, 1H). *C NMR{'H} (126 MHz, C¢D, 300
K) & [ppm] = 208.8, 138.4, 131.2, 81.1, 77.0, 57.6, 43.8, 42.8, 31.0,
30.2,23.8. IR (ATR) ¥ [cm™'] = 2925 (s), 2856 (m), 1709 (vs). MS
(EI, 70 eV) m/z (%) = 68 (100) [C,H,0]*, 81 (47), 178 (7) [M]*.
HRMS (EI, 70 eV) caled for C;;H;,0, [M]": 178.0988, found
178.0989; calcd for C,y'*CH,,0, [M]*: 179.1022, found 179.1023.
Minor isomer (4'): TLC R; = 0.39 (P/Et,0 = 1/1) [KMnO,]. mp
88.1 °C. 'H NMR (500 MHz, C¢Dy, 300 K) & [ppm] = 6.48 (dd, ] =
5.8, 1.6 Hz, 1H), 6.05 (dd, J = 5.8, 1.7 Hz, 1H), 4.94—4.89 (m, 1H),
421-4.17 (m, 1H), 2.59 (dd, J = 6.9, 3.6 Hz, 1H), 2.15-2.06 (m,
1H), 1.86—1.75 (m, 1H), 1.68—1.50 (m, 2H), 1.31 (virt. qd, ] = 12.3,
4.2 Hz, 1H), 1.26—1.13 (m, 2H), 1.06—0.94 (m, 1H), 0.94—0.85 (m,
1H). BC NMR{'H} (126 MHz, C¢Dy, 300 K) & [ppm] = 210.0,
137.6, 1332, 82.5, 79.3, 8.8, 45.7, 43.1, 33.6, 30.4, 24.0. IR (ATR) ¥
[em™'] = 2924 (s), 2854 (m), 1707 (vs). MS (EI, 70 eV) m/z (%) =
81 (100), 178 (6) [M]*. HRMS (EI, 70 eV) caled for C;;H,,0,
[M]*: 178.0988, found 178.0988; caled for C,,'*CH,,0, [M]*:
179.1022, found 179.1025. Crystals for X-ray analysis were obtained
through preparing a concentrated solution of 4’ in CH,Cl, and
allowing the solvent to slowly evaporate at room temperature (see SI
for information on crystal measurement).

(1R*,45* 4aS* 5R* 9aR*)-4,4a,5,6,7,8,9,9a-Octahydro-1H-1,4-
epoxybenzo[7]annulen-5-ol (5). To a solution of 35.7 mg 4 (200
umol, 1.0 equiv) in dry MeOH (2.0 mL) was added 15.1 mg NaBH,
(400 pmol, 2.0 equiv) and the solution stirred at rt for 2 h. A small
amount of SiO, was added and the volatiles removed in vacuo. After
purification by column chromatography (dry load, 1.5 cm X 15 cm,
Hex/EtOAc = 1/4), 35.5 mg alcohol § (197 umol, 98%) were
obtained as a colorless oil. TLC Ry = 038 (Hex/EtOAc 1/4)
[KMnO,]. 'H NMR (500 MHz, C¢Dg, 300 K) & [ppm] = 6.00 (dd, |
=59, 1.8 Hz, 1H), 5.83 (dd, J = 5.9, 1.6 Hz, 1H), 442 (d, ] = 4.8 Hz,
1H), 4.39 (s, 1H), 4.08—4.02 (m, 1H), 2.19 (virt. ddt, ] = 12.8, 5.9,
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4.0 Hz, 1H), 2.06 (brs, 1H), 1.74 (ddd, ] = 12.8, 8.1, 4.8 Hz, 1H),
1.66—1.09 (m, 7H), 0.90 (dd, J = 5.9, 2.6 Hz, 1H). 3C NMR{'H}
(126 MHz, C,Dy, 300 K) 6 [ppm] = 137.4, 131.8, 81.6, 81.1, 69.8,
48.3, 38.4, 362, 29.2, 27.8, 22.0. IR (ATR) ¥ [cm™'] = 3430 (br m),
2988 (w), 2921 (s), 2855 (m). MS (EL 70 eV) m/z (%) = 97 (100),
111 (72), 125 (42), 180 (5) [M]*. HRMS (EI 70 eV) caled for
C,;H,40, [M]*: 180.1145, found 180.1144.

(TaR*,2R*,2aR*,7aR*,85*,8aS*)-Decahydro-3H-2,8-
epoxycyclohepta[4,5]benzo[1,2-b]Joxiren-3-one (6). A solution of
35.7 mg 4 (200 pmol, 1.0 equiv) in dry CH,Cl, (2.0 mL) was cooled
at 0 °C and 89.6 mg meta-chloroperoxybenzoic acid (77% w/w, 400
pmol, 2.0 equiv) were added. After stirring the mixture at rt for 24 h,
CH,Cl, (5.0 mL) was added, the solution washed with sat. aq.
Na,$,0; (50 mL) and the aqueous layer extracted with CH,Cl, (50
mL). The combined organic layers were washed with sat. aq.
NaHCO; (50 mL), brine (20 mL), dried over MgSO,, filtered, and
concentrated in vacuo. After purification by column chromatography
(1.5 cm X 15 cm, EtOAc), 33.1 mg epoxide 6 (170 umol, 85%) were
obtained as colorless crystals. TLC Ry = 0.47 (EtOAc) [KMnO,]. mp
125.8 °C. "H NMR (500 MHz, CD;CN, 300 K) & [ppm] = 4.62 (s,
1H), 423 (d, ] = 4.3 Hz, 1H), 342 (d, ] = 3.4 Hz, 1H), 3.33 (d, ] =
3.4 Hz, 1H), 2.65 (d, ] = 8.1 Hz, 1H), 2.41 (ddd, ] = 19.3, 6.1, 3.0 Hz,
1H), 2.33 (ddd, J = 19.3, 11.5, 3.0 Hz, 1H), 2.11-2.04 (m, 1H),
2.03—-1.96 (m, 2H), 1.88—1.68 (m, 2H), 1.56—1.37 (m, 2H). *C
NMR{'H} (126 MHz, CD,CN, 300 K) & [ppm] = 210.2, 77.4, 73.3,
58.6, 50.7, 50.0, 48.5, 42.7, 30.7, 28.8, 24.2. IR (ATR) ¥ [cm™"]
2981 (w), 2927 (m), 2861 (w), 1707 (vs).MS (EI, 70 eV) m/z (%) =
97 (100), 135 (61), 165 (44), 194 (6) [M]*. HRMS (EI, 70 eV) calcd
for C;;H,,0; [M]*: 194.0937, found 194.0941. Crystals for X-ray
analysis were obtained through preparing a concentrated solution of 6
in CH,Cl, and allowing the solvent to slowly evaporate at room
temperature (see SI for information on crystal measurement).

(1R*,45%,4aS* 9aS*)-/(15*%4R* 4aS* 9a5*)-1,4,4a,6,7,8,9,9a-Oc-
tahydro-5H-1,4-methanobenzo[7]annulen-5-one (7a/7a’). Follow-
ing the general procedure, 22.0 mg cyclohept-2-en-1-one (200 umol,
1.0 equiv) were converted with 336 uL cyclopentadiene (4.00 mmol,
20 equiv). After purification by column chromatography (1.5 cm X 15
cm, P/Et,0 = 9/1) 32.1 mg ketones 7a/7a’ (182 umol, 91%, dr =
71:29) were obtained as a colorless oil. TLC R, = 0.67 (Hex/EtOAc =
3/1) [KMnO,]. Major isomer (7a): "H NMR (500 MHz, CDCl,, 300
K) & [ppm] = 6.26 (dd, J = 5.7, 3.1 Hz, 1H), 6.03 (dd, ] = 5.7, 2.9 Hz,
1H), 2.96 (s, 1H), 2.78 (s, 1H), 2.50 (ddd, J = 19.0, 5.7, 3.0 Hz, 1H),
2.40 (dd, J = 11.8, 3.0 Hz, 1H), 2.15 (dd, ] = 7.6, 1.8 Hz, 1H), 2.06—
1.98 (m, 1H), 1.91 (virt. ddt, J] = 13.0, 4.8, 2.7 Hz, 1H), 1.87—1.76
(m, 2H), 1.71 (virt. dtt, J = 14.5, 12.2, 2.3 Hz, 1H), 1.54—1.43 (m,
2H), 1.37-1.32 (m, 1H), 1.04 (virt. qd, ] = 12.2, 4.4 Hz, 1H). BC
NMR{'H} (126 MHz, CDCl,, 300 K) 5 [ppm] = 215.0, 138.4, 133.1,
58.2, 48.5, 47.8, 45.7, 43.2, 41.6, 33.6, 30.3, 24.1. Minor isomer (7a’):
'"H NMR (500 MHz, CDCl,, 300 K) & [ppm] = 6.19—6.11 (m, 2H),
3.01-2.97 (m, 1H), 2.86 (dd, J = 7.2, 2.7 Hz, 1H), 2.45-2.41 (m,
3H), 2.35 (dd, J = 11.8, 3.0 Hz, 1H), 2.29-2.18 (m, 1H), 2.15-2.06
(m, 1H), 2.05-2.00 (m, 1H), 1.88—1.80 (m, 2H), 1.58—1.39 (m,
2H), 1.35—1.29 (m, 1H). *C NMR{'H} (126 MHz, CDCI,, 300 K)
& [ppm] = 214.0, 138.1, 134.2, 59.8, 47.0, 46.4, 46.2, 43.4, 43.3, 35.7,
30.9, 24.5. The data obtained matched those reported in the
literature.’

(1R*,45%*,4aS*9aS5*)-/(15*%4R* 4aS* 9aS5*)-1,4,4a,6,7,8,9,9a-Oc-
tahydro-5H-1,4-ethanobenzo[7]annulen-5-one (7b/7b’). Following
the general procedure, 22.0 mg cyclohept-2-en-1-one (200 ymol, 1.0
equiv) were converted with 381 uL cyclohexa-1,3-diene (4.00 mmol,
20 equiv). After purification of the crude product (dr = 33:67) by
column chromatography (1.5 cm X 15 cm, P/Et,0 = 9/1), 9.7 mg
ketone 7b (50.7 umol, 25%) and 12.5 mg ketone 7b’ (65.4 umol,
33%) were obtained as colorless oils. Minor isomer (7b): TLC Ry =
0.59 (P/Et,O = 9/1) [KMnO,]. "H NMR (500 MHz, CDCl,, 300 K)
8 [ppm] = 6.32 (ddd, ] = 8.0, 6.6, 1.3 Hz, 1H), 6.18 (ddd, ] = 8.0, 6.3,
1.2 Hz, 1H), 2.79-2.70 (m, 1H), 2.55—2.46 (m, 1H), 2.45—2.30 (m,
2H), 2.19-2.10 (m, 1H), 2.06—1.95 (m, 1H), 1.90—1.74 (m, 3H),
1.72—1.58 (m, 1H), 1.57—1.38 (m, 2H), 1.35—1.05 (m, 4H). *C
NMR{'H} (126 MHz, CDCl,, 300 K) § [ppm] = 214.8, 135.0, 132.5,
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57.6, 43.9, 41.8, 38.6, 38.0, 30.5, 30.0, 27.9, 24.2, 18.6. IR (ATR) ¥
[em™] = 3046 (w), 2923 (s), 2866 (m), 1702 (vs). MS (EI, 70 eV)
m/z (%) = 85 (71), 97 (51), 111 (34), 141 (26), 149 (100), 167
(23), 190 (3) [M]*. HRMS (EI, 70 eV) caled for C;3H;O [M]*:
190.1352, found 190.134S. Major isomer (7b’): TLC Ry =047 (p/
Et,0 = 9/1) [KMnO,]. '"H NMR (500 MHz, CDCI;, 300 K) &
[ppm] = 6.35—6.15 (m, 2H), 2.78—2.74 (m, 1H), 2.52—2.23 (m,
4H), 2.19-2.05 (m, 1H), 1.87—1.61 (m, 4H), 1.55—1.37 (m, 2H),
1.33—1.10 (m, 4H). *C NMR{'H} (126 MHz, CDCl,, 300 K) §
[ppm] = 213.8, 135.2, 133.1, 57.1, 44.1, 42.4, 36.5, 35.8, 30.6, 29.9,
26.9,24.2,18.3. IR (ATR) 7 [em™] = 3042 (w), 2923 (s), 2863 (m),
1701 (vs). MS (EL 70 eV) m/z (%) = 91 (52), 161 (7), 111 (100),
190 (11) [M]*. HRMS (EI, 70 eV) caled for C3H;;0 [M]*:
190.1352, found 190.1348; calcd for C;,"*CH,30O: 191.1386, found
191.1387.
(1'R*,4'S*,4a’R*,9a'S*)-/(1'S*,4'R*,4a’R*,9a’'S*)-
1',4',4a',6',7',8',9',9a’-Octahydro-5'H-spiro[cyclopropane-1,10’-
[1,4Imethanobenzo[7]annulen]-5'-one (7¢/7¢’). Following the
general procedure, 22.0 mg cyclohept-2-en-1-one (200 pmol, 1.0
equiv) were converted with 401 yL spiro[2.4]hepta-4,6-diene (4.00
mmol, 20 equiv). After purification of the crude product (dr = 72:28)
by column chromatography (1.5 cm X 20 cm, P/Et,O = 9/1), 31.3
mg ketones 7¢/7c” (155 pmol, 77%) were obtained as colorless oil.
TLC R, = 0.30 (P/Et,0 = 9/1) [KMnO,]. Major isomer (7c): 'H
NMR (500 MHz, CDCl,, 300 K) & [ppm] = 6.35 (dd, ] = 5.8, 3.1 Hz,
1H), 6.12 (dd, ] = 5.8, 2.1 Hz, 1H), 2.54—2.38 (m, 3H), 2.27-2.22
(m, 1H), 2.15-2.00 (m, 3H), 1.96—1.80 (m, 2H), 1.76—1.62 (m,
1H), 1.55-1.44 (m, 1H), 1.21-1.08 (m, 1H), 0.68—0.60 (m, 1H),
0.48—0.39 (m, 2H), 0.33—0.25 (m, 1H). *C NMR{'H} (126 MHz,
CDCl,;, 300 K) & [ppm] = 213.9, 138.0, 133.0, 60.0, 53.1, 46.5, 45.9,
44.9, 43.4, 33.6, 30.6, 24.3, 8.8, 5.4. Minor isomer (7c¢’): '"H NMR
(500 MHz, CDCl,, 300 K) & [ppm] = 6.34 (dd, J = 5.8, 3.1 Hz, 1H),
6.11 (dd, J = 5.8, 2.7 Hz, 1H), 2.59—2.37 (m, 3H), 2.28—2.21 (m,
1H), 2.16—1.99 (m, 2H), 1.95—1.79 (m, 2H), 1.77—1.63 (m, 1H),
1.55—1.41 (m, 1H), 1.25 (s, 1H), 1.22—1.07 (m, 1H), 0.68—0.59 (m,
1H), 0.48—0.39 (m, 2H), 0.33—0.24 (m, 1H). *C NMR{'H} (126
MHz, CDCl,, 300 K) § [ppm] = 214.1, 137.8, 134.4, 60.3, 52.5, 48.9,
482, 43.4,43.1, 34.7, 31.2, 24.5, 8.5, 4.0. Mixture of 7c/7¢': IR (ATR)
7 [em™] = 3060 (w), 2924 (s), 2855 (m), 1705 (vs). MS (EI, 70 eV)
m/z (%) = 91 (51), 92 (100), 10S (21), 117 (12), 130 (6), 202 (S)
[M]*. HRMS (EI, 70 eV) calcd for C;,H;s0 [M]*: 202.1352, found
202.1353; caled for C,3"*CH,40: 203.1386, found 203.1392.
(1R*,45*,4aS5*,9aS5*)-/(15*,4R*,4a5*,9aS*)-9a-Methyl-
1,4,4a,6,7,8,9,9a-octahydro-5H-1,4-methanobenzo[7]annulen-5-
one (9a/9a’). Following the general procedure, 24.8 mg enone 8a
(200 pmol, 1.0 equiv) were converted with 336 uL cyclopentadiene
(4.00 mmol, 20 equiv). After purification by column chromatography
(1.5 cm % 15 cm, P/Et,0 = 9/1), 33.9 mg ketones 9a/9a’ (178 pmol,
89%, dr = 61:39) were obtained as a colorless oil. TLC Ry = 0.63
(Hex/EtOAc = 3/1) [KMnO,]. Minor isomer (9a): "H NMR (500
MHz, CDCl,, 300 K) & [ppm] = 6.33 (dd, ] = 5.8, 3.1 Hz, 1H), 6.10
(dd, J = 5.8, 3.0 Hz, 1H), 2.85 (s, 1H), 2.51 (s, 1H), 2.45 (s, 1H),
229-2.16 (m, 1H), 1.95—1.69 (m, 6H), 1.65—1.60 (m, 1H), 1.43—
1.38 (m, 1H), 1.30—1.21 (m, 1H), 1.05 (s, 3H). *C NMR{'H} (126
MHz, CDCl,, 300 K) & [ppm] = 215.1, 140.2, 134.3, 60.9, 55.7, 45.2,
43.3, 42.6, 41.5, 39.5, 25.8, 24.6, 22.8. Major isomer (9a’): '"H NMR
(500 MHz, CDCl,, 300 K) & [ppm] = 6.27 (dd, J = 5.8, 3.0 Hz, 1H),
6.15 (dd, J = 5.8, 3.1 Hz, 1H), 3.31 (d, ] = 2.3 Hz, 1H), 2.89 (s, 1H),
2.44-2.36 (m, 2H), 2.29—2.17 (m, 1H), 2.04—1.69 (m, 6H), 1.67 (d,
J = 8.5 Hz, 1H), 148 (d, J = 8.5 Hz, 1H), 0.80 (s, 3H). °C
NMR{'H} (126 MHz, CDCl,, 300 K) & [ppm] = 213.9, 138.2, 133.9,
622, 532, 48.4, 46.6, 45.0, 42.7, 41.1, 26.2, 25.1, 20.2. Mixture of 9a/
9a’: IR (ATR) 7 [em™] = 3060 (w), 2930 (s), 2864 (m), 1704 (vs).
MS (EL 70 eV) m/z (%) = 91 (44), 105 (41), 125 (100), 171 (16),
190 (16) [M]*. HRMS (EI, 70 eV) caled for C3H;sO0 [M]*:
190.1352, found 190.1369.
(1R*,45*,4aS*,9aS*)-/(15*,4R*,4a5*,9aS5*)-9,9-Dimethyl-
1,4,4a,6,7,8,9,9a-octahydro-5H-1,4-methanobenzo[7]annulen-5-
one (9b/9b’). Following the general procedure, 13.8 mg enone 8b
(100 pmol, 1.0 equiv) were converted with 168 uL cyclopentadiene
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(2.00 mmol, 20 equiv). After purification by column chromatography
(1.5 ecm X 15 cm, P/Et,0 = 9/1), 20.0 mg ketone 9b/9b’ (97.9 ymol,
98%, dr = 80:20) were obtained as a colorless oil. TLC Ry = 0.60
(Hex/EtOAc = 3/1) [KMnO,]. Major isomer (9b): "H NMR (500
MHz, CDCl,, 300 K) & [ppm] = 6.13 (dd, J = 5.7, 3.2 Hz, 1H), 6.03
(dd, J = 5.7, 2.9 Hz, 1H), 3.03—2.97 (m, 1H), 2.93-2.88 (m, 1H),
2.51-2.42 (m, 1H), 2.42—2.32 (m, 2H), 1.85—1.72 (m, 2H), 1.71—
1.51 (m, 2H), 1.49—1.39 (m, 1H), 1.37—1.21 (m, 2H), 1.02 (s, 3H),
0.74 (s, 3H). *C NMR{'H} (126 MHz, CDCl,, 300 K) § [ppm] =
2152, 135.9, 135.0, 53.8, 52.1, 49.7, 46.6, 45.6, 43.7, 42.0, 34.9, 31.2,
22.2, 19.8. Minor isomer (9b"): "H NMR (500 MHz, CDCI,, 300 K) &
[ppm] = 6.21 (dd, ] = 5.6, 2.7 Hz, 1H), 6.17 (dd, ] = 5.6, 3.2 Hz, 1H),
3.01-2.96 (m, 2H), 2.64—2.59 (m, 1H), 2.46—2.43 (m, 1H), 2.40—
2.31 (m, 1H), 2.28-2.19 (m, 1H), 1.71-1.51 (m, 1H), 1.49—1.39
(m, 1H), 1.37-122 (m, 4H), 1.04 (s, 3H), 0.99 (s, 3H). °C
NMR{'H} (126 MHz, CDCl,, 300 K) 5 [ppm] = 214.0, 138.4, 135.4,
53.2,52.7,46.5, 45.9, 44.0, 42.8, 42.8, 34.5, 31.0, 29.8, 22.3. Mixture of
9b/9b’: IR (ATR) ¥ [em™"] = 2955 (s), 2928 (s), 2870 (m), 1702
(vs). MS (EI 70 eV) m/z (%) = 111 (100), 139 (61), 189 (22) [M—
CH,J*, 204 (15) [M]*. HRMS (EI, 70 eV) calcd for C,,H,,0 [M]*:
204.1509, found 204.1512.
(1R*,45*,4aS5*,9aS*)-/(15*,4R*,4a5*,9a5*)-6,6-Dimethyl-
1,4,4a,6,7,8,9,9a-octahydro-5H-1,4-methanobenzo[7]annulen-5-
one (9¢/9c¢’). Following the general procedure, 13.8 mg enone 8c
(100 umol, 1.0 equiv) were converted with 168 uL cyclopentadiene
(2.00 mmol, 20 equiv). After purification by column chromatography
(1.5 em X 15 cm, P/Et,O = 95/5), 17.4 mg ketone 9¢/9¢” (85.0
umol, 85%, dr = 71:29) were obtained as a colorless oil. TLC Re=
0.63 (Hex/EtOAc = 3/1) [KMnO,]. Major isomer (9c): '"H NMR
(500 MHz, CDCl,, 300 K) & [ppm] = 6.27 (virt. dt, ] = 5.3, 2.3 Hz,
1H), 6.01 (virt. dt, | = 5.3, 2.3 Hz, 1H), 2.86 (s, 1H), 2.77 (s, 1H),
2.18 (d, ] = 7.6 Hz, 1H), 1.92—1.71 (m, 3H), 1.71-1.51 (m, 3H),
1.50—1.38 (m, 2H), 1.17 (s, 3H), 1.04 (s, 3H), 1.00—0.87 (m, 1H).
3C NMR{'H} (126 MHz, CDCl,, 300 K) § [ppm] = 218.9, 138.8,
133.0, 55.8, 48.3, 47.7, 46.7, 45.7, 42.4, 39.2, 33.3, 29.9, 24.9, 24.9.
Minor isomer (9¢’): "H NMR (500 MHz, CDCl,, 300 K) § [ppm]
6.22—6.18 (m, 1H), 6.17—6.12 (m, 1H), 2.99—2.90 (m, 2H), 2.43 (s,
1H), 2.00-1.79 (m, 3H), 1.64—1.51 (m, 1H), 1.50—1.38 (m, 3H),
1.28—1.17 (m, 2H), 1.07 (s, 3H), 1.04 (s, 3H). *C NMR{'H} (126
MHz, CDCl,, 300 K) & [ppm] = 217.9, 137.3, 134.5, 57.6, 46.9, 46.5,
46.4,46.2, 44.3,39.4, 34.9, 30.0, 24.8 [n.b.: due to overlapping signals,
number of reported signals is smaller than number of carbon atoms].
Misxture of 9¢/9¢’: IR (ATR) 7 [em™] = 2963 (m), 2925 (s), 2859
(m), 1701 (vs). MS (EI, 70 eV) m/z (%) = 111 (98), 126 (100), 139
(61), 189 (7) [M—CH;]*, 204 (66) [M]*. HRMS (EI, 70 eV) calcd
for C1,H,00 [M]*: 204.1509, found 204.1508; calcd for C,3*CH,,0
[M]*: 205.1542, found 205.1540.
(1R*,45*,4a5%,9aS*)-/(15*,4R*,4a5%,9aS*)-6,6-Difluoro-
1,4,4a,6,7,8,9,9a-octahydro-5H-1,4-methanobenzo[7]annulen-5-
one (9d/9d’). Following the general procedure, 14.6 mg 8d (100
umol, 1.0 equiv) were converted with 168 uL cyclopentadiene (2.00
mmol, 20 equiv). After purification by column chromatography (1.5
cm X 15 cm, P/Et,0 = 95/5), 17.8 mg ketone 9d/9d’ (83.7 ymol,
84%, dr = 72:28) were obtained as a colorless oil. TLC Ry = 0.59
(Hex/EtOAc = 3/1) [KMnO,]. Major isomer (9d): "H NMR (500
MHz, CDCl,, 300 K) § [ppm] = 6.32 (dd, J = 5.8, 3.1 Hz, 1H), 6.08
(dd, J = 5.8, 2.9 Hz, 1H), 3.08 (s, 1H), 2.90-2.86 (m, 1H), 2.28—
1.77 (m, 7H), 1.60—139 (m, 2H), 1.12—0.99 (m, 1H). C
NMR{'H} (126 MHz, CDCl,, 300 K) & [ppm] = 2002 (dd, J =
27.1, 23.9 Hz), 138.5, 133.6, 116.2 (dd, J = 255.1, 249.4 Hz), 54.9,
48.4,47.6,45.4,41.5, 33.3 (virt. t, ] = 23.6 Hz), 30.8, 22.1 (dd, ] = 7.8,
4.1 Hz). F NMR{'H} (376 MHz, CDCl,, 300 K) § [ppm] = —97.7
(d, J = 286.0 Hz), —105.2 (d, ] = 286.0 Hz). Minor isomer (9d’): 'H
NMR (500 MHz, CDCl;, 300 K) § [ppm] = 6.24—6.18 (m, 2H),
3.12—3.09 (m, 1H), 2.83 (virt. dt, ] = 6.9, 2.2 Hz, 1H), 2.55—2.51 (m,
1H), 2.27-1.76 (m, SH), 1.62—1.41 (m, 4H). *C NMR{'H} (126
MHz, CDCL,, 300 K) & [ppm] = 198.4 (virt. t, ] = 25.4 Hz), 138.2,
133.9, 56.3, 46.6, 46.5, 45.3, 432, 33.5 (virt. t, ] = 23.7 Hz), 32.6,22.3
(dd, J = 7.7, 3.7 Hz) [n.b.: due to low intensity, signal of CF, could
not be detected]. '’F NMR{'H} (376 MHz, CDCl,, 300 K) & [ppm]
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—97.5 (d, ] = 287.6 Hz), —104.4 (d, ] = 287.6 Hz). Mixture of 9d/
9d’: IR (ATR) ¥ [cm™'] = 2943 (m), 2871 (w), 1742 (vs). MS (EI,
70 eV) m/z (%) = 81 (100), 91 (63), 105 (26), 134 (34), 147 (18),
212 (14) [M]*. HRMS (EIL, 70 eV) caled for C,,H,,OF, [M]":
212.1007, found 212.0993; calcd for C,;,'*CH,,OF, [M]*: 213.1041,
found 213.1036.

(TR*,4S*,4aS5*,10aS5*)-/(15*,4R*,4aS5*,10aS *)-
4,4a,6,7,8,9,10,10a-Octahydro-1,4-methanobenzo[8]annulen-
5(1H)-one (9e/9¢’). Following the general procedure, 24.8 mg enone
8e (200 umol, 1.0 equiv) were converted with 336 uL cyclo-
pentadiene (4.00 mmol, 20 equiv). After purification by column
chromatography (1.5 cm X 15 cm, P/Et,O = 9/1), 35.8 mg ketone
9e/9e’ (188 umol, 94%, dr = 80:20) were obtained as a colorless oil.
TLC R = 0.74 (Hex/EtOAc = 3/1) [KMnO,]. Major isomer (9e): 'H
NMR (500 MHz, CDCL,, 300 K) & [ppm] = 6.22 (dd, J = 5.7, 3.1 Hz,
1H), 6.07 (dd, ] = 5.7, 2.9 Hz, 1H), 3.00 (s, 1H), 2.74 (s, 1H), 2.63—
2.44 (m, 2H), 2.14—2.06 (m, 2H), 1.96—1.34 (m, 9H), 1.07—0.96
(m, 1H). *C NMR{'H} (126 MHz, CDCl,, 300 K) § [ppm] = 216.7,
137.8, 135.1, 55.9, 48.4, 48.2, 46.0, 45.3, 44.6, 34.9, 28.1, 27.0, 25.8.
Minor isomer (9e¢’): "H NMR (500 MHz, CDCl,, 300 K) & [ppm]
6.16—6.10 (m, 2H), 3.14 (s, 1H), 2.65 (dd, ] = 5.6, 3.2 Hz, 1H),
2.62—2.44 (m, 3H), 2.33 (ddd, ] = 13.9, 6.6, 2.6 Hz, 1H), 1.97—1.33
(m, 10H). *C NMR{'H} (126 MHz, CDCl;, 300 K) & [ppm] =
215.1, 137.0, 135.5, 57.2, 48.7, 45.9, 44.9, 43.9, 43.1, 35.9, 27.1, 26.8,
25.4. The data obtained matched those reported in the literature."?

(1R*,45% 4aS*,11aS*)-/(15%4R* 4aS*,11a5*%)-1,4,4a,10,11,11a-
Hexahydro-5H-1,4-methanodibenzola,d][7]annulen-5-one (9f/9f).
Following the general procedure, 31.6 mg enone 8f (200 xmol, 1.0
equiv) were converted with 336 uL cyclopentadiene (4.00 mmol, 20
equiv). After purification of the crude product (dr = 62:38) by
column chromatography (1.5 cm X 20 cm, P/Et,O = 95/5), 20.8 mg
ketone 9f (92.7 umol, 46%) and 15.3 mg ketone 9f' (68.0 umol, 34%)
were obtained as viscous yellowish oils. Major isomer (9f): TLC Ry =
0.43 (P/Et,0 = 95/5) [UV, KMnO,]. 'H NMR (400 MHz, CDCI,,
300 K) & [ppm] = 8.13 (dd, ] = 7.8, 1.6 Hz, 1H), 7.45 (virt. td, ] = 7.4,
1.6 Hz, 1H), 7.35 (virt. td, ] = 7.6, 1.3 Hz, 1H), 7.24 (dd, ] = 7.5, 1.3
Hz, 1H), 6.40 (dd, J = 5.7, 3.1 Hz, 1H), 6.14 (dd, ] = 5.7, 2.9 Hz,
1H), 3.40 (d, J = 2.9 Hz, 1H), 3.05—2.91 (m, 2H), 2.80 (d, J = 3.1
Hz, 1H), 2.19 (dd, ] = 8.2, 1.7 Hz, 1H), 2.04—1.89 (m, 2H), 1.62—
1.56 (m, 1H), 1.38—1.24 (m, 2H). *C NMR{'H} (101 MHz, CDCl,,
300 K) & [ppm] = 203.1, 141.6, 139.0, 136.9, 133.6, 133.0, 132.0,
129.2, 127.0, 56.4, 49.9, 45.5, 42.5, 42.0, 35.7, 27.5. Minor isomer
(9f'): TLC R, = 0.32 (P/Et,0 = 95/5) [UV, KMnO,]. '"H NMR (500
MHz, CDCl,, 300 K) & [ppm] = 7.99 (dd, ] = 7.8, 1.6 Hz, 1H), 7.42
(virt. td, ] = 7.4, 1.6 Hz, 1H), 7.31 (virt. td, ] = 7.2, 1.2 Hz, 1H),
7.25-7.20 (m, 1H), 6.19—6.12 (m, 2H), 3.35 (s, 1H), 3.22 (ddd, ] =
14.5, 11.6, 8.3 Hz, 1H), 3.04—2.91 (m, 2H), 2.53 (dd, ] = 2.8, 1.5 Hz,
1H), 2.07 (virt. tt, ] = 12.4, 6.6 Hz, 1H), 1.70—1.57 (m, 3H), 1.42—
1.32 (m, 1H). *C NMR{'H} (126 MHz, CDCl,, 300 K) & [ppm]
207.4, 141.2, 138.9, 137.1, 134.2, 132.9, 131.8, 129.0, 127.0, §7.1,
47.1, 44.5, 42.9, 42.7, 34.8, 28.3. The data obtained matched those
reported in the literature.*'

(1R*4aS* 9aS*)-1-Hydroxy-2,9,9-trimethyl-1,4,4a,6,7,8,9,9a-oc-
tahydro-5H-benzo[7]annulen-5-one (11). Following the general
procedure, 69.1 mg enone 8b (500 ymol, 1.00 equiv) and 3.91 g
(25.0 mmol, 50 equiv) trimethyl((2-methylbuta-1,3-dien-1-yl)oxy)-
silane (10) were irradiated for 3 h. Then, the mixture was
concentrated in vacuo and filtered through a SiO, plug (100 mL of
P/Et,0 = 4/1 as eluent). After concentrating in vacuo, the crude
product (rr = 56:44) was dissolved in THF (50 mL) and conc.
HCl(aq.) (500 uL) was added. The solution was stirred for 15 min,
after which H,O (25 mL) and sat. ag. NaHCO, (10 mL) were added.
The layers were separated and the aqueous one extracted with EtOAc
(3 X 50 mL). The combined organic layers were washed with brine
(50 mL), dried over Na,SO,, filtered, and concentrated in vacuo.
After purification by column chromatography (2.5 cm X 20 cm, P/
Et,0 = 2/1), 39.9 mg ketone 11 (179 umol, 36%) and 31.4 mg
ketone 11’ (141 pmol, 28%) were obtained as colorless oils. Major
isomer (11): TLC R, = 0.38 (P/Et,0 = 1/1) [KMnO,]. '"H NMR
(500 MHz, CDCl,, 300 K) § [ppm] = 5.53—5.47 (m, 1H), 4.12 (d, ]
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= 3.1 Hz, 1H), 2.67 (ddd, J = 13.5, 10.5, 2.9 Hz, 1H), 2.59 (virt. td, ]
=12.0, 5.2 Hz, 1H), 2.34—2.26 (m, 1H), 2.20—-2.10 (m, 1H), 2.10—
1.91 (m, 1H), 1.85—1.75 (m, 4H), 1.68—1.41 (m, 4H), 1.17 (s, 3H),
0.96 (s, 3H). *C NMR{'H} (126 MHz, CDCl,;, 300 K) § [ppm] =
216.5, 136.5, 122.6, 70.1, 48.1, 47.5, 47.2, 40.5, 36.5, 31.0, 30.5, 22.8,
21.6, 21.2. IR (ATR) ¥ [cm™'] = 3442 (br m), 2933 (s), 2871 (m),
1695 (vs). MS (EI 70 eV) m/z (%) = 134 (100), 147 (79), 161 (53),
189 (24), 204 (31), 207 (9) [M—CH,]*, 222 (8) [M]*. HRMS (EI,
70 eV) caled for C,H,,0, [M]*: 222.1614, found 222.1595. Minor
isomer (11") epimerized upon acid treatment.

(1R*,4aS* 9aS*)-1-Methoxy-2,9,9-trimethyl-1,4,4a,6,7,8,9,9a-oc-
tahydro-5H-benzo[7]annulen-5-one (12). Based on a literature
procedure.” A mixture of 133 mg trimethyloxonium tetrafluoroborate
(900 pmol, 6.0 equiv) and 289 mg 1,8-bis(dimethylamino)-
naphthalene (1.35 mmol, 9.0 equiv) was suspended in dry CH,Cl,
(9.0 mL). A solution of 33.4 mg ketone 11 (150 gmol, 1.00 equiv) in
dry CH,Cl, (1.0 mL) was added and the mixture stirred at rt for 16 h.
Then, sat. ag. NaHCO; (5.0 mL) and CH,Cl, (10 mL) were added.
The layers were separated, and the organic layer was washed with 1.0
M aq. KHSO, (3 X 6.0 mL) and brine (6.0 mL), dried over MgSO,,
filtered, and concentrated in vacuo. After purification by column
chromatography (1.5 cm X 15 cm, P/Et,0 = 4/1), 28.3 mg ketone 12
(127 pmol, 85%) were obtained as a pale yellow oil. TLC Ry = 0.26
(P/Et,0 = 4/1) [KMnO,]. '"H NMR (500 MHz, CDCl, 300 K) §
[ppm] = 5.57—5.51 (m, 1H), 3.74 (d, ] = 2.8 Hz, 1H), 3.45 (s, 3H),
2.84 (virt. td, J = 11.8, 5.8 Hz, 1H), 2.63 (ddd, J = 13.4, 10.7, 3.0 Hz,
1H), 2.29-2.16 (m, 2H), 2.00—1.88 (m, 1H), 1.86 (d, J = 1.7 Hz,
3H), 1.83—1.72 (m, 1H), 1.65—1.52 (m, 3H), 1.50—1.39 (m, 1H),
1.08 (s, 3H), 0.92 (s, 3H). *C NMR{'H} (126 MHz, CDCl,, 300 K)
5 [ppm] = 2167, 135.2, 123.8, 78.9, 58.1, 48.6, 47.4, 47.1, 40.3, 36.6,
30.9, 30.8, 24.0, 22.7, 21.3. IR (ATR) ¥ [em™'] = 2926 (s), 2827 (w),
1698 (vs). MS (EI, 70 €V) m/z (%) = 98 (99), 111 (85), 119 (80),
134 (98), 147 (100), 161 (87), 189 (44), 204 (77), 221 (9) [M—
CH,;]%, 236 (10) [M]*. HRMS (EI, 70 eV) calcd for C; H,,0, [M]*:
236.1771, found 236.1768S.

(1R*,4aS*,9aS*)-1-Methoxy-2,9,9-trimethyl-5-methylene-
1,4,4a,6,7,8,9,9a-octahydro-1H-benzo[7]annulen-5-one (13). Based
on a literature procedure.® To a solution of 70.1 mg Ph;PCH;Br
(196 pmol, 2.0 equiv) in THF (2.5 mL) at 0 °C was added 79 uL of a
2.5 M n-Buli solution in hexanes (196 pmol, 2.0 equiv). After stirring
for 30 min, a solution of 23.2 mg 12 (98.2 ymol, 1.0 equiv) in THF
(1.0 mL) was added and the mixture stirred at rt for 18 h. Then, H,O
(2.5 mL) was added dropwise. The layers were separated and the
aqueous one extracted with EtOAc (3 X 5.0 mL). The combined
organic layers were washed with brine (5.0 mL), dried over Na,SO,,
filtered, and concentrated in vacuo. After purification by column
chromatography (1.5 cm X 15 cm, P/Et,0 = 95/5), 19.9 mg ether 13
(84.9 pmol, 87%) were obtained as a pale yellow liquid. TLC R, =
0.78 (P/Et,0 = 9/1) [KMnO,]. '"H NMR (500 MHz, CDCI,, 300 K)
8 [ppm] = 5.52 (d, J = 2.2 Hz, 1H), 4.73 (d, ] = 2.4 Hz, 1H), 4.70 (d,
J=24Hz, 1H), 3.70 (d, ] = 2.8 Hz, 1H), 3.53 (s, 3H), 2.74 (virt. td, |
= 114, 5.6 Hz, 1H), 2.25—2.16 (m, 1H), 2.05—1.95 (m, 1H), 1.95—
1.88 (m, 1H), 1.85 (virt. q, J = 1.8 Hz, 3H), 1.80—1.72 (m, 1H),
1.51-1.40 (m, 2H), 1.35 (dd, J = 11.8, 2.8 Hz, 1H), 1.31-1.23 (m,
2H), 1.04 (s, 3H), 1.03 (s, 3H). *C NMR{'H} (126 MHz, CDCl,,
300 K) & [ppm] = 156.9, 134.9, 126.0, 110.6, 81.3, 58.8, 50.8, 48.5,
40.1, 37.2, 369, 332, 31.6, 28.6, 23.8, 21.6. IR (ATR) ¥ [cm™!]
2921 (vs), 2858 (m), 2823 (w), 1638 (w). MS (EI, 70 eV) m/z (%) =
83 (97),97 (100), 111 (59), 125 (33), 234 (25) [M]*. HRMS (EI, 70
eV) calcd for C,¢H,sO [M]*: 234.1978, found 234.1978.

(4aS*,9aS%)-3,5,5-Trimethyl-9-methylene-2,4a,5,6,7,8,9,9a-octa-
hydro-1H-benzo[7]annulene (trans-a-Himachalene, 14). Based on
a literature procedure.”” To liquid NH; (25 mL) at —78 °C were
added 3.5 mg Li (500 ymol, 10 equiv), turning the solution dark blue.
Then a solution of 11.7 mg 13 (50 ymol, 1.0 equiv) in dry THF (2.5
mL) was added dropwise. The cooling bath was removed and the
mixture was stirred at reflux for 30 min, using a dry ice reflux
condenser. Afterward, 267 mg NH,CI (5.00 mmol, 100 equiv) were
added in small portions. NH; was slowly evaporated and bubbled
through conc. HCl(aq.). H,O (5.0 mL) was added to the residue and
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the mixture was extracted with CH,Cl, (3 X 5.0 mL). The combined
organic layers were washed with brine (5.0 mL), dried over Na,SO,,
filtered, and concentrated in vacuo. After purification of the crude
product (rr 61:39) by column chromatography (AgNO;-
impregnated SiO,, 10% w/w; 1.5 cm X 20 cm, P/Et,0 = 199/1),
4.6 mg 14 (22.5 pmol, 54% based on 17% recovered starting material)
were obtained as a pale yellow oil. TLC R, = 0.80 (P) [KMnO,]. 'H
NMR (500 MHz, CDCL;, 300 K) & [ppm] = 5.31 (dd, J = 2.3, 1.2 Hz,
1H), 4.79 (virt. dt, J = 2.1, 0.9 Hz, 1H), 4.72 (virt. dt, J = 2.1, 1.2 Hg,
1H), 2.34—2.18 (m, 2H), 2.07-1.95 (m, 2H), 1.92—1.81 (m, 2H),
1.74—1.56 (m, 6H), 1.50—1.40 (m, 1H), 1.33—1.20 (m, 2H), 0.96 (s,
3H), 0.71 (s, 3H). *C NMR{'H} (126 MHz, CDCl;, 300 K) &
[ppm] = 156.3, 134.2, 123.6, 109.3, 50.5, 40.6, 40.5, 36.3, 34.7, 31.8,
30.8, 29.6, 24.0, 22.9, 20.2. The data obtained matched those reported
in the literature.”> Minor regioisomer: '"H NMR (500 MHz, CDCl,,
300 K) & [ppm] = 5.40—5.30 (m, 1H), 4.71—4.67 (m, 1H), 4.67—
4.64 (m, 1H), 2.25-2.15 (m, 2H), 2.07—1.74 (m, 6H), 1.68—1.63
(m, 3H), 1.54—1.27 (m, 4H), 0.88 (s, 3H), 0.84 (s, 3H). *C NMR
{'H} (126 MHz, CDCl,, 300 K) & [ppm] = 157.6, 134.6, 120.9,
110.2, 46.8, 46.5, 45.3, 37.4, 36.4, 34.1, 33.1, 31.4, 28.2, 23.7, 19.6.
HRMS (EL, 70 eV) calcd for C;sH,, [M]": 204.1873, found 204.1854.
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ABSTRACT: In concert with carbonyl compounds, Lewis acids have <& ok homolytic
been identified as a versatile class of photocatalysts. Thus far, research O’/B\ - \ tiond

photophysical properties or by modifying its photochemistry. In this
work, we expand the established mode of action by demonstrating that
UV photoexcitation of a Lewis acid—base complex can lead to ____________ H-@
homolytic cleavage of a covalent bond in the Lewis acid. In a study

& fission
has focused on activation of the substrate, either by changing its | —_— \ @
(™

evid
on the complex of benzaldehyde and the Lewis acid BCl;, we found ,g;'t;?,z?ent

£ |
"é'suo E OH
evidence for homolytic B—CI bond cleavage leading to formation of a :absorption § o L—-

borylated ketyl radical and a free chlorine atom only hundreds of éspectroscopy B w aEa
femtoseconds after excitation. Both time-dependent density functional —‘-------==-=mmmmooosmooommoomssmooooooooooes
theory and transient absorption experiments identify a benzaldehyde-

BCl, cation as the dominant species formed on the nanosecond time scale. The experimentally validated B—CI bond homolysis was
synthetically exploited for a BCl;-mediated hydroalkylation reaction of aromatic aldehydes (19 examples, 42—76% yield). It was
found that hydrocarbons undergo addition to the C=O double bond via a radical pathway. The photogenerated chlorine radical
abstracts a hydrogen atom from the alkane, and the resulting carbon-centered radical either recombines with the borylated ketyl
radical or adds to the ground-state aldehyde-BCl; complex, releasing a chlorine atom. The existence of a radical chain was
corroborated by quantum yield measurements and by theory. The photolytic mechanism described here is based on electron transfer
between a bound chlorine and an aromatic 7-system on the substrate. Thereby, it avoids the use of redox-active transition metals.

B INTRODUCTION such as 2,3-dimethyl-2-butene serves as an illustrative example
(Scheme 1).°

Direct irradiation of the compound at 4 = 366 nm delivers
exclusively products stemming from reactivity at the carbonyl
group, for example oxetane 2 as the product of a Paterno—Biichi
reaction. This reaction channel is inaccessible upon Lewis acid
coordination, and instead a clean [2+2] photocycloaddition
with 2,3-dimethyl-2-butene occurs at the aromatic double bond

Lewis acids represent the most frequently used class of catalysts
in conventional (thermal) C—C bond forming reactions.' They
act by coordination to a Lewis basic entity of the substrate,
frequently the oxygen atom of a carbonyl group. In a,f-
unsaturated carbonyl compounds the energy of the lowest
unoccupied molecular orbital (LUMO) decreases upon Lewis

acid coordination, rendering them more electrophilic. A major (ortho photocycloaddition) to obtain cyclobutane 3.

benefit of Lewis acid catalysis is the plethora of chiral Lewis acids In studies initially directed to a related ortho photo-
available that enable enantioselective catalysis of a given cycloaddition® of benzaldehyde and olefins, we have investigated
reaction.” In contrast to the great success Lewis acids have the 1:1 complex of benzaldehyde and the Lewis acid boron
encountered in thermal reactions, their influence on photo- trichloride. Although its ground-state properties had been
chemical reactions has not been appreciated for many years. In investigated previously,” there was no information on its excited-
the photochemical case, the stabilization of the LUMO also state properties. In earlier work, we had seen that excited-state
plays a key role, as it renders a,f-unsaturated carbonyl calculations in combination with transient absorption spectros-
compounds more amenable to photoexcitation in the near

UV. Thus, there has recently been an increased interest in chiral Received: June 25, 2022

Lewis acids in the context of enantioselective photochemical Published: October 7, 2022

reactions.’ Formation of an assembly with a Lewis acid alters the
reactivity pattern of a substrate and opens up alternative reaction
channels that are inaccessible by direct irradiation.” The
photochemical behavior of 2-naphthaldehyde (1) toward olefins

© 2022 American Chemical Society https://doi.org/10.1021/jacs.2c06683
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Scheme 1. Reactivity of 2-Naphthaldehyde (1) toward 2,3-
Dimethylbutene in the Absence and in the Presence of AlBr;
as a Lewis Acid

(0]
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O carbonyl!
O Z reactivity
1 N
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copy provide valuable insights into the nature of Lewis acid
complexes in the excited state. We were able to assign excited-
state absorptive signals of a 1:1 complex between cyclohex-2-
enone and boron trifluoride and to elucidate the photophysical
relaxation processes on the singlet and triplet hypersurface.®
Surprisingly, boron trichloride and benzaldehyde displayed a
completely different and unexpected behavior (Scheme 2).

Scheme 2. A 1:1 Complex of Benzaldehyde and Boron
Trichloride (4) Is Predicted to Cleave Homolytically after
Irradiation and to Undergo a Subsequent Electron Transfer

_-BCly
af o-BCL2 o-BCh
O g e e
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4 5 ; 6
i

e > hydrogen abstraction
from alkanes

Their 1:1 complex was predicted by theory to be unstable in
the excited state, and many trajectories were found in which a
homolytic cleavage to a chlorine atom and a borylated ketyl
radical 5 occurred. In analogy to observations on benzhydryl
radicals,’ a subsequent electron transfer was suggested, leading
to cation 6 with a chloride counterion. Both predictions were
corroborated in detailed transient absorption experiments on
the fs and ns time scales. The initial step of this pathway is
reminiscent of the visible-light-induced homolysis (VLIH) of
earth-abundant metal complexes, which has found recently
increased synthetic attention.'”'' It was thus attempted to
employ the generated chlorine radical in metal-free C—H
activation reactions (hydrogen abstraction), which finally
culminated in a procedure for the Lewis acid-mediated addition
of hydrocarbons on aromatic aldehydes. Our study establishes a
detailed mechanistic picture behind the homolytic photo-
cleavage reaction depicted in Scheme 2, based on a combination
of theory and femtosecond UV-pump white-light-probe
transient absorption spectroscopy. We tested and utilized the
reaction mechanism in synthetic work, establishing a new
method for the generation of halogen radicals from main group
compounds and their application to the activation of C—H
bonds. A coherent mechanistic picture evolved, which reaches
beyond current knowledge of transition-metal-based VLIH
processes.

The discussion in the following sections commences with a
theoretical treatise of the benzaldehyde-BCl; complex and its
predicted photochemical behavior, most notably the B—Cl bond
fission. The second section describes the photochemical

dynamics of the complex by transient absorption spectroscopy
experiments. It is linked to theory by comparison of calculated
and experimentally obtained spectra of the transient inter-
mediates. The final part takes up the results of theory and
spectroscopy by devising a synthetic application of the B—CI
bond fission. The suggested reaction pathway involves a release
of a chlorine atom upon attack of a carbon-centered radical on
the benzaldehyde-BCl; complex, which in turn is supported by
calculations.

B RESULTS AND DISCUSSION

Vertical Excitation Energies and Static Absorption
Spectra. The small aromatic carbonyl compound benzaldehyde
is a relatively strong absorber in the mid- to deep-UV spectral
range. Its UV absorption spectrum has been discussed
extensively in the literature.'” In CH,CI, solution, it features
three partially overlapping absorption bands in the region from
400 to 220 nm (Figure 1).

a) 25 —_— c(PhCHO) = 50 mM
g1
2.0f ]
] 2 o not*
(9] % <
S 1.5F T2 0.0 . ; . =
i< 300 320 340 360 380
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Figure 1. Panel a: UV—vis spectrum of benzaldehyde (dark blue) with
varying amounts of BCly, showing formation of complex 4 (dark green-
yellow). The bright S, — S,(m,7*) and Sy — S;(m,7*) transitions are
labeled. The inset shows the UV—vis spectrum of benzaldehyde at a
higher concentration, revealing the symmetry-forbidden S, —
S,(noz*) transition. Panel b: Natural transition orbitals (NTOs) for
the respective transitions displayed in panel a, calculated using time-
dependent wb97x-D3/ZORA-def2-TZVP.

The first band at 4 = 330 nm is very weak and attributed to the
symmetry forbidden Sy — S;(noz*) transition out of a lone-pair
orbital at the carbonyl oxygen atom. The second (at 4 = 280
nm) and third band (at A 2 240 nm) are caused by bright S, —
S,(ma*) and S, — S;(mz*) transitions. The excitations
originate from two different 7-orbitals of the aromatic core.
Upon addition of BCl;, the absorption bands shifted and, after
addition of five equivalents, no further changes were observed,
indicating that complex formation was complete (see Figure 1).
The observed spectral shifts are typical for carbonyl compounds
on complexation with Lewis acids.”'® The final spectrum of
complex 4 displayed a single, broad band with an absorption
maximum at 4 = 297 nm including a red-shifted shoulder. The
coordination of the Lewis acid strongly stabilizes the oxygen n-
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orbital of benzaldehyde and weakly stabilizes its 7*-orbital
(LUMO), leaving the 7;- and 7,-orbitals almost unchanged.
Thus, we expected the absorption range of 4 to contain all three
transitions (ngz*, m ¥, and 7m,m*) with the noz* transition
blue-shifted and both #zz* transitions red-shifted, as was
observed in our earlier study of a cyclohexenone-BF; complex.”
Additionally, the chlorine lone pairs n¢, in 4 are close in energy
to the z-orbitals, and excitations from these orbitals into the 7*-
orbital appear in the near to middle UV region as well. Each
chlorine atom contributes two high-lying chlorine lone pairs, so
an additional six nqz™* states have to be considered. This is in
contrast to the previously investigated BF; complex,® where
transitions from the halogen lone pairs lie significantly below
200 nm and are not relevant for photochemical processes after
UV excitation. In Figure 2a, the experimental absorption
spectrum of 4 is displayed together with vertical lines indicating
the calculated transition energies and oscillator strengths at the
Franck—Condon (FC) point. The calculations were performed
at the time-dependent (TD) wB97X-D3/ZORA-def2-

a) 1.0} NTOs(mz)>NTOg(mr*)
E 0.8}
2
~0.6f TDDFT, scaled —
g Experiment ——
_g 0.4} LED 368 nm
2
0 0.2
<
00 - P ——————
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b)

w%ﬂ
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S

NTOs(n¢)

NTO,(n¢)

NTO, ()

Figure 2. Panel a: UV—vis spectrum of benzaldehyde-BCl; complex 4
(red), excitation energies (transition wavelengths) and relative
oscillator strengths at the FC point (calculated using scaled wb97x-
D3/ZORA-def2-TZVP), and emission spectrum (orange) of the LED
used in synthetic and mechanistic studies (vide infra, 4, = 368 nm).
For the three brightest states, the natural transition orbitals (NTOs)
that characterize these states are indicated. Panel b: NTOs of different
excited states in complex 4. All nine excited states that form the first
absorption band are characterized by transitions into the NTOg4(7*)
orbital. For the three bright states, S,, S;, and S, the excitations
originate from NTO,(7;), NTO;5(nc;), and NTO;(x,), respectively.
Excitation from NTO;(n¢) belongs to the lowest singlet state
S,(n¢y7*). NTO,(np) has a large contribution from the ng-orbital
of benzaldehyde and forms the adiabatic state Ss.

TZVP'"" level of theory. As this method was found to
overestimate the excitation energy, we scaled the energies by a
factor of 0.836. This factor is not universal, but was validated for
complex 4 by benchmarking to match the experimental
absorption spectrum and XMS-CASPT2'® benchmark calcu-
lations in the Franck—Condon region and beyond (see Figure
S5 and tables on pages S14 and S15). From now on, we will refer
to this as scaled time-dependent density functional theory
(TDDFT), and we used it consistently in all TDDFT
calculations on complex 4. There are nine electronic states in
the experimental absorption region between 360 and 240 nm,
representing the expected six ne* and the three shifted
benzaldehyde states non™, mz*, and m,7*. The natural
transition orbitals (NTOs) characterizing these states require
further discussion, and a selection of NTOs is displayed in
Figure 2b. The lowest lying singlet state is the S;[NTO;(n¢;) —
NTOg4(7*)] state. Due to symmetry, it is a dark state and the
NTO,(nc;) orbital does not contain any contribution from
orbitals at the aromatic core. The S,[NTO,(7;) = NTO4(7*)]
is the bright state that corresponds to the S,(7,7*) observed in
free benzaldehyde. S; and S, are nearly degenerate at the FC
point. S; is a bright state characterized as NTO;(ng) —
NTOg(n*), with NTO;5(n¢;) being a linear combination of
chlorine lone pairs and the 7,-orbital of benzaldehyde. S, is a
dark state characterized by a transition from an NTO that is a
linear combination of the lone pairs of chlorine (n¢;) and oxygen
(np). The situation for the nearly degenerate states Sg and Sg is
similar. While S; is a dark state characterized by a transition out
of a linear combination of ng-orbitals and ng (NTO,(ng)), S¢
has the largest oscillator strength with an NTO that is a linear
combination of ng-orbitals and 7, (NTOs(7,)). The states S,—
Sy all have low oscillator strength. S; and Sy are of nc*
character, and S, contains contributions from o-orbitals of the
aromatic core.

Trajectory Calculations and Mechanism of Dissocia-
tion. All nine states contributing to the first absorption band
overlap energetically (see Figure S6 in the Supporting
Information). Excitation into this broad absorption band
might cause nonadiabatic dynamics in a variety of states
including additional dark triplet states. The energetic order of
the lowest singlet and triplet states is given in the Supporting
Information. To elucidate the fate of complex 4 after
photoexcitation, we simulated nonadiabatic trajectories at the
scaled TDDFT level of theory using the SHARC program.'” We
started sampling trajectories in a spectral window reaching from
0 to 3.85 eV (322 nm), the red shoulder of the absorption
spectrum, which is a typical excitation wavelength in photo-
catalytic applications. The sampling led to a total of 171
trajectories propagated for up to 350 fs and distributed over the
states according to their transition dipole moment within the
spectral window (for more detailed technical information see
the Supporting Information). To our surprise, most of the
trajectories led to the dissociation of a chlorine atom (Figure 3).

In all cases, only a single chlorine atom (out of three)
dissociates and the mean B—Cl bond distance (shown in Figure
3a) was used to categorize the trajectories into “dissociated” and
“not dissociated” based on a cutoff value of 2.15 A. As the
equilibrium B—CI bond distance is 1.82 A, this cutoff value
roughly corresponds to an elongation of a single B—Cl bond to
2.80 A. Based on this criterion, 81% of trajectories led to a
dissociation. Dissociation occurs over the whole simulation
time, although it becomes rarer as the simulation progresses and
the most energetic trajectories are already dissociated. Figure 3b
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dissociative behavior. The lowest two triplet states are bound in the FC region but after a barrier at 2.50 A, which is associated with a change from zz*
to nz* character, become dissociative as well. Panel b: Zoom-in of the FC region, showing the lowest nine excited singlet states forming the first
absorption band in the UV spectrum of 4. The two states with the largest zz* contribution are shown in shades of blue, the state with the largest noz*
contribution is shown in violet, and the other states, which have large contributions from different nc*-orbitals, are shown in shades of green.

shows that the initial excitation leads to the population of a
multitude of different states, as expected from the broad
absorption spectrum featuring many overlapping states. The
largest population was found in the bright S,(m;7*) state.
Leaving the FC region, trajectories quickly relax to S}, leading to
a large rise in its population after around 40 fs. Then, population
is more slowly transferred from S, to T, and to T;. More highly
excited states also relax quickly. After 350 fs, most population
ends up in the lowest three excited states with 78% in T, 10%
remaining in S, 7% remaining in T,, and 5% in all other states.
Dissociation occurs in all three states.

To explain the dissociation and relate it to the observed
population dynamics of the adiabatic states, we performed a
relaxed scan in the ground state of complex 4, and we calculated
excitation energies at each point along the scan to obtain the
adiabatic potential energy surfaces (PESs). In Figure 4a, the
singlet and triplet PESs are shown. The states lying within the
experimental absorption band emerge densely packed between
3.8 and 5.2 eV, displaying repulsive and bound-state features and
many crossings between states of the same and different
multiplicity. Curve crossings between states of bound 7z*- and
dissociative ngr*-character center around 2.1 and 2.5 A (Figure
4a). Figure 4b highlights the complexity of the situation for the
lowest nine excited singlet states. The change in color marks the
change in electronic character. The process relevant contribu-
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tions from the ngwr*-orbitals are shown in shades of green. The
two well-separated triplet states T, (7,7*) and T, (7 7*) (Figure
4a) may act as trapping states for short bond distances.

Their relatively deep minima visible at 2.9 and 3.2 eV are close
to the FC region (for the energy and geometry of the optimized
T, minimum, see the Supporting Information). Trajectories
with fairly low energy crossing into these triplets soon after
excitation can become trapped in their minima, which explains
the 19% of the trajectories that do not dissociate. All others pass
the crossing region at around 2.5 A, leading to dissociation,
which is initiated by six low-lying nciz* states (three of the
singlet manifold and three of the triplet manifold). They cross
with the states of z7* character including the bright S, state.
Upon B—CI bond elongation, the contributing ncj-orbitals
transform into the three 3p-orbitals of the chlorine radical in
accordance with the bond cleavage.

Taken together, the data led us to propose the following
dissociation mechanism: Starting from the bright S, (7, 7*) state,
the dissociating trajectories can either (1) cross early into
Si(ng*) and dissociate nearly barrierless following the ngm*
character diabatically or (2) cross a small barrier at 2.0 A
associated with the change in character of S, from bound 7, 7* to
dissociative nc™®. These trajectories will continue to cross into
the dissociative part of T at a later point. In summary, the
nonadiabatic dynamics predict efficient photoinduced cleavage
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lifetimes are denoted in the figure labels. See the narrative for details.

of 4 into a chlorine radical and the borylated ketyl radical 5 on a
time scale of a few 100 fs. The bond cleavage is induced due to
the prominent participation of the n¢ lone pairs in the excited
electronic wave functions. To provide data for direct comparison
with transient absorption experiments, we calculated the
absorption spectra for the borylated ketyl radical (5) and cation
(6) using XMS-CASPT2'“"® (see the Supporting Information
for details).

Time-Resolved Optical Properties and Photoinduced
Dynamics. The computational work in the preceding section
provided detailed predictions about the cascade of relaxation
processes taking place within the benzaldehyde-BCl; complex
(4) after absorption of a UV photon. Moreover, these
predictions were associated with accessible experimental
observables in the form of calculated optical spectra. As such,
it was conceptually straightforward to validate the computa-
tional predictions by direct comparison to experiment, and we
thus undertook a time-domain observation of the photo-
chemical processes triggered by UV photoexcitation of complex
4. To achieve a detailed picture of these ultrafast dynamics, we
made use of ultrafast transient absorption (TA) spectroscopy,
where interaction with an excitation (“pump”) pulse generates
an excited-state wave packet, the fate of which can subsequently
be followed by monitoring the time evolution of the probe
transmission spectrum. Despite the inherent challenges in
generating short pulses in the UV spectral range, this strategy has
been proved highly valuable in elucidating light-induced
dynamics in complex molecular systems.”'” To initiate
excited-state dynamics, we used 20 fs pulses with a central
wavelength of 275 nm, while the pump-induced changes in
optical absorption of the sample were interrogated using a white-
light supercontinuum pulse with a spectrum spanning ~350—
725 nm. The total experimental TA data are collected in Figure
Sa. Two general observations can be made immediately: (1) As
both the excitation pulse and the lowest energy (S, — S;)
transition fall outside the range of the probe spectrum, we
observe predominantly excited-state absorption (ESA) signals,
and (2) the induced dynamics occur on time scales covering

several orders of magnitude. To reach sufficient fidelity at all
scales, it was thus necessary to perform three individual
experiments, each targeting a subsection of the total time
range. In Figure Sa, these results are shown in separate panels for
clarity.

A qualitative overview over the dynamics can be gained from
the two-dimensional spectra plotted vs detection wavelength
and probe delay in Figure Sa and the extracted TA spectra in
Figure 5b: Immediately after excitation, we observed predom-
inantly a broad ESA feature around 500 nm, in addition to
negative-amplitude signals in the near-UV range associated with
the so-called coherent artifact.”® Within 200 fs, these negative-
amplitude signals disappear, and the ESA feature shifts
noticeably toward the blue, now being centered at approximately
460 nm. Subsequent to this initial ultrafast relaxation, the excited
dynamics take place over two distinct time scales: from
approximately 300 fs to 15 ps and from a few tens of picoseconds
to nanoseconds.

In the range from approximately 300 fs to 15 ps (central
panels of Figure Sab) two effects dominate the spectral
dynamics: a further blue-shift of the ESA maximum to 440 nm
and an overall narrowing of the spectral profile. As a result of this
narrowing, a band associated with one or more ESA transitions
becomes clearly distinguishable near 600 nm. The appearance of
a clean isosbestic point at 480 nm suggests that the underlying
dynamics are a transition between two distinct states, with no
substantial, if any, contributions from competing decay
pathways. In particular, both the few picosecond time scale of
this process and the characteristic change in spectral shape from
a broad, red-shifted feature toward a more well-defined shape in
the blue are typical of vibrational cooling processes.”’ This
suggests that the initial ultrafast dynamics leave the system in a
vibrationally “hot” electronic state, the excess energy of which
dissipates to leave a “cool” product state well before further
relaxation processes can take place. In the time interval
subsequent to these femto- to picosecond processes, further
substantial spectral changes take place. In particular, the
spectrum of the “cooled” product state disappears concom-
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itantly with the appearance of an intense absorption band in the
UV. Again, we observe a clear isosbestic point, implying the
existence of another state-to-state transfer process with
insignificant losses or other competing relaxation pathways.

Kinetic Analysis and Comparison with Theory.
Quantitative characterization of the photoinduced dynamics in
complex 4 requires careful analysis. Here we analyze the
dynamics in the standard framework of singular-value
decomposition followed by global kinetic fitting to a sum-of-
exponential-decays model. The observed kinetics can then be
imposed on a particular relaxation model to determine a full
relaxation scheme. The transient absorption signals reported in
Figure Sb show two clear isosbestic points, suggesting a simple
sequential deactivation scheme (A — B — C ...) as a natural
starting point for kinetic analysis. This commonly implemented
scheme is advantageous in that it contains the exact same
number of transfer processes as observable time constants, and
thus it allows detailed analysis of the spectral dynamics by
extraction of the optical spectra of the individual compartments.
These spectra are commonly referred to as evolutionary
associated (decay) spectra (EAS).”” In many practical cases,
this simple model is a good approximation to the actual excited-
state dynamics of the physical system, in which case the
“compartments” correspond to the electronic (or vibrational)
states of the system, and the EAS are the spectra of these states.
The results of our global kinetic analysis are summarized in
Figure Sc. The quantitative fit corroborates our qualitative
analysis: the initially observed transition, with a time constant of
~150 fs, occurs from a state absorbing at approximately 500 nm
to a state assigned to vibrationally hot radical § with an
absorption maximum at 460 nm. This is followed by a further
slight blue-shift and spectral narrowing with time constants of
~1 and 10 ps, respectively, before a final transfer process into a
UV-absorbing state takes place with a time constant of ~400 ps.
The phenomenological kinetic model extracted from the
experimental kinetics can be compared directly with the
predictions from theory (for the calculation of ESA, see the
Supporting Information). We show this comparison in Figure 6.
In the top panel we observe that the experimental TA spectrum
extracted at 15 ps pump—probe delay is in good qualitative
agreement with the spectrum calculated for the borylated ketyl
radical § (Scheme 2). This is consistent with our expectation, in
that the radical was predicted to form on ultrafast time scales and
that its subsequent decay takes place on much longer time scales.
The calculated radical spectrum in the top panel of Figure 6 was
calculated at the XMS-CASPT2/cc-pvtz level. Only contribu-
tions from the transitions D; — D, and D; — D, are shown.
When including the D; — D, transition (dashed line in Figure 6,
top panel), a rise in absorption occurs in the blue region that is
not observed in the experiment. We attribute this to spuriously
large perturbative corrections in the treatment of the D, state
shifting the D, — D, transition to the red. This is confirmed by
calculations at the bt-PNO-STEOM-CCSD/def2-SVP** level
(see the Supporting Information), where the transition appears
at much shorter wavelengths.

At longer time scales, TDDFT with a continuum solvation
model predicts the pair of the benzaldehyde-BCl, cation and the
chloride anion to be 113.5 k] mol™" more stable than the radical
pair. It should therefore form by electron transfer via a Marcus-
like mechanism.” The predicted spectrum of the benzaldehyde-
BCl, cation features intense absorption bands predominantly in
the UV spectral range. This is in good qualitative agreement with
the experimental observation of UV absorption and near-
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Figure 6. Comparison between calculated (red) and experimentally
observed (blue) spectra. Top panel: calculated absorption spectrum of
the borylated ketyl radical 5 and the experimental TA spectrum at 15 ps
probe delay. The calculated spectrum for the radical only includes the
D, = D, and D, — D; transitions. Including the D, — D, transition
(dashed line) leads to a rise in the UV that is discussed in the main text.
Bottom panel: calculated spectrum of the benzaldehyde-BCl, cation 6
compared to the experimental TA spectrum at 1 ns probe delay.

negligible absorbance in the visible range at nanosecond pump—
probe delays (Figure 6, bottom panel).

Addition Reaction of Hydrocarbons to Aromatic
Aldehydes. With theory and transient absorption spectroscopy
suggesting a homolytic B—Cl bond cleavage of complex 4, it was
attempted in synthetic studies to employ the putative chlorine
radlcal for a hydrogen atom transfer (HAT) from an alkane H—
R.** It was hypothesized that HAT would result in the formation
of a carbon-centered radical, which would subsequently undergo
C—C bond formation at the carbonyl carbon atom of the
aldehyde (Scheme 3, top). The bond dissociation energy (BDE)

Scheme 3. Mechanistic Hypothesis for a Potential C—C Bond
Formation (cf. Scheme 2) with a Hydrocarbon H—R and
Preliminary Experiment on the UV-Mediated Reaction of
Cyclohexane with Benzaldehyde in the Presence of Boron
Trichloride

5
*Cl + H-R ﬁ» * R —— C-C bond formation

HCl
hv (» = 300 nm) al
©)k O Bl (15 equiv) ©/K©
60-70%
(20 equiv.) 8

of HCl is sufficiently high (BDE = 431 kJ mol~!)** to render this
process exothermic. Initially, cyclohexane (BDE = 416 kJ
mol™,*° 20 equiv) was employed as the hydrocarbon that was
irradiated together with benzaldehyde (7a) and BC; (1.5 equiv)
at 4 = 300 nm in dichloromethane solution. The reaction was
complete after 15 min, and a new product was isolated, which
was identified as chloride 8 (Scheme 3, bottom).

The yields of the reaction were variable, and the isolation of
the nonpolar product 8 from minor by-products was difficult.
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There were indications that chloride 8 was formed from the
respective alcohol by a thermal nucleophilic substitution
reaction (vide infra). To support the assumption that the HCI
developing in the HAT process was responsible for the
formation of the chloride, the reaction was studied in the
presence of a base. In addition, we employed for the
optimization experiments an irradiation at longer wavelength
(1 = 368 nm, cf. Figure 2a), which was found to also trigger the
desired transformation. Gratifyingly, the addition of potassium
phosphate (Table 1, entry 1) led to a suppression of the
consecutive reaction, and alcohol 9a was isolated in 53% yield.

Table 1. Optimization of the Reaction Conditions for the
Light-Mediated Addition of Cyclohexane to Benzaldehyde in
the Presence of Boron Trichloride

hv (A = 368 nm)

BCl3, base (10 equiv.) OH
(CH,Cly)
ne () <4Ae
see table
(20 equiv.) 9a
entry”  equiv BCly base T[°C] ¢’ [min] c[mM] yield® [%]
1 1.5 K;PO, r.t. 2.5 20 S3
2 1.0 K,PO, rt. 10 20 51
3 05 K,PO, rt. 30 20 28
4 1.5 K,CO; r.t. 2.5 20 45
S 1.5 Cs,CO; r.t. 10 20 41
6 15 K,PO, rt. 2.5 40 51
7 L5 KH,PO,  rt. s 40 40
8 15 KPO, -78 90 40 53
9 15 K,PO, —40 15 40 65
10 1.5 K;PO, -10 10 40 67
11 15 K,PO, 0 10 40 65

“A degassed solution of benzaldehyde (1.0 equiv), cyclohexane (20
equiv), boron trichloride, and base was irradiated by an LED with an
emission max1mum at A = 368 nm (see the Supporting Information
for details). “The reaction was stopped once the reaction was
complete based on TLC analysis. “Yield of isolated product after
column chromatography.

The reaction was complete in 150 s (2.5 min). A decrease of
the Lewis acid concentration led to longer reaction times
(entries 2, 3) and a lower yield. Other bases were less efficient as

acid scavengers (entries 4, S, 7) compared to potassium
phosphate. The influence of the substrate concentration was
minimal (entry 6). Given that a lower amount of solvent
facilitated the degassing procedure and allowed a more efficient
stirring of the reaction mixture, the experiments at lower
temperature were performed at ¢ = 40 mM (entries 8—11). At
—78 °C, the reaction rate decreased notably, and full conversion
was achieved only after 90 min (entry 8). The situation
improved at —40 °C (entry 9) and was best at —10 °C (entry
10). For practical reasons (ice bath), we also checked whether
0 °C was a suitable temperature, which turned out to be the case,
and the conditions of entry 11 emerged as being optimal. Several
modifications that are not listed in Table 1 did not lead to an
improvement of the reaction yields (see the Supporting
Information for details). Most notably, the use of other Lewis
acids such as BBr; and AlBr; resulted in traces of product or no
conversion, respectively. The scope of the reaction was first
evaluated with regard to the aromatic aldehydes 7 (Scheme 4).

Tolerance toward functional groups such as chlorine
(products 9b, 9d, 9e), fluorine (products 9i, 9j), and
trifluoromethyl (product 9k) was established. The position of
the chlorine substituent (ortho, meta, or para) had no influence
on the reaction yield. The same observation was made for the
methyl group (products 9c¢, 9f, 9g), which was remarkably
tolerated even in ortho position to the formyl group. Typically,
ortho-methylbenzaldehydes undergo an intramolecular hydro—
gen abstraction to an ortho-quinodimethane intermediate.”’
This reaction was completely suppressed by the Lewis acid,
confirming the absence of typical benzaldehyde reactivity
emanating from the nz* triplet state. Other alkyl substituents
like tert-butyl were well-tolerated (product 9h). It was attempted
to employ nonaromatic aldehydes in the reaction, but neither
cinnamic aldehyde nor pivalaldehyde delivered the expected
alcohols, even if the irradiation wavelength was altered.

Apart from cyclohexane, other alicyclic hydrocarbons such as
cyclopentane (product 91) and cycloheptane (product 9m) were
successfully employed in the reaction. Adamantane gave a
mixture of two regioisomeric products, the main isomer
(product 9n) of which was shown to display a quaternary
carbon atom at the newly formed C—C junction. In a similar
fashion, propane reacted preferably at the more highly
substituted carbon atom, delivering mainly isopropyl ketone
90. Even light, short chain alkanes such as ethane could be

Scheme 4. Light-Mediated Addition of Hydrocarbons (H—R) to Aromatic Aldehydes 7 in the Presence of Boron Trichloride:

Formation of Secondary Alcohols 9

Z H
x@A + H-R
7

hv (A = 368 nm)
BCl3 (1.5. equiv.), K3PO4 (10 equiv.)
0 °C (-40 °C*), ¢ = 40 mM (CH,Cl,)

OH

=
X@R
9

(a) Aldehyde

Variation

(65%)

i

(65%) (62%)

mm@mm @*@@*@ﬁr@

9d (63%) 9e (63%) f (56%) g (74%) 9h (76%) i (76%) j (44%)
b) Hydrocarbon
Variation 9p* X=H (42%)
9q* X=Cl (74%)
ar* X=F (49%)
Fs ok (48%) 91 (59%) 9m (60%) 9n (44%, 11 90* (55%, 11 2 9s* X =Bu (48%)
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involved in the BCl;-mediated hydroalkylation reaction. Like for
ketone 9o, ethyl ketones 9p—9s were obtained by irradiating a
saturated solution of the hydrocarbon in CH,CI, at —40 °C
instead of 0 °C. The other parameters remained unchanged
compared to the optimized conditions. The reactions are
amenable to scale-up, which was shown by performing the
transformation 7a (X = H) — 9a on a scale of 1.0 mmol. The
desired product was obtained in 61% yield (117 mg).

Mechanistic Studies and Calculations on the Reaction
Pathway. Mechanistic studies were undertaken to elucidate the
individual steps responsible for the formation of products 8 and
9.1In a first set of experiments, alcohol 9a was subjected to typical
Lewis acid conditions in the absence of base and light (1.5 equiv
of BCly in CH,Cl, at ambient temperature). The reaction
occurred smoothly and showed the features of an Syl-type
substitution; that is, a racemization of an enantioenriched
alcohol was observed (see the Supporting Information for
details). It is therefore reasonable to assume that alcohols 9 or
their borylated analogues are the primary products of the
reaction and chloride 8 is a consecutive product of 9a. Similar
observations were made by Kabalka et al., who studied the
formation of secondary alcohols by addition of alkylboron
chlorides to aromatic aldehydes.”” In the absence of base, they
also observed the formation of the respective benzylic chlorides,
which likely derived from the primary C—C addition products.

Experiments with deuterated starting materials revealed that
deuterium labeling was completely retained and no scrambling
occurred (Scheme 5).

Scheme 5. Deuteration Experiments Performed with Fully
Deuterated Cyclohexane-d,, (Top) and with
Monodeuterated Benzaldehyde (7a-d;, Bottom)
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The reaction with cyclohexane-d), delivered exclusively
product 8-d;; with no deuterium incorporated at the former
benzaldehyde fragment. Vice versa, the monodeuterated
benzaldehyde 7a-d, delivered product 8a-d; with exclusive
deuterium incorporation at the alcohol carbon atom. In
intermolecular competition experiments between nondeuter-
ated cyclohexane (10 equiv) and cyclohexane-d;, (10 equiv),
products 8 and 8-d;; were isolated in equal amounts (see the
Supporting Information for detaﬂs) suggesting no significant
kinetic isotope effect (KIE).*” This is in line with previous work
that found only marginal KIEs of approximately 1.1 for the H/D
abstraction by a chlorine radical from cyclohexane.*

Quantum yield measurements revealed that the reaction rate
was not constant during the reaction but decreased over time
(see the Supporting Information for details). We determined the
quantum yield at the beginning of the reaction 7a — 8 by
calculating the numerical quotient of benzaldehyde conversion
over photon absorption (4 = 368 nm). An average value for the
quantum yield ® was obtained from three individual runs
resulting in @ = 1.04 (+0.06). The reaction rate increased if the
concentration of cyclohexane was increased. Substrate con-

version scaled linearly with light intensity. The nonlinear
behavior of the quantum yield was corroborated by monitoring
the conversion in a light on—light off experiment at A = 368 nm
(Figure 7).

1.0f+
0.8}
0.6f |
0.4f

0.2f o

[Benzaldehyde] (norm.)

0.0F, . . J ) . . .
0 50 100 150 200 250 300 350
Time (s)

Figure 7. Kinetic profile of the reaction 7a — 8 under conditions of UV
irradiation (cf. Scheme 3: 4 = 368 nm, CH,Cl,, 1.5 equiv of BCL;, 50
equiv of cyclohexane) depicted as a concentration decrease of 7a. The
light beam of the LED was blocked in the gray time intervals.

The reaction progressed even in time periods in which there
was no exposure to light (gray bars). Together with the fact that
the quantum yield exceeds unity and the cyclohexane
concentration leverages the reaction rate, the result suggests
that a radical chain process is involved in product formation. A
mechanistic scenario often invoked for VLIH involves a chlorine
radical that abstracts a hydrogen atom from a hydrocarbon with
the resulting radical then entering a closed catalytic cycle. The
BCl;-mediated alkylation occurs—at least partially—along a
different reaction channel that leads to the formation of more
than one product molecule per absorbed photon. While a
recombination of the cyclohexyl radical with borylated ketyl
radical § is feasible (cf. Scheme 3), a second reaction pathway
appears to be competitive, which is responsible for the relatively
high quantum yield. We suggest this process to be a radical chain
that is mediated by the chlorine radical and that involves
addition of the cyclohexyl radical to the benzaldehyde-BCl,
complex (4). The addition is expected to occur at the carbonyl
carbon atom, leading to putative intermediate 10, from which a
chlorine atom can dissociate and enter the radical chain
(Scheme 6). The chain process can be terminated through
radical—radical recombination, e.g., by a productive reaction of a
cyclohexyl radical with borylated ketyl radical 5.

Despite the fact that the addition of a nucleophilic cyclohexyl
radical at the electrophilic carbon atom of 4 makes sense, it was
not clear whether the proposed bond formation would be
favorable, given that intermediate 10 displays a phenyl radical
cation. To shed light on this issue, calculations were performed
at the unrestricted DLPNO- CCSD(T)31/CBS(3/4 cc)//
@wb97x-D3/def2-TZVP level of theory. It was found that the
addition reaction is indeed feasible via a low-lying transition
state TS1 (Figure 8).

The postulated intermediate 10 was identified as an energy
minimum on the reaction hypersurface (Min2), lying 17.4 kJ
mol™! below the energy of a complex Minl1 of the two starting
components (cyclohexyl radical and 4). Remarkably, the
calculations also corroborated the subsequent step, ie., the
dissociation of the chlorine radical. This reaction proceeds again
via a readily accessible transition state in which one B—Cl bond
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Scheme 6. Mechanistic Pathway for a Potential Radical Chain
by Addition of a Cyclohexyl Radical to the Benzaldehyde-
BCl; Complex (4) and Subsequent Homolytic Cleavage of

the B—Cl Bond within Intermediate 10
O
H-CI

O H

ClsB..

ClB..
€]
O H

"’ \%
4

is elongated so that the chlorine atom eventually ends up as a 7-
complex (Min3) with the arene part of intermediate 11.
Although the ensuing reaction pathway was not further
analyzed, it is reasonable to assume that the chlorine atom is
available for another HAT so that the radical chain is continued.
The results of the synthetic study thus correlate well with the
predictions made by theory and with the experimental results
obtained by transient absorption spectroscopy. They serve to
substantiate the existence of the borylated ketyl radical 5 as a key
intermediate in this chemistry, and the calculations support the
existence of a radical chain as a reaction channel competing with
a radical—radical recombination.

It was probed in some preliminary experiments whether there
is synthetic evidence for cation 6 as the product of a consecutive
electron transfer from radical § (Scheme 2). Trapping was
attempted by using benzene as a potential nucleophile which
would not be amenable to a premature HAT (BDE = 472 kJ
mol™).”° In the absence of light, the components did not show
formation of a product that resulted from aromatic substitution
at the benzene core. Upon irradiation, a sluggish conversion was
observed and benzhydryl chloride (1,1-diphenylchlorome-
thane) was detectable in low quantities by GLC-MS. However,

the product could not be isolated, and the yield was very low,
which may be due to the low reactivity of the two components
and/or a rapid recombination of cation 6 with the chloride anion
to complex 4.

B CONCLUSION

We have used a combination of nonadiabatic dynamics
simulations and femtosecond transient absorption spectroscopy
to elucidate the key process occurring upon irradiation of the
complex between an aromatic aldehyde and BCl;. Rather than
activating the aldehyde for a photochemical transformation, the
Lewis acid is activated by the aldehyde toward a photoinduced
homolytic bond cleavage. The borylated ketyl radical § was
identified by both experiment and theory as the main
intermediate of this process. It is conceivable that related
processes are also responsible for homolytic bond cleavage
reactions involving Lewis acid—base complexes of other Lewis
acids such as TiCl,."”*” A hydroalkylation of aromatic aldehydes
was achieved, which was shown to involve a radical chain
process. The key step is similar to the observed homolytic M—Cl
cleavage occurring in transition metal complexes by ligand-to-
metal charge transfer (LMCT) that has been exploited to unlock
photochemical HAT-mediated transformations through the
generation of a chlorine radical. In our case, no redox-active
transition metal is required. Instead, an electron is directly
transferred from the bound chlorine atom into the aromatic 7-
system of the substrate, thereby weakening the B—Cl bond. This
Lewis acid—base activation mode may prove to be valuable for
future applications that involve the cleavage of other bonds
between boron and a given heteroatom.
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Figure 8. Attack of the cyclohexyl radical on the benzaldehyde-BCl; complex (4). On the top, structures of critical points along the reaction coordinate
are displayed with the alpha spin density in yellow and the beta spin density in blue (isovalue = 0.002). At the bottom the relative Gibbs free energies of
these structures are indicated. The structures were optimized at the unrestricted ©b97x-D3/def2-TZVP+CPCM (CH,Cl,) level of theory, and spin
densities and entropic corrections were evaluated at the optimized points. The electronic contribution to the free energy was refined at the unrestricted
DLPNO-CCSD(T)/CBS(3/4,cc) level. An intermediate Min2 was identified that corresponds to structure 10 in Scheme 6. The free chlorine radical
resides on the aromatic 7-system (Min3) before being released as a free chlorine radical.
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NMR data: Primary NMR data of new compounds,
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Geometries and energies: Optimized geometries of the
molecules in the computational study as an XYZ file;

energies and geometries for the scan presented in Figure 4
as a CSV and XYZ file, respectively (ZIP)
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