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English Abstract

In the field of catalysis research two closely related concepts, namely acceptorless
dehydrogenative coupling and borrowing hydrogen, have been developed in recent
years. Their advantage is high atom-economy and non-problematic or even useful
byproducts (water, hydrogen), which also provides for the emerging awareness for

ecological sustainability in the general public.

Within this work the borrowing hydrogen alkylation of pyrroles with primary alcohols as
alkylation reagents has been realized by using either base at high temperature in a
microwave reactor, a heterogeneous Pd/C catalyst or a homogeneous iridium PNP
pincer system (13). Aromatic as well as aliphatic alcohols can serve as substrates and
a general preference for C2/C5-alkylation was observed.

Pyrrole syntheses by acceptorless dehydrogenative coupling have so far been limited
to alkyl- or aryl-substituted products. With a ruthenium NNP pincer complex (10) as
catalyst, the scope could be extended onto pyrroles bearing ester or ketone
functionalities. This was achieved in a one-pot procedure starting from (-keto esters
or 1,3-diketones and B-amino alcohols. The initial enamine formation is followed by
dehydrogenative cyclization to give the desired products. Pyridines are also obtained

by this strategy by starting from y-amino alcohols.

Another part of this thesis was concerned with the development of new chiral catalysts
based on P-menthyl incorporating phosphorous ligands for application in (asymmetric)
catalysis. An in-depth investigation of the chemistry of menthyl Grignard reagent (30)
was performed. 30 mainly consists of two interconverting epimers (menthylmagnesium
chloride (30a) and neomenthylmagnesium chloride (30b)) which can be kinetically
separated by preferential reaction of 30a with carbon dioxide at -78 °C. This allowed
the determination of the epimerization kinetics of the remaining neomenthylmagnesium
menthanecarboxylate (30b’). The reaction of 30 with various electrophiles was found
to proceed either via stereoconvergence (E* = R'R?PCI) or stereoretention (E* = COz,

H20, ROH) and always with a more or less strong kinetic preference for 30a.



Deutsche Zusammenfassung

Auf dem Gebiet der Katalyseforschung wurden in den letzten Jahren zwei eng
verwandte Konzepte entwickelt, die akzeptorfreie dehydrierende Kupplung und
borrowing hydrogen. Sie sind durch eine hohe Atomdkonomie und dem Anfallen
unproblematischer bzw. sogar nitzlicher Nebenprodukte (Wasser, Wasserstoff)
gekennzeichnet und tragen dadurch auch dem in der breiten Offentlichkeit

aufkommenden Bewusstsein fur 6kologische Nachhaltigkeit Rechnung.

Im Rahmen dieser Arbeit wurde die Alkylierung von Pyrrolen nach dem borrowing
hydrogen Konzept mit Alkoholen als Alkylierungsmittel realisiert. Dies geschah
entweder baseninduziert bei hoher Temperatur in einem Mikrowellenreaktor, mit
Palladium auf Aktivkohle als heterogenem Katalysator oder einem homogenen Iridium-
PNP-Pincer System (13). Sowohl aromatische als auch aliphatische Alkohole sind
mdogliche Substrate und eine allgemeine Bevorzugung fur eine Alkylierung an C2/C5-

Position am Pyrrol konnte beobachtet werden.

Pyrrolsynthesen durch akzeptorfreie dehydrierende Kupplung beschrankten sich
bislang auf alkyl- und arylsubstituierte Produkte. Mit Hilfe eines Ruthenium-NNP-
Pincer Komplexes (10) als Katalysator konnte die Bandbreite nun auf Pyrrole mit Ester-
oder Ketonfunktionalitdt ausgedehnt werden. Dies gelang mittels einer Eintopfreaktion
ausgehend von pB-Ketoestern oder 1,3-Diketonen in Kombination mit -
Aminoalkoholen. Das gewiinschte Produkt entsteht dabei Uber eine Enaminbildung
gefolgt von einer dehydrierenden Zyklisierung. Ausgehend von y-Aminoalkoholen

ermoglicht diese Strategie auch den Zugang zu Pyridinen.

Ein weiterer Teil dieser Arbeit beschaftigte sich mit der Entwicklung neuartiger chiraler
Katalysatoren auf Basis von Phosphorliganden mit einer P-Menthyl-Einheit fir die
Anwendung in der (asymmetrischen) Katalyse. Im Rahmen dessen wurde die Chemie
des Menthylgrignard Reagenzes (30) genauer untersucht. Es besteht hauptséchlich
aus zwei sich ineinander umwandelnden Epimeren (Menthylmagnesiumchlorid (30a)
und Neomenthylmagnesiumchlorid (30b)), welche durch bevorzugte Reaktion von 30a
mit Kohlenstoffdioxid bei -78 °C kinetisch gespalten werden kénnen. Dies erlaubte, die
Kinetik der Epimerisierung des verbleibenden Neomenthylmagnesiummenthan-
carboxylats (30b‘) zu bestimmen. Allgemein verlaufen die Reaktionen von 30 mit

Elektrophilen entweder stereokonvergent (E* = R!R?PCI) oder stereoretentiv (E* =
Vv



COz2, H20, ROH), aber stets mit einer mehr oder weniger starken kinetischen Praferenz
fur 30a.

Vi
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Theoretical Background

1 Theoretical Background

1.1 Catalytic Acceptorless Dehydrogenation — A Contribution to Green
Chemistry

Hydrogenation, the chemical reaction of a compound with hydrogen, is a very important
and basic transformation in today’s time. The hydrogenation of nitrogen to give
ammonia (HABER-BOSCH process), which mainly serves for the production of artificial
fertilizers, is responsible for about 2% of the world’s commercial energy consumption. !
In organic chemistry, addition of hydrogen to alkenes, alkynes, aldehydes, imines etc.
is a widely used transformation. Industrial applications include the processing of
vegetable oils!? or hydrocracking.®! In order to activate the otherwise unreactive
molecular hydrogen under moderate conditions, the deployment of a catalyst is
necessary. One may distinguish between homogeneous and heterogeneous catalysts,
depending on whether the catalyst is present in the same phase as the substrate or
not. WILKINSON’S RhCI(PPha)sl*l or CRABTREE’s [Ir(cod)(PCys)(py)]PFsl®! are used as
catalysts for homogeneous hydrogenation in solution whereas the HABER-BOSCH
process relies on a heterogeneous, solid iron catalyst whose substrates and products
are present in the gas phase.l® In terms of reaction classification, a hydrogenation
represents a reduction due to the lowering of the substrate’s formal oxidation state.
Conversely, the abstraction of hydrogen is considered an oxidation. If this conversion
takes place with liberation of free hydrogen gas, it is referred to as acceptorless
dehydrogenation.[l” Such catalytic reactions are characterized by the lack of a
stoichiometric oxidant or a sacrificial hydrogen acceptor. As a consequence, a drastic
reduction of, often toxic, waste is possible. This advantageous feature makes them a
valuable contribution to the development of environmentally more benign synthetic
methods (‘Green Chemistry’).[8l In the following, the oxidative catalytic scission of

C-H, N-H and O-H bonds by applying transition metal complexes is discussed.

The endothermic dehydrogenation of alkanes is quite challenging due to their strong
non-polar C-H bonds. For this reason, it is unsurprising that only few metal complexes
have been reported to exhibit catalytic activity for this transformation. Considering the
entropic term of the Gibbs free energy (—T - AS), the reaction is favored at high
temperatures and therefore requires thermally stable catalysts. Additionally, the

solubility of hydrogen in the solvent decreases with increasing temperature, which

1



Theoretical Background

shifts the equilibrium towards the product by efficient removal of H2 from the reaction
medium.[®! SAITo et al. showed that WILKINSON's catalyst RhCI(PPhz)s is capable of
dehydrogenating cyclooctane to give cyclooctene under reflux conditions (TON = 11.9
after 48 h).['% This is remarkable considering that many textbooks present the
reductive elimination step in the catalytic cycle for an olefin hydrogenation catalyzed
by RhCI(PPhs)s as irreversible. In fact, the rate of the oxidative addition is negligible
under typical hydrogenation conditions at room temperature. Besides displaying
superior activity than RhCI(PPhs)s in the dehydrogenation of cycloalkanes, the Ir-PCP
pincer complex 1 was the first homogeneous catalyst system for dehydrogenation of
n-alkanes, though at a lower efficiency than with cyclodecane reflecting the higher
dehydrogenation enthalpy of linear alkanes (Scheme 1a).l*Yl The high thermal stability
of 1 has to be emphasized since the reactions are conducted at up to 201 °C. An
acceptorless dehydrogenation of HC-CH units adjacent to functional groups was
reported by NozAkl in 2013. He used the hydroxycyclopentadienyl iridium complex 2
as catalyst. Although the substrates in this work appear to be quite activated, the
reactions had to be heated to 200 °C resulting in a maximum TON of 97 (Scheme
1b).[*2 [Cp*IrCl2]2 was later also found to be active in dehydrogenation of the same
kind of substrates at 200 °C. The dehydrogenation of a-tetralone to 1-naphthol was

achieved in 71% yield whereas other substrates did not exceed 25%.12]
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complex 1 (1.0 mM)

iPr),P—Ir
(iPr)2 yis

H H
1

¢

P(iPr),

201 °C,8h
692 mM 163 mM
complex 1 (1.0 mM) i )
M mixture of internal undecenes  + Ho
196 °C, 1 h
Ph o
Ph\%/OH OO
Ph ir Ph
"
H
Wo BuMeP” X._0O
L DO
. = . =
f . 4 neat, 200 °C f .
U .2 X=0,NH - Hs SN
0 @)
0] L O
=
/

TON up to 97

3

Scheme 1. a) Alkane dehydrogenation by Ir-PCP complex 1. Cyclodecene was obtained in a

cis/trans-ratio of 4.2. b) Acceptorless dehydrogenation of activated HC—CH units.

Only few reports have appeared on the oxidative cleavage of N-H bonds by
acceptorless dehydrogenation. This might be due to the fact that the resulting imines
are good electrophiles which can easily undergo follow-up reactions with another
molecule of starting amine (see chapter 1.2.2). Szymczak and coworkers reported the
selective dehydrogenation of primary and secondary amines to the respective nitriles
and imines with liberation of dihydrogen. They used a Ru-NNN hydride complex (3) to
achieve these transformations under relatively mild conditions (Scheme 2).['4 For this
kind of oxidations, it is not always clear whether the product is formed by direct
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CH-NH dehydrogenation or via CH-CH dehydrogenation followed by double-bond
isomerization. JENSEN reasoned that a direct C-N dehydrogenation might take place
since tertiary amines were not dehydrogenated by a slightly modified version of 3
(P(tBu)s instead of PPhs). In addition, a secondary amine with two quaternary carbon
atoms in  B-position (2,2,2’,2’-tetramethyldibutylamine) was  successfully
dehydrogenated.'® In contrast, GoLbMAN could show that the same Ir-complex is in
fact able to dehydrogenate tertiary amines to enamines.[*6l Both groups utilized tert-

butylethylene as sacrificial hydrogen acceptor.

3 (1 mol%
R/\NHZ ( 0) R-CN + 2 H, P_Zh3
toluene, 110 °C, 24 h - i AN
. N
15 examples, 16-75% yield N, NI N~
/Ru\
N
3( %) g \ "
~..R 1 mol% ~ R S )
Ph N - + H
H toluene, 110 °C, 24 h Ph 2 PPhs
2 examples, 29 and 35% yield 3

Scheme 2. Acceptorless dehydrogenation of primary and secondary amines by Ru-NNN

pincer complex 3.

For the oxidation of alcohols to aldehydes or ketones, numerous methods have been
developed.[*l Chromium reagents like COLLINS reagent (CrOz - 2 py) or pyridinium
chlorochromate have become less important due to their toxicity. They have largely
been replaced by SwERN-oxidation, IBX, Dess-Martin periodinane or catalytic variants
with tetrapropyl-ammonium perruthenate (TPAP) or (2,2,6,6-tetramethylpiperidin-1-
yhoxyl (TEMPQO), just to name a few. A major drawback of this type of reactions is the
need for stoichiometric oxidants and therefore waste production, even in the catalytic
versions. TPAP is typically combined with N-methylmorpholine N-oxide, and sodium
hypochlorite is used with TEMPO in order to reoxidize the catalyst. To overcome this
disadvantage, several new catalyst systems capable of oxidizing alcohols via
acceptorless dehydrogenation have been developed. The ruthenium(ll) hydrido
borohydride complex 4 bearing a NNP-pincer ligand was synthesized in two steps from
RuCl2(PPhs)s and was shown to successfully dehydrogenate secondary alcohols to
the corresponding ketones (Figure 1a).[*8] The dehydrogenation of primary alcohols is

often problematic as the formed aldehydes can undergo decarbonylation to give an
4



Theoretical Background

inactive carbonyl complex. FuJiTA and YAMAGUCHI reported Ir-complex 5 to efficiently
oxidize primary and secondary alcohols.[**] The related complex 6 was found to
catalyze the reaction in aqueous media (Figure 1b,c).l?°! Complexes 5 and 6 are both
believed to act via ligand promotion. More precisely, the 2-hydroxypyridine moiety
switches between the protonated species and a deprotonated 2-pyridonate ligand

during the catalytic cycle.

a) b)
X
| P(tBu),
~N_ l/ HO
RU\l_\I \N/Ir\Cl
N —p—H
Et, H I|3 | %
H
4 5 6

Figure 1. Catalysts for the acceptorless dehydrogenation of alcohols.
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1.2 Dehydrogenation as Substrate Activation Strategy
1.2.1 Catalytic Dehydrogenative Coupling of Alcohols with Nucleophiles

Catalytic dehydrogenative coupling is a synthetic strategy to couple alcohols to
nucleophilic reaction partners. The initial alcohol dehydrogenation step yields an
electrophilic carbonyl group which can undergo further reactions. The addition of a
suitable nucleophile leads to numerous different target structures.[’l After the
nucleophilic attack, there are two general possibilities. Either another equivalent of
hydrogen is abstracted to provide acylated nucleophile (Scheme 3, pathway A) or
water is eliminated (Scheme 3, pathway B). The latter case can be followed by inter-
or intramolecular nucleophilic addition. The intramolecular attack typically generates
an aromatic species after further dehydrogenation (see Scheme 7a for more details).
An addition of hydrogen acceptors can facilitate the dehydrogenation steps.
Considering atom-economy, the abandonment of such additives is favorable.

Pathway A Pathway B

o - Q JO\H ______________ » (aromatic)
R R)]\Nu R OR2 product

A A
M] [M]
/ 2H, / Ho inter- or intra-
molecular
\ \ nucleophilic attack
[M]H, [M]H,

Y

(0] OH JCJ)\ TJ\U
R)J\H / R)\Nu R R2 / \' R “R2

INuH INuH H,0 product or

intermediate

Scheme 3. Possible pathways for the acceptorless dehydrogenative coupling of alcohols.

Typical nucleophiles for pathway A are alcohols (Nu = RO) or amines (Nu = RNH,
RIR2N). With alcohols, the nucleophilic attack generates a hemiacetal which is
dehydrogenated to an ester. The first report on this type of reaction appeared in 1981
by MuraAHASHI who used RuH2(PPhs)s (2 mol%) to obtain acyclic esters as well as
lactones through intramolecular cyclization of diols. To obtain satisfying yields, a

reaction temperature of 180 °C was necessary./?l The group of MiLSTEIN found that

6
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Ru-NNP pincer 7 in combination with catalytic amounts of base is a more active
catalyst system. Further investigations showed that deprotonation of 7 gives 8. 8 is
able to couple alcohols without the need for additional base at very low loading. It has
to be emphasized that deprotonation of 7 takes place at the benzylic position of the
pincer ligand and not as might have been expected at the hydride ligand (Scheme
4a).1?2 An obvious disadvantage of this method concerns product selectivity because
a combination of two different primary alcohols is expected to give a mixture of four
possible products. For the case of primary plus secondary alcohol, the problem could
be solved by the use of Ru-NNP complex 9 resulting in a single cross-ester product.
Dehydrogenation of the primary alcohol is faster due to steric reasons and
homocoupling only occurred in small amounts. Complex 9 is closely related to 8 and
bears a bipyridine moiety (Scheme 4b).[23l Similar to 8, 9 can be prepared from 10 by
reaction with strong base. The precursor 10 was found to catalyze the acceptorless
dehydrogenative coupling of alcohols and water. The reaction is operated in basic
media and yields carboxylic acid salts which upon acidification give the free carboxylic

acids (Scheme 4c).?4



Theoretical Background

a)

XY H =~ YH
| P(tBu), P(tBu),
/N\L KOtBu X N\Rl
u T oo A u
/| ~co -32°C,4h /  >co

B, C Bt

2 2
7 8

8 (0.1 mol%) o

? g g /\/\)J\ * 2H
OH toluene, reflux, 6 h R SN 2

99%

b)
~ j)\H O R?
R" "OH + + 2H,
R2 R3 R1JJ\O)\R3
15 examples, 46-99% vyield
c) P(Bu),
u
/| ~co
|
C10(1 mol%) o
R >oH + NaOH > I + Hy

H,0, reflux, 18 h R~ "ONa

15 examples, 61-91% free acid

Scheme 4. a) Dehydrogenative homocoupling of primary alcohols to esters. This reaction can
be performed with 8 or base + precursor complex 7. b) Dehydrogenative Coupling of primary

and secondary alcohols. ¢) Carboxylic acids from alcohols and hydroxide.

With amine nucleophiles, a dehydrogenative acylation following pathway A via a
hemiaminal allows the synthesis of amides. Those are a very important substrate class
especially for biochemical applications. This alternative approach to amide synthesis
avoids the use of coupling reagents, which are usually required for carboxylic acid
activation prior to reaction with an amine.’®l Complex 8 efficiently catalyzes the
process at a loading of only 0.1 mol% in refluxing toluene. The scope is limited to
primary amines.[?8! Chiral B-amino alcohols react to cyclic dipeptides with retention of

configuration, an attribute of the neutral reaction conditions (Scheme 5a). The
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substituent in a-position to the amine has to be larger than a methyl, otherwise
oligopeptides are formed.[?” Starting from secondary amines, a modified version of 10
(Ph instead of tBu at phosphorous) together with basel?®! or an Fe-PNP complex?®l can
be applied for the synthesis of tertiary amides. Methanol as the alcohol compound
provides access to urea derivatives, probably via a formamide intermediate.3% A direct
synthesis of polyamides via catalytic acceptorless dehydrogenation of diols and
diamines with 8 was found to give the resulting polymers in an average molecular
weight range of about 10-30 kDa (Scheme 5b).[34

a) R
X R 8 (1 mol%) HN)\]?O AH
> +
HzNJ\/OH dioxane, reflux, 19 h O%\rNH ?
R

6 examples, 64-99% yield

b)

O O
8 (1 mol%) J]\
n P NRTaN £ n Np2 ™S N2 + 2(2n+1)H
HO™ R* OH HN"R®NH2 3507C. N, flow, anisole RUSNTRT N (@n+1) He
or anisole/DMSO (4:1) n
18 examples, 65-89% yield,
M, = 10-30 kDa

Scheme 5. Ruthenium pincer catalyzed dehydrogenative synthesis of amides. a) Cyclic
dipeptides from B-amino alcohols under retention of configuration. b) Polyamides from diols

and diamines.

The two general pathways of dehydrogenative alcohol coupling (see Scheme 3) are
often competing depending on the relative kinetics of a second dehydrogenation step
versus dehydration of the intermediate. By tuning the reaction conditions, it is possible
to switch between both possible products, even with the same catalyst. The acridine
based Ru-PNP pincer complex 11 was shown to convert alcohols into esters in the
presence of base. Without base, an acetal is obtained (Scheme 6a). The hemiacetal
which is formed by nucleophilic attack of the alcohol on aldehyde presumably
eliminates water to give an enol ether. Upon addition of another molecule of alcohol to
the C-C double bond, acetal is formed.[3l With amine nucleophiles, an even broader
range of products has been obtained. The simplest ones are imines resulting from

dehydration of the hemiaminal intermediate. Amongst others, the ruthenium N-

9
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heterocyclic carbene complex 12 catalyzes this transformation at a loading of 5 mol%
with DABCO as base (Scheme 6b).[3l

a)
(iPr),P Cl 11 (0.1mol%)  Hexsg o)
/\/\/\OH )\ + )J\ nHex
157 °C nPent” o~ THEx nPent” "0~
w/o base, 72 h: 82% 10%
with 0.1 mol% KOH, 26 h: 1% 92%
b)
iPr/N\(N\iPr
Ru.,
\ Cl
Cl

12 (5 mol%)

DABCO (10 mol%)
PR . 4AMS
R™"OH * HN-R toluene, reflux, 24 h R

AN/R' + H2 + HZO

14 examples, 33-80 % yield

Scheme 6. a) Switch in product selectivity from acetals to esters by addition of potassium
hydroxide in the dehydrogenative coupling of alcohols. b) Imine formation via dehydrogenative

coupling of alcohols and amines.

Potentially more important for synthesis, the generated imines open up pathways to a
large variety of N-heterocycles by reaction with a second functional group within the
substrate. In the field of acceptorless dehydrogenative coupling, the synthesis of
pyrroles, a structural motif found in many pharmaceuticals and natural products,®* has
probably been the best explored. The new strategy differs from traditional approaches
(e.g. Knorr pyrrole synthesis) in the oxidation level of the substrates. Carbonyl groups
are replaced by alcohols that are oxidized in situ before condensation takes place
(Scheme 7a). The group of BELLER described a three-component reaction with
ketones, amines and diols yielding various classes of multiple substituted pyrroles. The
commercially available Rus(CO)i2/Xantphos system efficiently catalyzed this reaction

in the presence of co-catalytic amounts of weak base (K2CO3) (Scheme 7b). The

10
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transformation also proceeds smoothly, if ammonia is used instead of amines.®®
KEMPE reported a dehydrogenative pyrrole synthesis starting from secondary alcohols
and amino alcohols using an iridium complex of an anionic PNP pincer ligand (13) as
catalyst in the presence of stoichiometric amounts of a strong base (KOtBu). An
advantage of this procedure is the remarkably low catalyst loading, which varies
between 0.03 and 0.5 mol% depending on substrates. An iridium(lll) trinydride (14)
species generated by twofold alcohol dehydrogenation was identified as catalyst
resting state (Scheme 7¢).1%¢ Later it was found that iridium can be replaced by the
more abundantly available transition metal manganese. The Mn-PNP pincer 15 is
converted into its catalytically active hydride species 16 by base-induced salt
elimination followed by either addition of hydrogen or alcohol dehydrogenation
(Scheme 7d). Complex 16 was characterized by NMR spectroscopy and X-ray
crystallography. Cobalt and iron based complexes of the same class of pincer ligands
were inactive.’”] The active role of the pincer ligand in complexes 13 and 15 is
comparable to that of the ligand in the earlier mentioned Ru-NNP species (7-10) (see
Scheme 4). A similar route to pyrroles from ketones and amino alcohols was reported
by Saito. Here, only one equivalent of dihydrogen is released in the course of the
reaction. A ruthenium complex (17) and alkali base enable the reaction at rather high
temperature (Scheme 7e).I38 Another strategy for the dehydrogenative synthesis of N-
substituted pyrroles is the coupling of 1,4-diols and amines. Literature reports include
approaches with ruthenium,®® manganesel*® and cobalt!*! catalysts (Scheme 7f). The
active cobalt species is generated from 18 with NaHBEts and KOtBu, which act as
hydride source and base, respectively. It is noteworthy that all of the above mentioned
syntheses exclusively afford donor-substituted (alkyl, aryl) pyrroles. Complexes 13142
(with a para-trifluoromethylphenyl group at C-4 of the triazine ligand) and 10“ were
also used for the annulation of secondary alcohols and y-amino alcohols to pyridines.
SuN described a highly active ruthenium catalyst (19) which achieved similar yields at
a loading of only 0.025 mol% (Scheme 7g).*4 A combination of 1,3-diols and alkyl
hydrazines served as starting material for the synthesis of pyrazoles in the presence
of RuH2(PPh3)sCO, Xantphos, crotonitrile and acetic acid (Scheme 7h). Crotonitrile is
a sacrificial hydrogen acceptor, rendering this approach less efficient in terms of atom
economy. The role of the acid additive may lie in accelerating condensation steps.*°!
This contrasts with afore mentioned systems, which benefit from either co-catalytic or

stoichiometric amounts of base. Iridium[*8l as well as manganesel*’! based pincer
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complex catalysts were found to be suitable for pyrimidine syntheses from amidines
and up to three different alcohols as substrates in one pot. In Scheme 7i, a three-
component reaction with a hydride manganese(l) PNP pincer (20) introduced by
KIRCHNER is depicted exemplarily.*® It remains unclear, why a mixture of two bases
(potassium tert-butoxide and potassium hydroxide) is necessary to obtain good yields.
BELLER and coworkers showed that indoles can be prepared from anilines and
cyclohexene epoxide in the presence of a catalyst system composed of [Ru3(CO)12],
dppf and catalytic amounts of p-toluenesulfonic acid. The reaction proceeds via acid
catalyzed epoxide opening towards a B-amino alcohol, ketone formation by alcohol
dehydrogenation and subsequent intramolecular cyclization. However, numerous side
products were observed when other epoxides than cyclohexene epoxide were tested.
An incompatibility of the epoxide opening step with the strongly acidic conditions was
proved. Therefore, the aminolysis of the epoxide was performed with zinc triflate as
Lewis acid prior to addition of the other reagents. The regioselectivity depends on
preferential stabilization of the carbocationic character by R versus R* in the epoxide
opening step and was >90:10 (regioisomeric ratio) in most cases (Scheme 7j).1°1 Other
heterocycles such as benzimidazoles,’? pyrazines?”51 or quinolines®? can be

prepared by analogous strategies to the discussed ones.
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Scheme 7. Overview over the construction of N-heterocycles via acceptorless dehydrogenative coupling. a) Schematic comparison between a

classical approach towards N-heterocycles (here: pyrroles) and the new dehydrogenative coupling strategy. b) Three-component synthesis of

pyrroles with a [Rus(CO)12]/Xantphos system. c) Pyrrole synthesis from secondary alcohols and 8-amino alcohols with Ir-PNP pincer 13 and formation

of the iridium(lll) trihydride resting state 14. d) Conversion of Mn-PNP pincer 15, which is also able to catalyze the reaction depicted in b), into its

catalytically active species 16. e) Pyrrole formation from ketones and B-amino alcohols with a ruthenium catalyst (17) under relatively high

temperature. f) Cobalt catalyzed dehydrogenative condensation of 1,4-diols and amines to N-substituted pyrroles. g) Coupling of secondary alcohols

and y-amino alcohols towards pyridines with a highly active ruthenium complex (19) at very low catalyst loading. h) Example of a non-acceptorless

dehydrogenative pyrazole synthesis from alkyl hydrazines and 1,3-diols. i) Pyrimidines by a three-component Mn-PNP pincer (20) catalyzed process

with a combination of different bases. j) Synthesis of indoles from epoxides and arylamines. The Lewis acid catalyzed epoxide opening is followed

by a ruthenium catalyzed alcohol dehydrogenation and Brgnsted acid catalyzed intramolecular cyclization.
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1.2.2 The Borrowing Hydrogen Principle

In the previous chapters the discussion was limited to reactions with liberation of
hydrogen or its transfer onto a sacrificial acceptor. Since the metal hydride species
generated in the initial dehydrogenation step may potentially hydrogenate a suitable
acceptor, a new field of possible transformations is opened up. If this acceptor
molecule is an intermediate in the catalytic cycle and formed from dehydrogenated
starting material in a follow-up step, the whole process is called borrowing hydrogen
reaction since the hydrogen ‘borrowed’ in the first step is ‘returned’ into the catalytic
cycle later. The term hydrogen autotransfer (HAT) is often used as an alternative
description for the same concept.®® Typically, the catalytic oxidation of an alcohol to
the corresponding carbonyl compound is followed by spontaneous or base-mediated
condensation with a suitable nucleophile. Final hydrogenation of the unsaturated
species by the metal hydride gives the product and regenerates the catalyst (Scheme
8). The whole process is redox-neutral and can be described as alkylation of a
nucleophile with an alcohol, whose reactivity is switched from O-nucleophile to
C-electrophile. Water is the only by-product rendering this process highly atom-
economic and environmentally friendly, especially in comparison to traditional
alkylation methods that use toxic alkyl halides and generate inorganic halide salts as
waste in stoichiometric amounts. Depending on the nucleophile, C-C or C-N bond
formation is achieved. The obvious similarity of a borrowing hydrogen process and a
dehydrogenative coupling (see Scheme 3) may lead to selectivity problems in the
development of new transformations since the hydrogenation step competes against
addition of another nucleophile.

OH Nu, My
R1 R2 Hzo R1 RZ
[M]

[MIH,

(0] Nu
R1JJ\R2 7N R1JJ\R2
|NUH2 Hzo

Scheme 8. Reaction scheme (highlighted) and catalytic cycle of a borrowing hydrogen

process.
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The earliest reports on alcohols as alkylating agents might go back to GUERBET in 1899,
who described the synthesis of B-alkylated primary alcohols from primary or secondary
alcohols in the presence of alkali hydroxides or alkoxides. The reaction proceeds via
dehydrogenation, aldol dimerization and transfer hydrogenation and can be
accelerated by addition of a (typically heterogeneous) hydrogen transfer catalyst.[>*
Numerous reports on the HAT-alkylation of various substrates can be found in the
literature over the past 20-30 years. Already in 1984 WATANABE reported the catalytic
N-alkylation of anilines with alcohols and RuClz(PPhs)s at 150-180 °C. In most cases
bisalkylation was favored.®® A progress in ligand design has led to more active catalyst
systems: a combination of [Ru(p-cymene)Clz]2 with a bidentate phosphine (dppf or
DPEphos) allows the selective and high-yielding conversion of primary amines into
secondary amines, of secondary amines into tertiary amines, and the use of secondary
alcohols as alkylating agent.’®! For the challenging monoalkylation of ammonia a
convenient method with [Ru(CO)CIH(DPEphos)(PPhs)] as catalyst was introduced by
DeuTscH. It shows reasonable selectivity for monoalkylation despite the high reaction
temperatures (Scheme 9).157]

OH [Ru(CO)CIH(DPEphos)(PPhs)] (1-3 mol%) NH

J\ +  NHj - J\ + H,0
R2 toluene, 135-180 °C, 24 or48 h R1” O R2

12 examples, >87% conversion
57-93% yield

Scheme 9. HAT-monoalkylation of ammonia.

The alkylation of C(sp®)-H centers relies on the acidity of the corresponding CH-
position. Therefore, activation by electron-withdrawing 1r-acceptor groups is required.
HAT-alkylation of ketones is rather simple since its a-C-H bonds are strongly
activated.®®! Recently, special efforts were directed to the substitution of noble metals
like iridium and ruthenium by widely-abundant first row transition metals. In 2015, a
ketone a-alkylation with primary alcohols catalyzed by a KNOLKER-type iron complex
(21) in presence of cesium carbonate as base was published. However, the ketone
scope was limited to arylalkylketones (Scheme 10a)./%% Less activated substrates like
esters or amides are C-alkylated by cobalt PNP pincer complex 22 as catalyst. The
scope is limited to tert-butyl acetate and N,N-dialkylacetamides as CH-acidic

substrates, probably due to effects of steric hindrance and to prevent
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transesterifications.[®? Scheme 10b illustrates the rather mild conditions (80 °C, short
reaction time) for the ester alkylation. The a-alkylation of nitriles serves as another
good example for the replacement of noble metals by first row transition metals:
whereas earlier works described iridium, %1 rhodium,[%2 palladium,®3! ruthenium!®4 and
an unusual osmiumi®® catalyst system, iron PNP pincer catalyst 2366 as well as
manganese complex 24571 were introduced for this transformation in 2018 (Scheme
10c).

a) ™S

)
T™S

Fe
oc— /'~
oc CcO
PPh3 (2 mol%)
0 Cs,CO3 (10 mol%) 0]

+ N > + H,0
N HOT™R  olene, 140°C, 24 0rd8h g 2

22 examples, 19-72% vyield

21 (2 mol%)

b) /\
HN
NN
M
HN™ N7 NH
(iPr)ZP\Clo/P(iPr)z
SEAN
e’ o
22 (5 mol%)

o] KOtBu (1.5 eq.) o
PO + )< J< + H,O
R™ OH )J\O toluene, 80 °C, 4 h R/\)J\o 2

(4.0 eq.) 12 examples, 55-82% yield
c) Br H —
|7 PCy2 Ng4
H. :\\\ N Br N //
N—Fe—CO N \
(/ S8
P oc” | ~co
Cy, Br CcO
23 24

Scheme 10. First row transition metals in borrowing hydrogen alkylations. a) Iron catalyzed
HAT-alkylation of ketones. b) Cobalt catalyzed a-alkylation of esters. c) New first row transition
metal catalysts for the HAT-alkylation of nitriles.
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Alkylation reactions with alcohols as alkyl donors are not restricted to C(sp?) centers.
They also occur at C(sp?)-H centers of electron-rich arenes. The regioselective indole
C3-alkylation was achieved under basic conditions by homogeneous ([Cp*IrCl2]2,8]
RuCl2(PPhs). + DPEphos(®?) as well as heterogeneous (Pd/C,® Pt nanoclusters!’)
catalyst systems (Scheme 11). Interestingly, RAMON et al. reported that this alkylation
is also possible without using transition metal catalyst, under alkaline conditions at
elevated levels of temperature (150 °C).I"l The hydride transfer in this multi-step
process might occur by a Cannizzaro-type mechanism. With [Cp*IrCl2]2 as catalyst, the
regioselective C4-alkylation of phenols, more precisely of 2,6-di-tert-butylphenol could
be performed. Subsequent removal of the tert-butyl groups under retro-FRIEDEL-

CRAFTS conditions led to various 4-alkyl phenols.["?

[Cp*IrCl,], (2.5 mol%) R®
R1©\/\>,R2 . gy KOH@0mo%) { . o
N 110 °C, 24 h, N, R R?
H (3.0 eq.) N

H
12 examples, 35-84% yield

Scheme 11. Iridium catalyzed C-3 indole alkylation via hydrogen autotransfer.

Borrowing hydrogen is not restricted to alcohols as substrates for the dehydrogenation
step. Amines and alkanes are also prone to activation by dehydrogenation.
Mechanistically, the N-alkylation of an amine by another amine is similar to the
alkylation with alcohols (see Scheme 8). Initial dehydrogenation gives an imine, which
after nucleophilic attack by an amine liberates ammonia (transimination). The newly
generated imine is then hydrogenated to the desired product. The coupling of two
oxidizable amines RNH2 and R'NH:z generally leads to a product mixture including
R2NH, RR’NH and R’2NH. In 2009 WiLLIAMS reported the first example for a selective
amine cross-alkylation starting from two oxidizable amines. The key for success was
the formation of secondary amines containing one branched and one unbranched
substituent, which are sterically favored over amines with two branched substituents
due to less steric strain. Additionally, dehydrogenation of secondary amines is easier.
The reaction is catalyzed by [Cp*Irl2]2 in the absence of additional base, and
diisopropylamine was used as alkyl donor (Scheme 12a).l"3 The regioselective C3-

alkylation of indoles with amines was discovered by BELLER and coworkers. They found
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that a combination of Shvo’s catalyst (25) and potassium carbonate allows the reaction
with a broad range of aliphatic amines including primary, secondary and even tertiary
ones. The latter forms an iminium ion in the first step of the borrowing hydrogen
mechanism. At the applied high temperature, catalyst 25 dissociates into two active
species. The dehydrogenation is catalyzed by the 16 electron complex 26, whereas
the 18 electron ruthenium hydride species 27 catalyzes the hydrogenation (Scheme
12b).["41 The application of alkane substrates in borrowing hydrogen processes is
rather limited because of the difficult activation of their strong non-polar C-H-bonds
(see chapter 1.1). One of the rare examples of homogeneous catalysis was introduced
by the BROOKHART group. They realized a catalytic alkane metathesis by tandem
alkane dehydrogenation-olefin metathesis (Scheme 12c). To this aim, an iridium
complex for hydrogen transfer and a molybdenum based Schrock carben catalyst for
olefin metathesis were combined.[”® However, the general focus in the field of alkane

metathesis is more on heterogeneous than on homogeneous systems. 53]
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a)
[Cp*Irl5]5 (1 Mmol%)

e (iPr),;NH (3.0 eq.) J\
> PN + NH
R NH; xylene, 150 °C, 10 h R ” 3

/

12 examples, 68-99%

s 25 (1 mol%) R3
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Scheme 12. Amines and alkanes as alkylation reagents in borrowing hydrogen processes. a)
Cross-coupling of two oxidizable amines. b) Regioselective C3-indole alkylation with amines
and thermal activation of the Shvo catalyst 25 generating two active species 26 and 27. c)

Catalytic cycle for a borrowing hydrogen alkane metathesis.
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1.3 An Introduction to Asymmetric Catalysis

“I call any geometrical figure, or group of points, chiral, and say that it has chirality, if
its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.”[76]
With this sentence, Lord Kelvin named a phenomenon of great importance not only,
but especially in chemistry. An example for chirality in everyday life is the left and the
right hand. In chemistry the most common form is point chirality. For organic molecules,
it originates from an atom bearing four different substituents. However, such a
stereogenic atom is not a necessary requirement. Other possible forms are axial,
planar or inherent chirality (Figure 2). Stereocisomers which are mirror images of each

other are called enantiomers.

=T ET &R &
&™ & oA
(Sp) (Rp)

Figure 2. Different forms of chirality. a) (S)- and (R)-lactic acid as an example for point chirality.
b) Axial chirality of BINOL arising from the rotation barrier around the naphthyl-naphthyl-bond.
c) Planar chirality in a ferrocene system. d) Corannulene exhibits inherent chirality, but

interconverts fast at room temperature.t’”!

In nature, only one of the two possible enantiomers of a molecule is usually produced
by a certain organism since enantiomers can differ largely in terms of biological activity.
Therefore, organic synthesis must also provide methods to selectively access single
enantiomers. The first examples for asymmetric catalysis were reported in the early
20% century. In 1913 BREDIG realized a cyanohydrin formation using cinchona alkaloids

as catalysts.[’®l The probably first description of an asymmetric organometallic
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catalysis not related to polymer chemistry was done by Noyori et al. in 1966. They
performed the cyclopropanation of alkenes with a chiral copper chelate complex
resulting in 6% enantiomeric excess.l”” However, for broader applicability and high
enantioselectivities the development of new synthetic organic ligands was crucial. A
milestone in the field of hydrogenation reactions was achieved with the replacement of
monodentate phosphines that were chiral at the phosphorous atom, by chelating
diphosphine ligands bearing chirality in the ligand backbone. The first example for this
new class of ligands was KAGAN’'s Cz2-symmetric DIOP, which is based on enantiopure
tartaric acid and is chiral in the backbone. With a rhodium(l)-DIOP system the
hydrogenation of a-acetamidocinnamic acid gave the product in 72% ee (Scheme
13a).18% The origin of chirality does not necessarily have to be placed into the ligand
backbone, as shown by the famous DIPAMP ligand, where the two chirally modified
phosphorous atoms are connected by an ethylene bridge. This ligand was notably
used in the industrial synthesis of L-DOPA, a non-proteinogenic amino acid used for

the treatment of Parkinson’s disease (Scheme 13b).[84

a)
CO,H 2 CO,H H
Xy 772" [Rh((R,R)-DIOP)Cl(solvent)] 22 ><o A
NHAc NHAc Oj‘i/\Pth
H
95%, 72% ee R,R-DIOP
b)

Ho

NHAc NHAc
AcO AcO

95% ee
MeO
P ©)
\/\P H3O

OMe
HO CO,H
R,R-DIPAMP m
HO 2

L-DOPA

Scheme 13. a) KAGAN’s Rh(I)-DIOP catalyzed hydrogenation of a-acetamidocinnamic acid. b)

Asymmetric catalytic hydrogenation as key step in the synthesis of L-DOPA.
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The enantioselectivity of a certain reaction is determined by the energy difference AAG*
between its two diastereomorphic transition states. Since already fairly small energy
differences lead to significant selectivity changes, finding a suitable catalyst system is
mostly a trial and error approach.! Minor changes of the ligand structure can lead to
unpredictable outcomes. To deal with this challenge, chemists have come up with a
multitude of chiral ligand structures that can be tested in screenings towards more
active and selective catalyst systems. It is an important requirement that the chiral
ligand is provided in stereoisomerically pure form since contamination with other
stereoisomers might reduce the selectivity of the resulting catalyst. Thus small
molecules which are obtained from natural sources in enantiomerically pure form and

in sufficient amounts are widely used feedstocks (figure 3).

(0]

0
H
OJ)LOH R\‘)\OH
-, -OH

HO™ i NH;
0

ino acid
(R,R)-tartaric acid amino acl

Ph Ph 0 [
HO o A0
erm o ot Bl ey
., OH e /
0 /< g/ ~ \) -

HO PhyP N— e
Ph Ph 2
(R,R)-TADDOL (R,R)-diethyl tartrate PHOX PyBOX
CH,OH
(i ('l N
T 0 T "OH OH OH
~ /:\ o
- D-fructose
(-)-Menthon (-)-menthol
o) o)
= 7 0 0
NN e / \F
T
N O
IBiox[(-)menthyl] Shi epoxidation catalyst

Figure 3. Examples for ligand structures derived from naturally occurring, cheap precursors. 2

1At 25 °C, a AAG* of 5 kd/mol gives 76% ee whereas 7.5 kJ/mol gives 91% ee.
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2 Aims of this thesis

Based on a knowledge of early work of the 1930 chemistry noble prize winner HANS
FISCHER, who had described an alkoxide-mediated alkylation of pyrroles in alcoholic
media,® preliminary work on repetition of these experiments under microwave
conditions was performed in the HINTERMANN group.®4 We then set out to collect
evidence to support our assumption that this reaction proceeds according to the
borrowing hydrogen mechanism, which suggested itself by analogy with the reported
HAT-alkylation of indoles with alcohols (see chapter 1.2.2). We also wished to study,
if a catalytic version of this reaction could be developed under milder reaction
conditions. Considering the interdependency between borrowing hydrogen and
dehydrogenative coupling, the scope of acceptorless dehydrogenative pyrrole
synthesis, which so far has been limited to donor-substituted (alkyl,aryl) pyrroles,
should be extended (see chapter 1.2.1). Possible extensions of this method towards
the formation of other heterocycles were to be investigated. To ensure an efficient
screening procedure, the set-up of a catalyst library is necessary. Therefore, a selected
number of metal complexes reported to be active in borrowing hydrogen catalysis as
well as selected new structures, especially through variation of established ligands,
should be prepared. As a readily available enantiopure precursor for the design of
novel chiral catalysts for enantioselective catalysis, the terpenoid (-)-menthol was
chosen. When incorporated into a phosphine ligand, the menthyl group provides good
c-donor ability and a relatively high steric demand at phosphorous. In the course of
this thesis we worked out new synthetic routes to four different precursors (P1-P4) that
can be wused for accessing chiral phosphine ligands (Scheme 14). The
chlorophosphines can react as electrophiles, the secondary phosphines as P-
nucleophiles in syntheses of the ligand target structures. Furthermore, the intermediary
secondary phosphine oxides (28, 29) represent interesting ligands themselves with
many potential applications.®! The key intermediate of this synthetic route is Grignard
reagent 30. Reactions of that reagent have been described with various nucleophiles,
amongst others CO2,188 PCl3 8] GeCls,188 SnCls and organotin chlorides.® The
products generally retain menthyl configuration in the transformation from menthol via
31 to 30 and onto 28/29. However, DUTHIE and coworkers reported that 30 is a 1:1
mixture of configurationally stable epimers, namely menthylmagnesium chloride (30a)

and neomenthylmagnesium chloride (30b). The observation of mainly menthyl
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configuration in the reaction products of 30a/b with nucleophiles was explained by the
higher nucleophilicity of 30a.°¥1 Considering the need for stereoisomerically pure
phosphine ligand precursors (P1-P4), a closer insight into the nature of 30, its formation

from 31 and its reaction with electrophiles is required.

T : 2
(-)-Menthol 31 30 l
:I --------------- - H e e -
: II_ll,,Ar : ; I_T,,Ar
/:\ o : /\ cl
29 : P3
. eees > @P Ar
< “Mgel * <~ ‘MgCl A H
T N P4
30a 30b

~ 1:1 mixture?

Scheme 14. Planned synthesis of menthylphosphine precursors (P1-P4) for chiral ligand

synthesis with the crucial intermediary Grignard reagent (30) highlighted in blue.
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3 Publication Summaries

This chapter provides brief summaries of the publications that were prepared during
the course of this dissertation.

3.1 Catalytic C-alkylation of Pyrroles with Primary Alcohols: Hans Fischer's
Alkali and a New Method with Iridium P,N,P-Pincer Complexes

On the basis of Hans Fischer’s reports on alkali alkoxide mediated pyrrole alkylation in
alcoholic media, we started with a reproduction of these transformations and the
collection of evidence for our assumption of a borrowing hydrogen mechanism.®3 To
ensure a safe and reproducible method for these high temperature reactions (T >
200 °C), a microwave reactor was used. With selected model pyrroles and using
benzylic alcohol as alkylating reagent, a preference for C2/C5-alkylation was observed
which is in line with the higher nucleophilicity at these positions and indicating an attack
of the pyrrole by an electrophile as a key step.[®! Interestingly, when diester 32 was
subjected to the reaction conditions, a de-alkoxycarbonylation preceded the alkylation
(Scheme 15). Since many donor-substituted pyrroles are air-sensitive and exhibit
limited shelf-life, a direct HAT-alkylation of their more stable ester-derivatives is as an

attractive alternative.

CO,Et BnOH Bn
KO{Bu (6.0 eq.
EtOZC N T (MW), neat Bn N Bn

N
H H H
32 10 min, 250 °C 5-7% 51-54%

60 min, 230 °C 3% 58-61%

Scheme 15. Microwave-assisted HAT-alkylation of diester 32.

Next, we set out to overcome the limitations of the base-mediated pyrrole alkylation by
developing a catalytic system for the reactions. A heterogenous version with Pd/C as
catalyst and substoichiometric amounts of base was realized first. In a screening for a
homogenous catalyst system, ruthenium and iridium complexes were tested. The best
result was achieved with an iridium PNP-pincer complex (13) of the KEMPE type that

had previously been applied to the acceptorless dehydrogenative synthesis of pyrroles
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from secondary alcohols and amino alcohols.[?®! We prepared the catalyst in situ by
precomplexation of [Ir(cod)Cl]2 with ligand 33. Substituted benzylic alcohols as well as
a model aliphatic alcohol (n-octyl alcohol) reacted predominantly to give
monoalkylation product of 34 or 35 (Scheme 16). With 2,4-dimethyl pyrrole (35) a
general preference for C5-alkylation over C3-alkylation was observed. With pyrrole
carboxylic esters the de-alkoxycarbonylation/alkylation sequence is also possible
under those conditions. Eventually, we propose mechanisms for both the base-induced
and the transition metal catalyzed pyrrole alkylation based on our experimental
observations and taking into account recent work on the closely related alkylation of

indoles.[6871]

Ph

[

b

Hl\ll N I\IIH

(Pr)P 33 P(iPr),
(1.05 mol%)

[Ir(cod)Cl], (0.5 mol%) H
f,_'_\f (Me) é %(R)
/Q\ or 2@\ + R oH KOtBu (2.0 eq.) _ (Me), R, 2 2
H H (

° N
toluene, 110 °C, 24 h N 5
10 eq.) H
34 35 monoalkylation dialkylation
21-70% 0-20%

Scheme 16. Ir-PNP-pincer catalyzed HAT-alkylation of pyrroles with alcohols.

My individual contributions to this work included support of the study design,
performing experimental work, analyzing analytical results and co-writing of the

manuscript.
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3.2 Stereochemistry of the Menthyl Grignard Reagent: Generation,
Composition, Dynamics, and Reactions with Electrophiles

Our interest in the synthesis of P,P-dimenthylphosphane based chiral phosphorous
ligands urged us to gain a deeper understanding of the characteristics of the menthyl
Grignard reagent 30. At the outset, we developed suitable methods to investigate the
composition of 30. After identifying the components of this reagent by NMR and GC-
MS methods (30a, 30b and several hydrocarbons), we went on to to quantify them by
quantitative 'H and *3C NMR spectroscopy. The determination of the 30a/30b ratio was
complicated by the presence of different species due to the Schlenk and other ligand
exchange equilibria, but was possible in spite of some difficulties. To avoid those
problems, we established an analysis based on D20-guenching with subsequent ?H
NMR analysis. The kinetic ratio of 30a/30b in the preparation of 30 from 31 at 50 °C in
THF was found to be 59:41, which is close to the thermodynamic ratio of 56:44 at 50 °C
in THF. Starting from neomenthyl chloride (36) under the same conditions (THF, 50 °C)
almost the same ratio (54:46) was observed. This can be explained assuming that the
synthesis of 30 from either 31 or 36 is a kinetically controlled and stereoconvergent
process (Scheme 17).

(5\ or (5 0 @ (5 + hydrocarbons
-l ~""c1  THF 50 c MgCI ‘MgCl
PN ~

31 36 30a 30b

from 31: 30a/30b = 59:41
from 36: 30a/30b = 54:46

/ hydrocarbons

AN
-

Scheme 17. Stereoconvergent formation of menthyl Grignard reagent 30 and its composition.
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In a study of the carboxylation of 30 we found that reaction with CO2 at -78 °C leads to
a kinetic separation of diastereomers by giving the anion of menthanecarboxylic acid
from 30a. The remaining 30b then forms the salt neomenthylmagnesium
menthanecarboxylate (30b’) by ligand exchange at magnesium. The availability of
diastereomerically pure solutions of NMnMgX allowed the investigation of the
epimerization of 30 (Scheme 18). The kinetics for 30b’ — 30a’ are characterized by
AHY = 98.5 kd/mol and AS* = -113 J/mol-K. This finding rejects the assumption of
Duthie who assumed that diastereomers of 30 were configurationally stable.[®® As
synthetic application of the carboxylation of 30 the physiological cooling agent WS-5

was prepared.[®

1.CO,, THF, -78°C, 1 h
N 2. Vaccuum (remove CO,)
=" “MgClI -~ 'MgCl =" "MgX - “MgX
/_\ /_\

/\ /\
30a 30b 30b: X =CI 30a: X =ClI
dr=57:43 30b": X = O,CMen 30a";: X = O,CMen
100 9 - = - -
— T
e —_
80 T~
= &80 o
{_;-\ =s—=Nmn 70 *C  —*—Nmn 50 °C =*—Nmn 30 °C —s—Nmn 0 °C
E =—Men 70 °C =—+—Nmn 50 °C =—¢—=Nmn30°C —%—Men0 °C
40
20 _— -
0 e L o L i
0 60 120 180 240 300
t [miin]

Scheme 18. Kinetic resolution of 30 and temperature-dependent epimerization of
neomenthylmagnesium menthanecarboxylate (30b’). The amounts in mol% were determined

by D,O-quenching and analysis with 2H NMR.

The stereochemistry of reactions of 30 at C1 depends on the electrophilic partner. With
H20 and D20, the hydro-demetalation proceeds with retention of configuration as in
the reaction with CO2 and a kinetic preference for 30a. With alcohols, the protonation

is less stereoselective. In reactions of 30 with phosphorous electrophiles
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stereoconvergence from both 30a and 30b towards mainly menthyl-configured
products occurs and allows higher yields than theoretically expected regarding the
amount of menthyl epimer 30a. These stereoconvergent reactions presumably follow
a SET-mechanism as has been observed for bornyl or fenchyl Grignard reagents with
phosphorous electrophiles.?8l Dimenthylphosphine oxide (28) was prepared via
reaction of 1 with PCls to chlorodimenthylphosphine (P1), followed by hydrolysis of the
intermediate during work-up (Scheme 19).

PCl, @ 1 M HCI H
> > I
MgCl P

PN /\ C' . &
30 28 X-ray structure

Scheme 19. Synthesis of dimenthylphosphine oxide (28) and solid state structure of the
product.

My individual contribution to this work included participation in the study designing,
carrying out substantial parts of the experimental work including analytics,

interpretation of experimental results and co-writing of the manuscript.
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3.3 Unpublished Results (Manuscript in Preparation): Synthesis of Acceptor-
Substituted Pyrroles by Ruthenium-Catalyzed Acceptorless
Dehydrogenative Condensation with Amino Alcohols

The concept of acceptorless dehydrogenative coupling has been applied to the
synthesis of pyrroles, but the range of accessible products is so far limited to donor
substituted (alkyl, aryl) pyrroles.?>#1 To overcome this drawback we chose to
investigate the dehydrogenative cyclization of B-hydroxyenaminones (37) to 1,5,6,7-
tetrahydroindol-4-ones (38) as a starting point. The catalyst screening included
different iridium and ruthenium based systems that are known to be active in
dehydrogenative coupling or borrowing hydrogen reactions. Best results were
achieved with a ruthenium NNP-pincer (10) which was introduced by MILSTEIN
(Scheme 20).[4

O o)
~OH 10 (2.0 mol %)
: K5PO, (0.5 equiv) | Y
P
” R dioxane, 100 °C, 24 h ”

37 38

R =iPr, 90%
R = Ph, 50%; with 0.5 equiv KOtBu, 74%
R =H, 6% gNMR

Scheme 20. Oxidative cyclization of B-hydroxyenaminones (37).

Starting material 37 is obtained through straightforward enamine formation that might
also take place under conditions of the catalytic reaction. Starting from this hypothesis,
we realized an efficient one-pot protocol from either 1,3-diketones or 3-keto esters and
amino alcohols to acceptor-substituted (ketone, ester) pyrroles (39) (Scheme 21).

Reactions with y-amino alcohols analogously lead to pyridines.

1. solvent, 100 °C, 24 h

(0] o) NH, OH 2.10 (2.0 mol %) (0] R?
K3PO4 (0.5 equiv), A, 24 h ]
R’IJJ\/U\RZ + R3J\/kR4 R | \ R3

R N
R' = O-alkyl, alkyl 39
R? = alkyl

R3, R*=H, alkyl, aryl

12 examples: 22-88% yield

Scheme 21. Acceptorless dehydrogenative coupling of 8-keto carbonyls with amino alcohols

to acceptor-substituted pyrroles (39).
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My individual contribution to this work included the study design, carrying out a
substantial part of the experimental work including analytics, interpretation of the

results and writing of the manuscript.
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4 Summary and Outlook

The results of this thesis contribute to the development of two closely related concepts
of atom-economic catalysis, namely borrowing hydrogen and acceptorless
dehydrogenative coupling. Pyrroles were established as a new class of substrates for
borrowing hydrogen alkylation with alcohols. The transformation was mediated by base
under rather harsh conditions in a microwave reactor, by heterogeneous catalysis with
Pd/C or by homogeneous catalysis with iridium PNP pincer complex 13. In case of
pyrrolecarboxylates, a de-alkoxycarbonylation followed by alkylation was observed.
Not only the functionalization of pyrroles was investigated but also their synthesis. The
scope of acceptorless dehydrogenative pyrrole synthesis was extended onto acceptor-
substituted (ketone, ester) pyrroles. A simple one-pot procedure allowed the use of -
keto carbonyls and S-amino alcohols as starting materials with ruthenium NNP pincer
10 as catalyst. With y-amino alcohols this strategy also allows the synthesis of
acceptor-substituted pyridines. As part of our interest on new menthyl based chiral
phosphorous ligands for asymmetric catalysis, we developed a deeper understanding
of the menthyl Grignard reagent (30) by investigation of its generation, composition,
dynamics, and reaction with electrophiles. Our findings help to describe the reaction
stereochemistry of 30 which had been fairly known due to missing direct analytical

studies.

Further research in the fields of borrowing hydrogen and acceptorless dehydrogenative
coupling on the one hand and the synthesis of chiral P-menthyl ligand structures on
the other hand can be characterized by two main goals. First, to further increase the
sustainability of catalytic processes, the development of new catalyst systems with
abundant transition metals (e.g. cobalt, iron, manganese) is necessary. Second, after
preparation of the desired menthyl based ligand structures derived from P1-P4, they
should be converted into suitable metal complexes that can be used for development
of catalytic asymmetric reactions focusing on borrowing hydrogen and acceptorless
dehydrogenative coupling processes. Scheme 22 provides a potential model reaction
for studying asymmetric dehydrogenative coupling and structures of possible target

metal complexes that are currently investigated in the HINTERMANN group.
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»

HO OH o0~ O

[Possible chiral catalysts:] ﬂ\/
N °N

chiral catalyst

with R" = R? = menthyl (from P1 or P2)
or R' = menthyl, R? = aryl (from P3 or P4)

Scheme 22. Model desymmetrization reaction for the study of asymmetric dehydrogenative

coupling and potential catalyst structures based on P-menthyl ligands.
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5 Index of Abbreviations

Ac
AcOH
Ar
BINOL
Bn
BnOH
°C
Cod
Cp*
Da
DABCO

DIOP

DIPAMP

DMSO
DPEphos
dppf

ee

Et

etc.

GC-MS

Angstrom

acetyl

acetic acid

aryl

1,1’-bi-2-naphthol

benzyl

benzyl alcohol

degree Celsius
1,5-cyclooctadiene
1,2,3,4,5-pentamethylcyclopentadienyl
Dalton
1,4-diazabicyclo[2.2.2]octane

2,3-O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane

1,2-bis[(2-methoxyphenyl)(phenylphosphino)]

ethane

dimethyl sulfoxide
bis[(2-diphenylphosphino)phenyl] ether
1,1’-bis(diphenylphosphino)ferrocene
enantiomeric excess

ethyl

et cetera

gas chromatography-mass spectrometry

hour(s)
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HAT
HOtBu
IBiox
IBX
iPr

J

k
KOtBu

L-DOPA

[M]

Mn

Me
Men
mol%
MS
Nmn
NMR
Nu
Pd/C
Ph
PHOX
p-TsOH

Py

PyBOX

hydrogen autotransfer

tert-butanol

1,3'-imidazo[4,3-b:5,1-b"lbis(oxazole)

2-iodoxybenzoic acid
iso-propyl

Joule

kilo

potassium tert-butoxide

L-3,4-dihydroxyphenylalanine, levodopa

molarity, molar

metal

number average molecular weight

methyl

menthyl

mole percentage
molecular sieves
neomenthyl

nuclear magnetic resonance
nucleophile

palladium on carbon
phenyl
phosphinooxazoline
para-toluenesulfonic acid
pyridine

pyridine bis(oxazoline)
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rt

SET

T

tBu
TEMPO
THF
TMS
TON
TPAP
w/o
Xantphos
X-ray
Zn(OTf)2
A

AG*

[\

room temperature

entropy

single electron transfer

temperature

tert-butyl
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tetrahydrofuran

trimethylsilyl

turnover number
tetrapropylammonium perruthenate
without
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
Roéntgen radiation

zinc triflate

delta, difference

Gibb’s energy of activation

microwave irradiation
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Catalytic C-Alkylation of Pyrroles with Primary Alcohols: Hans
Fischer's Alkali and a New Method with Iridium P,N,P-Pincer

Complexes

Sebastian Koller,>®! Max Blazejak,'*®! and Lukas Hintermann*[]

Abstract: Hydrogen-autotransfer alkylation (HAT or “borrow-
ing-hydrogen” alkylation) of hetercaromatic compounds has
been studied with a range of substrates recently, but pyrroles
have been largely absent from such studies. The conditions for
HAT alkylations of pyrroles were investigated under a variety of
conditions and were found to take place under basic alcoholic

conditions (Hans Fischer alkylation) in the absence of transition-
metal catalysts; by means of a heterogeneous Pd/C catalyst in
the presence of base; and finally by means of homogeneous
transition-metal catalysis combining a base and iridium pincer
complexes generated in situ that have not previously been used
in HAT alkylations of heterocycles.

Introduction

Catalytic reactions involving hydrogen autotransfer (HAT) from
starting materials to products (i.e, following the "borrowing-
hydrogen principle”) have recently become a useful tool for
C-C and C-N bond formation in organic chemistry."2! Such
transformations generate water as the sole stoichiometric by-
product and, by virtue of their high atom economy, can be
important contributors to green chemistry. The principle of HAT
alkylation of a nucleophile (H;Nu; both hydrogen atoms need
not be attached at the same nucleophilic center, since one may
be in a tautomeric position) with alcohol A is illustrated in
Scheme 1. Catalyst-mediated dehydrogenation of A gives carb-
onyl compound B and reduced catalyst [M]H,; this is followed
by spontaneous or base-catalyzed condensation of B with the
nucleophile to give unsaturated intermediate C. The latter is
subsequently hydrogenated by MH, to give product D, thereby
regenerating catalyst [M] in the process. These reactions are
typically conducted with a transition-metal catalyst (e.g., Ir, Ru)
capable of hydrogen transfers, and a base co-catalyst for the
condensation step. Such methodology has been applied to C-
alkylation via activation of the acidified a-C(sp*)-H bonds of
carbonyl compounds (ketones, esters, amides), nitriles, or other
substrates.!”) However, C-alkylation with alcohols is also possible
at C(sp?)-centers of electron-rich (hetero)aromatic cores; with
indoles, regioselective C-3 alkylation has been realized using a
base and the catalysts [Cp*IrCl,],%2P<! RuCl,(PPhs)./DPE-
Phos,2¥! Pd/C,29 and Pt nanoclusters.'”! For the related case of

[al Technische Universitat Minchen, Department Chemie,
Lichtenbergstr. 4, 85748 Garching bei Miinchen, Germany
[b] TUM Catalysis Research Center,
Ernst-Otto-Fischer-Str. 1, 85748 Garching bei Minchen, Germany
E-mail: lukas.hintermann@tum.de
http://www.oca.ch.tum.de
= Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/ejoc.201800146.
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indole HAT alkylation with amines as alkylating agents, the use
of Shvo's catalyst'®¥ or of a redox-active anthraquinone/amine
organocatalyst has been described.5h€!

R NuH; R!
H-—OH H——Nu—H

R2 i i R?

A no direct reaction D

[M]
[M]H
R! R!
=0 — =Nu

R? R?

B NuH; H;0 c

Scheme 1. General mechanistic sequence for a HAT alkylation.

Recently, HAT C-alkylations have also been realized with
phenols as examples of non-heterocyclic arenes.” Notwith-
standing the success of such protocols, remarkably, HAT alkyl-
ations with alcohols and alkali base as sole catalyst have been
described, in which hydride transfers appear to proceed via
Cannizarro-type mechanisms.® Such transition-metal-free HAT
alkylations were described for ketones® and electron-rich
N-heterocycles including indoles.!'®'"!

In contrast to numerous studies on indoles, HAT alkylation
of pyrroles has been nearly absent; while our work was in
progress, an example of methylation of pyrroles by methanol
(140 °C, pressure tube) using [Cp*IrCl,]; as a catalyst was re-
ported.'?! However, we have become aware of work performed
by Hans Fischer and co-workers in 1912, describing remarkable
alkylations of simple pyrroles in alcoholic sodium alkoxide at
elevated temperature in sealed tubes (Scheme 2, a)."3 A Table
with reaction examples reported by Fischer has been compiled
in the Supporting Information (Table 5-1).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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H 12h
R = Me, Et, nPr
Me Me Me Me
NaOEt-EtOH
M ﬂ . I&JMS MMG
¢ N 210-220°c  MeT N + MeTy
H ah H H
60% byproduct
b) HO™ ™Ph (3 equiv) Ph
@ KOH (1.3 equiv.) A
N xylene, N
H 150°C, 3 h H g7

Scheme 2. a) Pyrrole alkylations mediated by alcoholic alkoxide as performed
by Hans Fischer."*! b) Base-induced HAT alkylation of indole.'?

Hans Fischer's lifework on the structure elucidation and syn-
thesis of pyrrole pigments was highlighted by the award of
the 1930 Nobel Prize of chemistry “for his researches into the
constitution of haemin and chlorophyll and especially for his syn-
thesis of haemin”!' He was a leading authority on the chemis-
try of pyrroles, and a monograph, written with H. Orth and A.
Stern,["®! remained a key reference for many years, and contin-
ues to be referenced in contemporary work.!"®”) The alkoxide-
mediated alkylation of pyrroles was among Fischer's earliest
contributions to pyrrole chemistry and was immediately ap-
plied for structural proof (through synthesis) of a series of alkyl-
ated pyrroles, which had been obtained by degradation from
blood pigment.'® The mechanism of this reaction was un-
known at the time of discovery!"¥ and was still considered an
unsolved riddle 60 years later'#2% |n view of recent develop-
ments in HAT alkylation chemistry with alkali bases, particularly
the related alkylation of indoles (Scheme 2, b)['®'"] or the base-
mediated alkylation of ketones,” a new interpretation of the

Table 1. Base-mediated pyrrole alkylation under microwave conditions.™!

Eur|OC

Eurapean feurnal
of Organic Chemistry

Full Paper

Hans Fischer alkylation as a hydrogen-autotransfer (HAT) reac-
tion presented itself.

Our study aimed to address two key aspects: firstly, to collect
evidence for the HAT nature of the Hans Fischer alkylation, and
secondly, to take advantage of more recent knowledge of tran-
sition-metal-catalyzed HAT alkylations to establish catalytic HAT
C-alkylation protocols for pyrroles that will possibly proceed un-
der milder reaction conditions. In view of the importance of
pyrroles as structural motifs in pharmacologically active com-
pounds, an extension of the synthetic repertoire for pyrrole alk-
ylation by simple and atom-economic methods is highly desir-
able.

Results and Discussion

Pyrrole alkylations according to Hans Fischer were performed
in sealed tubes (“Carius bomb tubes”) and had a high incidence
of explosive bursts.?"! To simulate the original reaction condi-
tions in a reliable way we used microwave irradiation under
adiabatic conditions, and with high-boiling alcohols to limit
pressure buildup. Heating of 2,5-dimethylpyrrole (1) with
benzyl alcohol (2a) and base to 250 °C produced mono- (3a) as
well as dibenzylated (4a) products under a variety of conditions
(Table 1).

KOtBu was in general superior (Table 1, entries 5-8) to so-
dium (entries 1, 3) or lithium (entry 4) bases. A large excess of
benzyl alcohol (2a), which also serves as the solvent, in combi-
nation with KOtBu favors dialkylation (entries 5, 6), but a six-fold
excess of alcohol in toluene favors monobenzylated product 3a
(entries 7, 8). More polar solvents (dioxane, diglyme) gave infe-
rior results. The effect of hydrogen-transfer additives [Ph,CO,
Al(OiPr);] on the reaction was negligible (Table $-2). However,
'H NMR analyses of crude reaction mixtures consistently re-
vealed the presence of benzaldehyde (in the order of 2 mol-%
or more) also in the absence of such additives, which supports
the importance of alcohol dehydrogenation in the process.

The temperature of 250 °C in the microwave experiments is
higher than in Fischer's sealed-tube experiments (210-220 °C

a HO™ ph (2a) ,[_fph PhHPh
D\ base +
Me H Me —  Me ! N ) Me Me IN\ Me
A (uW) H H
1 1h 3a da
Entry Base BnOH Solvent TI°C] 3a 4al®)
[equiv.] [equiv.] [mol-%)] [mol-%]
1 NaH (2) 19 neat 250 51 19
2 KOH (2) 19 neat 250 36 18
3 NaOH (2) 19 neat 250 52 10
4 LiOBnl (2) 19 neat 250 27 0
5 KOtBu (2) 19 neat 250 EXl 54
6 KOtBu (4) 19 neat 2504 8 60
7 KOtBu (4) 6 toluene 2500 61 19
8 KOtBu (4) 6 toluene 240 48 21

[a] Reaction scale: 1.0 mmol. [b] Analytical yield determined by quantitative (q) NMR against an internal standard. [c] Base was prepared in situ by dissolving
Li metal in BnOH at 70 °C. [d] Temperature was automatically reduced over the reaction time to prevent exceeding the reactor pressure limit (30 bar).

Eur. ). Org. Chem. 2018, 16241633 www.eurjoc.org
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over 12-14 h), in turn the reaction time could be reduced to
1 h. In some of the screening reactions, internal overpressure
(> 30 bar) built up that occasionally led to vial ruptures; the
pressure is presumably caused by evolution of hydrogen. By
waorking at or below 240 °C, and by using four or less equiva-
lents of base, such incidents were largely prevented. With the
unsymmetrical isopropyl-phenyl-pyrrole 5 (see below) as sub-
strate, a mixture of the monoalkylated regioisomers 6/7 in simi-
lar amounts emerged (Scheme 3a).

a)
BnOH
KOtBu
‘ (4.0 equiv.)
N Ph - -
H neat,
230 °C (W)
5 6 (43%) (34%)
b)
Me BnOH Me Me, Bn
N Me (4.0 equiv.) BN~y Me Bn T Me
H H H
6 250°C (uw) %a 10a
10 min, neat 2% 549
1 h, in toluene 38% 13%
c)
COEt BnOH
KOtBu
R\ (6 0 equiv.)
EtO,C™ >y "Me
H T (W)
neat
1 3a s
10 min, 250 °C 5-T% 51-54%
60 min, 230 °C 3% 58-61%

Scheme 3. a,b) Alkylation of 5 and 8 in the presence of base; “neat” reactions
use BnOH as solvent (2.0 mL per mmol), reactions in toluene use 6.0 equiv.
of BnOH. ¢) Direct alkylation of diester 11; analytical yield in mol-% as deter-
mined by gNMR against an internal standard.

With 2,4-dimethylpyrrole (8), dibenzylation to 10a was
achieved in a very short time in neat alcohol, but monoalkyl-
ated 9a was the dominant product in toluene after one hour
(Scheme 3b). The higher reaction rate of 8 versus that of 1 is in
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line with the established higher nucleophilicity at the C-2/5
over the C-3/4 position in pyrroles.?? Those observations sup-
port an attack of the pyrrole (or its anion) on an electrophile as
a key step. Many alkylated pyrroles including 8 are air-sensitive
liquids with a limited shelf life. The standard synthesis of 8 pro-
ceeds from the air-stable diester 11 via de-alkoxycarbonylation
in strong base.”*! It would be attractive to couple this base-
mediated step with a consecutive alkylation, and in fact, 11 is
alkylated with 2a under basic conditions to give 4a in yields
matching those of the reaction starting with 8 (Scheme 3c).
This observation could point to a general strategy for perform-
ing HAT alkylations of electron-rich heterocycles by way of their
more stable ester derivatives. The Fischer-type HAT alkylation
of 2,5-dimethylpyrrole (1) was shortly tested with substituted
benzyl alcohols, and although the alkylation products 3 and 4
were observed, it became evident that optimal results would
require individual optimization of the reaction conditions
(Scheme 4).

HO" R (2)
H

A (HW)
1 th 3 4
/@/\ \@/\ OH
.‘ 2e (meta)
2f (para)
Pyrroles detected by gNMR:
3b (14 mol%) 3c (15 mol%)  3d (= 20 mol%) decom
4b(t0mol%) 4c(t0mol%) 4d (=10 mol%) ecomp.

Scheme 4. Variation of benzylic alcohols in the base-mediated alkylation of
1.

A remarkable observation in attempted alkylations of
pyrroles with 3- and 4-methoxybenzyl alcohol (2g,h) was the
generation of methyl ethers by O-methylation of the benzylic
alcohol, with the methoxy group from the substrate either left
intact (12), or dealkylated (13). The pyrrole was unaffected in
this reaction and could be left out with no change in the result
(Scheme 5a).

a) KOIBu (4 equiv.)
PhMe =
= =""0H =r""0oMe OMe
MeO—O/\OH - . 0{)/\ + Meo{j/\ + HOY
= 250°C, 1h # F
2g (meta) (pyrrole 1 present 2e (mefa) 129 (meta) 13g (meta)
2h (para) or absent) 2f (para) 12h (para) 13h (para)
) KOiBu (4 )]
u (4 equiv. HO
DaCO\gOH PhMe Dy CO\©/\OCD3 \@/\OCDS DaCOU\OH HOO/\OH
—_— +
250°C, 1 h *
W
(CD50)-2g W) 1,3-(CD,0);-12g (25%) 1-(CD,0)-13g (30%) 3-(CDy0)-29 (8%) 2e (6%)
[20% isolated] [31% isolated]
as above
c) (CD;0)-2h 1,4'-(CD30)p-12h (22%) 1-(CD;0)-13h (n.d.) 4'-(CD40)-2h (15%) 2f (nd.)

Scheme 5. a) Initial observation of transmethylations in attempted pyrrole alkylations. b) Base-induced alkyl transfer in deuterium-labeled 3-(CD;0)-methoxy-
benzylalcohol (2g) at high temperature. c) Base-induced transalkylation of 4-(CD;0)-methoxybenzyl alcohol (2h).
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It was not immediately obvious if this alkyl transfer from an
aromatic methyl ether to a benzyl alcohol was due to a direct,
Sn2-type substitution, or if a HAT-type process involving transfer
of a formaldehyde equivalent and hydride might be responsi-
ble. Control experiments with deuterium-labeled alcohols
(CD;0)-2g and (CD;0)-2h produced a mixture of di- (12) and
mono-methylated (13) methyl ethers in which all methoxy
groups fully retained their deuterium atoms without scrambling
(Scheme 5b, Scheme 5c). An Sy2 transfer by intermolecular at-
tack of alkoxide on the methoxy group of the aryl ether is most
plausible, and although we are not aware of any literature prec-
edent, the high reaction temperature undoubtedly facilitates
this Sy2 transetherification.

Even if historically and conceptually important, the Hans
Fischer alkylation of pyrroles is limited in terms of substrate
range and by the harshness of reaction conditions, which can
lead to unexpected side reactions such as transalkylation. Qur
next aim was to realize pyrrole alkylations under milder condi-
tions taking advantage of recent developments in metal-cata-
lyzed HAT alkylation. Very common, heterogeneous Pd/C cata-
lysts have been applied for the HAT alkylation of amines'** or
indole® with alcohols. Application of this catalyst system to
the alkylation of dimethylpyrrole 1 with benzyl alcohol is shown
in Scheme 6.

HO” "Ph (2a)
(3.0 equiv.)

Pd/C (10 wi%)
KOH (0.2 eguiv.)
B ———_

110°C,18h
neat

Bn Bn Bn
a4
Me N~ Me Me N Me
H + H

3a (54%)

1)
Me™ >N~ ~Me
H
1

4a (2%)

Scheme 6. Pd/C-catalyzed HAT alkylation of 2,5-dimethylpyrrole (1). Analytical
yield in mol-% as determined by gNMR against an internal standard.

The reaction proceeds under much milder thermal condi-
tions (110 °C) than the original Hans Fischer alkylation. A base
additive is still essential, but a substoichiometric quantity is suf-
ficient. KOH gave slightly better results than KOtBu. The reac-
tion was extended to 1-octanol (2i) as aliphatic alcohol, which
gave 20 % of monoalkylated pyrrole (3i) at 160 “C. With 2,4-
dimethylpyrrole (8) and benzyl alcohol (2a), a 34 % yield of
monoalkylated 9a was obtained (Table S-3).

Finally, we wished to investigate the potential of HAT alkyl-
ation of pyrroles with homogeneous catalyst systems based on
established ruthenium catalysts, and a few selected iridium pin-
cer complexes (Figure 1).

A
T S
/Na...jlr_.«P(!'—BLl)z Hrlq N/ I}IH
1
Hg R,P PR’
14 L

Huang pincer bis{phosphanylamino)triazines

(Kirchner, Kempe)

Figure 1. Structures of the Ir-NCP pincer complex (14) and of bis(phosphanyl-
aminoltriazine ligands (L) as precursors for Ir-PNP pincer catalysts.

The iridium NCP-pincer complex 14 of Huang and co-work-
ers has previously been used in HAT alkylations of esters at the
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acidified «-C-H position.!**! Iridacycles based on bis(phosphan-
ylamino)triazine ligands L™ (Figure 1) were introduced by
Kempe and co-workers for dehydrogenative condensation syn-
theses of pyrroles or pyrimidines,'?”’ whereas their cobalt or iron
complexes have shown activity in HAT alkylations of amines
with alcohols.?#!

Ligands L have the advantage of a highly modular construc-
tion principle based on a combination of &-substituted 1,3,5-
triazine-2,4-diamines and two equivalents of dialkylchloro-
phosphane (R,PCl; R = iPr, tBu). For the present work we ex-
tended the ligand range to 6-tert-butyl-substituted derivative
L1, whose synthesis takes advantage of our selective copper-
catalyzed tert-alkylation of multiply halogenated azines.”®
Cyanuric chloride (15) was coupled with one equivalent of
tBuMgCl to give 16, which was aminated without isolation in
the same pot by adding ammonia and ammonium chloride for
solubilization of magnesium salts (Scheme 7). The new ligand
L1 was obtained by phosphanylation under basic conditions.

NH.CI,

BuMgCl  [Cl.__N___CI HaN___ N, NH;
Cl\ﬂﬁ’c‘ ool (o) T e Y
Cl 15 q/\
16 17 73%)
H H
1. nBui thp_NYN\YN\Pth

2. Cl-PPh, N_ =N
/T\ L1 (52%)

Scheme 7. Synthesis of a new PNP-pincer ligand (L1) based on selective cop-
per-catalyzed tert-alkylation of cyanuric chloride.

Reaction screening started with the system Ru-DPEphos-
K;P0.,, which had previously been successful in HAT alkylation
of indoles> The catalyst system also showed activity for
pyrrole alkylation, but a stronger base was necessary for achiev-
ing conversion at 110 °C (Table 2, entries 1 vs. 2). Iridium pincer
complex 14 did not show satisfactory activity in pyrrole alkyl-
ation, and mono- versus dialkylation selectivity was low (entries
3, 4). Best results were eventually obtained with Kempe-type
PNP-iridium pincers, which were formed in situ from suitable
iridium precursors and bis(phosphinylamino)triazine ligands
L1-L3 (Figure 1) by allowing both components to pre-complex
at 50 °C for 1 h.

Up to 70 % of 3a was obtained with such a catalyst, with
high selectivity over dialkylation (entries 5-16). L3 appeared to
be the most active ligand at lower catalyst loadings. Metal load-
ing could be lowered to 1 mol-% of iridium with no loss of
activity (entry 13). A sufficient excess of alcohol was required
for achieving high conversion (entry 14 vs. 13). The reaction still
proceeds in the absence of ligand, but the yield was lower (en-
try 16). In comparison to the base-catalyzed Hans Fischer alkyl-
ation, the iridium-catalyzed process is active at much lower
temperature (110 vs. 240 °C). The best conditions (entry 13)
were also reproduced by mixing all reaction components in-
cluding the metal precursor and ligand L3 at the outset of the
reaction to obtain the products in essentially the same yield
(70 % 3a + 6 % 4a), with no need for a precomplexation phase.
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Table 2. Catalyst screening for the HAT alkylation of 2,5-dimethylpyrrole (1).%!

ﬂ‘ = catalyst, bass 44_( Pn F"}_{Pﬂ
i Me rooren solvent or neat Me™> " Me Yome N~ Me
24h H H
1 2a 3a 4a

Entry Precursor Ligand Base BnOH Solvent T 3al! 4a®!

[mol-%] [mol-%] [equiv.] [equiv.] [*C1 [%] [%0]
1 RuCl3(PPha); (1.25) DPE-Phos (1.25) K;:PO, (3.0) 5 neat 165 40 12
2 [Ru(p-cym)Cl;]; (2.5) DPE-Phos (5.0) KOtBu (5.0) 10 toluene 110 53 2
3 14 (2.0) - - 3 neat 150 23 27
4 14 (2.0 - KOtBu (0.2) 3 neat 150 26 9
5ledl [{IrOMe(cod)},] (1.5) L3 (3.0 KOtBu (2.0) 10 dioxane 105 26 1
Blc! [{IrOMe(cod)},] (2.0) L1 (4.2) KOtBu (2.0) 10 toluene 110 57 3
el [{Irlcod)Cl},] (2.0) L1 (4.2) KOtBu (2.0} 10 toluene 110 64 ]
gl [{Ir{cod)Cl},] (2.0 L3 (42) KOtBu (2.0) 10 toluene 110 70 6
glel [tIrcod)Cl15] (2.0) L2 (42) KOtBu (2.0) 10 toluene 110 70 3
101 [(Irlcod)Cl},] (2.0) L2 (42) K;PO, (2.0) 10 toluene 110 44 1
110 [{Ir(cod)Cl},] (1.0) L2 (2.1) KOtBu (2.0) 10 toluene 110 62 3
124 [{Ir{cod)Cl},] (1.0) L3 (2.7) KOtBu (2.0} 10 toluene 110 71 7
13tedl [{iricod)Cl},] (0.5) L3 (1.05) KOtBu (2.0} 10 toluene 110 70 (52) 4
14l=8 - [{iricod)Cl};] (0.5) L3 (1.05) KOtBu (2.0) 5 toluene 110 51 5
15054 [{Iflcod)Cl};] (0.5) L3 (1.05) KOtBu (1.0) 10 toluene 110 61 2
169 [{Ir(cod)Cl},] (0.5) - KOtBu (2.0) 10 toluene 110 34 3

[a] All reactions were performed with 1.0 mmal pyrrole. [b] Yields were determined by gNMR against 1,1,2,2-tetrachloroethane as internal standard. Yields of
isolated product are given in parenthesis. [¢] Precomplexation of Ir precursor and ligand for 1 h at 50 °C in the corresponding solvent. [d] 1.5 mmol pyrrole.

Table 3. Variation of the alcohol in the catalytic HAT alkylation of pyrroles.?!

[ircod)Cilz) (0.5 mol%) H
ﬂ Me, L3 (1.05 mol%) M)z I}R . (e ujﬂ_‘\f‘“}z
Me™ S "Me  or ﬂ + HO R KOBu (2.0 equiv.) M N
H N Me —_— H H
R toluene, 110 °C, 24 h monoalkytated dialkylated
1 8 2 Borg) #or0)
Entry | Pyrcle Alsshol Moncalkylation product ield® | Dialkylation product Vield®
[%] el
o OMe MeO) OMe
i OO
H
1 B P 88 ) - a
Me" "~ Me
H
4g
o) O-o
H i’ 3
Me ™y~ " Me
H

| O

OMe
N
3g
.| (O
Cl
cl
2 Me J‘N\’"“Me “
H
3
f(g
Me N Me
H

i
2d Me™
H
k] ad
I NOCIOH {21) CoHis CiHys CiHis
R o D SN
i Me: H Me Me: N Ma
3 41
Me BnOH (2a) Me

Iz
I=,
=

5 @*m - Me a9
H
8

9a
Me, HO' e Me, . OMa OMe .
T3 s M’Qﬂ e,
e 29 NV s O B Q 12
s

=

& N
H
Fl N Me
H
109
Me, ROGHOH (21 Me, Me, Gyt
0 e I w I X
7 Z:)‘Ms His. Mo 63 CrHyy Ve 10
N N N
a8 -1} 100

[a] All reactions were performed with 1.5 mmol pyrrole. Precomplexation of [{Ir(cod)Cl};] and L3 in toluene for 1 h at 50 °C. [b] Yields were determined by
gNMR against 1,1,2,2-tetrachloroethane as an internal standard.
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The optimal catalyst system from the screening successfully re-
alized the alkylation of pyrroles 1 and 8 with some substituted
benzylic alcohols (2) in similar yields compared to 2a (Table 3,
entries 1, 2).

The somewhat bulky 1-naphthylmethanol (2d) gave a low
yield of monosubstituted product 3d (entry 3). This can be at-
tributed to steric hindrance, which may be pronounced in the
presumed intermediary arylidene-azafulvene (see below). With
an aliphatic alcohol, the conversion was lower (entry 4). Pyrrole
8 gave mixtures of mono- (9) and dialkylation (10) products
under the catalytic alkylation conditions, with monoalkylation
being favored. This underlines the higher reactivity of this sub-
strate as a result of having available a free u-position (entries
5-7). Consequently, the C-5 position is always alkylated first,
whereas products of C-3 monoalkylation have not been ob-
served. Reactions with secondary alcohols including 2-propanol
or 1-phenylethanol were not successful.

As in the case of the base-catalyzed pyrrole alkylation, the
iridium-pincer-catalyzed reaction could be performed with
pyrrole carboxylic esters®® as starting material, which undergo
consecutive de-alkoxycarbonylation and alkylation (Scheme 8).

HO” ~Ph 2a
o)
[{Ir(cod)Cl}o]
EtO (0.5 mol%) o N\ pn e
fN\ L3 (1.05mol%) N + Ph N
Ph S EE——
N KOIBu (2 equiv.)
toluene 19 (50%) 20 (13%)
18 110°C, 24 h

Scheme 8. Iridium pincer complex and base-catalyzed consecutive de-alkoxy-
carbonylation/HAT alkylation of a pyrrole ester. Yield of isolated product is
given for 19, gNMR yield for 20.

The N-substituted substrate N-phenyl-2,5-dimethylpyrrole
was not alkylated by benzyl alcohol under those conditions;
neither did it react under the Pd/C-KOH conditions, or under
the Hans Fischer alkylation conditions with base as the exclu-
sive catalyst.

We can now propose a mechanistic scheme for this reaction
and its variations (Scheme 9a).

Starting from the general mechanism of HAT alkylation
(Scheme 1) and taking into account the mechanism of base-
catalyzed HAT alkylation of indoles,""® we may assume that al-
cohol B is deprotonated by a general base (X7) to give the alk-
oxide B, which is oxidized by [3-hydride elimination to the metal
center (Ir, Ru; via their alkoxides), thereby giving aldehyde C
The presence of aldehyde in the final reaction mixtures (and
thus also during the reaction) was proven by gNMR analysis.
Next, electrophilic aldehyde C is attacked either by free pyrrole
A or its N-centered anion as nucleophile, with HX acting as
general acid (Scheme 9b). This step is corroborated by the re-
gioselectivity of the overall reaction, which mirrors the known
nucleophilicity pattern in pyrroles. Addition product D will eas-
ily eliminate water to give azafulvene E, which can be reduced
to the final, alkylated pyrrole F by hydride transfer from the
metal hydride. In case of the base-induced Hans Fischer alkyl-
ation, one may assume that the reduction step occurs as a con-
jugate 1,4-hydride transfer from alkoxide B" (as in the Canni-
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-H,0
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b) OE)\‘
R_,?Q__./ "OH / .
cl M, Eteb R4 _x@ ¢
/R B — = +
Y
CN .,y F
H ~—
AT ey H-X

Scheme 9. Proposed mechanisms for: a) metal-catalyzed, or; b) base-induced
HAT alkylation of pyrroles with alcohols.

zarro reaction,® or in hydride transfers from Hantzsch esters3'))
to azafulvene E, with concomitant general acid catalysis by HX,
which will usually be alcohol B itself (Scheme 9, b). Azafulvene
intermediates of pyrroles are not particularly well known in the
pure state, but the related 3-benzylidene-3H-indole is a stable
compound.”*?! Furthermore, azafulvenes related to pyrroles are
postulated as intermediates in the reduction of acyl- to alkyl-
pyrtoles by sodium borohydride.!**

Conclusions

In this project, we have explored the possibilities of HAT alkyl-
ations of simple model pyrroles. At the outset, we were inspired
by an early report from Hans Fischer, who described pyrrole
alkylation by alkali alkoxides in alcohols at elevated tempera-
ture (210-220 °C, sealed-tube conditions). The mechanism of
that reaction had been considered an unsolved problem for
many years.!'3192% By heating model pyrroles with potassium
tert-butoxide and benzyl alcohol in a microwave reactor to 240-
250 °C, we have been able to reproduce the observations of
Hans Fischer in that we obtained a range of alkylated pyrroles.
The similarity of the reaction conditions and regioselectivity in-
dicate that the early Hans Fischer alkylation is mechanistically
closely related to what is currently discussed as the “borrowing-
hydrogen” reaction or HAT alkylation. In particular, the chemis-
try is also related to recent work by Yus and co-workers on the
base-catalyzed HAT alkylation of indoles."® The Hans Fischer
alkylation of pyrroles requires harsh reaction conditions, which
also induce a remarkable Sy2 transalkylation of a methy! group
from aromatic methyl ethers to primary alkoxides (Scheme 5).
Even if the chemoselectivity of the process is thus limited, it
was possible to obtain 50-60 % of single, pure alkylation
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products in suitable model reactions. Furthermore, we were
able to realize the reaction starting from pyrrole esters rather
than free pyrroles as substrates, because cleavage of the alkoxy-
carbonyl group and C-alkylation are both induced by strong
base. Considering that pyrroles tend to be quite unstable and
cannot be stored for prolonged time, this approach has practi-
cal advantages.

In the second part of this work we have modernized the
alkylation chemistry introduced by Hans Fischer in 1912
through application of the most recent tools from the field of
transition-metal-catalyzed HAT alkylations. The most successful
catalyst systems for HAT alkylation of pyrroles identified in this
work are iridium-PN,P-pincer complexes generated in situ
based on bis(phosphinylamino)triazine ligands, which Kempe
and co-workers had earlier used in dehydrogenative condensa-
tion reactions.?”) We now find that such complexes are suitable
HAT-alkylation catalysts that allow the HAT alkylation of pyrroles
to be performed under fairly mild reaction conditions (110 °C,
24 h).

Experimental Section

General Remarks: Unless otherwise specified, all reagents and sol-
vents were obtained from commercial suppliers and used without
further purification. 2,5-dimethylpyrrole (1),54 2.4-dimethylpyrrole
(8),12*F1 2-isopropyl-5-phenylpymole (5),%% diethyl 2,4-dimethyl-
pyrrole-3,5-dicarboxylate (11),17%3 and ethyl 2-phenylpyrrole-3-
carboxylate (18)% were prepared according to literature proce-
dures. [r-NCP pincer complex 14 and ligands L2, L3 were also pre-
pared according to literature procedures.*>?%3-28 Sglvents for wa-
ter-free reactions were dried by passing through a column of Al,O4
and then kept over 3 A molecular sieves under an argon atmos-
phere*¢! The residual water content in dried solvents was analyzed
by coulometric Karl Fischer titration.

Chromatography: Column chromatography (CC) was performed
on silica gel 60 (35-70 pum particle size), usually as a flash chroma-
tography with 0.2 bar positive air pressure. Thin layer chromatogra-
phy was performed on glass plates coated with silica gel 60 F;sq4
and visualized with UV light (254 nm), molybdenum stain (Mos-
tain)®”) or anisaldehyde stain.”®!

Microwave Reactions: Reactions with microwave heating were
performed in a mono-mode-type microwave reactor (Anton Paar
Monowave 300) at a fixed target temperature (measured by IR sen-
sor) with adaptive power setting under adiabatic conditions. The
reaction time indicated refers to heating at target temperature with-
out heating and cooling phases.

Analytical Data: NMR spectra were recorded at 300, 400, or
500 MHz ('H) at ambient temperature (19-25 °C). Chemical shift
& is given in ppm. '"H NMR spectra were internally referenced to
tetramethylsilane (TMS, dy = 0.00) or residual solvent peaks; in
CDCly: oy = 7.26; in (Dg)-DMSO: &, = 2.50 ppm. *C NMR spectra
were referenced to solvent peaks. CDCly, dc = 77.16; (Dg)-DMSO,
d¢ = 3952 ppm.

Reaction Component Analysis by gqNMR: Yield determinations by
qNMR were carried out by means of suitable internal standards and
appropriate pulse sequences, typically using a pulse repetition de-
lay d1 of = 20 sec, see ref [39].

General Procedure 1 for the Microwave-Assisted, Base-Cata-
lyzed Pyrrole Alkylation (GP 1): Into a microwave glass vessel
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equipped with a stirring bar (1 ¢cm) were added pyrrole (1.00 mmol),
alcohol (2 mL if neat), base and, if indicated, additional solvent
(2 mL). The reaction mixture was heated in a microwave reactor
using a temperature-driven variable power setting. After the target
temperature was reached, it was kept constant for the indicated
reaction time. Following cooling to room temperature, a saturated
solution of ag. NH4CI (and optionally water to dissolve solid resi-
dues) was added. The phases were separated and the aqueous
phase was extracted with Et,;O (3 x). The combined organic phase
was washed with water and brine and dried with MgSQ,. Et,0 was
removed in vacuo (= 500 mbar) and 1,1,2,2-tetrachloroethane
(20 pL, 0.191 mmol) was added as an internal standard for gNMR
spectroscopy.

General Procedure 2 for the Pd/C-Catalyzed Pyrrole Alkylation
(GP 2): A 10 mL Schlenk tube was charged with pyrrole
(1.00 mmol), Pd/C (10 wt.-% of catalyst, 5 % Pd on carbon), alcohol
and base under argon. The tube was closed and the reaction mix-
ture was heated for the indicated time in an oil bath, After cooling
to room temperature, the mixture was filtered through celite; the
celite was washed with Et;0. The filtrate was evaporated in vacuo
(= 500 mbar), and 1,1,2,2-tetrachloroethane (20 uL, 0.191 mmol)
was added as internal standard for gNMR spectroscopy.

General Procedure 3 (GP 3) for the Homogenously Catalyzed
Pyrrole Alkylation without Precomplexation: (Table 2, entries 1-
4 and 16): A 10 mL Schlenk tube was charged with 2,5-dimethyl-
pyrrole (1), metal complex, ligand, base, alcohol (2) and, if indicated,
dry toluene (1 mL/mmol) under argon. The tube was closed and
the reaction mixture was heated at the specified temperature for
24 h in an aluminum block. After cocling to room temperature,
Et,0 and saturated NH4Cl aq. were added. The phases were sepa-
rated, the organic phase washed with water and brine and dried
with MgSO,. After filtration, Et;0 was removed in vacuo
(= 500 mbar), and 1,1,2,2-tetrachloroethane was added as internal
standard for gNMR spectroscopy.

General Procedure 4 (GP 4) for the Homogenously Catalyzed
Pyrrole Alkylation with Precomplexation of Ligand and Metal
Precursor: (Table 2, entries 5-15 and Table 3): A 10 mL Schlenk
tube was charged with iridium precursor, ligand, and dry solvent
under argon. The reaction mixture, which immediately turned red,
was stirred at 50 °C for 1 h. The oil bath was removed and pyrrole,
alcohol, base, and additional dry solvent were added. The tube was
closed and the mixture was heated at the specified temperature for
24 h in a metal heating block. After cooling to room temperature,
Et,0 and a saturated solution of ag. NH,Cl were added. The phases
were separated, the organic phase was washed with water and
brine and dried with MgSO,. After filtration, Et,0 was removed in
vacuo (= 500 mbar) and 1,1,2,2-tetrachloroethane was added as an
internal standard for qNMR spectroscopy.

Deuterium-Labeling Experiments on the Base-Induced Alkyl
Transfer

Syntheses of Deuterated Substrates

{[3-(D3)-Methoxylphenylimethanol [(CD;0)-2g]: To a solution of
3-hydroxybenzyl alcohol (2.00 g, 16.1 mmol, 1.00 equiv.) in DMF
(10 mL) was added powdered potassium carbonate (3.80 g,
27.5 mmol, 1.71 equiv.) and CDsl (1.25 mL, 20.0 mmol, 1.24 equiv.)
under vigorous stirring. The resulting suspension was stirred for
30 h at room temperature. The reaction was quenched by addition
of a water/brine (1:1). After extraction with EtOAc (3 x), the com-
bined organic phases were washed with water/brine (1:1, 4 x) and
dried with MgS0O,. After filtration, the solvent was removed by ro-
tary evaporation and the crude product was purified by column
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chromatography (hexane/EtOAc, 3:1) to give 193 g (85 %) of
(CD;0)-2g as a colorless oil. Ry 0.20 (hexane/EtOAc, 3:1). '"H NMR
(400 MHz, CDCl3): 6 = 7.30-7.24 (m, 1 H, Ar-H), 6.96-6.91 (m, 2 H,
Ar-H), 6.86-6.80 (m, 1 H), 467 (s, 2 H, CH,OH), 1.76 (br. 5, 1 H, OH)
ppm. '3C NMR (101 MHz, CDCl3): & = 159.98, 142,68, 129.73, 119.21,
113.40, 112.38, 6540, 54.55 (sept, Jop = 22 Hz) ppm. HRMS (El):
caled. for CgH;D50,": 141.0864, found 141.0860.

{[4-(OCD;)-Methoxy]phenylimethanol [(CD;0)-2h]: To a solution
of 4-hydroxybenzaldehyde (1.87 g, 15.3 mmol, 1.00 equiv.) in DMF
(10 mL), powdered potassium carbonate (3.60 g, 26.0 mmol,
1.70 equiv.) and CDsl (1.25 mL, 20.0 mmaol, 1.31 equiv.) were added
under vigorous stirring. The resulting suspension was stirred for
30 h at room temperature. Ethanol (10 mL) was added to the mix-
ture, followed by sodium borohydride (030 g, 7.93 mmol,
0.52 equiv.) in portions. The reaction mixture was stirred for 3 h at
room temperature until aldehyde was no longer detected by TLC.
Ethanol was removed by rotary evaporation and the residue was
partitioned between water, EtOAc, and brine. The aqueous phase
was extracted with EtOAc (2 x). The combined organic phases were
washed with water/brine (1:1) and dried with MgS0,. After filtra-
tion, the solvent was removed by rotary evaporation and the crude
product was purified by column chromatography (hexane/EtOAc,
3:1) to give 1.96 g (91 %) of (CD;0)-2h as a colorless oil. Ry 0.17
(hexane/EtOAc, 3:1). 'H NMR (400 MHz, CDCl3): 6 = 7.29 (d, J =
7.9Hz, 2 H, Ar-H), 6.89 (d, / = 8.0 Hz, 2 H, Ar-H), 4.61 (s, 2 H, CH,OH),
1.67 (br. s, 1 H, OH) ppm. 3C NMR (101 MHz, CDCl3): & = 159.33,
133.24,128.77, 114.07, 65.15, 54.61 (sept, Jc n = 22 Hz) ppm. HRMS
(El): caled. for CgH;D30,%: 141.0864, found 141.0861. Known com-
pound, CAS 14629-71-1.

Alkyl-Transfer Experiments

Preparative Run with [3-(0CD;)-Methoxyphenyllmethanol: A
microwave vial was charged with [3-(0CD;)-methoxyphenyllmeth-
anol [(CD;0)-2g; 706 mg, 5.00 mmol, 1.00 equiv.], potassium tert-
butoxide (561 mg, 5.00 mmol, 1.00 equiv.), and toluene (2 mL). The
reaction mixture was heated in a microwave reactor at 250 °C for
1 h. After cooling to room temperature, a saturated solution of aq.
NH,4Cl (5 mL) and EtOAc (20 mL) was added. After separation of the
phases, the organic layer was washed with water (5 mL) and brine
(5 mL) and dried with NaSO,. The solvent was evaporated and the
crude product mixture was purified by column chromatography
(hexane/EtOAc, 20:1 — 4:1) to afford 1-(CD;0)-13g (218 mg, 31 %)
and 1,3'-(CD;0),-12g (156 mg, 20 %) as colorless oils.

[3-(D;)-Methoxymethyllphenol  [1-(CD;0)-13g]: 'H  NMR
(500 MHz, CDCl3): 0 = 7.21 (t, J = 7.8 Hz, 1 H, Ar-H), 6.88 (d, J =
7.5 Hz, 1 H, Ar-H), 6.85-6.82 (m, 1 H, Ar-H), 6.76 (dd, J = 8.1, 2.5 Hg,
1 H, Ar-H), 5.13 (br. 5, 1 H, OH), 443 (s, 2 H, CH,0CD;) ppm. '*C
NMR (101 MHz, CDCl;): 6 = 156.21, 139.53, 129.79, 120.08, 115.08,
114.81, 74.48, 57.15 (sept, Jop = 22 Hz) ppm. HRMS (El): calcd. for
CgH;D30,7: 141.0864, found 141.0862.

[1-(D3)-Methoxy]-3-(0CD;)-(methoxymethyl)benzene [1,3"-
(CD30),-12g]: "H NMR (500 MHz, CDCls): & = 7.29-7.23 (m, 1 H, Ar-
H), 6.94-6.87 (m, 2 H, Ar-H), 6.83 (dd, /= 7.9, 1.9 Hz, 1 H, Ar-H), 4.44
(s, 2 H, CH,0CDs) ppm. "*C NMR (101 MHz, CDCl;): & = 159.90,
140.01, 129.53, 120.03, 113.50, 112,98, 74.63, 57.26 (sept, Jop =
22 Hz), 54.54 (sept, Jop = 22 Hz) ppm. HRMS (El): calcd. for
C,HsD.0,": 158.1208, found 158.1203.

Analytical Runs with (CD;0)-2g and (CD30)-2h: A microwave vial
was charged with deuterium-labeled methoxybenzyl alcohol
(CD;0)-2g or (CD30)-2h (141 mg, 1.00 mmol, 1.00 equiv., 100 mol-
%), potassium tert-butoxide (112 mg, 1.00 mmol, 1.00 equiv.) and
toluene (2 mL). The reaction mixture was heated in a microwave
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reactor at 250 °C for 1 h. After cooling to room temperature, a
solution of sat. NH4Cl ag. (3 mL) and EtOAc (15 mL) was added
After separation of the phases, the organic layer was washed with
water (5 mL) and brine (5 mL) and dried with MgSO,. After filtration,
the solvent was removed in vacuo. The residue was dissolved in
CDCl;5 and 1,1,2,2-tetrachloroethane (20 uL, 0.191 mmol) was added
as internal standard for gNMR spectroscopy.

"H NMR Analysis of Reaction Mixture from [3-(D;)-Methoxy-
phenyllmethanol [(CD;0)-2g]: 30 mol-% HO-CzH,-CH,OCD; [1-
(CD;0)-13g] [0y = 439 (s), CH,OCDs], 25 mol-% D3CO-CgHy-
CH,0CD; [1,3™-(CD;0),-12g] [0y = 4.45 (s), CH,0CD;], 6 mol-% HO-
CgH4-CH;0H (2e) [0} = 4.56 (s), CH,OH] and 8 mol-% starting mate-
rial [(CD;0)-2g] [0y = 4.63 (s), CH,OH].

TH NMR Analysis of Reaction Mixture from [4-(D;)-Methoxy-
phenyllmethanol [(CD;0)-2hl: 22 mol-% D3CO-CgH,-CH,0CD;
[1,4'-(CD50)5-12h] [dy = 4.39 (s), CH,0CD;] and 15 mol-% starting
material [(CD;0)-2h] [&y, = 461 (s), CH,OH]L.

Synthesis of Ligand L1
6-(tert-Butyl)-1,3,5-triazine-2,4-diamine (17)

Grignard-Reagent: In a Schlenk flask under argon, Mg turnings
(2.67 g, 110 mmol, 1.10 equiv.) were overlaid with dry THF. A crystal
of iodine and a small fraction of tert-butyl chloride (totally 11.0 mL,
100 mmol, 1.00 equiv.) were added. The mixture was slightly
warmed until the color of iodine vanished and the reaction started.
The remaining chloride and dry THF (totally 50 mL) were slowly
added over 30 min, maintaining a moderate boiling. The reaction
mixture was then heated to 65 °C for 1 h. The Grignard solution
was titrated against salicylic aldehyde phenylhydrazone."*!

Coupling/Amination:??! In a Schlenk flask under argon atmos-
phere, cyanuric chloride (15; 7.03 g, 38.1 mmol, 1.00 equiv.) and Cul
(362 mg, 1.90 mmol, 0.05 equiv.) were suspended in dry THF
(25 mL) and cooled to -20 °C. A solution of tert-butylmagnesium
chloride (93 mL; 0.43 m in THF, 40.0 mmol, 1.05 equiv.) was added
dropwise over 40 min. After warming to 0 °C and stirring for 30 min,
the content of the flask was poured into 25 % ag. NH; (400 mL).
The mixture was heated to 60 °C and stirred for 19 h. Saturated aq.
NH,Cl was added to dissolve magnesium salts. The mixture was
basified with 25 % NH; (aq.) and extracted with EtOAc (3 x). The
organic phases were washed with water and brine. After drying
over MgS0, and filtration, evaporation in vacuo gave 6-(tert-butyl)-
1,3,5-triazine-2,4-diamine (17; 4.67 g, 73 %) as a colorless solid. The
compound can be recrystallized from dichloromethane., R; 0.30
(hexane/EtOAc, 1:2). M.p. 168-170 °C {lit® 169-171 °C). "H NMR
(400 MHz, CDCl3): & = 5.02 (br. 5, 4 H, NH), 1.26 (5, 9 H, CH3) ppm
13C NMR (101 MHz, CDCl3): & = 186.23, 167.38, 38.56, 28.70 ppm.
C,H,3Ns (167.22): caled. C 50.28, H 7.84, N 41.88; found C 50.01, H
7.80, N 41.91. Known compound, CAS 35841-84-0.

(6-tert-Butyl)-N?>N*-bis(diphenylphosphanyl)-1,3,5-triazine-2,4-
diamine (L1): Synthesis performed in analogy to literature proce-
dures.?5273] A Schlenk flask under argon atmosphere was charged
with 6-(tert-butyl)-1,3,5-triazine-2,4-diamine (17; 500 mg,
2.99 mmol, 1.00 equiv.) and dry THF (20 mL). After cooling to 20 °C
(NaCl/ice), nBuLi (4.02 mL, 1.5 m in hexane, 6.13 mmol, 2.05 equiv.)
was added dropwise. The resulting white suspension was warmed
to room temperature. and stirred for 30 min. Chlorodiphenylphos-
phine (1.10 mL, 5.98 mmol, 2.00 equiv.) was added dropwise at
approximately -10 °C and the resulting clear solution was warmed
and stirred overnight at room temperature. The solvent was re-
moved in vacuo and the slightly yellow, foamy residue was sus-
pended in CH,Cl,. Filtration removed most of the LiCl precipitate.
The solvent was removed in vacuo and the crude product was puri-
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fied by column chromatography (in air, hexane/EtOAc, 10:1) to af-
ford L1 (828 mg, 52 %) as a white, crystalline solid. Ry 0.20 (hexane/
EtOAc, 10:1). 'H NMR (500 MHz, C¢Dg): 6 = 7.46-7.20 (m, 8 H, Ar-H),
7.09-6.89 (m, 12 H, Ar-H), 562 (br. s, 2 H, NH), 1.41 (s, 9 H, CH;)
ppm. *C NMR (126 MHz, CsDg): & = 185.93, 168.23, 139.58 (d, J =
16.1 Hz), 131.59 (d, J = 22.1 Hz), 128.90, 128.39 (d, J = 6.6 Hz), 38.93,
28.65 ppm. 2'P NMR (203 MHz, C,D,): & = 28.45 (br. s, 62 %), 25.68
(br. s, 38 %; tautomers?) ppm. HRMS (EIl} calcd. for C3yH3NsP,™:
535.2049, found 535.2052.

Isolated Pyrrole Alkylation Products

3-Benzyl-2,5-dimethylpyrrole (3a): The product was synthesized
according to GP 4. A 10 mL Schlenk tube was charged with
[Ir{cod)Cl], (5.0 mg, 7.5 pmol, 0.5 mol-%), ligand L3 (6.6 mg,
15.8 pmol, 1.05 mol-%) and dry toluene (0.2 mL) under argon. The
reaction mixture, which immediately turned red, was stirred at 50 °C
for 60 min. The oil bath was removed and 2,5-dimethylpyrrole (1;
153 pL, 1.50 mmol, 1.00 equiv.}, benzyl alcohol (1.55 mL, 15.0 mmoal,
10.0 equiv.), potassium tert-butoxide (337 mg, 3.00 mmol,
2.00 equiv.), and dry toluene (1.3 mL) were added. The tube was
tightly closed and the mixture was heated at 110 °C for 24 h in an
aluminum heating block. After cooling to room temperature, Et,0
(20 mL) and saturated aqueous NH4Cl (7 mL) were added. The pha-
ses were separated; the organic phase was washed with water
(5 mL) and brine (5 mL) and dried with MgSQ,. After filtration, the
solvent was removed in vacuo and the crude product was purified
by Kugelrohr distillation (115 °C, 0.15 mbar) to give 3a (144 mg,
52 %) as a white crystalline solid. The compound is not very stable
and slowly decomposes, even if stored under argon at 4 °C, under
exclusion of light. 'TH NMR (400 MHz, CDCl3): & = 742 (br. s, 1 H,
NH), 7.29-7.24 (m, 2 H, Ar-H), 7.23-7.19 (m, 2 H, Ar-H), 7.18-7.13
(m, 1 H, Ar-H), 562 (d, J = 2.7 Hz, 1 H, Ar-H), 3.72 (s, 2 H, CH,), 2.19
(s, 3 H, CH3), 2.17 (s, 3 H, CH3) ppm. "*C NMR (101 MHz, CDCl3): & =
142.86, 128,55, 128.37, 12558, 125.24, 122.23, 118.25, 107.30, 32.46,
13.11, 11.20 ppm. HRMS (El): calcd. for Cy3H,sN*: 1851199, found
185.1199.

2-Benzyl-5-phenylpyrrole (19): The product was synthesized ac-
cording to GP 4. A 10 mL Schlenk tube was charged with [Ir{cod)Cl];
(5.0 mg, 7.5 umol, 0.5 mol-%), ligand L3 (6.6 mg, 15.8 pmol,
1.05 mol-%) and dry toluene (0.2 mL) under argon. The reaction
mixture, which immediately turned red, was stirred at 50 °C for
60 min. The oil bath was removed and 2-phenylpyrrole-3-carboxyl-
ate (18; 323 mg, 1.50 mmol, 1.00 equiv.), benzyl alcohol (1.55 mL,
15.0 mmol, 10.0 equiv.), potassium tert-butoxide (337 mg,
3.00 mmol, 2.00 equiv.), and dry toluene (1.3 mL) were added. The
tube was closed and the mixture was heated at 110 °C for 24 h in
an aluminum heating block. After cooling to room temperature,
Et;0 (20 mL) and a saturated solution of agq. NH,Cl (7 mL) were
added. The phases were separated, the organic one was washed
with water (5 mL) and brine (5 mL) and dried with MgSO,. After
filtration, the solvent was removed in vacuo and the crude product
was purified by column chromatography (hexane/EtOAc = 20:1) to
give 176 mg (50 %) of 19 as a slightly pink solid. R; 0.52 (hexane/
EtOAc, 4:1). TH NMR (300 MHz, CDCl5): 6 = 8.00 (br. s, 1 H, NH), 7.40-
7.20 (m, 9 H, Ar-H), 7.17-7.10 (m, 1 H, Ar-H), 6.45-6.41 (m, 1 H, Ar-
H), 6.06-6.02 (m, 1 H, Ar-H), 4.01 (5, 2 H, CH3) ppm. '*C NMR
(75 MHz, CDCls): & = 139.39, 132.93, 132,12, 131.64, 128.92, 128.83,
128.80, 126,69, 125.96, 123.59, 108.76, 106.24, 34.39 ppm. Known
compound, CAS 905971-72-4.

Supporting Information: Contains further information on the Hans
Fischer alkylation of pyrroles with alkali alkoxide (Table S-1), addi-
tional screening experiments (Table 5-2, 5-3), and analytical data for
alkylated pyrroles detected in reaction mixtures and NMR spectra.
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- . . . . 7 as above 26% (picrate)® 2
1 Hans-Fischer-alkylation of pyrroles with alkali alkoxide _ /2/\\,6 b
HN -7 N
Table S-1 presents a near complete collection of the reported pyrrole alkylation reactions by means
8 3 7 g substrate 63% ("dampish") 3
of alkali alkoxides according to the method of Hans Fischer. The data was extracted from the cited n 3.5 M NaOMe-MeOH & 43% (picrate)®
H o HN
references, where it was usually only shown in text form, and is shown here in a contemporary 210-220°C. ca12h
. . . - . . 9 1 mL substrat 0% ield 3
style. Yields were calculated based on the substance amounts given in the original literature, using Y - substrate b (no yield)
N 3 1 NaOnPr-nPrOH (20 mL) &
current molecular mass values. H 210-220 °C, 12 h HN
10 7 3.5 M NaOMe-MeOH "mainly; not 3
N ! 210-220°C,12h /\ very pure”
Table S-1. Compilation of examples of pyrrole alkylation by Hans Fischer et al H ﬁ
" 3 m NaOMe-MeOH no alkylation 3
RCH,OH N 2n
Base (RCH,OM) R N N 200°C,8h N
X ) - g 3 R H
\N N
H 210-220°C H 12 co,Et 19 substrate y 30% (azo-cpd.)®  ?
7 3 1 NaOEt-EtOH (20 mL) |
Entry Substrate Conditions® Product Yield Ref. HN HN
210-220°C, 14 h
1 1 mL substrate 30% (picrate)® 1
/N ! 31 NaOEt-EtOH (20 mL) S 13 \E_\{‘ 1.7 g substrate \J_\Q/ 34% (picrate)> ¢
H 210-220 °C, 15 h NH N 4.3 M KOEELOH (20 mL) N
H 210°C,4h H
2 ’d 2.7 g substrate 60% + 1
4 N ! 3 1 NaOEt-EtOH (20 mL) JJL “ery little" 14 \/}L KOEt-EtOH \I\Q 26% ¢
H 210-220°C, 8 h H N 210 °C, 3 h, 48 bar N
+ S H H
NH
a) The original reactions were performed in sealed tubes; CAUTION: the incidence of bursting tubes was relatively high.®
3 substrate: from 4 g picrate 57% ? b) "Picrate” indicates that the pyrrole was isolated as salt/complex with picric acid (2,4,6-(NO2)sCsHz0H). ) The pyrrole
7 | 3 m NaOMe-MeOH (20 mL) 4 [ was coupled with diazobenzenesulfonic acid (p-Nz*CsHsS037) and isolated as azo coupling product. Pr = prapyl.
HN HN

210-220 °C, 10-12 h

4 as above 40% 2
7 | 4 ]
HN HN
5 A 1 mL substrate “yield not 2
‘ N 3 M NaOEt-EtOH (20 mL) & very good"
H 210-220 °C, 1012 h HN
6 as above 22% (picrate)® 2
7 i 7 I
HN HN
* H. Fischer, E. Bartholomius, Hoppe-Sevier’s Z. Physiol. Chem. 1912, 80, 6-16.
!'H. Fischer, E. Bartholomius, Hoppe-Seyler’s Z. Physiol. Chem. 1912, 77, 185-201. * H. Fischer, K. Eismayer, Chem. Ber. 1914, 47, 1820-1828.
2 H. Fischer, E. Bartholomiius, Ber. Dtsch. Chem. Ges. 1912, 45, 466-471. * A. Treibs, ,, Das Leben und Wirken von Hans Fischer*, Hans-Fischer-Gesellschaft e. V., Miinchen, 1971.
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2 HAT-alkylation of pyrroles
Table S-3: Screening of reaction conditions for Pd/C-catalyzed HAT-alkylation of pyrroles®

2.1 Additional screening experiments

HO R 2
. et . Me
Table S-2: Base-catalyzed HAT-alkylation of pyrroles: additional experiments® ﬂ

3 Z_L PAIC (10 wi%) [\{\‘R RKR i Me Me R
Pod / | R\/n R

Me ﬁ Me : Me base Me™™p""Me  Me >\~ Me | N~ Me N~ Me
: H H : H H

Z

- -

HO™ " ph (23) Ph Ph Ph
ﬂ H neat, T
Me~"~ "~ Me base B + » 1 vs 8 and 4 vs 9 and 10
\ —_— Me™ 7 ~Me Me™ >N ~Me
R Auw) R R
Entry Pyrrole Alcohol Base T[°C] t[h] 3or9 40r10 1or8
1(R=H) 3a(R=H) daR=H) (equiv. or Vol.) (equiv.) [mol-%]  [mok%]  [mol-%]
1" (R=Ph) 3a" (R=Ph) 4a" (R =Ph)
10 1 BnOH (2 mL) KOH (0.2) 110 19 29 2 3
Entry Pyrrole BnOH Base Additive  Solvent (mL) T[C] t[h] 3a 4a 1 20 1 BnOH (2 mL) KOH (0.2) 130 16 30 1 4
(equiv.)  (equiv.) (equiv.) [mol-%]  [mol-%]  [mol-%] 30 1 BnOH (2 mL) KOH (0.2) 150 16 31 2 8
1® 1 (3.0) KOH (1.3) - neat 200 18 36 15 31 40 1 BnOH (2 mL) KOH (0.5) 110 19 34 3 2
2 1 2mL LiOH (2.0) - neat 250 1 15 0 44 50 1 BnOH (2 mL) KOH (1.0) 110 19 27 2 1
3¢ 1 2mL Li(22) " neat 250 1 27 0 32 6 1 BnOH (3.0) KOH (0.2) 110 18 54 2 16
4¢ 1 2mL Na (1.0) - neat 250 1 " 0 39 7 1 BnOH (3.0) NaOH (0.2) 110 18 26 1 16
5 1 2mL KOmBu (1.0) - neat 250 1 40 40 0 8 1 BnOH (3.0) NaH (0.2) 110 18 13 1 30
6 1 2mL KOtBu (1.0) Ph:CO  neat 250 1 ar 39 10 9 1 BnOH (3.0) KOfBu (0.2) 110 18 48 4 3
(02) 10 1 BnOH (5.0) KOtBu (0.2) 10 18 24 2 2
7 1 2mL KOiBu (1.0) AIl(O/Pr)s neat 250 1 23 18 0 11 8 BnOH (3.0) KOtBu (0.2) 110 18 34 0 0
(0.2) 120 1 BnOH (3.0) KOBuU (0.2) 110 18 0 0 100
8 1 (1.5) KOBu (20) - PhMe 2mL) 250 1 10 1 43 13 1 1-octanol (3.0) KOH (0.2) 180 18 17 0 42
9 1 (1.5) KOMBu (2.0) - dioxane (2 mL) 250 1 4 0 69 14 1 1-octanol (3.0) KOtBuU (0.2) 180 18 19 0 52
10 1 (1.5) KOtBu (2.0) - diglyme (2mL) 250 1 5 <5 55 15 1 1-octanol (3.0) _ 180 18 0 0 73
" 1 (4.0) KO®Bu (1.0) - PhMe (2mL) 250 1 30 0 46 16 1 1-octanol (3.0) KOtBu (0.2) 180 4 1 0 7
12 1 (6.0) KOBu (1.0) - PhMe (2mL) 250 1 58 7 14 170 1 1-octanol (3.0) KOtBu (0.2) 180 18 22 0 7
13 1 (8.0) KO®Bu (1.0) - PhMe (2mL) 250 1 59 13 5 18¢ 1 1-octanol (3.0) KOtfBu (0.2) 160 18 25 0 50
14 1 (10) KOfBu (1.0) - PhMe (2mL) 250 1 54 17 2
a) Conditions: general procedure 2, with 1.00 mmol of pyrrole (1/8). b) 5 wt.-% Pd/C. c) The Schlenk tube was closed
15 1 (6.0) KOfBu (2.0) - PhMe (2mL) 250 1 42 2 24 '
with a septum + balloon.
16 1 (6.0) KOtBu (4.0) - PhMe (2mL) 250 1 61 19 Q
17 1" 2mL KOtBu (4.0) - neat 250 025 0 ] 77(17)

a) Conditions: General procedure 1, with 1.00 mmol of 1. b) Reaction conducted in an oil bath. c) Lithium metal was
stirred in BnOH at 70 °C until dissolved. d) Sodium metal was stirred in BnOH at room temperature until dissolved.
Diglyme = ethylene glycol dimethylether; PhMe = toluene; dioxane = 1,4-dioxane.
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2.2 Analytical data for alkylated pyrroles detected in reaction mixtures

All products that were analyzed by qNMR in mixtures in a yield exceeding 10 mol-% are listed
below. As most compounds were not known from the literature, the assignment of characteristic
NMR signals is based on predicted chemical shifts and appropriate integral values.
Chromatographic purification and isolation of the compounds was usually not possible due to very

similar Ry values for the mono- and dialkylated pyrroles.

2,5-Dimethyl-3-(naphthalen-1-ylmethyDpyrrole (3d): 'H NMR (500 MHz,

CDCl3), selected signals: & 5.54 (d, J = 3.1 Hz, 1H, Ar-H), 4.14 (s, 2H, CH3),

2.17 (s, 3H, CH3), 2.14 (s, 3H, CHs). ’

e

3-(3-Methoxybenzyl)-2,5-dimethylpyrrole (3g): 'H NMR (500 MHz, CDCl3),

%
o
<
@

selected signals: 65.61 (d, J= 2.8 Hz, 1H, Ar-H), 3.67 (s, 2H, CH>), 2.17 (s, N

3H, CHa), 2.15 (s, 3H, CH3).

2,5-Dimethyl-3-octylpyrrole (3i): '"H NMR (500 MHz, CDCls), selected signals: &5.66
(d, 1H, J = 2.8 Hz, Ar-H), 2.34-2.29 (m, 2H, CH>), 2.20 (s, 3H, CH3), 2.13 (s, 3H,
CHs).

=
Iz
=
~

3-(4-Chlorobenzyl)-2,5-dimethylpyrrole (3j): '"H NMR (500 MHz, CDCl3),
selected signals: 95.57 (d, J = 2.9 Hz, 1H, Ar-H), 3.66 (s, 2H, CHz), 2.18 (s,
3H, CHs), 2.14 (s, 3H, CH3).

=
Iz
s
Q

9

3,4-Dibenzyl-2,5-dimethylpyrrole (4a): '"H NMR (500 MHz, CDCls), O

selected signals: §3.62 (s, 4H, CHz), 2.14 (s, 6H, CH;). HRMS (EI): caled A\
N

for CaoHaiN" (M"): 275.1669, found 275.1667. H

3-Benzyl-5-isopropyl-2-phenyipyrrole (6): 'H NMR (400 MHz, CDCl3),
selected signals: §5.79 (d, J = 2.9 Hz, 1H, Ar-H), 2.92 (sept, J = 6.9 Hz, 1H, /N\

Q0

CH(CHs)z), 1.27 (d, J = 7.0 Hz, 6H, CHs). HRMS (ESI): caled for C2oH22N'
([M+H]"): 276.17468, found 276.17454.
4-Benzyl-5-isopropyl-2-phenylpyrrole (7): 'H NMR (400 MHz, CDCls), O

)

selected signals: & 6.25 (d, J = 2.8 Hz, 1H, Ar-H), 3.19 (sept, J = 7.0 Hz), N
H

1H, CH(CHs)2), 1.26 (d, J = 7.0 Hz, 6H, CH3). HRMS (ESI): caled for

O
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CaolloaN™ ([M+H]"): 276.17468, found 276.17454.

2-Benzyl-3,5-dimethylpyrrole (9a): '"H NMR (500 MHz, CDCl;), selected M

Ph

e
signals: §5.68 (d, J= 2.8 Hz, 1H, Ar-H), 3.86 (s, 2H, CHy), 2.14 (s, 3H, CHa), /N\ Me
H

2.04 (s, 3H, CH3). Known compound, CAS 14629-71-1 (NMR not available).
2-(3-Methoxybenzyl)-3,5-dimethylpyrrole (9g): 'H NMR (500 MHz, /(_L/@\
OM
CDCls), selected signals: ¢ 5.67 (d, J = 2.8 Hz, 1H, Ar-H), 3.83 (s, 2H, /N\ ©
H
CH>), 2.14 (s, 3H, CH3), 2.04 (s, 3H, CH3).

3,5-Dimethyl-2-octylpyrrole (%i): '"H NMR (500 MHz, CDCls), selected signals: & i

5.63 (d, J = 2.8 Hz. 1H, Ar-H), 2.50-2.44 (m, 2H, CH>), 2.20 (s, 3H, CHz), 1.97 (s, H

?

3H, CHj).

2,4-Dibenzyl-3,5-dimethyipyrrole (10a): 'H NMR (500 MHz, CDCl3), O O

selected signals: §3.87 (s, 2H, CHa), 3.75 (s, 2H, CHa), 2.09 (s, 3H, CHa), / N\

1.90 (s, 3H, CHy). H

2,4-Bis(3-methoxybenzyl)-3,5-dimethylpyrrole (10g): 'H NMR

(500 MHz, CDCIs), selected signals: $3.764 (s, 2H, CHz), 3.755 | [\ O OMe
N

(s, 2H, CH2), 2.09 (s, 3H, CHs), 1.91 (s, 3H, CH). H

3,5-Dimethyl-2,4-dioctylpyrrole (10i): "H NMR (500 MHz, CDCl3), selected signals:
52.50-2.44 (m, 2H, CHs), 2.34-227 (m, 2H, CHy), 2.14 (s, 3H, CHs), 1.92 s, 30, A 1

Iz
~

CH3).

3 NMR spectra
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'H NMR (400 MHz, CDCl;)
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1-((D3)-Methoxy)-3-(((D3)-methoxy)methyl)benzene (1,3’-(CD30):-12g)

3-Benzyl-2,5-dimethylpyrrole (3a)

IH NMR (500 MHz, CDCl5)

'H NMR (400 MHz, CDCl5)
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6-(tert-Butyl)-1,3,5-triazine-2,4-diamine (17)

(3-((D3)-Methoxy)methyl)phenol (1-(CD30)-13g)

"H NMR (500 MHz, CDCl3)

'H NMR (400 MHz, CDCl5)
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iamine (L1)

2,4-d

iazine-

6-(tert-Butyl)-N*,N*-bis(diphenylphosphino)-1,3,5-tr

2-Benzyl-5-phenylpyrrole (19)

"H NMR (500 MHz, C¢Ds)

'H NMR (300 MHz, CDCl5)
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3P NMR (202.5 MHz, CsDs)

——28.446
———25.675

T
ppm

70



Downloaded via TU MUENCHEN on December 21, 2018 at 08:44:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

The Journal of Organic Chemist
]OC‘ J f Org Y & Cite This: J. Org. Chem. 2018, 83, 1500915028

pubs.acs.org/joc

Stereochemistry of the Menthyl Grignard Reagent: Generation,

Composition, Dynamics, and Reactions with Electrophiles

Sebastian Koller,” Julia G_,atzka,f Kit Ming Wong,” Philipp J. Altmann,” Alexander Péthig,”

and Lukas Hintermann™®"'

"Technische Universitit Miinchen, Department of Chemistry, and Catalysis Research Center, Lichtenbergstrasse 4, 85748 Garching

bei Minchen, Germany

*Technische Universitat Munchen, Chair of Inorganic Chemistry, and Catalysis Research Center, Ernst-Otto-Fischer Strasse 1,

85747 Garching bei Miinchen, Germany

© Supporting Information

ABSTRACT: Menthyl Grignard reagent 1 from either menthyl chloride (2) or
neomenthyl chloride (3) consists of menthylmagnesium chloride (1a), neomenthyl-
magnesium chloride (1b), trans-p-menthane (4), 2-menthene (8), 3-menthene (9), and
Wartz coupling products including symmetrical bimenthyl 13. The diastereomeric ratio
1a/1b was determined in situ by *C NMR or after D,0 quenching by H NMR
analysis. Hydrolysis of the C—Mg bond proceeds with retention of configuration at C-1.
The kinetic ratio 1a/1b from Grignard reagent generation (dr $9:41 at 50 °C in THF)
is close to the thermodynamic ratio (56:44 at 50 °C in THF). Carboxylation of 1 at —78
°C separates diastereomers la/b to give the anion of menthanecarboxylic acid (19)
from 1a, which combines with unreactive 1b to give neomenthylmagnesium
menthanecarboxylate (1b'). The kinetics of epimerization for the menthyl/neo-
menthylmagnesium system was analyzed (AH* = 98.5 kJ/mol, AS* = —113 J/mol K for
1b" — 1a'). Reactions of 1 with phosphorus electrophiles proceed stereoconvergently at
C-1 of 1a/b to give predominantly menthyl-configured substitution products: PCl; and

~"pel,

 Me” T Me

2 equiv of 1 give Men,PCl (6), which hydrolyzes to dimenthylphosphine P-oxide (7), whereas Ph,PCl with 1 equiv of 1 gave P-

menthyldiphenylphosphine oxide (27) after workup in air.

B INTRODUCTION

Menthyl Grignard reagent 1 is prepared in the usual way from
menthyl chloride (2) and magnesium in etheric solution."”
This chiral organometallic reagent is widely used to attach
menthyl groups to electrophilic centers. Reactions have been
described, e.g, with carbon dioxide,” ™ formaldehyde,s’
dichloromethane,” PC]3,1‘“"“ PhPCl,,'* _Ph1PCI,Z'”’H
GeCl,'"® $nCl, or organotin chlorides.''*'® The reagent
has also been used in cross-coupling'”'® or transmetalation
reactions.'” The products tend to retain menthyl configuration,
and the sequence from 2 via 1 to various substitution products
(Men-E) has usually been assumed to proceed with retention
of configuration in all steps (Scheme 1).*7'**®*! The
occasional observation of epimeric products (Nmn-E) as
minor components revealed that retention is not strict. It is not
immediately obvious if inversion occurs at the stage of metal
insertion (Scheme 1, I), by epimerization of menthyl- (1a) to
neomenthylmagnesium chloride (1b) upon storage (II),
during electrophilic substitution (III), by epimerization of
the final product (Scheme 1, IV), or in several of those steps.”

Duthie et al. have developed a refined picture of 1 and its
reactions:” they found equal amounts of diastereomeric (3-
D,)-p-menthanes ((3-D,)-4) by quenching 1 with D,0 and
concluded that the reagent is a 1:1 mixture of configurationally
stable epimers 1a/b, which forms stereoconvergently from either

< ACS Publications  © 2018 American Chemical Society

15009

71

2 or neomenthyl chloride (3).” They also obtained the same
product spectrum in reactions of Ph,SnCl, with Grignard
reagents from either 2 or 3 and proposed that the higher
nucleophilicity of 1a over 1b—and thus kinetic resolution—was
responsible for the usual preference of menthyl-configured
substitution products. Their model implies that 1b remains
unchanged in the reaction, that a maximal yield of 50% of
Men-E will be formed in reactions with a single equivalent of
1, and that use of 2 equiv or more of 1 might raise yields to
quantitative. This analysis (convergence in I, resolution in IIT)
assumes that ITI proceeds with retention of configuration at C-
1 and that la/b, as well as products Men-E/Nmn-E, are
configurationally stable under reaction conditions.””** Both
assumptions are unproved; in terms of deuteration, Knochel
and co-workers observed that menthylzine iodide is an
epimeric mixture with dr 65:35 but may react with MeOD
to give (3-D,)-4 with dr >99:1 (Men/Nmn).'"****% A for
epimerization of l1a/b, no experimental data are available. A
complementary, direct analysis of reagent 1 and the elucidation
of its equilibration kinetics are required to benchmark the
validity of the D,0-quenching method and permit secure
assignments of the stereochemistry of steps I and IIL
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Scheme 1. Stereochemical Aspects of Reactions via Menthyl
Grignard Reagent to Electrophilic Substitution Products®

Me Me e
Mg E*
—_— —_—
T TCl retention T MGCl etention i E
Me” ™ Me Me™ " Me Me” " Me
2 n 1a m Men-E
Xoote X
inversion inversion
We Me e
Mg E*
ey - = e e > ‘r
H Cl retention H MgCl  refention H E
Me” ™ Me Me” ~Me Me™ " Me
3 1b Nmn-E

“E* electrophile. Men-E and Nmn-E represent menthyl or
neomenthyl configured substitution products. Men (menthyl) is
(1R,25,5R)-2-isopropyl-S-methylcyclohex-1-yl, Nmn (neomenthyl) is

(18,28,5R)-2-isopropyl-5-methylcyclohex-1-yl.

Statements on the composition of 1 and the stereoselectivity of
III that are solely based on the Men/Nmn-ratio of a
substitution product are insecure, in particular, if the isolated
product quantities are substantially lower than the molar
amount of I applied, meaning that kinetic resolution may have
occurred.

The present work emerged from an analysis of synthetic
routes to PP- -dimenthylphosphane-based chiral phosphorus
llgands 7 We have prewously reported on the nucleophilic
chlorination of menthol (5)** to menthyl chloride (2) and
accompanying rearrangements.”” In continuation of those
studies, we wished to investigate the synthesis of Men,PCl
(6)" from 1 and PCl;, which is low- -yielding (139, 10 95—
35%') and suffers from the difficult separation of the water-
and oxygen-sensitive 6 from byproducts. We anticipated that
hydrolytic workup would convert 6 to dimenthylphosphine P-
oxide (7),*° whose expected stability toward water and air
might facilitate its isolation (Scheme 2).

If so accessible, 7 might find application as a chiral
secondary phosphine oxide (SPO) ligand®'*” or as a platform
chemical for chiral phosphine and phosphine oxide synthesis.™
Objectives of the present work were thus (a) to study the
synthesis and composition of Grignard reagent 1, (b) to
determine the diastereomeric ratio la/1b by NMR spectros-
copy in solution and to validate D,0 quenching as quantitative
analytical method for analyzing dr, (c) to elucidate the
temperature-dependent kinetics of equilibration of 1a/b, (d)
to determine the stereochemistry of substitution of 1 with
selected electrophiles, and (e) to access and isolate Men,PHO
(7).

B RESULTS AND DISCUSSION

Synthesis and Qualitative NMR Analysis of 1.
Menthylmagnesium bromide had been prepared within a
year of Grlgnards discovery’” of his magnesium organo-
metalhcs The analogous chloride 1 was later obtained from 2
in Et,0%” or THF solution."”'* According to Duthie et al,”
reagent 1 is composed of nonepimerizing diastereomers la/b
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Scheme 2. In Situ Synthesis of P-
Chlorodimenthylphosphane (6) and Hydrolysis to
Dimenthylphosphine P-Oxide (7)
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in a 1:1 ratio in THF, irrespective of its generation from 2 or 3,
which would imply kinetic control over the diastereomeric
ratio. Increasing the proportion of la in the mixture would
then be desirable in syntheses of menthyl-configured targets
since the latter were assumed to emerge from the kinetically
preferred reaction of 1a with electrophiles.” NMR spectrosco-
py should offer direct evidence of the composition of Grignard
reagent 1 and provide structural proof of all components.
We prepared 1 from 2 (296% purity)” and excess
magnesium, activated by iodine and 1,2-dibromoethane, in
(Dg)-THE.* The majority of signals in the 'H NMR spectrum

(Figure 1) overlap in the aliphatic region (8y 0.5-2.5).
23 £ 23 To883 58T
L o a3 ~ 2~ S5
w o .o - = TT qu
. |1l N
x 16 x 16

__J'u,

ppm 515

,quMMJ\ ( mmm

20 15 10 0.‘5 0.0

Figure 1. Excerpts from the '"H NMR spectrum (500 MHz) of 1 in
(Dg)-THE. The olefinic (§ 5.5) and high field (& 0) regions are scaled
by a vertical factor of 16.

Olefinic signals at lower field are due to 2-menthene (8; 5
5.51) and 3-menthene (9; 6 5.36), sometimes accompanied by
y-menthene 10.°*” A group of signals below &y 0, centered by
a major signal (5 —0.08) with multiplicity ddd (*Jy = 13.3,
11.9, 2.9 Hz), show the typical shape of an axial H-1 in
menthyl derivatives and are due to menthylmagnesium species
that collectively belong to 1a. The major signal likely
represents MenMgCI(THF), (1a’). A slightly broadened
signal of similar shape at lower frequency (6 — 0.15) is
ascribed to Men,Mg as component of the Schlenk equilibrium
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(vide infra). Minor signals at higher frequency tend to be less
structured (see Figure S3 for examples) and may bclon% to
MenMgX compounds with other coligands or counterions. 8,3
Integration of the CHMg region against internal standard
naphthalene in many experiments accounted for only 30—50
mol % of the RMgX concentration determined by titration."’
Therefore, "H NMR spectroscopy gives an incomplete picture
of the composition of 1. The *C NMR spectrum of 1 features
a prominent signal at & 52.8, later assigned to C-2 of Ib’,
which was set to 100 area % as reference. Approximately 80
peaks at >3 area % were detected in total, besides those of the
solvent and of the internal standard naphthalene. Signal sets for
2-menthene (8;*” 10 peaks, 19—24 area %) and 3-menthene
(9;" 10 peaks, 10—12 area %) were assigned by reference
data.' Out of 26 major peaks (40—120 area %), six were
assigned to trans-p-menthane (4)"* and 10 each to the
predominant organomagnesium species la’/b’. " Connectivity
and peak assignments for 1a’/b" and 4 were elucidated by 2D
NMR methods (HSQC, HMBC). The *C NMR signals for
the major organometallic species are mapped in Figure 2.

MenMgCl (1a") NmnMgCl {(1b")

Me-C-5

2314

fie-C-5 23.27

BUEC)
35.30

3770 4449
2343 3042
Tle281  MgCl
| 3548
Me-1-b Me-1"-a
2205 2114
16.59
8("H): ~0.08 (H-1 ax} +0.64 (H-1 eq)

Figure 2. NMR data in (Dg)-THF for the major components in 1,
MenMgCl (1a’) and NmnMgCl (1b°). Solvent coordination or
aggregation is not taken into consideration for simplicity. See the
Supporting Information for complete "H NMR assignments.

The CHMg-unit of 1b’ gives rise to a poorly structured
multiplet at & 0.64 in (Dg)-THF (cf. Figure 1). This signal
was often obscured in the more commonly analyzed THF—
C¢Ds mixtures. Assignment of signal sets to structures 1a’/b’
relies on the characteristic shape of the H-1-signals.
Furthermore, menthyl and neomenthyl fragments are dis-
cernible by '>*C NMR spectroscopy, where peaks for the
diastereotopic methyls of C-2-isopropyl are either clearly
separated with one signal at 6 &~ 15—17, the other at 6 ~ 22—
23 (in Men-Y), or both found in close vicinity at § ~ 21—22
(Nmn-Y).*" These chemical shifts reflect the preferred
conformation of the C-2-isopropyl group, which stands
equatorial, with both methyl groups in y-equatorial positions
relative to the cyclohexane chair in Nmn-Y derivatives (Y =
variable substituent; Figure 3b), unless Y becomes sterically
very demanding (Figure 3c). In most menthyl derivatives
including 1a’, repulsion of groups Y at C-1 and iPr at C-2
causes the isopropyl group to rotate such that one methyl
arranges yraxial and the other yrequatorial relative to the
cyclohexane chair (Figure 3a). %

At this point, 34 signals in the region & 15—48 of the °C
NMR spectrum of 1 remained unassigned. GC—MS analysis
(Figures $15—517) of a D,0-quenched sample of 1 indicated
that the signals belong to three stereoisomeric hydrocarbons
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a) b) c)
Me e Me
Y H
Me H H Y Me ;:'Ms
Men-Y Nmn-Y Nmn-Y
smalf and
small or large Y medium Y large Y
Y= -AuCl -SR, -PPha{RuClz(arene)}
-GePhs -PPha(PdLs),
-PtBr{dppe) -Sn{Men)Ph,

Figure 3. Preferred conformations of Men-Y and Nmn-Y derived
from NMR and X-ray crystal structure data. (a) Conformation of
menthyl derivatives. (b) Conformation of neomenthyl derivatives. (c)
Ring-flipped conformation in neomenthyl derivatives with large Y-

groups.™

(m/z 278.3), namely bimenthyl (13), menthylneomenthyl
(14) and bineomenthyl (15). A batch of 1 was quenched with
aqueous acid, washed with concd H,50,, and vacuum distilled.
The more volatile fraction consisted of 4, with a minor amount
of w-menthane (l-isobutyl-3-methylcyclopentane; 16, 96:4
ratio).* Distillation of the residue in high vacuum gave a
bimenthyl isomer fraction (13/14/15 = 39:45:16) as colorless
oil. Its "H NMR spectrum covered the narrow shift range of §
0.6—2.2 with signal overlap even at 950 MHz (Figure S18).
Based on HMBC and HSQC and the 8 criterion for
discerning menthyl from neomenthyl fragments, all 40 carbon
and 52 proton signals in 13—15 could be assigned (Figures 4
and Figures $19, 521, and 522).

23.10 2317

. . 23.40
33.18 33.93 23.08° 22,31 5455
34.70 35.22 40,800 2989 334500
24.76 2526 | _4520) 3305 192 Ly 75
4368 47.48 %) Vs 7 1877
2531 26.58 (1y35.23 23'.20
21.92 2218 k
Men . ® 2258 22‘1:;'
Nemn mn Mmn
13 14 15
peak line
broadening (LB): \|/ \GP/ \?, \ﬁa/
LB =1.6Hz LB 2 Hz LB 34 Hz LB 5-6 Hz

Figure 4. "C NMR assignments for the Wurtz hydrocarbon
byproducts Men-Men (13), Men-Nmn (14), and Nmn-Nmn (15).
An asterisk (*) indicates interchangeable assignments.

Unlike symmetrical bimenthyl 13, hydrocarbons 14 and 15
show & line broadening in specific positions, indicative of a
dynamic chair-flip of the neomenthyl units. The oily
hydrocarbon mixture separated crystals of bimenthyl (13)
upon standing, as revealed by NMR spectroscopy and X-ray
crystal structure analysis (Figure 5). Compound 13 melts at
105—106 °C and is thus identical with a erystalline bimenthyl
isomer from the Wurtz coupling of 2 described in the previous
literature,"”

Quantitative Analysis of Menthyl Grignard Reagent.
Grignard reagent 1 was analyzed volumetrically for total
alkylmagnesium®” and for total magnesium by EDTA titration
of acid-quenched samples.*® Quantitative 'H NMR spectros-
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Figure 5. X-ray solid-state molecular structure of bimenthyl 13.
Ellipsoids are shown at 50% probability.

copy (QNMR) with naphthalene as internal standard permitted
quantification of menthenes 8/9 by integration of the well-
separated olefinic signals. Since the & 0.5—4 region did not
contain well-resolved signals for integration, we usually
prepared 1 in nondeuterated THF and admixed CgD4 for
locking prior to NMR analysis. As in a previous study of the
composition of crude menthyl chloride,” the high resolution
and information density of *C NMR recommended use of this
technique for quantitative analyﬁis.qg_':’1 Naphthalene (&
128.6) served as internal standard under routine analysis
conditions, and empirical correction factors for peaks of
individual components, positions, and carbon types (CH vs
CH, vs CH;) were applied.’* Correction factors were derived
from analysis of reference materials (4, 13—15) against internal
standard or by referencing to quantitative '"H NMR data (8, 9).
Since reference material is not available for la/b, their
correction factors were estimated from structurally similar

model compounds.®” Deconvolutive peak fitting was applied to
reduce subjective errors and correct for peak overlap.
Quantification of la/b presented additional challenges due
to the Schlenk and other ligand exchange equilibria. The
population of Men-Mg and Nmn-Mg units is not correlated
with the signal intensity of a single species (1a’/b’) but must
be summed over various chemical forms, some of which
display chemical exchange-broadened signals (Figure 6).
Figure 6a shows excerpts of the 'H and "*C NMR spectra for
1. The characteristic signal of 1a’ in the 'H NMR spectrum
(H-1, 8, 0.08) correlates (by HMBC) with C-2 at & 49.5,
whereas H-1 of NmnMgCl (1b’; &, 0.64, cf. Figure 1)
correlates with C-2 at 6 52.8. The intensity ratio of the major
C-2-peaks does not reflect the ratio 1a/b: the major C-2 peak
for la’ is accompanied by broad signals, and the total integral
e 48— 51 (1la-region) surpasses that of 5 51—54 (1b-
reglon} Figure 6b shows spectra of 1 at high [R-Mg]/[Mg]
ratio.”* As expected, the signal at &,; —0.19 for Men,Mg is
more intense than for a low [RMg]/[Mg] ratio.” * The la-
region contains at least three broadened signals for C-2 of 1a’,
Men,Mg, and either MenMgBr** or more complex species.*
Satisfactory analytical results for the population and dr of 1
resulted from area integration of § 51—54 (for 1b) and & 48—
51 (for 1a) after subtraction of overlapping peak signals.”” The
peak area correction factor for C-2 in la/b relative to the
internal standard signal was set to the value for menthol (5) as
model compound. This introduces an unknown systematic
error, which we estimate to be below 5—-10% of the absolute
values,”™ but will be even less important for the ratio 1a/1b,
where such systematic errors cancel out’” The data thus

oW -
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3 35 S s 5
| T ] | [ ]
ﬂ | F
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Figure 6. Excerpts from "H (top; 500 MHz) and *C NMR (bottom; 101 MHz) spectra of Grignard reagent 1. (a) Reagent prepared from 2 and

Mg in (Dg)-THE (prepared at 70 °C, nominal concentration 0.9 M); [RMg]/[Mg]

= 0.49. (b) Higher concentrated 1 in THF (50—70 °C, 1.55

M) with C,D added for locking, displaying a high content of Men,Mg; [RMg]/[Mg] ratio = 0.9. (c) Reagent prepared from 3 and Mg in (D;)-

THF (rt, 0.9 M); [RMg]/[Mg] ratio = 0.4; '"H NMR at 400 MHz.
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Table 1. Analyses of Menthyl Grignard Reagent 1, Prepared from 2 or 3 under Variable Reaction Conditions®

0. 0.0 O ¢ 5

Me” “Me Me” "Me Me” “Me

1a 1b 4 8 9 10 14 (Men-Nmn) 15 [Nmn3)
conc” [RMg]* [Mg]? yield® 8 9 13-15 recov®

entry solvent (°c) (M) (M% (M) (%) 1 (%) la/lb 4 (%) (%) (%) (%) 13/14/15 (%)
Reactions Starting from Menthyl Chloride (2)

1 THF rt 1.8 0.97 L59 53 541 5545 122 5.5 29 259 36:47:17 100.5
2 THF rt 0.9 0.64 0.50 72 740 62:38 9.7 3.5 19 20.1 32:50:18 109.4
2a (D,0:  62:38)

3 THF 50 1.8 L44 1.88 80 725 5941 6.4 4 12 11.8 32:50:18 94.5"
4 THF 50 0.9 0.77 0.95 86 743 59:41 8.3 2.9 15 11.8 36:49:15 98.8
4a (D,0:  59:41)

5 THF S0 09 0.76 0.85 85 76.9 5842 7.2 23 1.2 11.7 31:57:12 994
sa (D,0:  55:45)

[ THF 70 0.9 0.74 0.92 81 7.5 5545 6.5 1.6 09 8.8 38:45:17 105.3
7 Et,O RT 0.9 0.65 L18 72k 451 56:44 15.3 6.0 3.1 292 37:47:16 99.1
8 THF—-PhMe RT 1.1 0.72 1.04 67 68.6 5347 10.6 4.4 2.3 20.5 36:48:16 106.6'
9 THF—-PhMe 50 1.8 124 L51 70 714 5545 8.4 3.5 1.7 162 40:44:16 1013
10 THF-PhMe 50 1.1 0.80 LOO 75 T3.0 5446 8.2 24 1.4 10.8 37:45:18 96.0""
11 THF=PhMe 70 1.8 133 1.58 75 T84 5545 6.7 1.6 09 8.5 32:534:14 96.2
11a (D,0:  56:44)

12 THF-PhMe 70 1.1 0.95 L10 85 853 5842 4.9 11 0.6 53 44:47:9 972
Reactions Starting from Neomenthyl Chloride (3)

13 THF It 0.9 nd nd nd 457 45:55 205 55 25 20.3 36:45:19  105.0”
14 THF 30 0.9 0.55 139 60 442 48:52 9.9 5.1 2.7 207 35:46:19 83.77
14a (D,0:  42:58)"

15 THF 50 0.9 0.66 137 73 63.6 5446 13.6 3.0 2.0 16.6 35:48:17 100.27

“Sample composition in mol % of initial 2 (or 3); concentrations in M = mol/L. “Nominal concentratmn calculated from initial 2/3 and volumes
of starting material and solvent, rounded to 0.1 M. “Total concentration of RMg entities by titration.” “Total Mg®* concentration by EDTA
titration. “Yield of 1 calculated from [RMg],,, and nominal concentration. ’Value expressed in mol % of Men/Nmn groups; the true molarity of
dimers is half this value. sRecovery is the sum of analytically detected Men and Nmn groups in mol %; deviations from 100% are due to undetected
components and systematic errors. “Including 0.2 mol % of 10. ‘Reagent prepared at 50 °C over 1 h, then heated to 70 °C for 2 h. /D,0-quenching
result 1a/1b/16 43.3:35.5:3.0 mol % by *H NMR against C,Dy as mternal standard. “Large deviation due to solvent loss and heterogenelty, NMR
analysis performed after evaporation of Et,0 and redissolution in THE. ‘Including 0.2% of 10. "Including 0.3% of 10. "Including 10.4% of 3.
°NMR. analysis after >4 h, with 1.0% of remaining 3. "D,0 quench performed after 2 h, at 10% of remaining 3. “Including 1.4% of 3.
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Figure 7. *H{'H} NMR spectra (61 MHz) of quenched samples of 1. (a) D,0-quenched sample of equilibrated 1. (b) D,0-quenched sample of
the reaction 3 + Mg in THF, before completion (Table 1, entry 14a). (c) Carboxylated and D,0-quenched 1 composed mainly of a-(3-D,)-4. (d)
H,0-quenched sample of 1 generated in (D;)-THE. Most (D;)-THF was removed by washing with water prior to analysis; only residual (Dy)-
THEF is present. “¢” marks peaks for (D,)-16

obtained for all key components in Grignard reagent 1 will be for individual component concentrations is limited, parameter
subject to additional systematic errors by variation of T, and variation effects on the composition of 1 can now be
the NOE effect with sample composition, but even if accuracy systematically studied.
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Effects of Reaction Conditions on the Composition of
1. Effects of varying the solvent, reaction temperature, and
total concentration in the reaction of 2 and magnesium were
studied by analyzing the composition of the resulting Grignard
reagent (Table 1, entries 1—12). The yield of 1 was higher at
50 or 70 °C than at ambient temperature or 30 “C and also
higher in dilute (0.9—1.1 M) over concentrated (1.8 M)
solution. Synthesizing the reagent in THF—toluene at 70 °C or
in THE at 50—70 °C gave similar, satisfactory results with a
yield of 75—85 mol %, whereas diethyl ether (entry 7) was less
satisfactory. Reagent yields in THF and Et,0 agree with
previously reported titration results.""® Spectroscopic yields of
1 do not correlate exactly with [RMg] from titration, since
yield calculations depend on estimated reaction volumes,
which are inaccurate in small-scale experiments.

In a first approximation, the diastereomeric ratio la/lb
deviates little from an average value of 57:43, irrespective of
the reaction conditions. Complementary data for dr were in
some cases obtained by quenching a sample with D,0 and
analyzing the ratio of (3-D,)-4 stereoisomers by *H NMR
spectroscopy (Figure 7).

The signals 6, 1.65 and 0.94 correspond to the centers of
multiplets in the "H NMR spectrum of 4 at 8 1.68 and 0.97
for equatorial and axial H-3, respectively. A small peak at &y
1.16 corresponds to D-1' of y-menthane (16; 5y 1.18) from
deuterolysis of sec-y-MenMgCl (12).® A Grignard reagent
from NmnCl (3; Table 1, entries 13—15) was largely identical
to that from 2, as also evident from the similar NMR spectra
(Figure 6a vs c),* at least if prepared at 50 °C (Table 1, entry
4 vs 15). The room-temperature Grignard reaction of 3 was
sluggish to initiate and required several hours to reach
completion (entries 13 and 14). A D,0-quenched sample
after 2 h at 30 °C gave (3-D,)-4 with dr 42:58 at 90%
conversion (entry 14a; "H NMR in Figure 7, b), which rose to
dr 48:52 after 4 h (at 99% conversion; entry 14). Conversely, if
1 was generated from 2 at ambient temperature, a sample at
40% conversion displayed a higher dr 62:38 (Table 1, entry 2).
Thus, Grignard reagent 1 is formed with a small degree of
retention of configuration at ambient temperature but
approaches dr 56:44 if prepared at 50 or 70 °C from either
2 or 3, which implies that the latter is an equilibrium ratio
(vide infra).

The abundance of byproduct p-menthane (4) is always
higher than the sum of menthenes 8 and 9. Radical abstraction
from the solvent provides no source of 4 because when 1 was
prepared in (Dy)-THF, no trace of (3-D,)-4 or solvent
coupling-product was detected by *H{'H} NMR after protic
workup (Figure 7, d).%! Byproducts 4, 8, and 9 are most
abundant at room temperature (Table 1, entries 1, 2, and 13)
and decrease at higher temperature (entries, 3, 6, and 12).
Alkenes 8/9 are formed in similar amounts and isomeric ratios
from both 2 and 3 (entry 15), which excludes E2-elimination
(with 1 as base) as an important reaction pathway.”> This
points to a specific mechanistic route for products 4/8/9 in
addition to the obvious source of some 4 by reaction of 1 with
adventitious water. We suggest that §-H elimination of surface-
bound *MgR (R = Men or Nmn) to surface-bound *Mg—H
and alkenes 8/9 is followed by combination of SMgH and
SMgR to give 4. Bimenthyl isomers 13—15 will similarly be
formed by combining two surface-bound "MgR units, which
agrees with the observation that the extent of Wurtz coupling
and the generation of 4 + 8/9 are correlated. The observation
of higher amounts of neutral byproducts (R—H, R—R) at
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ambient temperature but higher selectivity for Grignard
reagent 1 at elevated temperature might be a consequence of
rate-limiting detachment of RMgCl from the metal surface.
This process, involving major solvent reorganization, will have
a higher activation barrier than the release of apolar
hydrocarbons (RH, RR), which is likely limited by a
diffusion-controlled encounter of two surface groups. The
stereoconvergence from 2 and 3 to give 1a/b, the generation of
bimenthyls 13—15, and the absence of solvent-derived
products all point to a key mechanistic role of MgR units,
in which R inverts at experimental time scale, much slower
than a free radical, but faster than the final Rng_m.m

Conclusions on the Generation of 1. The analyses in
Table 1 validate the hypothesis that menthyl Grignard reagent
1 is a diastereomeric mixture la/b formed in a kinetically
controlled and stereoconvergent process from either 2 or 3 in
similar amounts.” Irrespective of reaction conditions, the ratio
la/b varies only a little around an average dr of 57:43.
Presumably, this ratio is not just kinetically controlled but close
to thermodynamic equilibrium. In spite of the valuable data
obtained through '?C NMR spectroscopy, the faster and more
accurate option for analyzing the dr of l1a/b is *H{'H} NMR
spectroscopy of D,0-quenched samples. The method gives
accurate results that agree with the in situ >C NMR data but
does not suffer from complications caused by species
partitioning in the Schlenk equilibrium. Total [RMg] or
individual R"MgX concentrations in mixtures can be quantified
using the D,0-quenching technique, if a deuterated internal
standard is added for *H{'H} NMR analysis.* Given that the
ratio la:1b cannot be satisfactorily controlled by the reaction
conditions used for generating the Grignard reagent, an
understanding of the stereochemistry of the reactions of 1a/b
with electrophiles becomes even more vital.

Carboxylation of Menthyl Grignard Reagent. Carbox-
ylation of 1 has been reported repeatedly but with inconsistent
results:** By pouring a THF solution of 1 over solid CO,,
Bose et al. obtained 76% of acids 19/20 (Scheme 3) with a dr

Scheme 3. Carboxylation of Menthyl Grignard Reagent 1
and Synthesis of Physiological Coolant Compound WS-5

(22)
) Me Me e
1.CO,
[ + .
2 H"aq
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17 (X = MgCl) ) Me” " Me
18 (X = Cl) NHy HGI 22 Ws5

of 68:32,%" while Grayson et al. obtained pure 19 (dr >100:1)
in 88% yield.® By bubbling CO, into etheric 1, Smith and
Wright obtained 29% of crystalline 19 and distilled another
32% of a liquid (believed to be 20) from the mother
liquors.“® The same procedure provided Ueda et al. with 36%
of 19/20 in 2 ratio of 92.6:74,” whereas a 1975 patent found
almost pure acid 19 (dr 99:1) in 53% yield."” Among the
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highest yielding carboxylations is a patent that finds 93% of 19
by concurrent addition of CO, and 2 to magnesium in 2-
MeTHF-cymene at 90 °C.5®

To understand the various results, we approached the
problem with our own experiments. Dry ice was added to a
Grignard reagent from crude 2 that contained tert-y~-MenCl
(18) as the major impurity.”’ Acid/base extraction gave a
carboxylic acid fraction with 19, 20, and 21 in a ratio 77:19:4
(Scheme 3a). Coupling with ethyl glycinate gave a mixture of
peptide esters (ratio 78:18:4) from which the major
component 22 crystallized (Scheme 3b). Compound 22 is
commercially available under the name WS$-5% as a
physiological coolant for inducing a cooling sensation on
skin.”® The substance has so far only been described in the
patent literature; thus, we characterized it by 2D NMR
methods in solution (Figure $26 and Tables $21/22) and by
X-ray crystal structure analysis in the solid state (Figure 8).

Figure 8. Solid-state molecular structure of WS-5 (22). Ellipsoids are
shown at 50% probability. Oxygen is red, nitrogen blue. The common
arrangement of the C-2 isopropyl group with y~axial and -equatorial
methyl groups (8¢ 16.16 and 21.49) is evident. The unit cell contains
six independent molecules, which differ in the conformation of the
peptidic side-chain [Men-C'(0)-NH-C*'H,-C"(0)0-C'"H,C*"H,],
in which the torsional angles C'(0)—N-C*—C"(0) and C"(0)-
O—C'"—C"" are variable. The individual conformers and their angles
are (a) —75/—89; (b) —87/-179; (c) +91/+96; (d) +86/+180; (e)
+60/+178; (f) +58/—173. The pictured conformer is (c). See Figure
528 for depictions of all conformers.

The complexity of crude menthyl chloride had translated
into regio- and stereoisomeric carboxylic acids (19-21) via
metalation and carboxylation, but the ratio 1a/b (57:43) was
not retained in acids 19/20 (dr 80:20). In the ensuing
carboxylation experiments, Grignard reagent 1 from purified
menthyl chloride (2 + 3 > 97%) was used, and the yield of 19/
20 was determined by accurate qNMR methods. In one
experiment, 1 was added dropwise to a saturated solution of
CO, in THF at =20 °C, and the reaction was quenched with
water at the same temperature (Scheme 4a).

A second experiment involved the addition of small pieces of
CO, (s) into the solution of 1 at ambient temperature, which
corresponds to an inverted addition mode (Scheme 4b). The
outcome in (b) agrees with several literature reports that find
19 as the major and 20 as the minor component (dr = 8:1;
Scheme 4b). Surprisingly, experiment (2) in which la/b are
continuously exposed to excess electrophile showed higher
selectivity for 19 (dr 19:1) rather than approaching the ratio
la/b (57:43). The data in Scheme 4 suggest that dr 19/20 is
not controlled by availability of (excess) electrophile but by
kinetic preference of la over 1b in the reaction with
electrophile. The lower yield and higher dr in (a) reflect
improved kinetic resolution at lower reaction temperature. To
verify this assumption, not only the reaction products 19/20
but also the unreacted Grignard reagents la/b must be
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Scheme 4. Carboxylation of Grignard Reagent 1 with
Quantification of Carboxylic Acids 19/20

1. GOy, THF
CL © CL (’)
MgCl ‘MgCl 5 H* aq COsH “COH
/\ Me /\ Me /\ Me /\ Me
1a 1b 19 20

a) Addition of 1 to CO, (THF) at -20 °C

1a 1b Yield dr 19 20
57% 43% s 58.7% 95:5 55.9% 2.8%
b) Addition of CO; (s) to 1 at ambient temperature

1a 1b Yield dr 19 20
57% 43% — 67.8% 89:11 60.2% 7.6%

analyzed, which was achieved by D,;O quenching in
combination with use of a deuterated internal standard for
2H{'H} NMR.”" Such experiments prove that the reaction of 1
with excess CO, at =78 °C is limited to epimer la and
proceeds with retention of configuration at C-1 to give 19
(Scheme 5, a). Neomenthyl epimer 1b remains largely
unreacted and gives rise to enriched 3a-(D,)-4 after quenching
with D,0 (Scheme 5, a). In repeat experiments, the kinetic
resolution was consistently high to the extent where no more
3f-(D,)-4 could be detected (>99.5:0.5).

Kinetics and Equilibrium in the Epimerization of 1.
The kinetic resolution of 1 with CO, gives access to highly
enriched solutions of neomenthyl-configured Grignard reagent
1b', from which excess electrophile can be complete]‘y removed
in vacuo. The kinetics of epimerization” of chiral Grignard
reagent 1b' could now be studied by warming to a target
temperature and taking samples for D,O quenching (Scheme
5, b). Analysis of the dr of 3-(D,)-4 by "H{'"H} NMR provided
consistent results as shown in Figure 9. The Nmn-Grignard
reagent is configurationally rather stable at 0 °C but epimerizes
notably upon warming to 30 °C (t,;, = 14 h).”

Clean first-order kinetics with f,, of 62 min (50 °C) and 8
min (70 °C) operate at higher temperature The activation
energy is ~100 kJ/mol. The rate 1b' — 1a' is characterized by
AH* = 985 kJ/mol and AS* = —113 J/mol-K by Eyrln%
analysis (AH¥ = 96.1 k] /mol and AS* = —110 J/mol-K for 1a
— 1b'), with calculated epimerization half-lives of 39 h at 22
°C or 65 days at 0 °C.”*

Primary alkyl- Grggnard reagents invert fast already below
room temperature.”’ Properties of secondary alkyl-magnesium
species are collected in Scheme 6. Norbornylmagnesium
bromide equilibrates over a day at room temperature (Scheme
6a),” "’ whereas bornylmagnesium chloride is stable under the
reflux conditions of its synthesis but epimerizes if refluxed in
the higher boiling solvent toluene (Scheme 6b). Both the
solvent and counterion differ between systems, making it
difficult to assess the importance of additional methyls on
configurational stability. In any case, cyclic 16! (Scheme 6¢) is
more inert than Hoffmann's open-chain secondary alky]
Grignard reaﬁent, which racemizes below 0 °C (Scheme 6d).”

The 1a'/b' equilibrium ratios dr 38.3:61.7 (50 °C; after 144
h) and 39.5:60.5 (70 °C, after 1.5 h) deviate markedly from
those seen in the thermal equilibration of 1a/b (22 °C; dr
§7.3:42.7 after 1 d, increased to 58.2:41.8 after 3 months; 50
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Scheme 5. Kinetic Resolution of Menthyl Grignard Reagent 1 by Low-Temperature Carboxylation and Epimerization Studies
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Figure 9. Temperature-dependent epimerization of NmnMg-
(O,CMen) (1b') in THF solution. The 300 min data point at 0 °C
was extrapolated for graphical reasons. Curves are interpolated and
serve as guidelines only.

°C, dr 55.6:44.4; 70 °C, dr 54.8:45.2). This is not
contradictory because the major chemical species in 1 differ
from those in carboxylated reagent 1a'/b' by the presence of
chloride vs menthyl carboxylate as counterion (Scheme 5b).
However, the carboxylated reagent shows a surprlsmﬁ
prevalence of the axially substituted Nmn diastereomer 1b’,
which may be a consequence of secondary dimerization and
solvation equilibria®’ because MgX usually favors the
equatorial position in cyclohexanes.”"** Independent con-
firmation that the change of conformational preference is
caused by the carboxylate counterion was obtained by
combining 1 with lithium salts of hindered carboxylic acids
and determining the composition of the in situ generated
(Men/Nmn)Mg(O,CR) species after thermal equilibration.
With 2,4,6-trimethylbenzoate (mesitoate), the shift was from
dr 57:43 (1a/b, rt) to 47:53 (1a"/1b", 60 °C; after 24 h). The
recovery of RMgX (by quantitative "H NMR"') was 98%,
which proves that the change of composition is caused by
isomerization and not kinetic ablation (e.g, by hydride
elimination) of one isomer.”' In another experiment with
lithium pivalate, the resulting 1a"/16™ was allowed to
equilibrate at 70 °C, and the reaction progress was followed
by sampling and D,0 quenching (Figure 10).
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Scheme 6. Configurational Stability of Secondary Alkyl-
Grignard Reagents

a) Lb endo/exo = 58:41
e MgBr (or 48:52)
endo MgBr exo epim.:fiz=5h @rt.
endofexo = 96:4
« stable @ rt.
Mgl - stable: 212 h @ 67 °C
sepim:.<i2h@ 111 °C
endo MgCl =P e
c) Mgx w Nmn/Men = 58:42
- — T eepimihp=39h@ 22°C
\EQ/V Men  MaX . i
[ 12! AH! = 98.5 kJimol
AS* =113 Jmol-K
X = menthylcarboxylate
d) MgCl Mgl - stable -30°C
Ph — Ph sracem.. b =5h@-10°C

(krag = 3.46 1095 571

“Norbornylmagnesium halides are I{nown to slowly epimerize at rt.
Reported data are faintly conflicting” “Bomylmagnesium chloride
forms as a_kinetic endo/exe 67:33 mixture but changes to 96:4 upon
heating,”>™® “v’lenthylmagnesmm compounds slowly epimerize at rt
(this work). Hofﬁnann s open-chain chiral Grignard reagent
racemizes quickly at rt.”

The initial excess of menthyl diastereomer 1a'! epimerizes

with a halflife of 26 min (cf. 8 min for 1a'/1b") to a new
equilibrium at 42.9% 1a', which is less than in case of
mesitoate (46.8% 1a) but higher than for menthanecarbox-
ylate (39.5% of 1a') as counterions. The influence of
counterion X in MenMgX on Men/Nmn equilibrium
composition and epimerization kinetics is substantial and
contributes to the complexity of reaction systems involving
reagent 1 with other ionic components.

Stereochemistry and Relative Kinetics of Electro-
philic Substitution at C-1 of Menthyl Grignard Reagent.
The result of the low-temperature carboxylation of 1 (Scheme
5, a) is expressed in tabular form in Table 2, entry 1. Based on
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80 quenching of 1b with D,O to give essentially pure a-(3-D,)-4

Me =e=Men [%] —s—Nmn [%] N . B . ap .
E (Figure 9), which implies stereospecificity. However, proto-
o Me@m/Me = nation of la and 1b could still proceed at different rates.
0’ Men - Reaction of 1 with a limited amount of protons, followed by
TL B-(3-D4)-1a" # quenching with excess D,0, reveals the unreacted amount and
Me E dr of 1a/b by *H NMR.”" In the reaction of 1 with 0.25 equiv
Me of water, la is selectively attacked while 1b initially remains
mme " (Table 2, entry 2). With twice the amount of water (0.5 equiv),
MY Nmn 1b is also partially protonated, but at a lower rate than la, such
%Lo @-(3-D;)-1b! W e o e o that the remaining 1 is depleted in the latter (Table 2, entry 3).
t[min] Water is a more stereoselective acid in this reaction than
alcohols are (entries 4 and §). Kinetic resolution by
Figure 10. Equilibration of in situ prepared MenMg(OPiv)/ protonation (or hydronation) is only relevant if the hydron

NmnMg(OPiv) (1a"™/b™) in THF solution at 70 °C. A solution of
1 was mixed with LiOPiv and heated to 70 °C. Equilibrium ratio
1a"/1b™ = 42.9:57.1 (after 69 h).

source is limiting but will not play a role if excess D,0 is used
to quench 1. Neither is a dynamic kinetic resolution expected
in view of the slow epimerization of la/b under quenching
conditions (at rt or below).

Turning to phosphorus electrophiles, reagent 1 was allowed
to react with excess PCl, in the cold and the resulting, sensitive
menthyl dichlorophosphane (24) converted to phosphinic acid
RPH(=0)(OH) (25) by quenching with water (Table 2,
entry 6). The high yield and diastereoselectivity (dr 15:1)*
prove that the reaction proceeds with a high degree of
stereoconvergence from both la and 1b to 24a. Thus, the

the known initial amount of 1a and 1b, analysis of remaining
Men-D (f-(3-D,)-4) and Nmn-D (a-(3-D,)-4)) in the
product mixture reveals how much of each diastereomer was
converted in a reaction. This quantity is expressed as Ala/Alb
in mol % (—56/—3 mol %) and compared to the quantity of
epimeric substitution products formed (+58/+0 mol %; Table
2, last column). Since the numbers are close, the conclusion
can be reached that CO, reacts with 1 by a retentive

mechanism. This agrees with the observation of retention of reported high Yield. of 90% lOf 24a from 1,"" exceeding by far
configuration at the stereogenic carbon in the carboxylation of the amount of available epimer 1a in 1, is confirmed by our
Hoffmann’s chiral Grignard reagent (cf Scheme 6).”™ experiment.
Reactions of other H- and P-centered electrophiles with Combination of 1 with PCl; in a 2:1 ratio followed by
Grignard reagent 1 were similarly investigated, and the results heating to reflux is the standard procedure to prepare Men,PCl
are collected in Table 2. (6)." The reported yield is low at 13%'? or 25—35%." Analysis
Coinciding analytical results for the dr of Grignard reagent 1 of the reaction mixture is considerably simplified by quenching
from *C NMR and *H NMR analysis (after D,O quenching) with D,0 (1 = (3-D,)-4) and hydrolysis of 6 to phosphine
prove that hydro-demetalation of 1a/b proceeds with retention oxide 7 (Scheme 7). The usual procedure (mixing at 0 °C,
of configuration at C-1. This is also demonstrated in the then heating) followed by protic, aqueous workup gave a fair

Table 2. Quantitative Investigation of the Reactions of Grignard Reagent 1 with Various Electmphilesa‘b

W M- aE D0 Me Moo
‘mnﬂe +mMe - o ‘mnﬂe R mmg
Me E retention retention Me D
Men-E Nmn-E OF MVersion Men-D Nmn-D
RMgX (1a, 1b)"~ Men-D (Ala) Nmn-D (A1b) dr
entry (muol %) T (°C) E** (mol %) (mol %) (mol %) (D)4 R-E* (mol %)
1 100 (57, 42) —78 CO, (xs) 1(-56) 39 (-3) 1:99 Men(]ZOZH (19; 58%); NmnCO,H (20;
0%
2 100 (57, 42) —78 — 1t H,0 (25) 36 (-21) 41 (-1) 47:53
3 100 (57, 42) —78 — 1t H,0 (50) 5 (=51) 28 (—13) 16:84
4 100 (57, 42) —78 — 1t MeOH (50) 33 (-23) 32 (—-9) 51:49
5 100 (57, 42) —78 =t MenOH (50) 32 (—25) 30 (—11) 52:48
6 100 (57, 42) —-78 =t PCl, (200) nd nd nd MenPO,H, (25a; 92%); NmnPO,H,
(25b; 6%)
7 300 (170, 127) 0= 50 PCl; (100) 25 (—145) 34 (-93) 43:57  Men,POH (7; 61%)
8a’ 300 (170, 127) 0 PCl, (100) 41 (—129) 49 (—78) 45:55  Men,POH (7; 75%)
b’ 300 (170, 127) 0 PCl, (100) 44 (~126) 48 (=79) 48:52  Men,POH (7; 73%)
9 100 (57, 42) 0 - rt Ph,PCI (100) 8 (—49) 21 (-21) 28:72  MenPOPh, (27; 72%)

“General conditions: 1 was added to electrophile E* in THF at —78 or 0 °C. After being stirred for 1—3 h, reactions were quenched with D,0 and
warmed to rt. "Reactant quantities and analytical compeositions are given in mol %, rounded to the next nearest integer number. See the Supporting
Information for more precise values expressed in ymol. “The composition of 1 varies from la/b = 57:43 to 58:42, with ca. 1 mol % of y-MenMgCl
(12) present; the composition of starting 1 (57:42:1 mol %) represents an average value. “Room temperature (rt) is ca. 22 °C. “E" = electrophile,
quantity in mol % relative to 1 in parentheses,fRemaining quantity of 1a/b upon conclusion of the reaction, as determined by D,0 quenching and
*H{'H} NMR quantification of (D;)-4. The number in parentheses indicates change (loss) of organometallic reagent over the course of the
reaction. *R-E = electrophilic substitution product. "Reaction duration 3 h at —78 °C, followed by warming to rt with stirring overnight. ‘8b is a
repetition experiment of 8a.
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Scheme 7. Reaction of 1 with Phosphorus Electrophiles
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spectral yield of 7 (Table 2, entry 7). The remaining 1 (dr
43:57; analyzed as (3-D,)-4) displayed less enrichment than
expected for a kinetic resolution, although this ratio might have
been affected by epimerization of la/b upon heating.
Performing the reaction at 0 °C throughout further increased
the yield of 7, without affecting the dr of unreacted Grignard
reagent (Table 2, entries 8a/b). The results show that both
substitution events with nucleophile 1 along PCl; — MenPCl,
(24) — Men,PCl (6) proceed stereoconvergently with respect
to C-1 of 1, with both diastereomers la and 1b contributing
substantially to produce 6, with a slight kinetic preference for
la in reactions with P—Cl electrophiles. Even though the
generation of 7 was limited to 75 mol %, and unreacted 1 was
still present, no major organophosphorus species was detected
in the organic phase. Failure to detect hydrolysis product 25
(MenPO,H,) means that both 24 (and thus also the more
reactive PCl;) must have been spent at the conclusion of the
reaction. The unaccounted loss of phosphorus in entries 7—9 is
approximately half the molar quantity of unaccounted loss of
RMgX, which suggests that redox processes accompanying the
main reaction lead to reduced, water-soluble phosphorus
species and neutral hydrocarbons as side products.

The reaction of 1 with Ph,PCI*'>'* was also analyzed
(Table 2, entry 9). A previous, qualitative report stated that
quenching the reaction of equimolar 1 and Ph,PCl with D,0O
gave a mixture with half the original 1 (i.e, 1a) converted to
MenPPh,, with the other half (i.e, 1b) returning Nmn-D (a-
(3-D,)-4). In our hands, the analytical yield of oxide 27, which
emerged from phosphane 26 during workup in air, exceeds the
initially present quantity of 1a (Table 2, entry 9; Scheme 7).
Even though the kinetic preference for 1a is marked, roughly
half of epimer 1b must have reacted with inversion of
configuration at C-1 to account for the observed yield (cf.
Ala/b in Table 2, entry 9), which fits the pattern observed
with PCl; (—24) and which agrees with the stereoconvergent
reactions of bornyl- and fenchylmagnesium reagents with P—Cl
electrophiles.”” Phosphine oxide 27 was isolated and
structurally characterized by X-ray crystallography (Figure
11). The conformation of the menthyl group is consistent with
previous observations (Figure 3).

Synthesis and Properties of Dimenthylphosphine
Oxide. In the preparative study of the reaction of PCI, with of
1 to give Men,PCl (6), we were initially guided by the
hypothesis that 4 equiv of 1, corresponding to approximately 2
equiv of 1a, might provide a higher yield if 1a is the exclusive
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Figure 11. Solid-state X-ray molecular structure of menthyldiphenyl-
phosphine P-oxide (27). Ellipsoids are shown at 50% probability.
Hydrogens are omitted for clarity. Oxygen is red, phosphorus purple.

nucleophile.z'wj However, variation of the ratio PCly/1 over
1:1, 1:3, 1:4, and 1:6 indicated that already 1:3 was optimal
and use of additional Grignard reagent had a counter-
productive effect. Hydrolysis of the 1:3 reaction mixture
(containing 6) gave the expected, previously unknown
dimenthylphosphine P-oxide (7; Table 2, entries 7 and 8,
and Scheme 7)*” that was readily quantified by '"H NMR in
crude reaction mixtures. Chromatography required acetic acid
as additive, with which 7 forms a hydrogen-bonded complex
that must be split with base prior to solvent evaporation. The
product was obtained as slowly crystallizing oil in 50% yield.
Spectral properties agree with a C;-symmetric structure, with
two signal sets for diastereotopic menthyl groups ('H, *C
NMR), a single SIP{'"H} NMR resonance (5, 41.8), and a
characteristic doublet of doublets at §y; 6.77 with the large
J(*'P,'H) of 4355 Hz for the central P(O)H-unit. The
identity of this material as 7 was further secured by single
crystal X-ray crystallographic analysis (Figure 12).

Figure 12. Solid-state molecular structure of dimenthylphosphine P-
oxide (7). Oxygen is colored red, phosphorus purple. Ellipsoids are
shown at 50% probability. The unit cell contains three independent
molecules of very similar geometry, of which one is displayed.

Based on the 2D NMR analysis (Figure S29 and Table 525),
the diastereotopic menthyl groups (Men®, Men®) differ by a
"‘IP,H coupling (5.6 Hz) from H—P to H-1 in Men®, which is
absent (*Jpyy & 0 Hz) for H-1 in Men®. This observation is
consistent with the solid-state conformation in the X-ray
structure having torsional angles of —169° (to H-1 in Men™)
or —50° (to H-1 in Men®). The P=0 oxygen is involved in
short intramolecular contacts with H-1" of the isopropyl group
in Men™ (237 pm) and H-2 of Men® (283 pm), and those
interactions are reflected by higher frequency 4y signals for the
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respective nuclei, compared to their diastereotopic counter-
parts. The usual conformation of C-2-isopropyl in menthyl
derivatives is observed (Figure 3, a).

Bl CONCLUSIONS

Menthyl Grignard reagent (1) has been known and used in
asymmetric synthesis for many years. However, its exact
chemical composition and reaction stereochemistry have
remained insecure in the absence of direct analytical studies.
In the reaction sequence starting from 2 via 1 and leading to
various substitution products (Scheme 1), the stereochemistry
of the first and second steps were not known with certainty,
and neither was the configurative stability of 1a/b established.
Methods to analyze the composition la/b had relied on
reactions with electrophiles (CO,, D,0), the results of which
could have been affected by kinetic resolution effects. Even for
D,0 quenching, the assumption that the dr of (3-D,)-4 reflects
the dr of la/b (i, retention of configuration in proto-
demetalation) was unproved.

In the present study, we have for the first time analyzed
menthyl Grignard reagent in situ by combining 'H and "*C
NMR methods. MenMgX (la’) and NmnMgX (1b") were
confirmed as major organometallic components of the reagent,
besides hydrocarbons trans-p-menthane (4), 2-menthene (8),
3-menthene (9), and three diastereomeric Wurz products 13—
15. The Schlenk equilibrium is operative and produces
considerable amounts of Men,Mg from 1la at low halide
concentration, whereas 1b is less notably involved in equilibria.
The Schlenk equilibrium complicates quantitative NMR
analysis since minor and dynamic species display exchange-
broadened signals. The intensity of the characteristic *C NMR
signals 6¢ 49.5 and 52.8 for the major components 1a” and 1b’
does not reflect the dr 1a:1b. Use of dibromoethane or other
halogenated reagents for initiating the Grignard reaction has
the beneficial effect of shifting the Schlenk equilibrium toward
1a’/b’ and giving easier to analyze NMR spectra. However,
integration of defined ranges of the “C NMR spectrum (&
48—51 for C-2 of la, & 51—54 for C-2 of 1b) led to consistent
results for the la/b-dr that agreed with the D,0 quenching
results and confirm retention of configuration in deuterolysis of
the C—Mg bond. On the basis of this benchmarking
experiment, the technically simple and fast *H{'H} NMR
analysis of 1a/b after D,O quenching can be carried out with
confidence. Besides analyzing the peak area ratio of the a/f-
(3-D,)-4 signals (65, 0.94 and 1.65), analysis in the presence of
a deuterated internal standard (e.g, CcDj for simplicity, or
preferably less volatile, solid derivatives for weighing out’")
allows the accurate quantification of 1a/b.

NMR methods were used to investigate the effect of reaction
conditions in the magnesium insertion of 2 or 3 on the
composition of the resulting Grignard reagent 1. The observed
abundance of saturated and unsaturated hydrocarbon by-
products agrees with their generation by a Kharasch—
Reinmuth—Walborsky surface radical mechanism.** A surpris-
ing aspect is that the abundance of byproducts is inversely
proportional to the reaction temperature, with reactions at 50—
70 °C giving highest yields of 1 and lowest levels of
byproducts. This finding opposes a comment of Kharasch
and Reinmuth, “In general these [competing] reactions require (or
at least are favored by) higher temperatures than the Grignard
reagent formation reaction, and, in general, they are favored by
relatively high halide (RX) concentrations”,”" but agrees with
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observations made during the preparation of tBuMgCl in
ether.”

Epimerization in the course of Grignard reagent formation
(Scheme 1, I) is extensive at any given reaction temperature,
and both 2 and 3 give rise to comparable amounts of 1a/b by
kinetic stereoconvergence. In that aspect, the previous
ﬁnclings2 were confirmed. However, upon closer inspection,
the dr 1a/b shows an influence of the configuration of starting
materials 2/3, if the Grignard is prepared at, or close to,
ambient temperature. Walborsky has previously observed
partial retention of configuration in Grignard reactions and
ascribed it to a concerted oxidative addition mechanism that
runs parallel to the surface-group mechanism.®**®

The configurative stability of 1a/b was formerly uncertain or
had been assumed to be high at ambient tt:rnpE:r;;ltu.re.2 It is
now clear that epimerization is fast at 50—70 °C and
contributes to the generation of la/b in fractions near their
thermodynamic ratio (55:45 at 70 °C), although kinetic
control yields similar ratios. Upon storage of reagent 1 under
ambient conditions, the dr slightly rises over several days or
weeks to a room temperature equilibrium value of 58:42. The
closeness of kinetic and thermodynamic selectivity renders the
investigation of equilibration kinetics difficult, yet such
experiments have become possible through the carboxylation
of 1 at low temperature, which induces a clean kinetic
separation of 1b from la. Temperature-dependent kinetic
equilibration studies starting with diastereomerically pure
Grignard reagent 1b' give excellent results (Figure 9) and
prove that Men/Nmn-MgX are equﬂibrating species. The
process is slow at ambient temperature but can be accelerated
by heating to 70 “C without loss of reagent due to
decomposition. The equilibration measurements revealed a
counterion effect on the configurational equilibrium Men/
NmnMgX (X = counterion) that runs against the established
preference in substituted cyclohexanes of preferentially
accommodating large substituents in equatorial positions.
Surprisingly, we find that sterically large carboxylates X prefer
NmnMgX over MenMgX. Additional sterical hindrance caused
by RMgX($), dimerization or ligand-exchange equilibria might
be responsible for this deviation from the usual steric
interpretation of A values.”’

Based on the newly established composition and diaster-
eomerization kinetics of 1, the stereochemistry of reactions
with electrophiles was investigated. Determining the dr and
yield of substitution product is not sufficient in such studies,
since the interference of kinetic resolution effects is only
recognized if absolute amounts of substitution products and
unreacted 1a/b are accurately known. This is evident from the
reinvestigation of the carboxylation of la/b, which had
previously been reported with inconsistent results. We find
that a sharp kinetic resolution of 1a/b by reaction with CO, in
the cold gives MenCO,H (19) in a quantity that is limited by
the amount of initially present 1a, while 1b remains unreacted.
Extended reaction time or higher temperature generate
variable amounts of NmnCO,H (20) by slow carboxylation
of 1b. At sufficiently high temperature, dynamic kinetic
asymmetric transformation of 1a/b becomes possible, which
explains the success of a patent procedure that finds a high
yield of 19 by concomitant exposure of CQO, and 2 to
magnesium at 90 °C in Z-METHF—cymene.ﬁg

Rather different results were obtained in reactions of 1 with
phosphorus electrophiles, where all cases investigated dis-
played stereoconvergence, with both 1a and 1b contributing to
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the generation of menthyl-configured substitution products,
even if preferential consumption of la over 1b distinguishes
the former as the better nucleophile. Kinetic product control is
consistent with a common intermediate and supports the SET-
mechanism®® known to be operative for a range of C-
electrophiles, and also established in reactions of the bornyl
and fenchyl Grignard reagents with PCl; and other phosphorus
electrophiles.”” A consequence of the stereoconvergent SET-
mechanism is the high yield of MenPCl, (24), which can be
achieved in reactions of 1 with excess PCl; at low temperature
under conditions where the interconversion of 1a/b is frozen.
Attempts to maximize the yield of Men,PCl (6) from PCl, by
using 4 or 6 equiv of 1 were counter-productive, since the
spectral yields of hydrolysis product dimenthylphosphine P-
oxide (7) did not surpass that obtained in the reaction with 3
equiv of 1 (73—75%, Table 2). The missing 25 mol % of
phosphorus in those reactions are apparently lost to redox side-
reactions leading to inorganic phosphorus species. Phosphine
oxide 7 is an interesting platform chemical for chiral
phosphane synthesis, or may itself serve as chiral SPO
(secondary phosphine oxide) ligand. Work toward both
applications is currently ongoing in our laboratories.

B EXPERIMENTAL SECTION

General Methods. Chemicals and solvents were obtained
commercially and used without purification unless mentioned.
Solvents for Grignard reactions were filtered over activated AlO,
and stored under argon over molecular sieves (3 A). The materials
used in the study were all derived from menthol (5) of natural (1R)-
configuration ((1R,28,5R)-2-isopropyl-5-methylcyclohexanol).
Menthyl chloride (2) and neomenthyl chloride (3) were obtained
as previously described.”® Grignard solutions were titrated against
salicylaldehyde phenylhydrazone.”” 'H NMR measurements for
quantitative analyses were performed using a relaxation recovery
delay (d1) of 20 s. ESL-high-resolution mass spectra were measured
using FT-ICR detection. CCDC 1499983 (22), 1499984 (7),
1519897 (13), and 1567948 (27) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre.

Samples and Referencing. Regular NMR samples in CDCl,
were referenced to TMS (4. and &y 0 ppm). Samples of Grignard
reagent were measured in solvent mixtures of nondeuterated solvents
(THF, Et,0, toluene) with C,D; added for lacking or in selected
cases prepared and measured in fully deuterated solvent ((Dg)-THE).
Naphthalene was usually added as internal standard. In view of the
special media containing dissolved magnesium salts and organo-
metallic species at high concentration, the usual practice of
referencing to residual solvent signal is not advisable, since the
solvent chemical shift is affected by the dissolved salts. In the majority
of cases, external (machine) referencing was kept. For the key
analytical samples, the chemical shift of typical components
(naphthalene) and solvents is indicated to allow for comparability.

NMR Data Tables (Supporting Information) and CH Index. The
substance NMR data tables list *C NMR peak chemical shifts
together with peak area integration data (arbitrary units). The values
were obtained by deconvolutive peak fitting. Peak area is also
provided as “CH-index” value, i.e,, as a dimensionless number relative
to the average peak area of all CH signals (set to 1.000). The index
numbers are close to 1 for CH, CH, and CHj; peaks but <I for
quaternary carbons. The CH-index data is useful for assigning
individual signals to peak sets of specific components (at variable
abundance) in complex mixtures such as Grignard reagent 1.

1-Methoxy-4-(Ds-methoxy)-benzene. This deuterated compound
was used as internal standard for "H NMR spectroscopy. Due to its
volatility, applications are restricted to conditions that do not invelve
solvent evaporation or prolonged heating. Synthesis: To a solution of
4-methoxyphenol (3.29 g, 26.5 mmol, 1.00 equiv) in DMF (20 mL)
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were added powdered K,CO, (6.23 g, 45.1 mmol, 1.70 equiv) and
CD,I (5.00 g, 34.5 mmol, 1.30 equiv). The suspension was stirred at
room temperature for 26 h. The reaction was quenched by addition of
a water/brine mixture (1:1, 30 mL). After extraction with ethyl
acetate (3 X 20 mL}), the combined organic phases were washed with
water—brine (1:1, 4 X 20 mL) and dried over MgSO,. After filtration,
the solvent was removed by rotary evaporation, and the crude product
was purified by column chromatography (hexanes—EtOAc 20:1) to
give 3.20 g (86%) colorless crystalline solid. Spectral data ('H,
*H{'H} and "*C NMR) conformed with literature values.”” '"H NMR
(400 MHz, CDCl): § 3.76 (s, 3H), 6.83 (s, 4H). *C NMR (101
MHz, CDCL,): § 5.0 (sept, Jop = 22 Hz; CDy), 55.9 (CH,), 114.8
(CH), 114.8 (CH), 153.9 (2 C). *H{'H} NMR (61 MHz, CH,CL;
S{CHDCL} = 5.32): 6 3.72 (s, 3 D).

Synthesis of Menthyl Grignard Reagent in THF (1). General
Procedure 1 (GP1). In a 250 mL Schlenk vessel, magnesium turnings
(4.99 g, 205.5 mmol, 1.37 equiv) were covered with dry THF (35
mL) and heated to 50 °C in an oil bath. A solution of menthyl
chloride (98% 2+3; 26.74 g, 150.0 mmol, 1 equiv) in THF (65 mL)
was placed into a dropping funnel and mounted on the reaction
vessel. Two crystals of iodine and 1/10 of the volume of the menthyl
chloride solution were added to the magnesium. After the reaction
had initiated, the oil bath heating was shut off. The remaining solution
of 2 was added to the stirred Mg suspension over 45 min, such that
the oil bath temperature did not exceed 60 °C. After completion of
the addition, the reaction mixture was stirred for 2 h at 70 °C and
then cooled to room temperature. Content of active RMgX: 1.02 M
by titration.

Synthesis of Menthyl Grignard Reagent (1) from Menthy!
Chloride in THF—Toluene at 70 °C. In a Schlenk vessel under argon,
magnesium turnings (12.5 g, $14 mmol) were covered with THF (25
mL) and toluene (50 mL). A little iodine was added and the mixture
heated with stirring to 70 °C in an oil bath. A solution of menthyl
chloride (2; 97% isomeric purity; 49.5 g, 283 mmol) in THF (25 mL)
was added dropwise over 1 h with control of the external oil bath
reaction temperature. After completion of the addition, the mixture
was stirred for 2 h at 70 °C, cooled to rt, and stirred overnight.
Titration indicated a concentration of active [RMgX] of 1.43 + 0.1
mol/L.

Analytical Scale Synthesis of Menthyl Grignard Reagent.
General Procedure 2 (GP2). Menthyl chloride (1; 0.92-0.96 g,
5.3-5.5 mmol, 1.0 equiv) was dissolved in the solvent (1.0 mL for
high concentration conditions, 20 mL for low concentration).
Magnesium turnings (0.25 g 1.9 equiv) and a grain of iodine were
stirred in the given solvent (1.0 mL for high concentration conditions,
3.0 mL for low concentration) and heated to the required
temperature. For experiments in THF—toluene, 1 was dissolved in
THE (1 mL), and the reaction vessel was filled with THF (1.0 mL)
and toluene (2.0 mL). An aliquot of the solution of 1 was added to
initiate the reaction. After the reaction had started, the solution of 1
was added over 10 min. Reactions at room temperature were stirred
overnight unless otherwise mentioned, reactions at 50 °C for 2 h, and
reactions at 70 °C for 1 h. After cooling of the Grignard reagent to rt,
a weighed amount of naphthalene was added as internal standard, and
samples for analysis were removed.

NMR Analysis of Analytical-5cale Menthyl Grignard Samples.
For recording 'H and ¥C NMR spectra, a sample (ca. 0.5 mL) of the
Grignard solution was filled into a septum-capped NMR tube under
argon, and dry C¢Dy (ca. 0.2 mL) was added for locking.

°H NMR Anaiysis of the 1a/b Ratio (Simplified Procedure, Table
1). To record a “H NMR spectrum, a sample of the Grignard solution
was quenched by addition of degassed D,0. The water phase was
acidified with HCI aq and extracted with CHCl;. The organic layer
was washed with H,O and brine and dried over MgSO,.

Specific Menthyl Grignard Samples for NMR Analysis.
Menthyl Grignard reagent in THF for NMR analysis with C;D;
addition (sample A). The sample was prepared as usual from menthyl
chloride (5.72 mmol, 97% purity) and Mg (6.71 mmol) in THF (2.5
mL) at rt with initial addition of iodine and ethylene bromide for
activation. Naphthalene (110.1 mg, internal standard) was dissolved
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in the reagent. A sample of reagent (0.30 mL) and C,Dy (0.30 mL)
were combined in an NMR tube. External referencing placed the
signals for THF at 8¢ 25.300, 68.305; for C¢Dyg at 8¢ 127.660; and for
naphthalene at 8¢ 125.699, 127.798, 133.633; the values are indicated
with higher precision since they serve referencing purposes.

Menthyl Grignard reagent in (Dg)-THF (sample B). The sample
was prepared following GP2, starting from menthyl chloride (5.435
mmol, 93.7% MenCl, 2.5% NmnCl), Mg (10.3 mmol) and 1,2-
dibromoethane (ca. 50 uL) in (Dy)-THF (50 mL) at 70 °C.
Naphthalene (105.8 mg, internal standard) was dissolved in the final
reagent. A sample of 0.50 mL was combined with 0.10 mL of C4Dy in
an NMR tube. See Figure 1 for the "H NMR spectrum. External
referencing placed the residual signals of (D;)-THF at &y 1.764,
3.682; silicon grease at &y 0.11; solvent (Dg)-THF at 5. 24.509,
67.135, and naphthalene at 6~ 125.788, 127.847, 133.803.

Synthesis of Grignard Reagent from Neomenthyl Chloride in
(Dg)-THF (Sample C). A Grignard reagent was prepared from
neomenthyl chloride (5.44 mmol, 97% purity), Mg (10.3 mmol),
ethylene bromide (ca. S0 yL), and ethyl bromide (ca. 50 pL) in (Dy)-
THF (5.0 mL) at rt with overnight stirring for completion of the
reaction. A sample of reagent (0.60 mL) was combined with
naphthalene (34.5 mg, internal standard) in an NMR tube. External
referencing placed the solvent signal of (Dy)-THF at §: 24.299,
67.178 and naphthalene at §: 125.627, 127.679, 133.585.

Synthesis of Menthy! Grignard Reagent in Ethyl Ether (Sample
D). The Grignard reagent was prepared from menthyl chloride (5.34
mmol, 93.7% MenCl, 2.5% NmnCl) and Mg (10.4 mmol)} in Et,0
(5.0 mL) at 40 °C. After dissolution of naphthalene (107.2 mg,
internal standard), a sample (0.50 mL) was combined with C/D;
(0.10 mL) in an NMR tube. External referencing placed the solvent
signals of Et,0O at 8- 14.709, 65.371; of CiDy at & 127.518; and of
napthalene at 8. 125.521, 127.682, 133.586.

Analysis of RMgX Content of Menthyl Grignard Reagent. By
Titration against Salicylaldehyde Phenylhydrazone.™ In a 10 mL
Schlenk tube, salicylaldehyde phenylhydrazone (100 mg, 471 gmol)
was dissolved in THF (3.0 mL). Grignard solution was added
dropwise from a filled syringe (1 mL, 0.01 mL graded) until the
solution changed its color from yellow to orange. The titration was
repeated at least once.

By Quantitative *H{'H} NMR Spectroscopy. Grignard solution
(0.50 mL) was added with efficient magnetic stirring to a 10 mL
Schlenk tube containing D,O (1 mL). After 15 min, ag HCI (2 M, 10
mL) was added. The mixture was extracted with CHCI, (2 X 15 mL).
The combined organic phase was washed with water (3 x 10 mL) and
satd aq NaCl (15 mL) and dried over MgSQ,. After filtration, the
solvent was evaporated (40 °C, 450 mbar) until a few milliliters
remained, C¢Dg (10.0 L) or a weighed quantity of p-(CD,0)-
CH,;OCH, was added, and a sample was removed for “H{'H} NMR
analysis.

Analysis of the Mg Content of Menthy! Grignard Reagent. Total
magnesium was determined by adding a known volume of the
Grignard solution (0.5—1 mL) to 1 M aq HCI (ca. $ mL) with stirring
until solids were fully dissolved. After dilution to 20.00 mL, aliquots of
5.00 mL were removed for titration, Each sample was basified with 3—
4 mL of pH 10 buffer (ca. 6 M, NH;—NH,Cl). A few milligrams of
eriochrome black T (ground to a powder with solid NaCl in a 1:100
ratio) was added, and the solution was titrated against Na,EDTA (0.1
M, § mL microburet).*®

Isolation of trans-p-Menthane (4) and Bimenthyl Isomer
Mixture (13/14/15) from Menthyl Grignard Reagent (1). A
menthyl Grignard reagent (ca. 60 mL, 1 M) prepared from crude 2
(809% purity) was quenched with satd aqg NH,CI (50 mL) and 1 M
HCl aq (50 mL). After addition of Et,O (50 mL) and transfer into a
funnel, the phases were separated, and the organic phase washed with
1 M HCl aq (2x) and water (2x). The organic phase was evaporated
and the residual oil distilled in vacuo (bath 60—70 °C, vapor 38—45
°C, vacuum 8 mbar) to remove the menthane,/ menthene fraction (see
below for further processing). The residual yellowish oil was
transferred into a separatory funnel with hexanes (40 mL) and the
solution washed with concd H,SO, (4 x 10 mL); the first washing
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was accompanied by warming and was completed within 20 s,
immediately removing the lower acidic layer. Finally, the organic layer
was washed with 10% aq NH; (CAUTION: exothermic reaction with
H,S80, residues in the funnel) and filtered over a bead of MgSQ,.
After evaporation, a few mL of a colorless liquid remained, which was
distilled in a Kugelrohr oven (170 °C, ca. 0.1 mbar) to give a colorless
oil (ca. 2.0 g), consisting of 13/14/15 in a ratio of 38.6:45.1:16.3. See
the Supporting Information for a complete 'H and '*C NMR analysis
and assignment. The menthane/menthene fraction was similarly
diluted with hexanes, washed with concd H,50,, and distilled (59—60
°C, 24.3 mbar) to give a mixture of trans-p-menthane (4) and y-
menthane (16) in a ratio of 96:4; see the Supporting Information for
spectral analyses.

Symmetrical Bimenthyl or (1R,1'R,25,2'5,5R,5'R)-2,2'-Diiso-
propyl-5,5'-dimethyl-1,1"-bi(cyclohexane) (13). Upon standing
of the above bimenthyl diastereomer mixture, the symmetric
bimenthyl (13) crystallized over several days (Figure $20); one
crystal was used for the X-ray crystal structure analysis. The liquid
fraction was removed with a pipet (1.60 g; 13/14/15
23.5:56.1:20.4) and the solid was pressed between tissue paper to
remove liquid. Recrystallization from hot EtOH with addition of
toluene for solubilization, followed by standing at rt gave colorless
crystals (240 mg). Mp: 105.6—1062 °C. *C NMR (100 MHz,
CDC13): 515.4,21.9, 23.1, 24.8, 25.3, 33.2, 34.7, 35.6, 37.9, 43.7; see
the Supporting Information for comprehensive 'H and '*C NMR data
and assignments. HR-EI-MS: caled for CyH;s™ ([M]?) 278.2968,
found 278.2972.

Carboxylation of 1 under Different Addition Modes
(Scheme 4). Addition of Solid CO, to Grignard Solution at
Ambient Temperature. Preparation of the Grignard reagent: Menthyl
chloride (3.68 g, 21.1 mmol) in THF (4 mL) was added dropwise
over 10 min to iodine-activated magnesium turnings (1.05 g, 43.2
mmol) in THF (4 mL) at S0 °C. After being stirred for 2 h at 50 °C,
the reaction mixture was stirred overnight at ambient temperature.
Titration against salicylaldehyde phenylhydrazone indicated a
concentration of active reagent of 1.36 mol/L. A Schlenk vessel was
charged with Grignard reagent (4 mL, 5.44 mmol) under argon and
placed in a room-temperature water bath. Pieces of dry ice (CO, (s))
were added consecutively to the stirred solution such that a constant
CO, evolution was notable (silicon oil bubbler). The reaction mixture
became viscous over time. After 2 h, the reaction was quenched by
addition of aq 1 M HCI (10 mL). The organic phase was collected,
and the aqueous phase was extracted with E,O (10 mL). The
combined organic phase was extracted three times with aq 2 M
NaOH (3 x 30 mL). The aqueous extract was acidified with aq 6 M
HCl to pH 2 and the mixture extracted three times with Et,0 (3 x 30
mL). The combined organic extracts were washed with satd NaCl aq
(40 mL) and dried over MgSO,. Filtration and evaporation in vacuo
gave colorless oil (724 mg, 72.4% crude yield). The composition was
determined by adding 1,1,2,2-tetrachloroethane (317 mg, 1.89 mmol)
and CDCl, (1.4 mL) to the mixture, followed by recording of a
quantitative "H NMR (d1 = 20 s). Analysis: 60.24 mol % of 19, 7.57
mol % of 20, combined = 67.8% (see Figure $23 for the spectrum).

Addition of Grignard Solution to Excess CO, in THF Solution at
Low Temperature. In a Schlenk vessel under argon, THF (6 mL) was
cooled to =72 °C in an EtOH—CO, (s) bath. Pieces of dry ice (CO,
(s); ca. 4 g) were added to the THF, and the bath temperature was
increased to —20 °C. Menthyl Grignard reagent (as above; 5 mL, 6.80
mmol) was added dropwise to the CO, solution over 20 min. The
reaction was stirred for 2 h at =20 °C, with some more additions of
CO, (s) to ascertain a constant gas evolution through the silicon oil
bubbler vent. The reaction was then quenched at —20 °C by addition
of ag 1 M HCI (15 mL). Workup as above gave a colorless oil (783
mg, 62.6% crude yield), which was analyzed by 'H NMR after
addition of 1,1,2,2-tetrachloroethane (300 mg, 1.79 mmol) and
CDCly (1.4 mL). Analysis: 55.9 mol % of 19, 2.8 mol % of 20,
combined: 58.7% (see Figure $24 for the spectrum).

Selected Analytical *C NMR Data for Carboxylic Acids.
Complete NMR data assignments for menthyl- and neomenthylcar-
boxylic acids 19/20 have been published.*" The *C NMR chemical
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shifts for stereo- and regioisomeric carboxylic acids from the current
work are listed below. The data sets have been extracted from
carboxylation mixtures, and acids 21 and 23 were only detected as
minor I:Dmpcments.

Menthylcarboxylic acid (19). *C NMR (100 MHz, CDCL): §
16.0, 213, 22.3, 23.8, 29.3, 32.0, 34.5, 38.8, 44.2, 47.7, 183.3.

Neomenthylcarboxylic Acid (20). *C NMR (100 MHz, CDCI,):
& 21.3 (overl), 21.5, 22.4, 25.5, 27.5, 30.3, 35.3, 38.0, 42.0, 46.4,
182.2. The following acids have been detected as minor components
in the carboxylation products of Grignard reagents from crude
menthyl chloride isomer mixtures. tert-y~-Menthanecarboxylic Acid
(21). BC NMR (75.5§ MHz, CDCL): 6 21.0, 25.7% (or 2 X CH,?),
(29.1%2), 33.0, 33.5, 34.2, 37.5, 42.3, 43.8, 47.3, 184.7%. Due to signal
overlap, it is not clear if § 25.7 corresponds to 2 X CH,, and § 29.1
might be an artifact. sec--Menthanecarboxylic Acid (23). '*C NMR
(100 MHz, CDCly), two diastereomers: § 18.3/18.1, 20.84/20.78,
2151 (overl)/21.47, 29.1/29.0, 29.62/29.60, 33.3/33.2, 34.3/34.0,
40.1/39.9, 40.5/40.3, 57.54/57.49, 181.8/181.7.

Ethyl 2-((1R,25,5R)-2-1sopropyl-5-methylcyclohexane-
carboxamido)acetate (22). Carboxylation of Grignard Reagent
1. A ca. 1 M Grignard reagent 1 derived from 75% pure menthyl
chloride isomer mixture (containing regioisomeric chloromenthanes,
see ref 29) and magnesium in THE (70 mL, =70 mmol) was
combined with a piece of dry CO, (s) (ca. 4 g) with stirring. The
mixture first warmed, and then cooled again. After the CO, (g)
evolution had ceased, the mixture was carefully quenched with 2 M
HCl aq (100 mL) in small portions and Et,O (200 mL). The organic
phase was washed with 2 M HCl aq (50 mL) and water (3 X 50 mL).
The organic phase was extracted with 1 M Na,CO; aq (100 mL + 2 X
50 mL). The combined basic aqueous phase was extracted with Et,0
(2 x 50 mL) and acidified with coned HCl aq (25 mL; CO,
evolution). Extraction with Et;O (3 % 50 mL), drying of the organic
extract (Na,SO,), filtration, and evaporation gave 8.34 g of crude
viscous oil, which was used in the next step. According to 'H NMR
analysis, the crude product contained the carboxylic acids 19/20/21
in a molar ratio of 100:5.2:24.2,

Coupling with Ethyl Glycinate (Adapted from ref 69b). The
crude carboxylic acid mixture (8.34 g, ca. 45 mmol) in CH,Cl, (25
mL) was combined with SOCl, (5.0 mL, 69 mmol) and DMF (5
drops) and stirred for 2 h at 50 °C, while developing acidic exhaust
gases were absorbed into water. Volatiles were then removed at 50 °C
into a cooling trap using water aspiration vacuum (12 mbar). The
residue was taken up in toluene (5 mL), and volatiles were again
evaporated at 75 °C in vacuo (12 mbar). The residual crude acid
chloride was taken up in Et,0 (80 mL) and this solution was added to
a solution of ethyl glycinate hydrochloride (10.0 g 71.6 mmol) in
water (100 mL). Solid NaHCO, (16.0 g, 190 mmol) was added in
portions (CO, evolution) to the two-phase mixture, which was further
stirred overnight (15 h) at rt. The aqueous phase was deployed, and
the organic phase washed with satd ag NaHCO; and satd aq NaClL
After drying (Na,§0,), filtration, and evaporation, the oily residue,
which had an amine smell, was taken up in EtOAc and washed with 2
M HCI aq (2X) and water (2x). After evaporation to dryness, a
viscous oil was obtained, which crystallized over the course of 2 days
and consisted of a mixture of product together with the neomenthyl
and tert-y~menthyl isomers (78.3:3.9:17.8, by 'H NMR). The
material was dissolved in hot hexanes (50 mL) and stored at —20
°C to produce colorless crystals of pure material (3.0 g, 25%) also
suitable for X-ray crystal structure analysis. Mp: 80.5-81.4 °C. 'H
NMR (400 MHz, CDCL,): & 0.79 (d, JJ(H,H) = 69 Hz, 3 H; Me of
2'-iPr), 0.89 (d, JJ(H,H) = 6.5 Hz, 3 H; Me-C5'), 0.90 (d, YJ(HH) =
6.9 Hz, 3 H; Me’ of 2'-iPr), 0.96 (m, 1 H; H-4"), 1.02 (m, 1 H; H-3"),
1.23 (q, *J(HH) =~ 124 Hz, 1 H; H6' ax), 1.29 (t, J(HH) = 7.2
Hz, 3 H; Me of OEt), 1.31—1.42 (m, H-5"), 1.54 (tt, J(HH) = 11.5,
2.9 Hz, H-2") 1.65—1.77 (m, 3 H; H-3' at & 1.68, H-4' at 6 1.73, CH
of 2-iPr at § 1.74), 1.81 (dq, J(H,H) = 12.7, *J(H,H) = 2.3 Hz, 1H;
H-6" eq), 2.10 (td, *J(H,H) = 11.6, 3.4 Hz, 1 H; H-1'), 4.04 (y~d,
J(HH) = 5.2 Hz, 2 H; H-2 of Gly), 422 (g, J(H,H) = 7.2 Hz, 2 H;
CH, of OFt), 5.97 (br. t, YJ(H,H) = 5.2 Hz, 1 NH). *C NMR (100
MHz, CDCI3): 8 14.2, 16.2, 21.5, 22.4, 23.9, 28.7, 32.4, 34.7, 39.5,
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41.3,44.4, 49.6, 61.5, 170.3, 176.1; see the Supporting Information for
comprehensive assignments. HR-ESI-MS: caled for CjsH,sNO," ([M
+ HJ*) 270.2064, found 270.2063.

Equilibration Studies with Menthyl Grignard Reagent.
Equilibrium Composition of Menthyl Grignard Reagent at Various
Temperatures. A 10 mL Schlenk tube was charged with Grignard
reagent (2.94 mL, 1.02 M in THEF, 3.00 mmol). The solution was
stirred for 3 h at 50 °C and another 3 h at 70 °C. Samples (ca. 0.5
mL) were taken at the outset, after 3 h at 50 °C, and after 3 h at 70
°C. The D;0O quenching analysis was performed according to GP 4
(see below). A room-temperature sample was measured after storing
reagent 1 for several weeks at ambient temperature. Recovery may be
measured by adding p-C4H,(OMe)(OCD;) to the thermally
equilibrated Grignard solution prior to quenching. Erratic results
(overly high recovery) were obtained if the internal standard was
added to hot Grignard solutions for kinetic measurements. Thus, the
latter had to rely on the ratio 1a/1b (ie., (D,)-4a/4b).

Kinetic Resolution of 1a/b with Carbon Dioxide. General
Procedure 3 (GP3). A 20 mL Schlenk tube was charged with THF
(2 mL) and cooled to —78 °C. CO, (ca. 2.0 g) was added, and the
tube was closed with a septum and balloon. Then Grignard solution
(5.88 mL, 1.02 M in THEF, 6.00 mmol) was added dropwise over 10
min, and the resulting mixture was stirred for 1 h at =78 °C.
Unreacted CO, was removed by applying a high vacuum (15 min at
—78 °C) to give a solution of neomenthylmagnesium carboxylate 1b'
(>99:1 neomenthyl/menthyl-Mg) as indicated by *H NMR after D,0
quench (GP4).

D,0 Quenching of Grignard Carboxylate Solutions. General
Procedure 4 (GP4). A sample (~0.5 mL) of the Grignard solution
(GP3) was mixed with D,O (1 mL) and stirred vigorously for 15 min
at room temperature under argon. Then 2 M HCI (10 mL) was added
followed by extraction with CH,CL, (2 X 15 mL). The combined
organic phases were washed with satd Na,CO; (3 % 15 mL) and
brine (10 mL) and dried over MgSO,. After filtration, the solvent was
evaporated until a few milliliters remained (750 mbar, 40 “C), which
were analyzed by *H{'H} NMR analysis.

Kinetic Equilibration Studies of Neomenthylmagnesium Men-
thylcarboxylate. Solutions of neomenthylmagnesium menthylcarbox-
ylate (1b') were prepared by the GP3 as described above. The
reaction vessel was placed into an oil-bath at the desired temperature.
In regular intervals, samples (~0.5 mL) were removed and quenched
according to the GP4 to determine the diastereomeric ratio. For data
points and plots, see Tables 518 and S19 and Figure S25.

Menthyl/Neomenthy! Epimerization of 1 after Addition of
Lithium Carboxylates. Equilibrium Epimer Distribution in the
Presence of Carboxylates. The procedure is exemplified with
mesitoic acid (2,4,6-trimethylbenzoic acid): Lithium mesitoate was
generated from mesitoic acid (82.1 mg, 0.50 mmol; 1 equiv) in the
presence of a trace amount of phenanthroline (basicity indicator) in
THEF (3 mL) by titration with n-BuLi in hexanes (1.6 M; ca. 0.33 mL
required). Grignard solution 1 (0.49 mL; 1.02 M in THF, 0.50 mmol,
1 equiv) was added at rt. The mixture was heated to 60 °C and stirred
for 24 h. Internal standard (pMeOC H,OCD;: 35.3 mg) was added
and the mixture quenched with D,O (§ mL) and stirred for 15 min
under argon. The mixture was acidified with 2 M HCl aq (10 mL)
and extracted with CH,Cl, (2 X 15 mL). The combined organic
phase was washed with water (15 mL) and brine (15 mL) and dried
over MgSO,. After filtration, the solvent was carefully concentrated in
vacuo (750 mbar, 40 °C) to a few milliliters, which were used for
*H{'H} NMR analysis. The ratio Men/Nmn was 46.8/53.2, and the
recovery of [RMg] (as sum of (D,)-4 and (D,)-16) was 489 umol (=
98%).

Kinetic Experiment with Lithium Pivalate. Pivalic acid (112.3 mg,
1.10 mmol) and a few crystals of phenanthroline (basicity indicator)
in dry THF (3.0 mL) were titrated with n-BuLi solution (1.6 M in
hexane; ca. 0.74 mL) until the color turned from yellow to brownish.
Additional THF (2.0 mL) and a solution of menthyl Grignard reagent
1 (0.98 mL, 1 mmol; equilibrated at rt) were added at rt. The vessel
was placed into an oil bath at 70 °C, and samples were removed after
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the indicated time for quenching with D,O (GP4). See Figure 525
and Tables S19 and 20 for the kinetic data and analysis.

Analytical Studies of Reactions of 1 with Electrophiles
(Table 2). Reaction of 1 with CO, (Table 2, Entry 1). A 20 mL
Schlenk tube was charged with THF (1 mL) and cooled to —78 °C.
CO, (ca. 1.5 g) was added, and the tube was closed with a septum
and balloon. Then Grignard solution (2.94 mL, 1.02 M in THF, 3.00
mmol) was added dropwise over 7 min, and the resulting mixture was
stirred for 1 h at —78 °C. The cooling bath was removed, and D,0 (4
mL) was added carefully in portions. After the solution was stirred for
15 min at room temperature, 2 M HCI (10 mL) was added followed
by extraction with CH,Cl, (2 % 15 mL). The combined organic
phases were washed with satd NaHCO; (3 X 15 mL, removal of
carboxylic acids) and brine (10 mL) and dried over MgSO,. After
filtration, the solvent was evaporated until few milliliters remained,
CeDg (20.0 pL) was added, and a sample was taken for the "H NMR
(no NMR solvent). The combined NaHCO, phases were acidified
with 2 M HCI and extracted with ethyl acetate (4 x 20 mL). After
drying over Na,SO, and filtration, the solvent was evaporated to give
a colorless oil. It was dissolved in CHCl; (1.5 mL), and 1,1,2,2-
tetrachloroethane was added as internal standard for 'H gNMR.

Reactions of 1 with protic Acids H,0 or ROH (Table 2, Entries 2—
5). A 10 mL Schlenk tube was charged with Grignard solution (1;
0.98 mL, 1.02 M in THF, 1.00 mmol) and cooled to =78 °C (if the
mixture gets too viscous, dilution with a little THF is recommended).
In reactions with water, H,O was added as 1 M stem solution in THF
(250/500 pL); in reactions with alcohols, a solution of the alcohol
(500 gmol) in THF (0.5 mL) was added. The mixture was stirred for
1 h at =78 °C, the cooling bath was removed, and the reaction was
stirred for 30 min at room temperature. The mixture was placed in an
ice bath, quenched by addition of D,O (2 mL), and stirred vigorously
for 15 min at room temperature. A weighed amount of internal
standard 1-methoxy-4-(D;-methoxy)benzene and aq HCI (2 M, 10
mL) was added. After extraction with CH,Cl, (2 X 15 mL), the
combined organic phases were washed with water (15 mL) and satd
aq NaCl (15 mL) and dried over MgSO,. The solvent was evaporated
(40 °C, 750 mbar) until few milliliters remained, and a sample was
removed for “H{'"H} NMR analysis.

Reaction of 1 with Phosphorus Electrophiles (Table 2, Entries 6—
9). A solution of the corresponding phosphorus electrophile in THF
was cooled (0 or —78 °C) and the Grignard solution (1.02 M) added
dropwise over 10 min. The resulting suspension was stirred for the
specified time at the indicated temperature followed by appropriate
workup.

Reaction of 1 with Ph,PCl and Isolation of MenPOPh, (27). The
mixture was placed in an ice bath, quenched by addition of D,0O (2
mL), and stirred vigorously for 15 min at room temperature. After
addition of aq HCI (2 M, 10 mL) and extraction with CH,Cl, (2 x 15
mL), the combined organic phases were washed with water (15 mL)
and satd aq NaCl (15 mL) and dried over Na,SO,. The solvent was
evaporated (40 °C, 750 mbar) until few mL remained, a weighed
amount of internal standard 1-methoxy-4-(D;-methoxy)benzene was
added, and a sample was removed for *H{'H} NMR and 'H gNMR
analysis, which revealed the presence of 72% of MenP(O)Ph, (27).
Isolation of the main product was performed by column
chromatography (CH,Cl,—MeOH 50:1) and subsequent recrystalli-
zation of the combined product fractions from hexanes—EtOAc (5:1)
to give colorless solid (121 mg, 36%; not optimized).

Data for P-Menthyldiphenylphosphine P-Oxide (27). Crystals
suitable for X-ray crystal structure analysis were grown by slow
evaporation (open flask) of solvent from the mother liquor. "H NMR
(400 MHz, CDCL,): 6 0.48 (d, ] = 6.7 Hz, 3H), 0.77 (d, ] = 6.4 Hz, 3
H), 0.78 (d, ] = 6.8, 3 H), 0.84—0.96 (m, 1 H), 1.04—1.16 (m, 2 H),
1.26—1.39 (m, 1 H), 1.48—1.55 (m, 1 H), 1.66—1.82 (m, 3 H), 1.99
(sept, ] & 6.1 Hz, 1 H), 2.31=2.40 (m, 1 H), 7.41-7.50 (m, 6 H),
7.74—7.89 (m, 4 H). *C NMR (101 MHz, C,Dg): & 160 (CH,),
21.9 (CH,), 22.7 (CHy), 25.2 (d, J(P,C) = 12.0 Hz), 28.5 (d, J(P,C)
= 3.4 Hz), 33.7 (4, J(P,C) = 13.5 Hz), 34.7 (d, J(P,C) = 1.5 Hz), 36.6
(d, J(P,C) = 2.0 Hz), 39.6 (d, J(P,C) = 70.6 Hz), 43.8 (d, J(P,C) =
3.1 Hz), 128.5 (d, J(P,C) = 0.5 Hz), 128.6 (d, J(P,C) = 0.5 Hz),
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130.7 (d, J(P,C) = 8.5 Hz), 130.81 (d, J(P,C) = 2.7 Hz), 130.82 (d,
J(P,C) = 2.7 Hz), 131.4 (d, J(P,C) = 8.1 Hz), 135.3 (d, J(P,C) = 92.4
Hz), 137.3 (d, J(P,C) = 90.0 Hz). *'P NMR (126 MHz, CDCl,): &
33.7.

Reaction of 1 with Excess PCl; The reaction was quenched by
addition of 1 M HCI (5 mL} at 0 °C (ice bath) followed by vigorous
stirring for 30 min at 0 °C. The mixture was extracted with EtOAc (2
% 15 mL), and the organic phase washed with brine (2 X 5 mL) and
evaporated. The residue was dissolved in CDCly; 1,1,2,2-tetrachloro-
ethane was added as internal standard for '"H qNMR.

Data for Menthylphosphinic Acid (25). '"H NMR (400 MHz,
CDCL): 60.78-1.11 (m, 3 H), 0.84 (d, ] = 6.8 Hz, 3 H), 0.93 (d, ] =
6.7 He, 3 H), 0.95 (d, J = 7.1 He, 3 H), 1.28—1.41 (m, 1 H), 1.53—
1.64 (m, 1 H), 1.67—1.80 (m, 3 H), 1.92—2.01 (m, 1 H), 2.21 (sept X
d, J=68,28Hz 1H),7.12 (d, 'J(P,H) = 536.7 Hz, 1 H), 11.51 (br.
s, 1 H, OH). *C NMR (126 MHz, CDCl,): & 15.5, 21.5, 22.5, 24.3
(d, J(P,C) = 14.2 Hz), 282 (br), 32,0, 32.7 (d, J(P,C) = 15.4 Hz),
34.4,39.5 (d, J(P,C) = 95.5 Hz), 42.3. *'P NMR (162 MHz, CDCL, ):
& 41.0 (MenPO,H,), 36.5 (NmnPO,H,).

Reaction with Limiting PCl;. The mixture was quenched by
addition of D,O (4 mL) at rt, followed by vigorous stirring for 15
min. Then 2 M HCI (3 mL, degassed by bubbling with argon for 1
min) was added. After stirring for 3 h at room temperature, the
mixture was extracted with diethyl ether (2 X 15 mL), the organic
phase washed with 1 M HCI (3 % 10 mL) and brine (15 mL) and
dried over MgSO,. After filtration, the solvent was evaporated (40 °C,
500 mbar) and the residue dissolved in a little CH,Cl, (ca. 3 mL).
After addition of naphthalene and CgD; as internal standards, a
sample for ’H NMR was removed; from the remainder, CH,Cl, was
carefully removed (40 °C, 500 mbar), and a "H qQNMR spectrum was
measured in CDCl;.

Dimenthylphosphine Oxide or Bis((1R,25,5R)-2-isopropyl-5-
methylcyclohexyl)phosphine Oxide (7). Synthesis from Purified
97% Menthy! Chloride. All steps prior to hydrolytic workup were
performed under argon. A Grignard reagent was prepared from
menthyl chloride (2; 97% isomeric purity; 49.5 g 283 mmol) in THF
(25 mL) by dropwise addition at 70 °C over 1 h to iodine activated
magnesium turnings (12.5 g 514 mmol) in THF (25 mL) and
toluene (50 mL). The mixture was stirred for another 2 h at 70 °C,
cooled to rt, and stirred overnight. Titration indicated a concentration
of active RMgX of 1.43 + 0.1 mol/L. The Grignard solution was
transferred through PTFE tubing and dropped into a stirred solution
of PCly (8.12 mL, 93.1 mmol) in THF (40 mL) cooled to 0—10 °C
(ice—water bath) in a 500 mL round-bottom Schlenk flask. The rate
of addition was regulated to prevent overheating and intense stirring
was applied to keep the developing slurry homogeneous and in a state
of constant movement. A brownish crystalline residue of the Grignard
solution was dissolved in THF (10 mL) and also added to the PC,
suspension. After completion of the additions (1.5 h), the reaction
mixture was allowed to warm to 20—30 °C (0.5 h) and further heated
to 60 °C (3 h) with intense stirring. The fine, thick gray-greenish
slurry was allowed to cool to rt. After being placed into an ice bath,
the mixture was quenched by addition of E,O (100 mL) and 1 M
HCl aq (200 mL) in portions. After overnight stirring, two
homogeneous phases had formed. The mixture was transferred (in
air) into a separatory funnel. The aqueous phase was extracted with
Et,0 (1x). The combined, slightly yellow organic phase was washed
with 1 M HCl aq (2x) and sat NaCl aq (1x). The organic phase was
evaporated (10 mbar, 50 °C) to leave a viscous oil, which was
absorbed on 30 g of silica. The crude product was purified by dry
column chromatography™ in two batches, using 100 mL solvent
fractions of t-BuOMe—hexane (1:5) with increasing percentage of
HOAc from 0-3 vol % for elution (Table $23). Product fractions of
differing purity were collected separately, washed with 2 M NaOH aq
(3 % 30—100 mL), and washed with brine (1x). The organic phase
was evaporated to give the product as a colorless solid (15.2 g, 50%)
in five fractions of 90—97% purity (Table $24). A sample for analysis
was recrystallized by dissolving in a small volume of hexane and
cooling to —70 °C. Mp: 90.2-90.5 °C. IR (film): 1158, 1167 (P=
0), 1454 (CH, bend), 2304 (br, P—H), 2868, 2923, 2952 (C—H st).
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'H NMR (CDCl;, 500 MHz): 6 0.81 (d, *J(HH) = 6.9 Hz, 3 H),
0.85 (d, }J(H,H) = 6.8 Hz, 3 H), 0.93 (d, *J(H,H) = 6.6 Hz, 3 H),
0.94 (d, *J(H,H) = 7.0 Hz, 3 H), 0.95 (d, *J(H,H) = 6.1 Hz, 3 H),
0.97 (d, *J(H,H) = 6.8 He, 3 H), 0.8—1.2 (m, 5 H), 1.33—1.46 (m, 3
H), 1.53 (m, 1 H), 1.61-1.82 (m, 8 H), 1.96 (m, 1 H), 2.22 (sept X
d, J(HH) = 6.9, 2.5 Hz, 1 H), 2.64 (sept x d, *J(H,H) = 6.9, 2.8 Hz,
1 H), 6.77 (dd, 'J(P,H) = 435.5 Hz, *J(H,H) = 5.6 Hz, 1 H, P—H) .
BC{'H} NMR (CDCl, 126 MHz): § 15.5, 15.7, 215, 21.6, 22.6,
227,242 (d, J(P,C) = 11.1 Hz), 24.7 (d, J(P,C) = 12.6 Hz), 27.4 (d,
J(P,C) = 5.1 Hz), 283 (d, J(P,C) = 2.4 Hz), 32.3 (d, J(P,C) = 3.8
Hz), 32.7 (d, J(P,C) = 14.4 Hz), 32.7 (4, J(P,C) = 12.5 Hz), 34.33 (4,
J(P,C) = 1.7 Hz), 34.34, 344 (d, J(P,C) = 1.2 Hz), 36.5 (d, (P,C) =
62.0 Hz), 37.0 (d, J(P,C) = 64.6 Hz), 41.4 (d, J(P,C) = 3.5 Hz), 44.6
(d, J(P,C) = 3.0 Hz). *'P{'"H} NMR (CDCl,, 162 MHz): § 41.8. HR-
ESI-MS: caled for C,gH,OP* 327.2811 ([M + H]*), found 327.2811.
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1 General Information

1.1 Notes on the NMR data tables in the supporting information

The substance NMR data tables list '*C NMR peak chemical shifts together with peak area integration
data (arbitrary units). The values were obtained by deconvolutive peak fitting ((d)). Peak area is also
provided as "CH-index" value, i.c., as a dimensionless number relative to the average peak area of all
CH-signals (set to 1.000). The index numbers are close to 1 for CH, CHz and CH3 peaks, but <1 for
quaternary carbons. The CH-index data is useful for assigning individual peaks to peak sets of specific
components (at variable abundance) in complex mixtures such as Grignard reagent 1.

1.2 Compound numbering scheme

Figure $1. Compound numbering scheme (as used in the main text)
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2 NMR spectroscopy of menthyl Grignard reagent

2.1 'H NMR spectrum of menthyl Grignard reagent
Figure S2. Full range 500 MHz 'H NMR spectrum of 1 in (Ds)-THF (sample B)
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2.2 'H NMR spectral shape of the menthyl CHMg-region

The following represents a selection of spectral shapes of the low frequency region of the 'TH NMR
spectrum representing CHMg signals of MenMg-species. The major signal (& —0.08) is due to
MenMgCl (solvated), the higher field signal (6-0.15) to Men.Mg. Samples were externally referenced.
All samples were recorded in THF solution with C4Ds added for locking (0.5 mL or 0.3 mL Grignard
reagent in THF + 0.2 mL or 0.3 mL CgDs). Conditions used to prepare each Grignard reagent are not
listed since the spectral appearance mainly depends on secondary factors such as total concentration,
standing time, amount of activator used (i.e., halide composition and concentration), and others. As
such, the figure intends to give an overview of the variability of possible results.

Figure S3. Shape variability of the '"H NMR menthyl CHMg-signal region




2.3 HSQC spectrum of menthyl Grignard reagent in (Ds)-THF (sample B)

Figure S5. Comparison of "*C NMR (101 MHz) spectra of menthyl Grignard reagents (samples B, C, D)

Figure S4. HSQC (500 MHz, (Ds)-THF) of menthyl Grignard reagent Top: MenMgCl in (Ds)-THF. Middle: "NmnMgCI" in (Ds)-THF. Bottom: MenMgCl in Et.0 (654-43 ppm)
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Figure S5 (continued). '*C NMR (101 MHz) spectra of menthyl Grignard reagents (samples B, C, D)

Top: MenMgCl in (Ds)-THF. Middle: "NmnMgCI" in (Ds)-THF. Bottom: MenMgCl in Et:0

(532.5-24 ppm)
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3 NMR or other data of components in menthyl Grignard reagent

3.1 NMR data for organomagnesium compounds

3.1.1 Menthylmagnesium chloride (1a) Me
Only signals for the major species (assumed to be MenMgCl, 1a', disregarding
solvent coordination and aggregation) have been analyzed. The *C NMR integrati-
on data for individual peaks is not fully reliable, since some signals of 1a' overlap H MgCl
with those of related organometallics (e.g., Men:Mg) present in la, whereas other p1a"Me
signals are separated.
Figure S6. Overview of &'H) and §('*C) assignments for menthylmagnesium chloride (1a")
AC) in (Ds)-THF AH) from 2D NMR
(systematic numbering) (500 MHz, (Ds)-THF)
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Me
22.51 /fvle (Re)-Me-1-a 0.89 © (Re}-Me-1-a
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Data from sample B in (Dg)-THF. * Interchangeable assignments.
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Table $1. Assignment of "H NMR data for menthylmagnesium chloride (1a’) from 2D NMR

Pos. Type | §7C)® | &'H) by HSQC® HMBC® 1D J'H)>e

syst. DEPT | (Dg)-THF | (mult, J/Hz) SH) (mult, JHz)

2 CH 49.50 127 (t,12) 0.89 (CH3), 0.74 (CHy) > 1.98 > 1.73, 1,60, 1.22,
0.97-0.92, -0.08

6 CH2 44.93 1.98 (d, 14), 1.22 (q, 14) 0.766, -0.08 > 1.23, 1.60

4 CH, 37.66 1.76 (d, 14), 0.92(d, 14)

5 CH 37.41 1.06, 0.77 (?) -0.08

1 CH 35.92 1.70>0.89,0.72 0.74

1 CH(Mg) | 30.57 ~0.08 (1, 14) —0.08 (ddd, 13.3, 11.9, 2.9)

3 CH; 29.40 1.59, 0.88

Me-5 CHs 23.14 0.766 (d. 6) 0.766 (d, 6.4)

(Si)-Me-1" | CHg 22,51 0.89 (d, 6)

(Re)-Me-1' | CHs 16.59 0.744 (d, 6.9) 0.90

a) Grignard reagent (sample B) prepared and measured in (Ds)-THF at 101 MHz. (Ir) = long-range. b) Grignard reagent
(sample B) in (Dg)-THF at 500 MHz. c) Values from 'H NMR spectrum. * Interchangeable assignments.

Table S§2. *C NMR data for menthylmagnesium chloride (1a') in menthyl Grignard reagent

Pos. Type &1cp Jde | Idxre | ZBC) | fid)ee | ldxed | §RC)F | [(d)o! ldxs!
DEPT (Dg)-THF THF Et;O

2 CH 49.50 88.1 1.068 | 49.58 92.8 1.020 |49.15 |86.43 | 0.968
6 CH; 44.93 83.3 1010 | 44.96 93.3 1.026 | 44.14 87.14* | 0.976
4 CH; 37.66 84.3 1022 | 37.72 * * 37.39 | 9146 [ 1.025
5 CH 37.41 83.1 1.007 | 37.45 95.7 1052|3743 | 97.81 1.096
1 CH 35.92 79.6 0965 | 36.16 88.05 [0968 |3669 |86.15 | 0.965
1 CH(Mg) | 30.57 79.2 0.960 | 30.52 87.2 0.959 | 30.71 86.58 | 0.970
3 CH; 29.40 79.2 0.960 29.55 94.25 1.036 29.29 87.68 0.982
Me-5 CHs 23.14 88.7 1075 | 23.46 100.6 | 1.106 |23.16 | 9151 1.025
SiMe-1" CHs 22.51 78.0 0.945 22.74 105.5 1.160 2244 * *
feMe-1' | CHs 16.59 80.6 0977 | 16.90 95.0 1045 |1669 | 9124 | 1.022

CH 1.000 CH 1.000 CH 1.000

CH; 0.997 CH. 1.031 CH, 0.995*

CHs 0.999 CHa 1.104 CHs 1.024*

a) Grignard reagent prepared and measured in (Ds)-THF at 101 MHz. b) Peak integration by deconvolutive fitting ("d");

arbitrary units. ¢) "CH-Index", peak integral relative to the average of all CH-signals. d) Grignard reagent (sample A) prepared
in THF, measured with addition of CsDs and naphthalene (int. standard) at 101 MHz. f) Grignard reagent (sample D) prepared

in Et20, measured with added CgDs. * Data not accessible or less accurate due to peak overlap.
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3.1.2 Neomenthylmagnesium chloride (1b)

=" "MgCl
A~
Me”™ "Me
Figure S7. &'H) and &'°C) assignments for neomenthylmagnesium chloride (1b')
13C) in (Dg)-THF &H) from 2D NMR
(systematic numbering) (500 MHz, (Dg)-THF)
2327 | Mecs ot e Megs
ax 43 H, 1.97 eq
4449 oa 168 H ;H
ax 083 H=T% Ey—=H 1.33 ax
30.92 1.028%
. [ |_=H 064 =
“MgCl B P
0.80 H 3 "MgCl
ax
1.26 yeax
(SitieTa (Re)-Me-1-b
S T
22.05° 21.14" M/\ e
e’ Me
0.89* 0.88"

Data from sample B in (Dg)-THF. * Interchangeable assignments.

Table S3. Assignment of 'H NMR data for neomenthylmagnesium chloride (1b')

Pos. Type &'3C) &'H) by HSQC® HMBC® 1D &'H) and COSY*
DEPT THF (mult, J/Hz)

2 CH 52.81 1.02 0.88 > 1.97 > 1.81, 1.69, 1.35, 1.27, 1.09-1.01, 0.64

6 CHz 44.49 1.97,1.33

4 CH; 37.70 1.68 (d, 14), 0.83(d, 12)

1 CH 35.45 1.26 (sept?) >0.89 (Ir)

5 CH 35.30 1.32 > 0.82 (Ir), 1.68 (Ir)

3 CH: 33.43 0.80, 1.03 1.67 > 1.94, 1.67, 0.64, 1.27, 0.69

1 CH(Mg) 30.92 0.64 H->C: 5.2, 33.4 0.64 (m); COSY to: 1.98,

>44.5,52.8 1.81,1.35, 1.03

Me-5 CHs; 23.27 0.824 (d, 6) 0.824

ReMe-1" CHs; 22.05% 0.89 (d, 6)

SMe-1' CHs 21.14* 0.88 (d, 6)

a) Grignard reagent (sample B) prepared and measured in (Ds)-THF at 101 MHz. (Ir) = long-range. b) Grignard reagent
(sample B) prepared and measured in (Dg)-THF at 500 MHz. * Exchangeable assignments.
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Table S4. *C NMR data for neomenthylmagnesium chloride (1b")

Pos. Type &1c)» f)2e | 1dxe | gBC) | Jd)bd | 1dxet | J13C)© | f(d)Pe Idxe
DEPT (Dg)-THF THF Et,0

2 CH 52.81 100 0.941 | 5271 100 0.954 | 5178 | 99.9 1.001
6 CH; 44.49 107.2 | 1.009 [4453 | 1044 |0996 |4337 | 9860 0.988
4 CH; 37.70 100.9 | 0.949 (3772 |* . 3725 [ 10374 | 1.039
1 CH 35.45 1089 | 1.025 |3568 |1062 |1.013 |[3613 |98.23 0.984
5 GH 35.30 108.7 | 1.023 |3546 | 1084 |1034 |[3560 |102.38 | 1.026
3 CH; 33.43 111.9 | 1.053 [33.74 | 1062 |1.013 |3410 |99.74 0.999
1 CH(Mg) 30.92 107.5 1.012 31.02 108.5 1.035 31.54 98.79 0.990
Me-5 CHs 23.27 1201 | 1.130 [ 2358 | 1142 |1.089 |2326 |10235 | 1.025
SMe-1" | CHs 22,05 107.0 | 1.007 [2226 | 1089 |1038 |[2195 |104.03 |1.042
feMe-1' | CHs 21.14 111.0 | 1.044 |2143 | 117.3 |[1.119 |21.24 | 10261* | 1.028

CH 1.000 CH 1.000 CH 1.000

CHp 1.004 CH; 1.004* CH; 1.009

CH; 1.060 CHs 1.082 CH; 1.032

a) Grignard reagent prepared and measured in (Dg)-THF at 101 MHz. b) Peak integral by deconvolutive peak fitting ("d");
arbitrary units. ¢) "CH-Index", peak integral relative to the average of all CH-signals. d) Grignard reagent (sample A) prepared
in THF, CsDs added for locking, 101 MHz; ref (Hs)-THF peak = 25.3 ppm. e) Grignard reagent (sample D) prepared in Et;0,
CsDs added for locking, measured at 101 MHz. * Data not accessible or less accurate due to peak overlap.

3.1.3 y-Menthylmagnesium chloride (12)

The species is present in Grignard reagent 1 prepared from menthyl chloride (2) con-
taining sec-y-menthyl chloride (11; 2-3 mol %) as impurity. Its presence was deduced
through the following observations:

* HSQC analysis of menthyl Grignard reagent (THF-CsDg): &'H) —0.02 (dd, J = 8, 4 Hz) and
0.00 (dd, J = 8, 4 Hz), corresponding to &'°C) 45.38 ppm (sharp) and &°C) 45.63 ppm
(broadened), respectively. These are two sets of signals for a diastereomeric CHMgX unit. Extensive overlap and

Mg—Cl

low abundance did not allow for a more complete 2D NMR analysis.

« after DO quenching, a peak at 5*H) = 1.10 ppm (2-3% of all Grignard species) was found which agrees
(considering variations in referencing) with H-1' in y-menthane centered at &'H) 1.18 ppm. The signal was
absent in D»O-quenched Grignard reagents prepared from 3, or from 2 purified by crystallization.

+ after CO;-quenching of menthyl Grignard reagents, the crude carboylic acid mixture displayed signals for
menthylcarboxylic acid (19), neomenthyl-carboxylic acid (20) and a minor, double set of signals (combined 6%
relative to menthylcarboxylic acid, which would correspond to ca 3 mol% of the initial Grignard reagent) for the

C-1'-diastereomeric y-menthanecarboxylic acids 23 (vide infra).
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3.2 NMR data for alkene components

Figure S8. Menthene positional numbering and selected characteristic signals.

A%-Menthene (8)

A*-Menthene (9) (p-Menthane numbering)

PO

9

7

6 2

5 3
4

9”7 8 ™10

&H), selected peaks: 5.48-5.57 (m, 2 H)

AH), selected peaks: 5.36 (m, 1 H)

&1C), selected signals: 133.99 (C-3), 129.91

J(13C), selected signals: 143.18 (C-4), 117.87 (C-3)

3.2.1 A2-Menthene (8)

Figure S9. Overview of §'H) and §('°C) assignments for A-menthene (8)

&'*C) in CDCl3, 101 MHz

(menthane numbering)

A{'H)
(400 MHz, CDCl3)

T41.94

S8 3220

9 10
19.28* 19.59%

0.95(d, 7.1)

1.12 ddd
1.83

1.24 ddd

170 1.92m

8 1.56 sext?
9 10
0.86 (d, 6.8)" 0.89 (d, 6.8)"

* Interchangeable assignments.

Table S5. NMR data for A>-menthene (8)

Pos. | Type | &MC) Lit2 | &'C)e | frd)be | 1dx®¢ | As® | &(1C) &'H) by HSQC' | 'H)®
CDCly CDCly (Dg)-THF | (Dg)-THF cDCly
2 CH | 134.09 133.99 | 99.9 0.949 | 023 [133.86 | 5.51 5.52 (m)
3 CH | 13001 12991 [ 100.0 | 0.950 | 0.26 |[129.75 | 5.51 5,52 (m)
4 CH |4201 4194 | 1064 | 1.011 |-011 | 4212 1.93 (sext) 1.92 (m)
8 CH | 3227 3220 | 1053 [ 1.000 |-0.07 | 3234 1.56 (sext) 1,56 (sext)
6 CH, | 3193 3200 | 1209 | 1.148 |-0.22 | 3215 1.84 (m), 1.10 (q) | 1.83 (m), 1.12 (ddd)
-S12-




1 CH 31.03 30.97 104.1 0.989 | -0.08 | 31.11 2.10 (m) 211 (m)

5 CHz | 25.71 25.64 114.6 1.089 | 0.02 | 25.69 1.71(m), 1.27(q) | 1.70 (m), 1.24 (ddd)
7 CH; | 22.08 22.00 118.8 1.129 | 040 | 21.68 0.94 (d) 0.95(d, 7.1)

9/10 | CHs 19.65 19.59 120.1 1.141 | 041 | 19.24 0.89 (d) 0.89 (d)

9/10 | CHs 19.33 19.28 120.5 1.145 | 0.44 | 18.89 0.87 (d) 0.86 (d)

CH(sp¥) | 1.000
CH(sp?) | 0.949
CH, 1.119
CHs 1.138

a) Reference data (in CDCly) and assignment from Gorobetz et al.’) b) Sample in CDCl; at 400/101 MHz (mixture of 2-men-
thene and NmnCl). c¢) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. d) "CH-Index", peak integral relative to
the average of all CH(sp®)-signals. e) Difference in peak shifts between literature values (CDCls) and values measured in the
Grignard solution (THF). f) Grignard reagent (sample B) in (Ds)-THF at 101 MHz.

Table S6. Additional 1°C NMR Data of A2-menthene (8) as component in various samples

Pos. | Type a‘-ﬂc). J‘( d)a,b ﬂilc): f(d] b.c Idxed ql Jc)l f(d)" o ﬂ‘:’c)' J‘(d)a.r Idxef

THF-CgDsg Et,0-CsDs THF (Etz20) 28.41 CDCl3
2 CH 133.80 19.3 133.70 17.11 | 0.981 | 133.70 27.1 134.00 | 2.96 1.104
3 CH 129.71 19.4 129.61 15.42 | 0.885 | 129.61 253 129.91 | 275 1.026
4 CH 41.91 19.0 41.83 16.60 | 0.952 | 41.82 24.13 | 41.95 2.6 0.970
8 CH 32.15 23.85 | 32.05 20.00 | 1.147 | 32.05 31.52 | 32.21 2.91 1.086
6 CH; 32.00 231 31.92 2160 | 1.239 | 31.89 28.68 | 32.01 3.82 1.425
1 CH 30.96 19.98 | 30.86 16.63 | 0.954 | 30.85 29.59 | 30.98 2.53 0.944
5 CHp 25.57 222 25.48 19.54 | 1121 | * 25.65 29 1.082
7 CHs 21.79 225 21.66 19.96 | 1.145 | 21.93 26.89 | 22.01 3.06 1.142
9/10 | CHs 19.33 212 19.21 19.96 | 1.145 | * - 19.59 3.88 1.448
9/10 | CHs 18.98 20.8 18.85 19.88 | 1.140 | 19.18 251 19.28 3.35 1.250

CHusp®) 1.000 1.000 1.000 1.000

CH(sp?) 0.924 0.933 0.922 1.065

CH; 1.082 1.180 * 1.254

CHs 1.027 1.143 * 1.280

a) Grignard reagent (sample A) in THF, C¢Dg added for locking, 101 MHz; ref. (Hs)-THF peak 25.3 ppm. b) Grignard reagent
(sample D) in Et;0, CsDs added for locking, measured at 101 MHz. c) Peak integral by deconvolutive peak fitting ("d"); arbi-
trary units. d) "CH-Index", peak integral relative to the average of all CH(sp®)-signals. e) Grignard sample in Et;O, solvent re-
moved in vacuum, sample dissolved in THF, measured with CsDs. f) Grignard sample in THF quenched with D-O; NMR of the
nonpolar phase recorded in CDCl; at 101 MHz. * Data not accessible or less accurate due to peak overlap.

2 Gorobetz, E. V.; Kasatkin, A. N.; Kutchin, A. V.; Tolstikov, G. A. Anomalous hydroalumination of Methyl Nopol Ether
With a LiAlHs-3A1Br3 System, Russ. Chem. Bull. 1994, 43, 466—470.
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3.2.2 A’-Menthene (9)

Figure $10. Overview of &'H) and &'°C) assignments for A*-menthene (9)?

Numbering Scheme &H) from 2D NMR (500 MHz, (Ds)-THF) &13C) in (Ds)-THF

menthane numbering (101 MHz)
0.98* 20.98*
118/ 1.59/
3157 33.98
171 2.06
1.98 536 25.98 7o
142.88
35.10
10 9
0.98* 0.91* 21.32" 21.52*
Data from sample B in (Dg)-THF. * Interchangeable assignments.
Table S7. NMR data for A>-menthene (9)
Pos. Type &%) Lit.2 As® 3¢y AS® A'3c)d f(d)* | &'H) by HSQC®
(Ds)-THF (Ds)-THF
4 C 143.2 0.54 142.66 0.32 142.88 27
3 CH 17.9 0.18 17.72 -0.02 117.92 4.4 5.36 (m)
8 CH 35.0 0.1 34.89 -0.11 35.11 111 |21
2 CH, 33.9 0.10 33.80 -0.08 33.98 58 1.59, 2.06
6 CH: 315 0.12 31.38 -0.07 31.57 6.4 1.18,1.71
1 CH 28.7 -0.01 28.71 -0.22 28.92 4.1 1.59
5 CH, 26.0 0.20 25.80 0.02 25.98 6.2 1.98
7/9/10 CHs 21.85 045 21.40 0.33 21.52 * 0.91 (d)
71910 CHs 21.62 0.42 21.20 0.30 21.32 * 0.98 (d)
7/9/10 CHs 21.26 0.40 20.86 0.28 20.98 * 0.98 (d)

a) Reference data (in CDCls) from Quast.? b) Difference in peak shifts between literature values (CDCls) and values
measured in the Grignard solution (THF). ¢) Sample C from neomenthyl chloride in (Ds)-THF. d) Grignard sample D in EtzO.
e) Correlation data from sample B in (Ds)-THF. f) Only 1 cross-peak found in HSQC, in spite of the CHz-type (by DEPT) of the
signal. * Data not accessible or less accurate due to peak overlap.

3 Quast, H.; Dietz, T. Dehydration of Secondary Alcohols via Thermolysis of In Situ Generated Alkyl Diphenyl Phosphates:
An Inexpensive and Environmentally Compatible Method for the Preparation of Alkenes. Synthesis 1995, 1300-1304,
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Table S8. Additional 1°C NMR Data of A*-menthene (9) as component in various samples

Pos. &'C) | Type | As® &1c)ye I(d)"" q'3C)° nd)d,. ﬁ'JC)' ]’(d)d,l Idx &”C)" f(d)“’"

Lit.2 CDCly CDCla THF Et,0

4 1432 | C -0.52 | 14318 | 21 14317 | 0.81 142,68 |4.95 | 0.442 14255 | 3.73
3 117.9 | CH -0.15 | 117.87 | 4.0 117.88 | 1.00 117.92 [ 106 | 0.946 117.87 | 9.03
8 35.0 CH -0.12 | 35.01 5.2 35.02 1.6 35.02 1.8 1.045 34.95 8.84
2 33.9 CH: -0.09 | 33.94 4.7 33.95 2.3" 33.88 7.2* * (33.85) | *

6 31.5 CH> -0.08 | 31.46 4.9 31.47 20 31.41 1.7 1,045 31.33 10.61
1 28.7 CH -0.04 | 28.75 3.2 28.76 24 28.71 10.6 | 0.946 28.63 9.77
5 26.0 CH, -0.23 | 26.03 4.0 26.04 1.4 25.93 1.8 1.054 25.84 9.57
71910 | 21.85 | CHs -0.17 | 21.88" | * 21.87 1.8 21.62 15.8 (1,411) | 21.51 11.38*

719110 | 21.62 | CHs -0.24 | 21.64 52 21.64 1.8 21.39 18.6% | (1.661) | 21.28* | 11.77*

7/9/10 | 21.26 | CHs -0.14 | 21.28 4.5 21.29 11 21.08 1.6 1,036 20.97 11.54

CH 1.000
CH: 1.050
CHs *

3.3 NMR data for saturated hydrocarbon components

3.3.1 trans-para-Menthane (4)

Menthane is always present in menthyl Grignard reagent. Its generation is linked to that
of 2- and 3-menthenes. Alternatively it may be formed from 1 with water traces in the
reaction solvent. A sample of menthane (96 mol-% purity, with 4 mol-% of y-menthane) 6 2
was obtained by hydrolyzing menthyl Grignard reagent as described in the main text. 5 ‘ 3

Samples of 3-(D1)-menthane, composed of diastereomers with equatorial and axial deute-
rium (59:41), were obtained by quenching menthyl Grignard reagent (prepared from 2 at
50 °C, 1 M in THF) with D2O. The ratio of diastercomers depends on the mode of generation (solvent,
temperature) and standing time before quenching of the Grignard reagent.

9 < B

Menthane numbering is used for positional assignments.

Figure S11. Overview of &'H) and &'C) assignments for trans-p-menthane (4)

a) Reference data (in CDCls) from Quast.® b) Peak shift difference Lit. (in CDCls) minus measured value in (Ds)-THF (cf.'). ¢)
Data taken from a sample in CDCl; at 101 MHz (mixture with NmnCl and 2-menthene). d) Peak integral from deconvolutive
peak fitting ("d"); arbitrary units. e) Data from a D-O-quenched sample of Grignard reagent (50 °C, 1 m, THF), organic phase
measured in CDClz at 101 MHz. f) Data from a Grignard reagent (sample A) in THF with CgDg added for locking. g) Data from

sample D, prepared in Et20 and measured with CsDs for locking. * Data not accessible or less accurate due to peak overlap.

3.2.3 y-Menthene (10)

The compound was detected by the characteristic doublet of septets for the olefinic proton at
&'H) 5.05 ppm. Its concentrations were too low (<0.4%) to be detected by '3C NMR
spectroscopy of the Grignard reagents. The compound has previously been described in the
literature with a "H NMR spectrum (5= 5.03 (d x sept; -CH=), 2.62 [m; 3-H (cyclopentane)],
1.56 [s, 2-CHs (propenyl)], 1.62 [s; 2-CHs (propenyl)], 0.95 [1-CHs (cyclopentane)]).* 7

* Lehmkuhl, H.; Fustero, S. (Alkenyl-n’-allyl)bis(n’-cyclopentadienyl)titan-Komplexe. Liebigs Ann. Chem. 1980, 1353
1360.
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&'H) from 2D NMR (500 MHz, CDCls) 9C) in CDCl3 &'C)in (Dg)-THF
menthane numbering (101 MHz) in Grignard reagent
T 085(d,J=67) 227717 T
1.26 (m) 33.10
(1.18-1.29) 0.87 (y-q) 0.81-0.96, ax. 33.08
1,68 (y-d, 12), eq. 35.70
1.68 (1.61-1.70), eq 29.89
0.97 (0.85-0.99), ax.
0.7 0:90-0.89) ¢ 43.95 :
I 138(septd,6.8,4.2) : 3308 :
(1.33-1.43) 300 28 ™
19.90
. 9 10
0.84(d,J =69) ¢ /\ 10 19.56
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Table $9. NMR assignments for trans-p-menthane (4) 3.3.2 3-(Di)-trans-para-Menthane

Pos. | Type | §"*C)® | &'H) by HSQC® A"C) | &'H) by HSQC® HMBC® AH)
cocl; | coc, (Do) THF | (Do) THF coCh COCl; Figure $12. 2H{'H} NMR (61.4 MHz) spectrum of 3-(D1)-menthane in CHCl;~THF
4 CH 4395 | 0.90-0.99(m, 1H) | 44.08 0.95-1.03 (m; 1H) | 0.855>1.40,1.69 | 0.87-1.00 (m, 5 H) - _ - o ~ ®
2/8 CHy | 3570 |1.68(d 12;2H) 35.72 1.71(d, 14; 2 H) 0.865 > 0.87-1.00 (m, 5H) § E E ? ? E
0.81-0.96 (m; 2 H) 0.85-0.94 (m; 2 H) | 1.68, 0.97 1.62-1.69 (m, 4 H) ‘ 2H NMR (614 MHz) ‘ ‘ ‘u | T
1 CH 33.03 | 1.18-1.29(m, 1H) | 33.10 1.22-1.30 (m, 1H) | 0.855>1.68 1.18-1.29 (m, 1 H) ' (7
8 CH |33.00 |1.33-143(m, 1H) |33.08 1.36-1.43 (m, 1H) | 0.855 1.38 (sept x d, 6.8, equatorial
w21 g e
3/5 CH; 29.89 1.61-1.70(m, 2 H) | 29.94 1.67-1.72(m, 2 H) | 0.855, 1.40> 0.87-1.00 (m, 5 H) 763
0.85-0.99 (m, 2 H) 0.89-1.02 (m, 2 H) | 1.68 1.62-1.69 (m, 4 H)
7 CHs 22.77 0.85(d, 6; 3 H) 2243 0.869 (d, 6; 3H) 1.68 (w) 0.852(d, 6.7, 3 H)*
9/10 | CH3 19.90 0.84(d, 7,6 H) 19.56 0.865 (d, 6; 6 H) 0.855>1.39 0.839(d, 6.9, 6 H)® 110
a) Sample in CDCl; at 101 MHz. b) Sample in CDCls solution at 500 MHz. c) Grignard reagent prepared and measured in CDc‘Ia THF J
(Ds)-THF at 101 MHz or 500 MHz (2D). d) Sample in CDCl; solution at 400 Mhz. e) J extracted by deconvolution.
100
ppm 7 6 3 3 3 z i 0

Table $10. Additional '*C NMR Data for trans-p-menthane (4) in various samples
Numbers next to peaks indicate peak area obtained by deconvolutive peak fitting.

Pos. | Type | &3C) Lita | As® Ac)e Ildxed g3c) ldxde 6('30)’ I(d)‘.g Idxdf qﬂc)h j(d)n.h

CDCl; (Ds)-THF THF Et:0 Figure §13. "*C NMR (101 MHz, CDCls) spectrum of crude 3-(?Hi)-menthane
4 CH 43.94 -0.01 | 43.95 0.996 | 44.08 0.985 | 43.81 943 1.017 | 43.74 31.91
26 | CH: |3571 0.01 | 3570 | 1.132 | 35.72 1.096 | 35.56 | 231.7* | 1.249 | 35.47* | 69.4 5 ¥ 8%% SoRRR2gs @
o Wi Anin S OBSao 0o o
1 CH 32.94' -0.09 | 33.03 1.013 | 33.10 0.930 | 3289 |* 0.992 | 32.80 - ¥ i TE}F "K“Q"T‘/N”“‘ a
\ N \\Z |
8 CH (2¢) -0.06 | 33.00 | 0.992 |33.08 1.085 | 32.89 | 184.0 | 0992 | (2C) 62.19 v W
3/5 CHz 29.90 0.01 | 29.89 1.124 | 29.94 1.058 | 29.80 197.8 1.066 | 29.71 69.57
7 CH; |22.83 0.06 | 2277 | 1.152 | 22.43 0.899* | 22.56 | 104.8 | 1.130 | 22.44* | * 8Y5 ! e
S0 o8
9/10 | CHs 19.73 -0.17 | 19.90 1.187 | 19.56 1.094 19.65 | 200.0 1.078 | 19.53 71.89 ?Ls‘ﬁj% cas o7 ;;
CH 1.000 | CH 1.000 | CH 1.000 | CHav. | 1.000 A cero
CH: 1.128 | CHz 1.077 | CHz 1.157 | CH: 1.108 | G6 |
CHs 1.176 | CHs * CHs 1.104 | CHs 1.146 ca
a) Values from Gorobetz et al at 75 MHz in CDCl3.? b) Peak shift difference Lit.* minus measured value. c) Menthane in C-2 (CH2) &
CDCls at 101 MHz (with 5% isomenthane). d) "CH-Index", peak integral relative to the average of all CH-signals. e) Grignard )
prepared and measured in (Dg)-THF at 101 MHz. f) Data from Grignard reagent (sample A) in THF with CgDs added for c3 =
locking, at 101 MHz. g) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. h) Grignard reagent (sample D) 330 ) 200
prepared in Et;0, measured with CsDs added for locking, at 101 MHz. i) Signals for C-1 and C-8 may overlap by chance, i
depending on the solvent or medium composition. *) Value could not be extracted, or is less accurate due to peak overlap. L o l T
T T T T T y T
ppm 45 40 35 30 25 20 15

Additional signals due to 2-menthene (8), 3-menthene (9) and bimenthyl isomers (13-15).
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Comments on the C NMR spectrum of (3-D)-menthane:
« Key points of difference are the C-3 signal with its three-line splitting 'J('*C, *H) = 19 Hz, and the characteris-
tic a-"H-isotope-shift that differs in the axial and equatorial (3-D;)-menthane diastereomer.

* Due to loss of the mirror plane in p-menthane, the (3-D,)-menthane diastereomers show separate signals for C-
2/6, C-3/5, and partially for C-9/10 (sec below).

* The major, equatorial (3-D1)-menthane shows separate signals for methyl carbons C-9 and C-10 at 519.91 and
5 19.88; the latter signal overlaps with a single peak at & 19.89 for the C-9/10 signals of the minor, axial (3-Dy)-
menthane diastereomer, from which it could only be separated by deconvolution.

Table $11. *C NMR Data for (3-D1)-trans-p-menthane (4)

Pos. | Type | §3C)*Ref. | &13C)° Jia)ee ldx.bd Notes
CDCls CDCls 90.23
4 CH 43.87 43.89 (H) 7.0 C-4 in unlabeled menthane
43.81 (D) 82.7 (0.994 comb.) C-4 in (D4)-menthane, p-shifted
2/6 CH, 35.64 35.64 120 C-6 (no shift) + C-2/6 unlabeled
35.56 36.4* C-2 (B-shifted, axial)
35.54* 62.1* (1.211 comb.) C-2 (p-shifted, equatorialy
1 CH 32.97 32.90-33.00 (181) (1.003) C-1 multiple overl. signals
8 CH 32.94 32.90-33.00 (181) (1.003) C-8 multiple overl. signals
35 | CHp 29.84 29.84* (12, Jop = 1.1) | 72.0* C-5 (equ. D) + unlabeled C3/5
(CHD) 29.81* 41.3* C-5 (axial D)
29.46 (t, "Jop = 19.4) 51.2 C-3 (equatorial D)
29.40(t, "Jop = 18.8) | 35.9 (1.110 comb.) | C-3 (axial D)
7 CHs 2276 2277 109 1.208
9/10 | CHs 19.88 19.91 61,2 C-9 or C-10in (D+)-eq.
19.89* 101.5* C9/10in (D+)-ax.
19.88" 586" | (1.226 comb.) | C-10 or C-9in (Ds)-eq
CH CH 1.000
CH; CH> 1.161
CHs CHs 1.220

a) Unlabeled reference sample of frans-p-menthane in CDCl; at 101 Mhz. b) Sample of D20-quenched Grignard reagent
worked up for neutral hydrocarbon fraction. c) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. d) "CH-Index",
peak integral relative to the average of all CH-signals. *) Overlapping signals, peak area (and J) determined by deconvolutive
peak fitting analysis.
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3.3.3 wy-Menthane or (LR,3R)-1-isobutyl-3-methylcyclopentane (16)

The compound was present as minor component (4 mol%) in the distilled and acid-washed

menthane fraction of a hydrolyzed menthyl Grignard reagent that had been prepared from
crude menthyl chloride. The 'H NMR data agree with a spectrum reproduced in the
literature.’

Table $12. NMR data for y-menthane (16)

Pos. | Type &C)* | f(d)*® | 1dx2c | 13C)¢ | f(d)> | 1dx.5¢ | §'H) by HSQC® HMBC
APT CDCls
1 CH. 4638 | 4.96 | 1.119 | 4639 |4.47 |1.030 | 1,18 (m)(1.15-1.21) | 0.863 (vs), 1.56,
1.30, 1.06 > 0.634
2 CH; 4289 | 565 |1.275 [ 4290 |4.86 | 1.120 | 1.891 (m)(1.85-1.93) | 0.970 (vs), 1.19
0.634 (m) (0.58-0.68) | > 1.73
1 CH 3827 |4.53 |1.022 [ 3828 |4.20 |0.968 | 1.894 (m)(1.84-1.95) | 1.18>1.58, 1.89,
0.634
3 CH 3456 | 4.30 | 0970 | 3457 |4.27 |0.984 | 1.888(m)(1.83-1.95) | 0.970 (vs)> 0.634
4 CHz 3365 |4.55 |1.026 | 3366 |4.00 |0.922 | 1.72(m)(1.67-1.77) | 0.970 (vs)
1.14 (m) (1.09-1.18)
5 CH; 3208 |5.04 | 1137 [3209 |4.71 |1.085 | 1.72(m)(1.69-1.77) 1.19>1.89
1.16 () (1.12-1.21)
2 CH 26.95 |4.47 |1.008 | 26.95 |4.55 |[1.048 | 1.56 (m)(1.51-1.61) | 0.862 (vs)>1.183
Me-2% | CHs 2299 |590 |1.331 |23.00 |4.80 |1.106 | 0.858(d) *
Me-2" | CHs 22.86 | 524 |1.182 |22.86 |575 |1.325 | 0.858(d) .
Me-3 | CHs 21.10 | 507 |1.144 | 21.10 |532 | 1.226 | 0.969 (d) 1.09, 0.843 > 0.634
CH 1.000 1.000
CH, | 1.146 1.039
CHs | 1.219 1.219

a) Sample measured in CDCl3 at 101 MHz. b) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. c) "CH-Index",
peak integral relative to the average of all CH-signals. d) Alternative sample in CDCl; at 101 MHz. €) Data collected in CDCl3
at 500 MHz. #) Interchangeable assignments. *) Value could not be extracted or is less accurate due to peak overlap.

5 Nagai, K. The Action of Boron Trifluoride Etherate on I-Menthol. Bull. Chem. Soc. Japan 1970, 43, 2628-2630.
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Figure S14. Overview of §'H) and §('*C) assignments for y-menthane (16)

&'H) by HSQC (500 MHz, CDCla)

&1°C) (CDCls, 101 MHz)

0.969

1.14 1.888
172 0.634
1.16 1.891
1.72 1.894
(RepMo2 1.18
0.858 >{ 156
(SiMe-2 \ 0.858

21.10
33.65 34.56
4289
32.08 38.27
46.38
(Re)-Me-2'
22.99*
(Si)-Me-2' 22.86*

* Interchangeable assignments.
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3.4 GC-MS analysis of the hydrocarbon fraction of Grignard reagent 1

A sample of Grignard reagent 1, containing naphthalene, was quenched by addition of D:0. The
organic phase was washed with water and a sample removed for GC-MS analysis.

3.4.1 Total ion count GC trace

Figure $15. TIC GC trace of hydrocarbon fraction after D20 quenching of Grignard reagent 1.

x10 7 |* TIC Scan JG-076.d

1.75
15
1.25

0.75
05
0.25

12 13 14 15 16 17

4 5 6 7 8 9 10 18 19 20
Counts vs. Acquisition Time (min)
tr: 5.17 min (Dy-menthane), 7.88 min (naphthalene), 12.98/13.16/13.36 min (bimenthyls 13-15)
3.4.2 EI-MS of trans-p-(3-Di)-menthane
Figure $16. EI-MS spectrum of (D1)-menthane
10 6 |+ Scan (it: 5.170 min) JG-076.D Peak List
imyz z  |Abund
55.1 2194432,
56.1 2219520
4 69.1 506369
70.1 587072
3 82.1 1138176
96.1 448320
97.1 2552320
2 981 1 4377600
551 1 411328,
1 Tat2] 1 837312
0
60 80 100 120 140 160 180 200 220 240 260 280

Counts vs. Mass-to-Charge (m/z)
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343 EI-

The individual isomers have not been assigned, althoug from the peak intensity it would appear that the

MS of bimenthyl hydrocarbons

elution order is: Menz (13) < Men-Nmn (14) < Nmn: (15).

Figure S17. EI-MS spectra of bimenthyl hydrocarbons

x10 &

08
06
0.4

0.

)

+ Scan (rt: 12,981-12.992 min, 3 scans) JG-076.D Peak List
m/z Abund
83.1 55.1 377542.6%
571 1 217920
691 1 411200
81.1 37501&?{
138.1 831 1 1043925.31
95.1] 296704,
69.1 o7 1 324245.34)
074 1251 1 190877.33
138.1] 62914131
125.1 1397 1 417237.34)
179, 2352 2783
\.“ .LI Al ” Ao 7ﬁ2 2071 1 L

x10 8
1.75

15
1.25

0.75

0.5
0.25

x10 5

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

Counts vs. Mass-to-Charge (m/z)

Counts vs. Mass-to-Charge (m/z)

+ Scan (rt: 13.164 min) JG-076.D R
Peak List
mjz [Abund |
831 55.1 577024,
571 1 350848,
67.1 202144,
6.1 1 626752,
811 561664,
138.1 831 1 1714176,
95.1 453376
691 571 1 361376,
971 138.1 888704,
1234 1392 1 566272,
N A T 1792 2070 233 2783
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

+ Scan (rt: 13.364-13.375 min, 3 scans) JG-076.D Peak List
m/z

83.1 55.1

57.1]

67.1]

69.1

81.1

83.1

95.1]

69.1 © 97.1]

138.1

139.2

123.1 )
1792 5970 2362 2783 341.0

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Counts vs. Mass-to-Charge (m/z)
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Figure S18 Bimenthyl isomer mixture (13-15): 'H NMR spectra (CDCI3) at various field strengths
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3.5 NMR data of bimenthyl hydrocarbons

For the '"H NMR spectrum of the distilled, high-boiling hydrocarbon mixture at various MHz, see
Figure S18 (previous page).

See the main text, experimental part, for isolation of the bimenthyl mixture and crystallization of
bimenthyl (13). The distilled isomer mixture showed the composition: 13:14:15 = 38.6% : 45.1% :
16.3% (calculated based on relative CH-index values from '*C NMR peak integrals).

After crystallization of 13, the ratio of hydrocarbons in the mother liquor amounted to 13:14:15=
23.5% :56.1% : 20.4%. NMR data for all isomers were extracted from the 950 MHz spectrum of the
isomer mixture, and in case of symmetrical bimenthyl (13) also from spectra of crystallized material.

3.5.1 Bimenthyl (13)
Systematic name: (1R,1'R,2S,5R,5'R)-2,2'-diisopropyl-5,5'-dimethyl-1,1'-bi(cyclohexane)

Table $13. NMR data for bimenthyl (13)

Figure 519. Overview of &'H) and &'°C) assignments for symmetrical bimenthyl (13)

&'H) from 2D NMR
(950 MHz, CDCls)

IR"C)
(101 MHz, CDCls)

0.865

1.286

0.659 ax;
1.466 eq

0.980 ax;
1.650 eq

0.888

SiMe-1"
(-eq)

23.10

ReNe-1' Sime-1"
(y-ax) (w-eq)

K

33.19

34.70 3565

24.76
43.68

2531 |1

““,
"t

21.92 15.41
SiMe-1' Repe-1'
(p-eq) (p-ax)

Me-5

Typical linewith 1.0-1.1 Hz, no line broadening = 1.3 Hz

Pos. Type | &'3C)* | [(d)** | ldx.2c [ HSQCH! &'H) by HSQC* 'H)f J('H)e
400 MHz, CDCls
c-2 CH |4368 |100.0 | 0984 [1.117 1.115 (tt, 1.5, 2.6) 1.116 (ddt, 11.6,9.9,2.6) | 2H
c1 CH | 37.92 |101.1 | 0.994 | 1.432 1.429 (tt, 11.4, 3.1) 1.38-1.49 (m) 2H
C-6 CH; | 3565 | 1059 | 1.042 | 0.803ax | 0.805(qd, 12.5, 3.5) 0.70-0.85 (m) 2H
1.703eq | 1.702 (m) 1.66-1.74 (m) 2H
Cc-4 CH, |3470 |102.8 | 1.011 [0.659ax, | 0.659(q, 12.5) 0.656 (q, =12.5) 2H
1.466eq | 1.464 (dm, 12.9) 1.42-1.50 (m) 2H
Cc-5 CH | 3319 |103.2 | 1.015 | 1.286 1.285 (m) 1.287 (m) 2H
GC-1' CH | 2531 |102.4 | 1.007 | 1.894 1.892 (sext-d, 6.9,2.5) | 1.893 (septxd,6.9,2.7) | 2H
c-3 CH; | 24.76 |102.5 | 1.008 | 0.980ax, | 0.973(qgd, 12.5, 3.5) 0.975 (qd, 12.0, 3.1) 2H
1.650eq | 1.649(q, 13.1,3.1) 1.648 (dq, 12.2, 3.0) 2H
Me-5 CH; |23.10 |101.7 | 1.000 | 0.865 0.866 (d, 6.5) 0.866 (d, 6.7) 6H
SMe-1' CHs | 21.92 |106.4 | 1.046 | 0.888 0.888 (d, 7.0) 0.889 (d, 7.1) 6H
ReMe-1' CH; | 1541 |100.7 | 0990 |0.725 0.725 (d, 7.3) 0.724 (d, 6.9) 6H
CH 1.000
CH; 1.020
CH;s 1.012

a) Bimenthyl isomer mixture in CDCl; at 101 MHz. b) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. c) "CH-
Index", peak integral relative to the average of all CH-signals. d) Bimenthyl isomer mixture in CDCl; at 500 MHz. &) 'H NMR
peak data by HSQC at 950 MHz in CDCls. f) Data for pure compound in CDCl; at 400 MHz. g) Number of protons derived
from integration, including 2D spectra, and analysis of coupling. ax = axial position; eq = equatorial position.
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Figure S20. Crystallization of bimenthyl (13)

a) Distilled bimenthyl fraction (neat); early stage of b) Crystallization continued for several days.
crystallization, ca. 2 x original size.

c) Detail. d) Crystals of 13 after recrystallization from EtOH-toluene.

e) Crystals of 13 in EtOH mother liquor.
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3.5.2 Bineomenthyl (15)

Systematic name: (15,1'S,25,2'S,5R,5'R)-2,2'-Diisopropyl-5,5'-dimethyl-1,1"-bi(cyclohexane)

Figure 521. Overview of §'H) and &'C) assignments for bineomenthyl (15)?

&'H) from 2D NMR
(950 MHz, CDCls)

a1c)

(101 MHz, CDCls)

0.930

2052 SiMe-1' Repe-1'

0.921 ax
1.742 eq

0.979 ax
1.649 eq

Neo

1.753

0.872° 0.916" Neo
ReMe-1" Sive-1"

23.40

ReMe-1"

Me-5

Sive-1' Viess
-

LB2Hz

LB 3—4 Hz

13C Line Broadening

v Yy

LB 5-6 Hz
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Table S14. NMR data for bineomenthyl! (15)

Pos. | Type | &CP | [d)y*® |ldx2c | HsQCH &'H) from HSQC* AHY' f('Hys
CDCl3, 950 MHz CDClg, 950 MHz
c2 |cH |4873 413 | 0957 |1.427 1.124 (m) . 2H
C-6 CH2 37.25br 446 1.034 1.162; 1.159 (m) * 2H
1.866 1.866 (dt, =14.6, 5) * 2H
c5 |cH |3486 445 | 1031|2052 2.049 (quint, = 4.5) 2.051 (d-quint, 2H
4.4,4.0)
Cc-4 CH2 33.45br. 46.7* 1.082 0.921 0.919 (m) * 2H
1.742 1.740 (m) . 2H
c1 |cH |2834 429 | 0094 |[1.740 1.747 (m) . 2H
c1 | cH  |2820 439 | 1.017 [1.753 1.747 (m) . 2H
C-3 CH2 2475 40.9 0.948 0.979, 0.977 (qd, 12.6, 3.3) * 2H
1.649 1.648 (dq, = 13.1,3.3) | 1.649" 2H
Me-5 | CHs | 23.40 447 | 1.036 |0929(d,6.4) |0.929(d,6.7) 0.930 (d, 6.6) 6 H
Me-1' | CHs | 22.13* | 40.9* | 0.948* | 0.872(d,6.4) | 0.871(d,6.6) - 6 H
Me-1' | CHs |21.59* |450 | 1064 |0.916(d,6.4) |0.916(d,6.8) - 6 H
cH 1.000
CHz 1.021
CHs 1.015°

a) Bimenthyl isomer mixture in CDCl; at 101 MHz. b) Peak integral from deconvolutive peak fitting ("d"); arbitrary units. c)
"CH-Index", peak integral relative to the average area of all CH-signals. d) Bimenthyl isomer mixture in CDCl; at 500 MHz. e)
"H NMR peak data by HSQC at 950 MHz in CDCls. f) Data from bimenthyl isomer mixture in CDCls at 950 MHz. g) Number
of protons derived from integration, including 2D spectra, and analysis of coupling. *) Peak overlap, less accurate or extrac-
tion not possible. ¥) Interchangeable assignments.
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3.5.3

Table $15. NMR data for menthyl-neomenthyl (14)

""Menthyl-neomenthyl" or (1R,1'S,25,2'S,5R,5'R)-2,2"-Diisopropyl-5,5'-dimethyl-1,1'-bi(cyclohexane) (14)

Pos.? Type | &"C)> | J(d)P< | ldx.bd | HSQC correl.t &'H) from HSQC' K'H)e J('"H)* | HMBC®
DEPT
N-2 CH 49.24 br | 58.1 0.977 1.067 1.062 (m) 1.062 (m) 1H 0.906 > 2.115, 1.844, 1.766,
1.634, 1.454, 1.361, 1.037,
M-2 CH 47.48 57.8 0.972 1.136 1.135 (ddt, 14.0, 11.3, = 3) overl. 1H 0.732, 0.911 > 1.645, 2.018, 2.12,
1.356, 1.268w
M-1 CH 45.20 57.6 0.969 1.357 1.354 (it, 12.2, 3.5) 1.355 (ddt, 12.4, 11.1, 3.6) 1TH 1.03, 1.624 >2.118, 2.017, 0.867,
1.135w
N-6 CHz 44.21br | 64.2 1.080 | 1.035 1.034 (ddd, 13.2, 11.0, 4.5) overl. 1H 0.851 > 2.116w, 1.765, 1.359,
1.694 1.689 (d'm, =13.5) 1.589 (d x m, 13.5) 1H 0.976
M-6 CH; 40.80 62.2 1.046 1.005 1.004 (q, =12.4) overl. 1H 0.867 > 2.116, 1.657, 1.360,
2.016 2.017 (d'm, =13) 2.017 (dtd, 12.7, 3.1, 2.5) 1H 1.212, 1.135, 0.804
N-4 CH2 35.23 62.7 1.055 | 0.902 0.900 (sext-d, =12, 4.5) * TH 0.8587 > 1.630, 1.453, 2.019,
1.762 1.772 (m) - 1H 1.715w, 1.212w, 1.037
M-4 CH: 35.22 60.5 1.018 | 0.815 0.819 (td, =12.6, 3.5) * 1H 0.862 > 1.464, 1.629, 2.019,
1.654 1.653 (= d-quint, =12.8, 2.9) * TH 1.212w
M-5 CH 33.93 59.6 1.003 1211 1.209 (m) 1TH 1.635, 0.867 > 2.014, 1.009,
0.813
N-1 CH 33.86 60.3 1.014 | 2.116 2.114 (quint, 4.2) 2.115 (quint, 4.2) 1H 1.034 > 1.355, 1.7117, 1.842,
2.014?
N-1' CH 29.89 60.6 1.020 | 1.842 1.842 (d-quint, 9.6, 6.6) 1.840 (d-quint, 9.4, 6.6) 1H 0.892, 0.921 > 1.068, 1.455,
1.634, 2.116
N-5 CH 27.24 60.7 1.021 1.712 1.710 (m) 1H 0.850 > 1.036, 1.626, 1.764,
2.116, 1.459, 0.900
M-1' CH 26.58 60.8 1.023 | 2.141 2.140 (sext-d, 7.0, 2.0) 2.142 (sept x d, 6.9, 2.4) 1H 0.732, 0.909 > 1.135, 0.9607,
1.356, 1.629
- 830 -
N-3 CH; 2578 60.7 1.021 1.456 1.460 (qd, =12.5, 4.2) * 1H 0.850, 1.843, 1.764, 2.115,
1.635 1.637 (dq, 13.6, 4.1) * 1H > 1.069, 0.908, 1.508, 1.706, 1.328
M-3 CHz 25.26 60.4 1.016 0.954 0.953 (qd, 12.7, 3.6) * 1H 1.650 ? (or 25.32) > 1.7647
1.628 1.627 (dd, 13.2, 3.5) * 1H 2142, 1.487, 1.358, 1.0617?
Me-N-5 CHs 2317 60.8 1.023 | 0.865 0.866 (d, 6.7) - 3H 2.017 > 1.2107, 1.6467
SMe-N-1" | CHs 23.06% 63.3 1.065 | 0.921 0.920 (d, 6.6) 0.920 (d, 6.6)" 3H 0.921 > 1.848, 1.4787
Me-N-5 CHs 22.58 64.2 1.080 | 0.849 0.849 (d, 6.6) 0.849 (d, 6.6)" 3H 1.712 > 1.035, 1.594, 1.771
ReMe-N-1' | CHa 22.31* 61.0 1.026 | 0.891 0.890 (d, 6.7) 0.889 (d, 7.0)* 3H 0922 >1.844
SMe-M-1' | CHs 2216 55.9* | 0.940* | 0.910 0.909 (d, 7.2) 0.910 (d, 6.9)* 3H 0.732 > 1.14, 1.034, 2.141
ReMe-M-1' | CHs 15.94 59.3 0.998 | 0.731 0.732 (d, 7.0) 0.731 (d, 7.2) 3H 0.910 > 2.141, 1.137
CH 1.000
CH; 1.039
CHs 1.022

Positional numbering system: "M" - carbon in menthy! part; "N" - carbon in neomenthyl part. a) Bimenthyl isomer mixture in CDCls at 101 MHz. b) Peak integral by deconvolutive peak
fitting; arbitrary units. ¢) "CH-Index", peak integral relative to the average of all CH-signals. d) Bimenthyl isomer mixture in CDCls at 500 MHz. e) 'H/"*C NMR peak correlation by
HSQC (or HMBC; correlations with "?" are weak/insecure) at 500 MHz in CDCls. f) 'H NMR peak data extracted from HSQC of bimenthyl isomer mixture in CDCl3 at 950 MHz. g) 'H
NMR peak data visible in the 850 MHz 1D spectrum. h) Number of protons derived from integration, including 2D spectra, and analysis of coupling. *) Peak overlap, less accurate or
extraction not possible. #) Interchangeable assignments. "quint" is quintet (5-line splitting); analysis is based on the discernible signal shape; the true splitting should be a septet.
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Figure S22. Overview of &'H) and &'C) assignments for menthyl-neomenthyl (14)?

&"H) from 2D NMR 81C)
(950 MHz, CDCls) (101 MHz, CDCls)
0.865 Me-5 2317 gMe-5
Svle-1' ReMe-1' SiMe-1' FeMe-1'
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4 Component quantification in menthyl Grignard reagent

See the main text for a description of the procedure. The following correction factors were
determined in reference measurements and used in the calculation:

Table S16. Parameters used for calculating composition

Compound menthyl units Signal (carbon number) CH-index Substance 3C response®

Naphthalene - 51256 (4 C) - 1.0000

Menthane (4) 1 519.5(6C) (1.187) 0.9944"
5437(1C) 1.017

Men; (13) 2 5436(2C) 0.984 0.9073°
537.9(2C) 0.994

Men-Neo (14) 2 5452 (1C) 0.969 0.9073¢
5476(1C) 0.972

Nmn; (15) 2 548.7(2C) 0.957 0.9073¢
5283(2C) 0.994

MenMgX 1 548-51(1C) - 1.2309

NmnMgX 1 551-54 (1C) - 1.230¢

a) Relative *C NMR peak intensity responses (calculated for CH-index value) relative to equal molar quantity of naph-
thalene (5 125.6 ppm). b) Relative response of menthane (CH-index) vs. naphthalene (&5 125.6) derived from reference
measurement with known amounts of menthane and naphthalene. c) Relative response of bimenthyls (CH-index) vs.
naphthalene (& 125.6) derived from reference measurements with known amounts of substances. It was assumed that
13, 14 and 15 show equal response relative to their CH-index. d) The response for MenMgX/NmnMgX was estimated
from values of MenOH and MenCl vs NapH; the factor includes any corrections due to differences in the CH-index. No
separate CH-index correction was applied since the CH-index data for 1a/b cannot be reliably determined.
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5 Carboxylation of menthyl Grignard reagent

5.1 Carboxylation of 1 under different addition modes (Scheme 4)

OONTYm

2.839
T T T T T

T
ppm 2.5 2.0 ppm 2.5 2.0

Figure S$23. 'H NMR analysis of dr of 19/20 (6.1.1) Figure S24. 'H NMR analysis of 19/20 (6.1.2)
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6 Reactions of menthyl Grignard reagent with electrophiles

Table $17. Conditions for and analyses of reactions of Grignard reagent 1 with various electrophiles (D20, CO:z, PCls).

e,

M
b) D;0 Me Me
— DX Me + Me
Me D

e

Me e g a)E*
ET e s Pt
Me E

retention

Men-E Nmn-E or inversion retanton Men-D Nmn-D

entry  RMgX [umol]>© Temp.d Electrophile® Time [h] Quench  MenD [umol] NmnD' [umol] dr (Dq-4) RMgX [umol] Products? (umol)

1 3000 (1694:1219)  -78 °C CO; (xs) 1 D,0 17.3(-1677)  1181.6(-37) 1.45:98.55 19 (1728.1);
20 (0.0); 16 (30.7)

2 1000 (565:406) —78°Ctort H0 (250) 1+0.5 D,0 359.1 (-205.9)  406.5 (+0) 46.9:531 780 RMgX (780), 16 (14.4)

3 1000 (565:406) -78°Ctort H:0 (500) 1+0.5 D0 52.4(-512.6)  279.2(-126.8) 15.8:842 340 RMgX (340)

4 1000 (565:406) -78 °Ctort MeOH (500) 1+0.5 D0 331.3(-233.7) 320.1(-85.9) 50.9:49.1 660

5 1000 (565:406) —78°Ctort MenOH (500) 1+0.5 DO 317.3(-247.7) 296.8 (-109.2) 51.7:48.3 622

6 1000 (565:406) 78 °Cto rth PCls (2000) 3+12 H20 n.d. n.d. n.d. n.d. MenPO2H> (25b; 925);
NmnPO:H; (25b; 65);
dr93.4:6.6

7 3000 (1694:1219) 0°C,1t,50°C  PCls (1000) 02+1+2 D0 252 335 43.0:57.0 595 Men:POH (7; 60.8%)

8a' 3000 (1694:1219) 0°C PClz (1000) 2 D0 408 491 45.4:54.6 917.9 MenzPOH (7; 74.8%)

8b' 3000 (1694:1219) 0°C PCls (1000) 2 D0 438 476 47.9:52.1 933.8 MenzPOH (7, 72.7%)

9 1000 (565:406) 0°Ctort PhzPCI (1000) 3 D20 82.0 (-483) 207.4 (-198.6) 28.3:71.7 295.4 MenPOPh; (27; 723)

a) General conditions: 1 was added to electrophile in THF at—78 or 0 °C. After stirring for 1-3 h, reactions were quenched with D;O and warmed to rt. b) Reactant quantities and ana-
lytical composition are given in umol, whereas the main text gives rounded values in mol-%. ¢) RMgX compasition: 2.94 mL = 3.00 mmol (titration); 2H gNMR: 1694 umol 1a + 1219
pumol 1b + 45 umol y-MenMgX (12), total 2958 umol; the composition of 1 varies from 1a/b = 57:43 to 58:42, with ca. 1-1.5 mol % of y-MenMgCl (12) present. d) Room temperature
(rt) is ca 22 °C. e) Electrophile = E*, quantity in umol. f) Number in brackets indicates change (loss) of organometallic reagent as difference of initial and final value based on DO-
quenching and quantification as (D1)-4 by 2H{'"H} NMR. g) Quantity given in pmol, or mol-% (for Men,POH). h) Reaction for 3 h at —78 °C, followed by warming to rt with stirring
overnight. i) Entry 8b is a repetition of 8a.
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7  Epimerization studies of menthyl Grignard reagent

7.1 Kinetic equilibration studies of neomenthylmagnesium menthylcarboxylate

The kinetics have been analyzed for a reversible diastereomerization with two rate constants k| # k2:

ki
) _ . _n
reaction Nmn = Men rates Nmn Men

for which holds:”

[Nmn
In [Nmn

where (%Nmn); denotes mol-% of neomenthyl-species at time 7, and C/C' are constant values. The data
was fitted to the last equation above, and the term (ki+k2) was converted to k1 and k> by means of the
measured equilibrium constant Keq at each temperature. Use of the Eyring equation for k1 or k2 led to
the individual AG?, and by fitting over the temperature range to the AH* and AS* values.

7]“_"'"""]““) = ki)t

Jt — [Nmn]gq

simplified to

or furtherto  In((%Nmn); — (%

Table S18. Kinetic data for epimerization of NmnMgX with MenMgX

o equilibrium  Keq =

[Men]eq

[Nmn]eq

ki

_kz

In([Nmnj; — [Nmn]oq) = —(ky+ko) -t +C

Nmn)eq) = —(kitkz) -t + C'

Experiment at 0 °C* Experiment at 30 °C

Time (min) Men (mol%) Nmn (mol%) Time (min) Men (mol%) Nmn (mol%)
0 0,0 100,0 0 07 99,3

30 0,0 100,0 60 24 97,6

60 0,0 100,0 120 438 95,2

120 0,0 100,0 180 6.1 93,9

180 0,3 99,7 240 6,8 93,2

3000 0.5 99,5 300 9.1 90,9
Experiment at 50 °C Experiment at 70 °C

Time (min) Men (mol%) Nmn (mol%) Time (min) Men (mol%) Nmn (mol%)
0 0,4 99,6 0 03 99,7

30 7,6 92,4 15 252 74,8

60 13.6 86.4 30 34,5 65,5

120 24,1 759 45 38,9 61,1

180 .7 68,3 60 39,3 60,7

240 35,6 64,4 90 39,6 60,4

4320 38,0 62,0

8640° 38,3 61,7

a) The values at 0 °C were not included in the kinetic analysis, since the conversion was too low. b) The value at 300 min
was extrapolated from the 180 min value for graphical reasons (drawing of the guideline). ¢) Equilibrium value was measured

in a separate experiment.

Y Wolf, C. Dynamic Stereoch

v of Chiral Comy

ds; RSC Publishing: London, 2007.
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Figure §25. In([NmnMg]—[NmnMg]eq) vs time (slope = —(ki+kz))

T=30°C T=50°C T=70°C T=70°C (Piv)
365 4 > 3
36 33 25
3
i 25 B
35
2 15
545 " 0026641266757
34 1 ¥=-0011202:4 3,785806 ! — .
3. boocealx - 3588563 % 05 9 o
33 o = -008516x + 383627 o
0 100 200 300 400 o 00 200 300 7zl —————— o 20 0 e %0
Table S$19. Analysis of epimerization data for 1b'
Temp. [Nmnleq. | Keq (ki+k2)? ky k2 ti® AGH (k1) | AGY (k2)
[°C] [mol %] = kilk [min~"] [min~"] [min"] [min] [J/mol] [J/mol]
30°C 63 0,587301587 | 0,000841 | 0,00031117 0,00052983 824,2 | 64338 62996.6
50 °C 61,9 0,615508885 | 0,011202 | 0,004267962 | 0,006934038 | 61,9 | 61719 60415
70°C 60,4 0,655629139 0,08516 0,03372336 0,05143664 8,1 59812 58608
70°C (piv) | 571 0,751313485 0,02664 0,01142856 0,01521144 26,0 62900 62084

a) Value from linear regression, see Figure S25. b) Half-life to epimerization.

[Nmn] denotes the concentration of any neomenthyl-Mg-species. From the temperature dependence of
AGH, a fit for AGH = AH* — T-AS? provides the values 98521 J/mol — 7-113.2 J/mol-K (1b' — 1a'); and
AGH=96128 J/mol — 7-109.7 I/mol'K (1a' — 1b").

7.2 Epimer equilibration after addition of carboxylates to 1

Table S20. Kinetic data for equilibration of neomenthylmagnesium pivalate (1b")

Experiment at 70 °C

Time (min) Men (%) Nmn (%)
0 57,9 421

15 52,8 47,2

30 48,9 51,1

45 46,9 53,1

60 46,1 53,9

90 44,9 551

69 h 42,9 571

See Figure S25 and Table S19 for analysis of the data (entries: 70 °C (piv)).
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8 Physiological coolant compound WS-5 (22)

8.1 NMR Data for WS-5 (22)

Figure S26. Overview of &'H) and &*C) assignments for WS-5

&13C) (101 MHz, CDCly)

A'H) (500 MHz, CDCls)

22.40

0.89 g Me-5'

1.37

096 ax;
1.73eq

1.02 ax;
1.68 eq

Sipe-1"

Table §21. '*C NMR in CDCl;

Pos. Type a'3cy ()P Idx.c J'H) by HSQC® HMBCH
CDCl3
C-2 (OEY) CHs 14.23 96.23 1.009 1.28 4.23,1.42,1.17,0.91, 0.67
ReMe-1" (y-ax) CH; | 16.16 97.35 | 1.021 | 0.79(3.0) 0.91
SMe-1" (y-eq) CH; | 2149 96.84 | 1.015 |0.90(3.0) 0.79
Me-5' CHs 22.40 96.07 1.007 0.90 ( 3.0) ?
Cc-3 CH: 23.95 96.57 1.012 1.68, 0.97-1.07 ?
C-1" CH 28.67 95.67 1.003 1.75 (J 1.1) 0.90, 0.80
c-5 CH 32.41 9516 | 0.998 | 1.38(/1.0) 0.90
C-4' CH: 34.67 99.61 1.044 1.73, 0.96 0.90
c-6' CH: 39.48 95.92 1.006 1.82,1.23 0.90
-2 (Gly) CHy, | 4127 9439 | 0989 |4.04(-18) ?
Cc-2’ CH 44.42 95.51 1.001 1.54 0.91, 0.80
c-1 CH 49.59 95.23 0.998 2.1 1.23
C-1 (OEY) CH, 61.53 92.16 0.966 4.22([-1.3) 1.30
C-1(Gly) Cc 170.26 41.06 0.430 4.22,4.04,
C-1 (CONH) Cc 176.13 53.60 0.562 4.04,2.11,1.24,6.0
CH 1.000
CHz 1.004
CHs 1.013

a) Data in CDCls at 101 MHz. b) Peak integral by deconvolutive peak fitting; arbitrary units. c) "CH-Index", peak integral
relative to the average of all CH-signals. d) Recorded in CDCl; at 500 MHz.
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Table $22. 'H NMR (500 MHz, CDCls) data and assignments for WS-5

JH)? Integral Ccosy» Assignment

0.79 (d, 6.9 Hz) 3 1.74 ReMe-1"

0.89 (d, 6.5 Hz) 3 1.36 Me-5'

0.90 (d, 6.9 Hz) 3 1.75 SiMe-1"

0.96 (qd, 11.6, 3.2 Hz) 1 1.71.,1.36, 1.06, 0.95 H-4" ax

1.02 (qd, 12.7, 2.9) 1 1.69, 1.55, 1.07, 0.95 H-3' ax

1.23 (q, 12.3) 1 2.09,1.82,1.38,1.24 H-6" ax

1.29 (t, 7.2 Hz) 3 4.22 Me of OEt

1.31-1.42 (m) 1 1.80, 1.37, 1.26, 0.89 H-5'

1.54 (i, 11.5, 2.9 Hz) 1 2.09, (1.687), 1.02 H-2'

1.65-1.77 (m) 3 H-3' eq (1.68 ppm)
H-4' eq (1.73 ppm)
C-1"(1.74 ppm)

1.81 (dq, 127, 2.3 Hz) 1 2.09,1.24 H-6' eq

2.10 (td, 11.6, 3.4 Hz) 1 1.81, 1.54,1.23 H-1"

4.04 (y-d, 5.2 Hz) 2 5.97 H-2 (Gly)

4.22 (q, 7.2 Hz) 2 1.28 CH of OEt

5.97 (br.t, 5.2 Hz)° 1 4.03 NH

a) Recorded in CDCl; solution at 500 MHz. b) Coupling extracted by deconvolution.

8.2 X-ray crystal structure of WS-5

Figure S27. Crystals of WS-5.

- 839 -




8.2.1 Ball and Stick depictions for all conformers in the X-ray structure of WS-5 (22)

A A

Figure S28. Crystallographically i

1t conformers in the unit cell of WS-5 (22).

a) Torsional angles (see graphic):. —86.60/-179.24

b) —75.34/-88.95

c) +86.12/+179.86

d) +90.85/+96.28

e) +58.18/-173.11

f) +59.65/-178.21
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9 Synthesis of Dimenthylphosphine oxide (7)

A= O, @ Q

/\Me Me/\ Me

2 1 (a/p) 6

9.1 Details of the dry column chromatography purification

The following exemplifies a dry column vacuum chromatography purification': Crude product was
absorbed on SiO2 and vacuum filtered through SiOz in two separate runs. The eluent was -BuOMe—
hexanes 1:5 with incremental increases of HOAc.

Table $23. Dry column chromatography fractionation of crude 7

Batch 1 Batch 2
Fraction HOAc [%)] Volume [mL] combined to Fractions HOAC [%] Volume [mL] combined to
1 0 150 - 1 0 450 -
2 0.50 100 - 2 0.25 100 -
3 0.75 100 - 3 0.5 100 -
4 1.00 100 - 4 0.75 100 -
5 1.25 100 = 5 1.00 100
Fraction 2-1
6 1.50 100 6 1.256 100
Fraction 1-1
7 2.00 100 7 1.50 100
8 2.50 100 Fraction 1-2 8 2.00 100
Fraction 2-2
9 3.00 100 9 2.50 100
10 3.00 100 Fraction 1-3 10 3.00 100
11 3.00 100 1 3.00 100 -
12 3.00 100 - 12 3.00 100 -
13 3.00 100 -

19 For dry column vacuum chromatography, see: Pedersen, D. S.; Rosenbohm, C. Dry Column Vacuum Chromatography.
Synthesis 2001, 2431-2434.
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Table S24. Data for purified fractions of dimenthylphosphine oxide 7.

Combined fractions Purity (*'P-NMR area integration) Yield
Fraction 1-1 90% 3.2g
Fraction 1-2 97% 1.8g
Fraction 1-3 97% 349
Fraction 2-1 84% 09g
Fraction 2-2 93% 6.0g

Total 15.3 g (50%)
Recrystallized sample 97%

9.2 NMR data of dimenthylphosphine oxide (7)

The assignment of the Re- and Si-menthyl groups is based on the H-C(1")-P-H coupling constant by
comparing the calculated torsion angles (Karplus equation) with those observed in the X-ray structure.

Figure S29. Overview of &'H) and &'*C) assignments for dimenthylphosphine oxide (7)

aﬂc’
(125.8 MHz, CDCls)

&'H) from 2D NMR
(500 MHz, CDCl3)

22.65] MeS

(Re)-Menthyi Ree-t"
1550 1 S’

- eq
34.34 (s) He 2 2147

32.71 (125 Hz)

3433
(1.7 Hz)

3647 27.40 (5.1 Hz)
2465 20Hz) |,

(12.6 Hz) 41.43 (3.5 Hz)

2423
(1.1 Hz)

(3.0Hz)
28.33 (2.4 Hz) |1

©0 36.98
(84.6 Hz)
34.37*

(12 Hz)

SMe-1"
2160 e
w-eq 15.74 RMe-1'

y-ax

3225
(38 Hz) 3267
(5i)-Menthy | (144 Hz)

Me-s 1 2258
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FeMe-1 y-ax  0.97
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0.8-1.0/ o )80 Sie:
16-18 H
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She-t' 0.8-1.0/
0.95 1.6-1.8

y-eq

(Re)-Menthy! (Si)-Menthyl

* Interchangeable assignment.
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Table S25. NMR assigr for yiE phine oxide (7)
Pos.® Type | §13C)F mults | Jpey | J(d)® Idx* | §'H) &'H)
(2D) | (CDCls) (HSQC) | (500 MHz, CDCls)
Hz
2-Re CH | 4458 d 3.0 |99.74 |0990 | 154 1.53 (m, 1 H)
2-Si CH |4143 d 3.5 | 100.41 | 0.997 | 1.74 1.61-1.82 (m, 8H)
1-Si CH | 3698 d 64.4 | 99.73 | 0990 | 1.68 1.61-1.82 (m, 8 H)
1-Re CH 36.47 d 62.0 | 99.38 | 0,986 | 1.96 1.96 (m, 1 H)
4-S# CH: | 3437 d 12 | 989" 0.8-1.0/ | 0.8-1.2 (m, 5H)
1.6-1.8 | 1.61-1.82(m, 8H)
6-Re CHz | 34.34 s 106* 1.010 | 0.86/ 0.8-1.2(m, 5H)
(avg.) | 1.63 1.61-1.82 (m, 8 H)
4-Re* CHz | 34.33 d 1.7 | 100.4* 0.8-1.0/ | 0.8-1.2 (m, 5H)
16-18 | 1.61-1.82(m, 8H)
5-Si CH | 3267 d 14.4 | 100.55 | 0.998 | 1.38 1.33-1.46 (m, 3H)
5-Re CH | 3271 d 125 | 1022 | 1.014 | 1.38 1.33-1.46 (m, 3H)
6-Si CH; | 3225 d 3.8 |10209 | 1.013 | 1.39 0.33-1.46 (m, 3H)
1.74 1.61-1.82 (m, 8 H)
1-Re CH 28.33 d 24 100.39 | 0.996 | 2.65 2.64 (sept xd, 3/ =6.9, 28 Hz, 1 H),
1-8i CH | 2740 d 51 | 103.70 | 1.029 | 2.23 222 (sept=d, °J=6.9,25Hz 1H)
3-Re CH; | 2465 d 126 | 102.54 | 1.018 | 1.10/ 0.8-1.2(m, 5H)
1.78 1.61-1.82 (m, 8 H)
3-Si CH; | 2423 d 1.1 | 101.89 1.06/ 0.8-1.2 (m, 5 H)
1.011 | 1.78 1.61-1.82 (m, 8 H)
Me-5-Re CHs | 22.65 s 103.06 | 1.023 | 0.93 0.93(d, J=6.6 Hz, 3H)
Me-5-Si CH; | 2258 s 104.46 | 1.037 | 0.96 0.95(d, J =6.1Hz, 3 H)
SMe-1-Re | CHa | 21.60 s 104.70 | 1.039 | 0.95 0,94 (d, J=7.0Hz,3H)
SMe-1-Si | CHs | 21.47 s 102,22 | 1.014 | 0.97 0.97 (d, J=6.8 Hz, 3H)
FeMe-1-Re | CHs | 15.74 s 103.88 | 1.031 | 0.85 0.85(d, J=6.8Hz, 3 H)
ReMe-1-Si | CHs | 15.50 s 103.69 | 1.029 | 0.81 0.81(d, J=69Hz,3H)
CH 1.000
CH: 1.012
CHg 1.029

a) Positional numbering systematic; Re and Si suffix refers to assignment ot the diastereotopic menthyl groups; #*Me refers
to the diastereotopic methyl groups attached to C-1'. b) *C NMR at 125.8 MHz in CDCls, cryo-probe. ¢) Multiplicity of signal
due to J(*'P,'*C)-splitting. d) Peak integral by deconvolutive peak fitting ("d"); arbitrary units. e) "CH-Index", peak integral
relative to the average of all CH-signals. * Value inaccurate due to signal overlap. * Interchangeable assignment.
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10 Crystallography

For compounds 13 and 27 the X-ray intensity data were collected on an X-ray single crystal
diffractometer (Bruker D8 Venture Duo IMS) equipped with a CMOS detector (Bruker Photon-100), a
Mo IMS microsource with MoK, radiation (A=0.71073 A) and a Helios optic monochromator by
using the APEX 3 software package.'! For compounds 7 and 22 the X-ray intensity data were collected
on an X-ray single crystal diffractometer (Bruker D8) equipped with a CCD detector (APEX I, «-
CCD), a fine-focused sealed tube with MoK, radiation (A =0.71073 A) and a graphite monochromator
by using the APEX 2 software package.'” The measurement was performed on single crystals coated
with perfluorinated ether. The crystal was fixed on the top of a microsampler, transferred to the
diffractometer and frozen under a stream of cold nitrogen. A matrix scan was used to determine the
initial lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects,
scan speed, and background using SAINT."* Absorption corrections, including odd and even ordered
spherical harmonics were performed using SADABS.'? Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were solved by
direct methods with the aid of successive difference Fourier maps, and were refined against all data
using the APEX 3 software'! in conjunction with SHELXL-2014'* and SHELXLE.'* Methyl hydrogen
atoms were refined as part of rigid rotating groups, with a C-H distance of 0.98 A and Uiwm) =
1.5:Ueg(c). Other H atoms were placed in calculated positions and refined using a riding model, with
methylene and aromatic C-H distances of 0.99 and 0.95 A, respectively, and Uisoan = 1.2 Ueqc). For
compound 7 the P-bound hydrogen atoms were located in the Fourier map and allowed to refine freely
with an Uisoany = 1.5-Ueqey. For H3P a DFIX restraint was used. For compound 22 the N-bound
hydrogen atoms were located in the Fourier maps and allowed to refine freely with N-H distances of
0.91 A and Uiy = 1.5:Ueqrvy. If not mentioned otherwise, non-hydrogen atoms were refined with
anisotropic displacement parameters. Full-matrix least-squares refinements were carried out by
minimizing Aw(Fo>-F?)* with SHELXL-97'® weighting scheme. Neutral atom scattering factors for all
atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from the
International Tables for Crystallography.'”

" APEX suite of erystailographic .t.'afr\mr(n APEX 3, version 2015.5-2, Bruker AXS Inc., Madison, Wisconsin, USA, 2015.
12 APEX suite of crystallographic software. APEX 2, version 2008.4. Bruker AXS Inc., Madison, Wisconsin, USA. 2008.
I3 SAINT, Version 7.56a and SADABS Version 2008/1, Bruker AXS Inc., Madison, Wisconsin, USA, 2008.
' Sheldrick, G. M. SHELXL-2014, University of Géttingen, Géttingen, Germany, 2014.
'3 Huebschle, C. B.; Sheldrick, G. M.; Dittrich, B. ShelXle: A Qt Graphical User Interface for SHELXL. J. Appl. Cryst.
2011, 44, 1281-1284.
' Sheldrick, G. M. SHELXL-97, University of Géttingen, Gdttingen, Germany, 1998.
1" Wilson, A. J. C. International Tables for Crystallography, Vol. C, Tables 6.1.1.4 (pp. 500-502), 4.2.6.8 (pp. 219-222), and
4.2.4.2 (pp. 193-199); Kluwer Academic Publishers: Dordrecht, The Netherlands, 1992.
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10.1 ORTEP Plots

Figure §30. Solid state molecular structure of dimenthylphosphine P-oxide (7).

Oxygen is colored red, phosphorus purple. Ellipsoids are shown at 50 % probability. The unit cell contains three independent
molecules of very similar geometry, of which one is displayed.
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Figure $31. X-ray solid-state molecular structure of bimenthyl (13). Fig. $32. Solid state molecular structure of WS-5 (22).

50 % probability level ellipsoids. Ellipsoids are shown at 50 % probability level. Oxygen is red, nitrogen blue. Selected conformer; see Figure S28 for
depictions of all conformers

- S46 - 847 -
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Figure S33. Solid-state X-ray molecular structure of dimenthylphenylphosphine P-oxide (27).

Ellipsoids are shown at 50 % probability level. Hydrogens are omitted for clarity. Oxygen is red, phosphorus purple.

- S48 -
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11 NMR spectra
11.1.1 1-Methoxy-4-(Ds-methoxy)-benzene (deuterated standard for 2H qNMR)

'H NMR (400 MHz, CDCl;)
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11.1.2 trans-para-Menthane (4)

13C NMR (100.6 MHz, CDCl3)

'H NMR (400 MHz, CDCls) - full range spectrum
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13C NMR (101 MHz, CDCl3), minor signals due to y-menthane (16) - full range
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11.1.3 Dimenthylphosphine P-oxide (7)
'H NMR (400 MHz, CDCls) -
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"*CNMR (125.8 MHz, CDCI3) - expansion 11.1.4 Bimenthyl isomer mixture (13-15) — full range spectra and *C NMR expansions

Vacuum distilled mixture of bimenthyl hydrocarbons. Men: = 13; Men/Neo = 14; Neo. = 15

shtlo aun NoEmmRnaOOTEE  ONNO  moTn oo oy
pase] 28 NOBOALNASATYE  Ghhe BoTn noI 23 -
QPR 29 S iet e Kt it SR - et ] s
<ts ¥ NEEYedTannang  SONN  S¥YY NNCs B =l
S 33 RESSIAIANEINS  MERS  3Aasases i 3

V WNAN VY AV Vo menthel somer mi

! ! 'H NMR (400 MHz, CDCl:) of bimenthyl isomer mixture, full range
3434 (s)
. |
34.37 !
= 32.67
(=12 (=14.4)
3271 2485
36.98 (=125 Ue=ize)
(J = 64.6 Hz) 28.33 2423
44,58 41.43 36.47 J=24) =111
=30) y=35) (J=-62.0)
| | | Wp1n ) (=51
Vo | ) "y
\ ’ ‘ “ |
|
T
0

3IP NMR (162 MHz, CDCl3)

ppm 9 8 7 ¢ 5 4 3 H 1 ]
o
z M M
T e Me
H
; ﬁ
Me\]: Me
Me Me
. oy
L
|
) W .
| |
ppmI Sb 4‘0 Sb Zb 'Ib 6 |
| [l
pom 180 160 130 120 100 80 60 {1 20 ]
-855-

-854 -

119



3C NMR (101 MHz, CDCl3) of bimenthyl isomer mixture, 50-32 ppm range 11.1.5 Bimenthyl (symmetric), crystalline (13)

P N - o o - > n - i i 'H NMR (400 MHz, CDCI3) - full range spectrum
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22)

5

11.1.6 Ethyl 2-((1R,2S8,5R)-2-isopropyl-5-methylcyclohexanecarboxamido)acetate (WS-5:

'H NMR (500 MHz, CDCls) - full range

13C NMR (101 MHz, CDCl3) - full range spectrum
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13C NMR (101 MHz, CDCl3) - full range spectrum
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11.1.7 Menthylphosphinic acid (25)
'H NMR (400 MHz, CDCl) - crude product w. internal standard
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11.1.8 Menthyldiphenylphosphine P-oxide (27)

'H NMR (400 MHz, CDCls)
S

13C NMR (126 MHz, CDCl3) - after SiOz-chromatography
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13C NMR (100.6 MHz, C¢Ds) - expansion
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Synthesis of Acceptor-Substituted Pyrroles by Ruthenium-Catalyzed
Acceptorless Dehydrogenative Condensation with Amino Alcohols
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KEYWORDS. dehydrogenation, homogenous catalysis, ruthenium, pyrrole

ABSTRACT: A new approach towards acceptor-substituted pyrroles is described. Starting from simple amino alcohols the
acceptorless dehydrogenative condensation is conducted as a stepwise one-pot synthesis with a ruthenium NNP-pincer
complex in the presence of weak base. Hydrogen and water are evolved as byproducts during this process.

In modern chemistry, the development of atom-eco-
nomic and environmental benign synthetic methods has
become more important. In this context, the principle of
acceptorless dehydrogenation, more precisely liberation of
hydrogen gas by catalytic oxidation of C-H, N-H or O-H
bonds without the use of stoichiometric oxidants, serves as
a valuable strategy.' The initial dehydrogenation can be
followed by a condensation step with a suitable nucleo-
phile (e.g. amines) giving water as non-toxic waste prod-
uct. In some cases, the intermediately formed catalyst spe-
cies [M]Hz additionally transfers H2 onto the condensa-
tion product (hydrogen autotransfer/borrowing hydro-
gen).” Our recently published paper on the catalytic C-al-
kylation of pyrroles with alcohols gives an example for the
latter.?

Multiple examples for the advantageous application of
the dehydrogenative condensation strategy can be seen in
the syntheses of N-heterocycles such as indoles,* pyrim-
idines,’ pyrazines® and pyrroles. The established Knorr pyr-
role synthesis relies on the condensation of a ketone (fa-
vorably with electron-withdrawing substituents in «-posi-
tion, e.g. B-keto esters or B-keto carbonyls) with unstable
and not storable o-aminocarbonyl compounds, which
therefore have to be prepared in situ (e.g. by reduction of
nitrosocarbonyls).” To circumvent this problem, Saito and
coworkers used «-amino alcohols as starting material fol-
lowed by in situ oxidation to e-aminocarbonyls and subse-
quent condensation with ketones to prepare alkyl- and
aryl-substituted pyrroles.* The reaction was carried out uti-
lizing a ruthenium complex and alkali base under high
temperature conditions (165 °C). Related transformations,
namely reactions of a-amino alcohols with secondary alco-
hols® or 1,4-diols with amines'? have already been realized
with noble-metal based catalysts (iridium, ruthenium) as
well as with systems based on cobalt or manganese
(Scheme 1). However, syntheses of acceptor-substituted

pyrroles employing a dehydrogenative condensation strat-
egy have been absent so far. A previous approach for the
generation of ester-substituted pyrroles and 1,5,6,7-tetra-
hydroindol-4-ones followed a two-step route starting with
condensation of 1,3-cyclohexadione and an a-amino alco-
hol."" The resulting p-hydroxyenaminone is cyclized via
Pd-catalyzed oxidation with equimolar amounts of mesityl
bromide as oxidant (Scheme 1). Having in mind the im-
portance of the pyrrole scaffold in many pharmaceuticals
and natural products,'? we seeked to enlarge the scope of
catalytic dehydrogenative condensation onto acceptor-
substituted pyrroles. We reasoned that enamine formation
(A) from B-keto carbonyl compounds and a-amino alco-
hols followed by catalytic dehydrogenation (B), intramo-
lecular cyclization (C) and a final dehydrogenation/dehy-
dration step (D) would give the desired products (Scheme

1).

Scheme 1. Strategies for the dehydrogenative pyrrole syn-
thesis.
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At the outset, we investigated the dehydrogenative cy-
clization of B-hydroxyenaminone 1a as a suitable model re-
action for catalyst optimization (Table 1). Iridium or ruthe-
nium based systems that have previously been shown to
possess dehydrogenation activity all afforded the desired
1,5,6,7-tetrahydroindol-4-one 2a. The best results at higher
loadings (10 mol%) were obtained by a combination of
[Ir(cod)Cl]; and triazine-based NNP-pincer ligand L1" or a
Ru-NNP complex, that was introduced by Milstein (entries
7+9).'* Huang's Ir-NCP system'® and the carbene complex
(Cym)Ru(IPr)Cl, were slightly worse (entries 4+5). At
lower loadings the Ru-NNP system proved to be superior
(entries 8+10). Reducing the amount of base to 0.5 equiva-
lents drastically increased the yield. The milder K;PO, was
preferred compared to the equally active KOtBu (entries
11+12).

Table 1. Optimization of the dehydrogenative cyclization
of -hydroxyenaminone 1a.¢

A on e I
| = base N/
Ivlh--'“f Soran, 007G, 247 EEEE_\
1a 2a
(i N —PltBu); M NH ﬁE N/':!_:\CD
Hey (Pr)P P{iPr; L\,J
Ir-NCP L1 Ru-NNP
entry  catalyst (mol %) base yield?
(equiv) (%)
1 [Ru(cym)CL]. (5.0) + KOtBu 42
DPE-Phos (10) (15)
2 RuHCI(CO)(PPh,); (10) KOtBu 42
(1.5)
3 [Cp*IrCL]: (5.0) KOtBu 60
(1.5)
4 [r-NCP (10) KOtBu 74
(15)
5 (Cym)Ru(IPr)Cl, (10) KOtBu 78
(1.5)
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6 [Ir(cod)Cl], (5.0) + PPh; KOtBu 44
(15) (15)
7 [Ir(cod)Cl], (5.0) + L1 (10)  KOtBu 89
(15)
8¢ [Ir(cod)Cl], (1.0) + L1 (2.0) KOtBu 43
(1.5)
9 Ru-NNP (10) KOtBu 86
(1.5)
10 Ru-NNP (2.0) KOtBu 66
(1.5)
11 Ru-NNP (2.0) KOtBu 92
(0.5)
12 Ru-NNP (2.0) K,PO, 96 (go)
(0.5)

9All reactions were performed with 500 pmol 1a under argon
atmosphere. ?Determined by quantitative 'H-NMR against
1,1,2,2-tetrachloroethane as internal standard. Isolated yield in
brackets. ‘Precomplexation of [Ir(cod)Cl], and ligand L1 in
0.3 mL dioxane at 50 °C for 60 min.

With the optimal conditions in hand, we changed the
substituent R to phenyl (1b) finding that KOtBu is per-
forming better in this case. Replacing it by hydrogen (1c)
lead to nearly none of the desired product (2a-c) (Scheme

2).

Scheme 2. Variation of the substituent in the dehydro-
genative synthesis of 1,5,6,7-tetrahydroindol-4-ones.

_OH

E{iw;

1a,R = iPr, 90%
1b, R = Ph, 50%; with 0.5 equiv KOtBu, 74%
1c, R = H, 6% gNMR

Ru-NNP (2.0 mol %)
KPP0, (0.5 equiv)

-
dioxane, 100 °C, 24 h

o

2a-c

A
I\/r

R

=

As the synthesis of B-hydroxyenaminones is a simple
enamine formation" we next attempted to realize a one-
pot protocol. 1,3-cyclohexadione (3) and L-valinol (4) were
chosen as model substrates (Table 2). Mixing all reagents
at the outset of the reaction led to a maximum yield of 33%,
indicating that enamine formation might be suppressed
under basic conditions. However, a slight excess of amino
alcohol (1.2 equiv) is advisable (entries 1-4). If catalyst and
base were added after 4 hours at 100 °C the yield could be
improved to 82% (entry 5). Addition of molecular sieves to
support the condensation step gave a negligible amount of
product (entry 6), whereas later addition of catalyst and
base slightly improved the yield to 88% (entries 7+8).

Table 2. Optimization of the dehydrogenative coupling
of 1,3-cyclohexadione (3) and L-valinol (4).

el

Q-

3

NH
HO. e~

Ru-NNP (2.0 mol %)
base

dioxana, A, t

4



entry  4/3 base T (°C) t (h) Yield?
(%)

1 0.5 KPO,(o.5) 100 24 o

2 12 KPO,(o5) 100 24 33

3 2.0 KPO,(05) 100 24 16

4 12 KOtBu(o1) 100 24 o

5 12 KPO, (0.5) 100/100  4/24 82

6° 12 KPO, (o0.5) 100/100  4/24 5

7 12 KPO, (0.5)  rt/100 24/24 75

8 12 KPO, (0.5) 100/100  24/24 88

¢All reactions were performed with 500 pmol of the limiting
compound under argon atmosphere. Catalyst and base were
either directly added (entries 1-4) or after a certain time at the
indicated temperature (entries 5-8). PDetermined by quantita-
tive 'H-NMR against 1,,2,2-tetrachloroethane as internal
standard. “With 0.5 g molecular sieves (4 A).

Next, the substrate scope of the synthetic protocol was
investigated (Table 3; method A: 100 °C, dioxane; method
B: 120 °C, toluene). The different amino alcohols were ei-
ther commercially available or synthesized by simple lith-
ium aluminium hydride reduction of the corresponding
amino acids. With 1,3-cyclohexadione (3) as the carbonyl
compound, most tetrahydroindol-4-ones were obtained in
medium to good yields (= 60%, 2c-i). The unsubstituted 2-
aminoethanol gave only 22% product (zc), which is in
agreement to the result of the B-hydroxyenaminone cy-
clization (Scheme 2). Interestingly even a thioether group
was tolerated (2g). A y-amino alcohol (2-aminobenzyl al-
cohol) afforded the respective pyridine (2i).'® N-substi-
tuted substrates like N-ethyl valinol did not react. Other -
keto carbonyls reacted smoothly with L-valinol (2j-1). No-
tably, B-keto esters were also tolerated as substrates giving
the desired pyrroles in medium yields (2m, 2n).

Table 3. Substrate scope of the dehydrogenative coupling
of amino alcohols with #-keto carbonyl compounds.?

o R4
o o NH; OH 1. solvent, 100 °C, 24 h

N 1
R‘uﬂz . RJLH/LW 2. RU-NNP (2.0 mol %) Rlﬁf}ﬁw
N

n KaP Oy (0.5 8quiv), 4, 24 h g2
n=01 2

A solvent = dioxane, A =100 °C
B: solvant = toluene, A =120 °C

—

o o ?L >_ i //7\\
O O G
H H H i
2¢ 2d e 2f
B: 22%" A Ta% A T2% A T2%

2 2h 2
A:TE% B 60% B: 64%
; - .
_ 4/ o “'\{_
*=L /ILH {;—E\ \ I )
/ N N A~ A, /\W/
H N |} N
o ol
2k 21 2m
A; 84% B: 51% B: 77% B 49%
o

“All reactions were performed with soo pmol f-keto carbonyl
and 600 pmol amino alcohol under argon atmosphere. Iso-
lated yields are given. "Determined by quantitative 'H-NMR
against 1,1,2,2-tetrachloroethane as internal standard after
work-up.

In summary, we have developed a new reliable method
for the synthesis of acceptor-substituted (carbonyl, ester)
pyrroles with a special focus on tetrahydroindol-4-ones.
The approach was based on a catalytic dehydrogenative
condensation strategy which allows the use of easily avail-
able starting materials. Milstein’s Ru-NNP complex in
combination with K;PO4 turned out to be the most active
catalyst system for the dehydrogenation of the intermedi-
ately formed f-hydroxyenaminones.
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1 General information
Chemicals: Unless otherwise specified, all reagents and solvents were obtained from
commercial suppliers and used without further purification. Ligands L1, Ir-NCP
complex?), Ru-NNP complex®l, RuHCI(CO)(PPh;)*, (Cym)Ru(IPr)CLE! and 3-((2-

hydroxyethyl)amino)cyclohex-2-enonel®! (1¢) were prepared according to literature.
Solvents for water-free reactions were dried by passing through a column of Al,O; and

then kept over 3 A molecular sieves under an argon atmosphere.!”! The residual water

content in dried solvents was analyzed by coulometric Karl Fischer titration.

Chromatography: Column chromatography (CC) was performed on silica gel 60 (35—
70 um particle size), usually as a flash chromatography with 0.2 bar positive air pressure.
Thin layer chromatography was performed on glass plates coated with silica gel 60 Fasy
and visualized with UV light (254 nm), molybdenum stain (Mostain)' or anisaldehyde
stain?,

Analytical data: NMR spectra were recorded at 300, 400, or 500 MHz ('H) at ambient
temperature (19-25 °C). Chemical shift & is given in ppm. 'H NMR spectra were
internally referenced to tetramethylsilane (TMS, &y 0.00) or residual solvent peaks; in
CDCls: & 7.26; in (Dg)-DMSO: & 2.50. C NMR spectra were referenced to solvent
peaks; CDCls, & 77.16; (Dg)-DMSO, & 39.52.

Reaction component analysis by gNMR: Yield determinations by qNMR were carried out

by means of suitable internal standards and appropriate pulse sequences, typically using a

pulse repetition delay d1 of >20 sec, see ref. !

1 Prepared from (NHi)s[Mo7021]-4 H20 (10 g), Ce(SO4)2-4 H20 (0.2 g), H2O (200 mL) and conc.
H2S04 (12 mL; added last with stirring).

? Prepared from acetic acid (100 mL), conc. H2S04 (2 mL) and anisaldehyde (1 mL).
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2 Synthesis of B-hydroxyenaminones

(5)-3-((1-hydroxy-3-methylbutan-2-yl)amino)cyclohex-2-en-1-one (1a)

L-valinol (3.09 g, 30.0 mmol, 1.0 eq.) was dissolved in dry THF (30 mL) and crushed
molecular sieves (4 A, 15 g) were added. A solution of 1,3-cyclohexadione (3) (2.80 g,
25.0 mmol, 1.2 eq.) in dry THF (15 mL) was added and the suspension was stirred for
50 h at room temperature. The reaction mixture was filtered through a pad of celite and
evaporated. The crude product was purified by column chromatography (dichloro-
methane/methanol = 10:1) to give 4.15 g 1a (84%) as a yellow solid. Ry 0.69 (dichloro-
methane/methanol = 5:1). 'H NMR (400 MHz, CDCl:): 6 = 5.37 (bs, 1H, NH), 5.16 (s,
1H, CHCO), 3.96 (bs, 1H, OH), 3.73 (dd, /= 11.5, 3.8 Hz, 1H, CH>OH), 3.67 (dd, J =
11.5, 5.1 Hz, 1H, CH>OH), 3.28-3.20 (m, 1H, CHNH), 2.39 (t, /= 6.2 Hz, 2H, CH,),
2.31-2.26 (m, 2H, CH>), 2.03-1.90 (m, 2H, CH,), 0.96 (d, J = 6.8 Hz, 3H, CH;), 0.95 (d,
J= 6.8 Hz, 3H, CH;) ppm. *C NMR (101 MHz, CDCly): d = 197.7, 165.9, 96.7, 61.4,
59.8, 364, 304, 29.3, 22.0, 19.3, 19.2 ppm. HRMS (EI): caled for C;;H;sNO,™:
197.1410, found 197.1407.

(R)-3-((2-hydroxy-1-phenylethyl)amino)cyclohex-2-en-1-one (1b)

o
ij\ oH
N
(R)-2-Phenylglycinol (2.47 g, 18.0 mmol, 1.2 eq.) was dissolved in dry THF (40 mL) and
crushed molecular sieves (4 A, 105 g) were added. A solution of 1,3-cyclohexadione

(1.68 g, 15.0 mmol, 1.0 eq.) in dry THF (20 mL) was added and the suspension was

stirred for 22 h at room temperature. The reaction mixture was filtered through a pad of
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celite and evaporated. The crude product was purified by column chromatography (ethyl
acetate) to give 3.23 g 1b (93%) as a yellow crystalline solid. '"H NMR (400 MHz,
CDCl3): 0= 7.38-7.20 (m, 5H, Ar-H), 5.57 (bs, 1H, NH), 4.95 (s, 1H, COCH), 4.52-4.45
(m, 1H, CHNH), 3.92 (dd, J=11.6, 3.9 Hz, 1H, CH,OH), 3.76 (dd, /= 11.6, 5.9 Hz, 1H,
CH,OH), 2.42 (t, J= 6.2 Hz, 2H, CH>»), 2.29-2.23 (m, 2H, CH>), 1.96 (pent, J= 6.4 Hz,
2H, CHa, overlaps with broad OH-signal) ppm. *C NMR (75 MHz, CDCl,): 6= 198.0,
166.0, 138.5, 128.8, 127.8, 126.5, 98.2, 66.0, 59.8, 36.1, 29.4, 21.9 ppm. Known
compound, CAS 467214-80-8.

3 Dehydrogenative cyclization of B-hydroxyenaminones

31 General screening procedure
A 10mL Schlenk tube was charged with metal complex, ligand, base, P-
hydroxyenaminone 1a and dry solvent under argon atmosphere. The mixture was heated
at the indicated temperature for 24 h. After cooling to room temperature, a saturated solu-
tion of aq. NH4Cl and ethyl acetate were added. The phases were separated, the organic
layer was washed with water and brine and dried over NaSO4 or MgSO,. The solvent

was evaporated and 1,1,2,2-tetrachloroethane was added as internal standard for gNMR.
Table S-1. Catalyst screening.'”!

o catalyst
_OH ligand
B KOfBu (1.5eq.)
_ Y .
N/w/
H
1a

solvent, T, 24 h

o]
. =
8 TZ

catalyst (mol%) ligand (mol%) solvent (mL) temperature [°C] yield® [%)]
Pd/C (10 wt%) - toluene (1) 110 4
[Ir(cod)Cl1]: (5) . THF (1) 60 5
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[Ir(cod)CI]2 (5)
[Ru(eym)Cl2]2(5)
[Ru(cym)Cla]2(5)

[Cp*IrCL]2 (5)

RuHCI(CO)(PPh3): (10)
(Cym)Ru(IPr)Cla (10)
CoCla (10)
I-NCP (10)
Ru-NNP (10)

[Ir(cod)Cl]2 (5)
[Ir(cod)C1]2 (5)1¢)

[IrOMe(cod)]2 (5)I

[a] Reactions were performed with 500 pmol 1a. [b] Determined by qNMR against internal standard. [c] Precomplexation of

DPE-Phos (10)
DPE-Phos (10)

L1 (10)
PPh; (15)
L1(10)
L1 (10)

toluene (1)
toluene (1)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)
dioxane (2)

metal precursor and ligand L1 in 0.5 mL dry dioxane for 1 hat 50 °C.

Table S-2. Loading optimization.

(0]

catalyst

dioxane, 100 °C, 24 h

_/OH ligand

N KOtBu (1.5eq.)
N
H/\r
1a

o}
O«
N
H
2a

110
110
100
100
100
100
100
100
100
100
100
100

scale [mmol]  catalyst (mol%)  ligand (mol%) solvent (mL) Yield" [%]
500 Ru-NNP (4) - dioxane (2) 66
500 Ru-NNP (2) - dioxane (2) 66
1000 Ru-NNP (1) - dioxane (3) 45
500 [Ir(cod)C1]> (2) L1 (4) dioxane (2) 70
500 [Tr(cod)Cl] (1) L1(2) dioxane (2) 43
1000 [Ir(cod)Cl]2 (0.5)"! Li1(1) dioxane (3) 43
1000 [IfOMe(cod): (0.5 LI (1) dioxane (3) 10

[a] Determined by gNMR against internal standard. [b] Precomplexation of metal precursor and ligand L1

in 0.3 mL dry dioxane for 1 hat 50 °C.
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38
42
60
42
78
7
74
86
44
89
87
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Table S-3. Base/Solvent screening.”!

o o]
_OH Ru-NNP (2 mol%)
d 3 base ®—<
E/Y solvent, T, 24 h H
1a 2a
base (eq.) solvent temperature [°C] yield [%]
KOBu (2) toluene 110 48
KOBu (2) dioxane 100 52
KOBu (1) dioxane 100 82
KOrBu (0.5) dioxane 100 92
KOBu (0.2) dioxane 100 69
NaO/Bu (1.5) dioxane 100 48
KiPO4 (1.5) dioxane 100 97
KiPO4 (1) dioxane 100 96
K3PO4 (0.5) dioxane 100 96 (90)
KsP0O4 (0.2) dioxane 100 33
K3POy (0.5) toluene 110 92
K3PO4 (0.5) THF 65 73

[a] Reactions were performed with 500 pmol 1a and 2 mL solvent. [b] Determined
by QNMR against internal standard. Isolated yield in parenthesis.

3.2 Representative procedure for isolated products
A 10 mL Schlenk tube was charged with Ru-NNP complex (4.8 mg, 2.5 umol, 2 mol%).

base (250 pmol, 0.5 eq.), B-hydroxyenaminone (500 pmol, 1.0 eq.) and dry dioxane
(2 mL). The mixture was heated at 100 °C for 24 h. After cooling to room temperature, a
saturated solution of aq. NH4Cl (5 mL) and ethyl acetate (20 mL) were added. The phas-
es were separated, the organic layer was washed with water (5 mL) and brine (5 mL) and

dried over NaSO,. The solvent was evaporated and the crude product was purified by

column chromatography.
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33 Product characterization
2-Isopropyl-1,5,6,7-tetrahydroindol-4-one (22)

(o]
IZ_

With (8)-3-((1-hydroxy-3-methylbutan-2-yl)amino)cyclohex-2-en-1-one (1a; 98.6 mg,
500 pmol, 1.0 eq.) and K5PO4 (53.1 mg, 250 umol, 0.5 eq.). Purification by column
chromatography (hexane/cthyl acetate = 1:1) gave 80.2 mg 2a (90%) as colorless solid.
R;0.34 (hexane/ethyl acetate = 1:2). '"H NMR (400 MHz, CDCls): §= 8.87 (bs, 1H, NH),
6.21 (dd, J = 2.6, 1.0 Hz, 1H, Ar-H), 2.87 (heptd, J = 6.8, 1.0 Hz, 1H, CH(CHs)>), 2.79
(t, J= 6.2 Hz, 2H, CH,), 2.48-2.43 (m, 2H, CH,), 2.17-2.10 (m, 2H, CH,), 1.25 (d, J =
6.8 Hz, 6H, CHs) ppm. *C NMR (101 MHz, CDCly): § = 194.8, 143.4, 140.4, 120.3,
100.0, 37.9, 27.1, 24.2, 22.9, 22.5 ppm. Known compound, CAS not existing, Reaxys 1D
32663460.

2-Phenyl-1,5,6,7-tetrahydroindol-4-one (2b)
o
C0-O
N

With  (R)-3-((2-hydroxy-1-phenylethyl)amino)cyclohex-2-en-1-one ~ (1b; 116 mg,
500 pmol, 1.0 eq.) and KOrBu (28.1 mg, 250 umol, 0.5 eq.). Purification by column
chromatography (hexane/ethyl acetate = 1:1) gave 78.5 mg 2b (74%) as colorless solid.
R;0.36 (hexane/ethyl acetate = 1:2). 'H NMR (400 MHz, Ds-DMSO): 5= 11.76 (bs, 1H,
NH), 7.68-7.64 (m, 2H, Ar-H), 7.40-7.34 (m, 2H, Ar-H), 7.24-7.18 (m, 1H, Ar-H), 6.71
(d, J =24 Hz, IH, Ar-H), 2.83 (t, J= 6.1 Hz, 2H, CH>»), 2.36-2.31 (m, 2H, CH,), 2.05
(pent, J = 6.3 Hz, 2H, CH;). '*C NMR (101 MHz, De-DMSO): 6 = 192.7, 145.1, 132.1,
131.8, 128.8, 126.4, 123.8, 120.8, 101.6, 37.7, 23.6, 22.2 ppm. Known compound, CAS
14006-77-0.
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4 Dehydrogenative one-pot coupling reactions

4.1 General screening procedure
A 10 mL Schlenk tube was charged with 1.3-cyclohexadione (3), L-valinol (4), Ru-NNP
complex (2 mol%), base and dry dioxane (2 mL) under argon atmosphere. The mixture
was heated at 100 °C for 24 h. After cooling to room temperature, a saturated solution of
aq. NH4Cl and ethyl acetate were added. The phases were separated, the organic layer
was washed with water and brine and dried over NaSO4 or MgSQ,. The solvent was

evaporated and 1,1,2,2-tetrachloroethane was added as internal standard for gNMR.

Note: If Ru-NNP complex and base were added after the condensation step, the mixture

was cooled for about 5 min before addition (Table 2, entries 5-8; Table S-4, footnote [d]).

Table S-4. Screening table.

o NH, bRu-NNP (2.0 mol %) 2
+ H ase
3 4 2a
x (umol) y (mmol) base (eq.) temperature'® [°C| time® [h]  yield [%)]
1000 500 K3P04(0.5) 100 24 0
500 600 K3P04(0.5) 100 24 33
500 1000 K3P04(0.5) 100 24 16
500 600 KOrBu (0.1) 100 24 0
5001 600 K3P04(0.5) 100/100 4/24 82
500041 600 K3P04(0.5) 100/100 4/24 5
500041 600 K3P04(0.5) /100 24/24 75
5000 600 K3P04(0.5) 100/100 24/24 88

[a] Temperature of condensation step/temperature after addition of catalyst and base. [b] Reaction time of condensation
step/reaction time after addition of catalyst and base. [c] Determined by gqNMR against internal standard. [d] Catalyst and
base were added afier a certain time at the indicated temperature. [¢] With addition of 0.5 g molecular sieves (4 A) at the
beginning.
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4.2 Representative procedure for isolated products
A 10 mL Schlenk tube was charged with carbonyl compound (500 pmol, 1.0 eq.), amino
alcohol (600 pmol, 1.2 eq.) and dry solvent (2 mL). The mixture was heated at 100 °C
for 24 h. After cooling for about 5 min, Ru-NNP complex (4.8 mg, 2 mol%) and K;PO,
(53.1 mg, 250 pmol, 0.5 eq.) were added and it was heated for 24 h (100 °C for dioxane,
120 °C for toluene). It was cooled to room temperature, followed by addition of a satu-
rated solution of aq. NH4ClI (5 mL) and ethyl acetate (20 mL). The phases were separat-
ed, the organic layer was washed with water (5 mL) and brine (5 mL) and dried over
NaSQy. The solvent was evaporated and the crude product was purified by column chro-

matography.

4.3 Product characterization
2-Methyl-1,5,6,7-tetrahydroindol-4-one (2d)

o]

-

H

With 1,3-cyclohexadione (3; 56.1 mg, 500 umol, 1.0 eq.) and DL-alaninol (48 puL,
600 pmol, 1.2 eq.) in dioxane. Purification by column chromatography (hexane/ethyl ac-
ctate = 1:2) gave 55.5 mg 2d (74%) as colorless solid. Rf0.30 (hexane/ethyl acetate =
1:4). '"H NMR (400 MHz, Ds-DMSO): 6= 11.06 (bs, 1H, NH), 5.91-5.88 (m, 1H, Ar-H),
2.68 (1, /= 6.2 Hz, 2H, CH>), 2.26-2.22 (m, 2H, CH>), 2.13 (d, J = 0.9 Hz, 3H, CHj3),
2.01-1.93 (m, 2H, CH,). 3C NMR (101 MHz, Ds-DMSO): ¢ = 192.3, 142.9, 128.2,
119.6,101.7, 37.6, 23.8, 22.1, 12.5 ppm. Known compound, CAS 35308-68-0.
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2-Isobutyl-1,5,6,7-tetrahydroindol-4-one (2¢)

o

oy

H

With 1,3-cyclohexadione (3; 56.1 mg, 500 pumol, 1.0eq.) and L-leucinol (77 uL,
600 pmol, 1.2 eq.) in dioxane. Purification by column chromatography (hexane/ethyl ac-
etate = 1:2) gave 68.5 mg 2e (72%) as colorless solid. Ry 0.47 (hexane/ethyl acetate =
1:4). "H NMR (400 MHz, CDCl3): 5= 8.76 (bs, 1H, NH), 6.20-6.17 (m, 1H, Ar-H), 2.78
(t, /= 6.2 Hz, 2H, CH,), 2.48-2.43 (m, 2H, CH,), 2.41 (d, /= 7.9 Hz, 2H, CH,CH), 2.13
(pent, J= 6.3 Hz, 2H, CH,), 1.92-1.77 (m, 1H, CH(CH3),, 0.92 (d, J = 6.6 Hz, 6H, CH3).
3C NMR (101 MHz, CDCl3): 6 = 194.8, 143.3, 133.1, 120.6, 102.9, 37.9, 37.0, 28.9,
24.2,22.9,22.5 ppm. HRMS (EI): caled for Ci2H7NO™: 191.1305, found 191.1305.

2-Benzyl-1,5,6,7-tetrahydroindol-4-one (2f)

[¢]

Y
k
With 1,3-cyclohexadione (3; 56.1 mg, 500 pmol, 1.0 eq.) and L-phenylalaninol (90.7 mg,
600 umol, 1.2 eq.) in dioxane. Purification by column chromatography (hexane/ethyl ac-
etate = 1:2) gave 81.5 mg 2f (72%) as off-white solid. Ry 0.46 (hexane/ethyl acetate =
1:4). "H NMR (400 MHz, CDCly): 5= 8.53 (bs, 1H, NH), 7.32-7.26 (m, 2H, Ar-H), 7.25-
7.18 (m, 3H, Ar-H), 6.27-6.24 (m, 1H, Ar-H), 3.90 (s, 2H, CH:Ph), 2.71 (t, J= 6.2 Hz,
2H, CH,), 2.44-2.38 (m, 2H, CH,), 2.13-2.05 (m, 2H, Ar-H) ppm. *C NMR (101 MHz,
CDCls): 6 = 194.7, 144.0, 138.7, 132.2, 128.8, 128.8, 126.8, 120.7, 103.61, 37.8, 34.1,
24.1, 22.9 ppm. Known compound, CAS 127326-87-8.
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2-(2-(Methylthio)ethyl)-1,5,6,7-tetrahydroindol-4-one (2g)

o

ii ‘/\ /*S/
‘ b
N

H

With 1,3-cyclohexadione (3; 56.1 mg, 500 umol, 1.0 eq.) and L-methioninol (81.1 mg,
600 pmol, 1.2 eq.) in dioxane. Purification by column chromatography (hexane/ethyl ac-
etate = 1:2) gave 79.3 mg 2g (76%) as colorless solid. Ry 0.37 (hexane/ethyl acetate =
1:4). '"H NMR (400 MHz, CDCl3): §=9.39 (bs, 1H, NH), 6.25-6.23 (m, 1H, Ar-H), 2.89-
2.84 (m, 2H, CH>), 2.80 (t, /= 6.2 Hz, 2H, CH>), 2.78-2.73 (m, 2H, CH>), 2.49-2.44 (m,
2H, CH,), 2.18-2.10 (m, 2H, CHa), 2.13 (s, 3H, SCH3) ppm. '*C NMR (101 MHz,
CDCl3): 6 = 194.8, 143.9, 132.5, 1204, 102.9, 37.9, 34.2, 27.2, 24.1, 23.0, 15.6 ppm.
HRMS (EI): caled for C11H;sNOS*: 209.0869, found 209.0851.

3-Methyl-1,5,6,7-tetrahydroindol-4-one (Zh)

o
IZz__

With 1,3-cyclohexadione (3; 56.1 mg, 500 umol, 1.0eq.) and amino-2-propanol
(81.1 mg, 600 umol, 1.2 eq.) in toluene. Purification by column chromatography (hex-
ane/ethyl acetate = 1:1) gave 44.5 mg 2h (60%) as colorless solid. Ry0.43 (hexane/ethyl
acetate = 1:2). '"H NMR (400 MHz, Dg-DMSO): & = 10.94 (bs, 1H, NH), 6.45-6.41 (m,
IH, Ar-H), 2.69 (t, /= 6.2 Hz, 2H, CH>), 2.29-2.23 (m, 2H, CH>), 2.13 (d, /= 1.2 Hz,
3H, CHy), 1.97 (pent, J= 6.3 Hz, 2H, CH,) ppm. “C NMR (101 MHz, D-DMSO): 6 =
193.7, 1433, 117.8, 116.7, 116.2, 38.4, 23.8, 22.4, 11.6 ppm. Known compound, CAS
6577-95-3.
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3.4-Dihydroacridin-1-one (2i)

With 1,3-cyclohexadione (3; 56.1 mg, 500 umol, 1.0 eq.) and 2-aminobenzyl alcohol
(73.9 mg, 600 pmol, 1.2 eq.) in toluene. Purification by column chromatography (hex-
ane/ethyl acetate = 4:1 — 2:1) gave 63.0 mg 2i (64%) as yellow solid. Ry 0.35 (hex-
ane/ethyl acetate = 1:1). '"H NMR (400 MHz, CDCl;): §= 8.85 (s, 1H, Ar-H), 8.07-8.02
(m, 1H, Ar-H), 7.93 (dd, J = 7.2, 5.8 Hz, IH, Ar-H), 7.81 (ddd, /= 8.5, 6.9, 1.5 Hz, 1H,
Ar-H), 7.55 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, Ar-H), 3.32 (t, /= 6.2 Hz, 2H, CH>), 2.83-
2.78 (m, 2H, CH,), 2.32-2.24 (m, 2H, CH;) ppm. *C NMR (101 MHz, CDClLy): é =
198.0, 162.1, 149.8, 137.2, 132.4, 129.8, 128.7, 126.9, 126.8, 126.4, 39.2, 33.6, 21.9
ppm. Known compound, CAS 58509-58-3.

2-Isopropyl-6,6-dimethyl-1,5,6,7-tetrahydroindol-4-one (2j)

(o]
7(5@4
N
H

With dimedone (70.1 mg, 500 umol, 1.0 eq.) and L-valinol (67 pL, 600 pmol, 1.2 eq.) in
dioxane. Purification by column chromatography (hexane/ethyl acetate = 2:1) gave
86.1 mg 2j (84%) as colorless solid. Ry 0.37 (hexane/ethyl acetate = 2:1). '"H NMR (400
MHz, CDCls): 0= 8.75 (bs, 1H, NH), 6.19 (dd, J= 2.5, 1.0 Hz, 1H, Ar-H), 2.87 (heptd, J
= 6.8, 1.0 Hz, 1H, CH(CHa),), 2.64 (s, 2H, CH>), 2.33 (s, 2H, CH,), 1.24 (d, J = 6.8 Hz,
6H, CH(CH:),), 1.11 (s, 6H, C(CH;), ppm. *C NMR (101 MHz, CDClL): 6= 194.1,
142.2, 140.5, 119.1, 99.9, 52.1, 37.0, 36.0, 28.8, 27.1, 22.4 ppm. HRMS (EI): caled for
C3HgNO™: 205.1461, found 205.1458.
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2-Isopropyl-5,6-dihydro-1H-cyclopenta|b]pyrrol-4-one (2k)

o
=

With 1,3-cyclopentadione (49.1 mg, 500 umol, 1.0 eq.) and L-valinol (67 pL, 600 umol,
1.2 eq.) in toluene. Purification by column chromatography (hexane/ethyl acetate = 1:2)
gave 41.3 mg 2k (51%) as colorless solid. Ry 0.35 (hexane/ethyl acetate = 1:4). '"H NMR
(400 MHz, CDCl;): 6= 9.30 (bs, 1H, NH), 5.96 (dd, J = 2.0, 1.0 Hz, 1H, Ar-H), 2.98-
2.85 (m, SH, CH, and CH(CHs),), 1.27 (d, J= 6.9 Hz, 6H, CH;) ppm. *C NMR
(101 MHz, CDCl;): 6= 197.4, 159.4, 147.9, 126.8, 97.1, 41.4, 27.7, 22.5, 21.3 ppm.
HRMS (EI): caled for CioH3NO™: 163.0992, found 163.0987.

3-Acetyl-5-isopropyl-2-methylpyrrole (21)
o}

B
i
With acetylacetone (51 pL, 500 umol, 1.0 eq.) and L-valinol (67 puL, 600 pmol, 1.2 eq.)
in toluene. Purification by column chromatography (hexane/ethyl acetate = 4:1) gave
63.6 mg 21 (77%) as colorless solid. R 0.31 (hexane/ethyl acetate = 2:1). '"H NMR (400
MHz, CDCls): 6= 8.59 (bs, 1H, NH), 6.18 (dd, J= 2.9, 0.9 Hz, 1H, Ar-H), 2.85 (heptd, J
=6.9, 0.9 Hz, 1H, CH(CH3),), 2.52 (s, 3H, COCH3), 2.39 (s, 3H, CH3), 1.25 (d, J= 6.9
Hz, 6H, CH(CH:),) ppm. *C NMR (101 MHz, CDCl3): 6 = 195.4, 137.0, 134.1, 120.6,
105.0, 28.5, 26.9, 22.5, 14.1 ppm. Known compound, CAS 1419101-64-6.
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Methyl 5-isopropyl-2-methyl-1H-pyrrole-3-carboxylate (2m)

o]
O

7\

N
With methyl acetoacetate (54 pL, 500 umol, 1.0 eq.) and L-valinol (67 pL, 600 pmol,
1.2 eq.) in toluene. Purification by column chromatography (hexane/ethyl acetate = 5:1)
gave 44.6 mg 2m (49%) as yellowish viscous oil. Ry 0.62 (hexane/ethyl acetate = 2:1). 'H
NMR (400 MHz, CDCls): 6= 8.01 (bs, 1H, NH), 6.22 (dd, J = 3.0, 1.0 Hz, IH, Ar-H),
3.78 (s, 3H, OCH3), 2.83 (heptd, J = 6.9, 1.0 Hz, 1H, CH(CHs),), 2.50 (s, 3H, CH3), 1.23
(d, J = 6.9 Hz, 6H, CH(CH;);) ppm. *C NMR (101 MHz, CDCly): 6= 166.3, 137.1,
134.3, 111.1, 104.7, 50.8, 26.9, 22.5, 13.3 ppm. HRMS (EI): caled for C;oHisNO;":
181.1097, found 181.1097.

Ethyl 5-isopropyl-2-methyl-1H-pyrrole-3-carboxylate (2n)

[o]
o

o\

N
H

With ethyl acetoacetate (63 uL, 500 umol, 1.0 eq.) and L-valinol (67 uL, 600 pmol,
1.2 eq.) in toluene. Purification by column chromatography (hexane/ethyl acetate = 5:1)
gave 57.2 mg 2n (59%) as yellowish solid. Ry 0.38 (hexane/ethyl acetate = 4:1). '"H NMR
(400 MHz, CDCl3): 6= 8.04 (bs, 1H, NH), 6.23 (dd, J = 3.0, 1.0 Hz, 1H, Ar-H), 4.25 (q,
J=17.1 Hz, 2H, OCH,CH3), 2.83 (heptd, /= 6.9, 1.0 Hz, 1H, CH(CHs)), 2.49 (s, 3H,
CHa), 1.33 (t, J= 7.1 Hz, 3H, OCH,CH3), 1.23 (d, J = 6.9 Hz, 6H, CH(CH;).) ppm. '*C
NMR (101 MHz, CDCl3): 166.0, 137.0, 134.2, 111.4, 104.7, 59.4, 26.9, 22.6, 14.7, 13.4
ppm. Known compound, CAS not existing, Reaxys ID 7634161.
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5 NMR spectra
Starting from the upcoming page
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(5)-3-((1-hydroxy-3-methylbutan-2-yl)amino)cyclohex-2-en-1-one (1a)

'H NMR (400 MHz, CDCl)
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2-Isopropyl-1,5,6,7-tetrahydroindol-4-one (2a)

(R)-3-((2-hydroxy-1-phenylethyl)amino)cyclohex-2-en-1-one (1b)

'H NMR (400 MHz, CDCl)

'"H NMR (400 MHz, CDCl3)
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2-Methyl-1,5,6,7-tetrahydroindol-4-one (2d)

2-Phenyl-1,5,6,7-tetrahydroindol-4-one (2b)

"HNMR (400 MHz, Ds-DMSO)

"H NMR (400 MHz, Ds-DMSO)
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2-Benzyl-1,5,6,7-tetrahydroindol-4-one (2f)

2-Isobutyl-1,5,6,7-tetrahydroindol-4-one (2¢e)

'H NMR (400 MHz, CDCl)

'"H NMR (400 MHz, CDCl3)
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3-Methyl-1,5,6,7-tetrahydroindol-4-one (2h)

2-(2-(Methylthio)ethyl)-1,5,6,7-tetrahydroindol-4-one (2g)

"HNMR (400 MHz, Ds-DMSO)

'"H NMR (400 MHz, CDCl3)
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2-Isopropyl-6,6-dimethyl-1,5,6,7-tetrahydroindol-4-one (2j)

3,4-Dihydroacridin-1-one (2i)

'H NMR (400 MHz, CDCl)

'"H NMR (400 MHz, CDCl3)
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3-Acetyl-5-isopropyl-2-methylpyrrole (21)

2-Isopropyl-5,6-dihydro-1H-cyclopenta[b|pyrrol-4-one (2k)

'H NMR (400 MHz, CDCl)

'"H NMR (400 MHz, CDCl3)
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Ethyl 5-isopropyl-2-methyl-1H-pyrrole-3-carboxylate (2n)

Methyl 5-isopropyl-2-methyl-1H-pyrrole-3-carboxylate (2m)

'H NMR (400 MHz, CDCl)

'"H NMR (400 MHz, CDCl3)
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