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Abstract
This dissertation is concerned with the application of the electrophilic
trifluoromethylation reagents 1 and 2 developed in 2006 in the Togni research group. Both
reagents are easily accessible and can, in principle, be recycled (Chapter 1).

The activation of these reagents for the trifluoromethylation of alcohols was achieved
using strong, oxophilic zinc(II) Lewis acids (Chapter 2). The desired trifluoromethyl ethers,
otherwise difficult to prepare, could be obtained in up to 99% yield using reagent 1, an excess
of the alcohol and Zn(NTf2)2 as catalyst under very mild and simple reaction conditions. We
have strong evidence that the reaction proceeds via coordination of Lewis acid to the carbonyl
group of reagent 1, thus reducing the electron density at the iodine(III) center and subsequent
coordination of an alcohol followed by transfer of the CF3 group to yield the corresponding
trifluoromethyl ethers. This hypothesis was supported by X-ray, MS and diffusion NMR
spectroscopy.

In addition to the activation of 1 and 2 using Lewis acids the activation using Brønsted
acids was also investigated. It was shown the reagents react smoothly with sulfonic acids to
give the corresponding trifluoromethyl esters (Chapter 3). The reaction mechanism of the
electrophilic trifluoromethylation by 1 and 2 was investigated using rate studies. It was
demonstrated that the reaction proceeds via protonation, coordination of the sulfonate to the
iodine(III) center and subsequent transfer of the CF3 group. In addition, we were able to obtain
a crystal structure of the protonated reagent 2 which is involved in the rate determining step of
the reaction.

The method of Lewis acid mediated activation of 1 and 2 was then applied to the
trifluoromethylation of ketene silyl acetals (Chapter 4). It was shown that 1 mol% of a strong
silylating agent (TMS-NTf2, generated in situ) is sufficient for trifluoromethylation of ketene silyl
acetals, giving the corresponding α-trifluoromethylated esters and lactones in up to 94% yield.

xiii

Preliminary results have shown that activation using in situ generated silylating agents
can be applied to other nucleophiles such as silyl enol ethers, silyl nitronates and silyl
acetylenes giving trifluoromethylated compounds otherwise difficult to access.
An asymmetric variation of the trifluoromethylation of α-nitro esters previously reported
by our group was achieved using 8-(–)-phenylmenthol as chiral auxillary (Chapter 5). The
trifluoromethylated α-nitro esters were obtained in up to 94% yield and in diastereomeric
ratios of up to 6:1.

The final chapter of this work describes the successful application of the newly developed
double trifluoromethylation of primary phosphines to the synthesis of a BINAP-type ligand
bearing a P(CF3)2 group and PPh2 moiety (Chapter 6).

In addition, this method was also applied to the synthesis of bi- and tridentate, ferrocene
based ligands bearing one or two P(CF3)2 groups (Chapter 6). The binding behavior of these
ligands towards transition metals was investigated by X-ray diffraction and NMR spectroscopy.
As a general trend, relatively short M–P(CF3)2 bond distances were found, which can be
explained by the unique electronic and steric properties of this special phosphino group.

xiv

Zusammenfassung
Die vorliegende Dissertation befasst sich mich mit der Anwendung der elektrophilen
Trifluormethylierungsreagenzien 1 und 2, die 2006 in der Togni Forschungsgruppe entwickelt
wurden. 1 und 2 sind einfach zugänglich und können prinzipiell rezykliert werden (Kapitel 1).

Die Trifluormethylierung von Alkoholen konnte durch die Aktivierung dieser Reagenzien
mit Hilfe starker, oxophiler Lewis-Säuren erreicht werden (Kapitel 2). Trifluoromethylether, die
anderweitig nur sehr schwer zugänglich sind, konnten mit Reagenz 1, Zn(NTf2)2 und einem
Überschuss an Alkohol unter milden Reaktionsbedingungen in bis zu 99% Ausbeute dargestellt
werden. Verschiedene Faktoren deuten darauf hin, dass die Elektronendichte am Iod(III) durch
die Koordination der Lewis-Säure an die Carbonylgruppe des Reagenz` 1 reduziert wird. Der
Alkohol koordiniert dann and das Iod(III), gefolgt vom Transfer der CF3-Gruppe, was in der
Bildung des gewünschten Trifluormethylethers endet. Diese Hypothese wird sowohl von einer
Röntgenstrukturanalyse, wie auch MS und Diffusions-NMR Messungen unterstützt.

Zusätzlich konnte gezeigt werden, dass die Reagenzien 1 und 2 auch mit Brønsted-Säuren
aktiviert werden können. Beide Reagenzien reagieren sauber mit Sulfonsäuren zu den entsprechenden Trifluormethylestern. Der Reaktionsmechanismus für beide Reagenzien wurde
mittels Reaktionskinetik untersucht. Es konnte gezeigt werden, dass die Reaktion via
Protonierung von 1 oder 2, Koordination des Sulfonats, gefolgt vom Transfer der CF3-Gruppe
verläuft. Zusätzlich konnte eine Röntgenstrukturanalyse des protonierten Reagenz` 2, welches
im geschwindgkeitsbestimmenden Schritt involviert ist, erhalten werden.

Das Konzept der Aktivierung von Reagenz 1 und 2 mittels einer Lewis-Säure wurde
ebenfalls für die Trifluormethylierung von Ketensilylacetalen verwendet (Kapitel 4). Bereits
1 mol% eines starken Silylierungsreagenz` (TMS-NTf2, in situ generiert) reicht aus, um die
entsprechenden α-trifluormethylierten Ester und Lactone in bis zu 94% Ausbeute zu erhalten.

xv

Erste Resultate haben gezeigt, dass die Aktivierung mittels in situ generierter Silylierungsreagenzien auf andere Nukleophile, wie Silylenolether, Silylnitronate und Silylacetylene
angewendet werden kann, um die entsprechenden trifluormethylierten Verbindungen, die
sonst nur schwer zugänglich sind, zu erhalten.
Eine asymmetrische Variante der Trifluormethylierung von α-Nitroestern, die bereits
früher von unserer Forschungsgruppe veröffentlicht wurde, konnte mittels 8-(-)-Phenylmenthol
als chirales Auxiliar erreicht werden. Die trifluormethylierten Ester konnten auf diese Weise in
bis zu 94% Ausbeute und einem Diastereomerenverhältnis von bis zu 6:1 erhalten werden.

Im letzten Kapitel dieser Dissertation wird die Anwendung der doppelten Trifluormethylierung primärer Phosphine für die Darstellung eines Liganden der BINAP-Familie
beschrieben (Kapitel 6).

Diese Methode wurde zusätzlich auch für die Darstellung von bi- und tridentaten,
ferrocenbasierten Liganden verwendet, die entweder über eine oder zwei P(CF3)2-Gruppen
verfügen (Kapitel 6). Das Bindungsverhalten dieser Liganden gegenüber Übergangsmetallen
wurde mittels Röntgenstrukturaufklärung und NMR Spektroskopie untersucht. Als genereller
Trend wurde eine sehr kurze M–P(CF3)2 gefunden, was durch die einzigartigen elektronischen
und sterischen Eigenschaften dieser speziellen Phosphinogruppe erklärt werden konnte.
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Electrophilic Trifluoromethylating Agents

1.

Electrophilic Trifluoromethylating Agents

1.1

Introduction

The introduction of a trifluoromethyl group can be achieved via nucleophilic, radical or
electrophilic pathways, of which the electrophilic pathway is probably still the least well
investigated but progresses are taking place rapidly.[1] Since the first report of electrophilic
trifluoromethylating agents by Yagupolskii, a series of other reagents has been developed by
the groups of Adachi, Magnier, Shibata, Shreeve, Togni and Umemoto. In this chapter the
reagents are classified into four different categories. Their synthesis and their reactivity
towards nucleophiles will be discussed in order of their appearance in literature. The four types
are summarized in Scheme 1.

Scheme 1. Classification of electrophilic trifluoromethylating agents reported in literature.
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1.2.

Yagupolskii‐type Reagents

1.2.1.

Synthesis

The first reagent for electrophilic trifluoromethylation was reported in 1984 by
Yagupolskii et al., relatively late compared to reagents for nucleophilic or radical
trifluoromethylation.[2] The authors showed that (trifluoromethyl)diarylsulfonium salts formally
act as CF3+ sources. The reagents were accessed by a deoxyfluorination of the trifluoromethyl
sulfoxide 3 using SF3SbF6 yielding difluorosulfolane 4 which reacts with SbF5, formed during the
reaction, to give the cationic, highly hygroscopic fluoro(trifluoromethyl)aryl sulfonium salt 5 as
shown in Scheme 2.

Scheme 2. Synthesis of fluoro(trifluoromethyl)aryl sulfonium salt 5.

[2]

Unlike the analogue derivative bearing a methyl instead of a trifluoromethyl group, 5 is
stable and can be isolated in pure form. It is highly electrophilic and reacts exothermally with
m‐xylene or anisole to give the corresponding (trifluoromethyl)diarylsulfonium salts 6 and 7 as
shown in Scheme 3.

Scheme 3. Synthesis of (trifluoromethyl)diarylsulfonium salts 6 and 7.

[2]

The reagents 6 and 7 are stable under ambient conditions and can be stored without de‐
composition. In a test reaction with para‐nitrothiophenolate the corresponding trifluoromethyl
thioether was obtained in moderate yield after destillation, i.e. 65%. This is the first formal
electrophilic trifluoromethylation reported in literature. However, the exact nature of the
reaction mechanism remains unclear.

Scheme 4. First formal electrophilic trifluoromethylation reported in literature.
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[2]
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Despite the potential of the newly developed electrophilic trifluoromethylating agents 6
and 7, the research group did not report further studies on its reactivity. In 1990 Umemoto et
al. reported an improved method for the synthesis of the Yagupolskii‐type reagents. Trifluoro‐
methyl sulfoxide 8 was activated using Tf2O instead of SF3SbF6 and the resulting sulfonium salt
reacts in situ with benzene to give (trifluoromethyl)diphenylsulfonium salt 9 in an acceptable
59% yield (Scheme 5).[3]

Scheme 5. Improved method for the synthesis of (trifluoromethyl)diarylsulfonium salt 9.

[3]

In 1996 Shreeve and co‐workers reported a similar approach using an excess of Tf2O
(5 eq) and the arene as solvent (10 eq) to give up to 85% yield of the diarylsulfonium salts 9 ‐ 11
as shown in Scheme 6.[4]

Scheme 6. Synthesis of (trifluoromethyl)diarylsulfonium salts 9 ‐ 11 as reported by Shreeve and co‐workers.

[4]

Treatment of 9 and 10 with fuming HNO3 and concentrated H2SO4 gave the nitrated
reagents 12 and 13, respectively. As expected, the nitration took only place in the
meta‐position of the non‐fluorinated benzene ring (Scheme 7). Sulfonium salt 11 did not react
under the described conditions.

Scheme 7. Nitration of (trifluoromethyl)diarylsulfonium salts 9 and 10.

[4]

Even though the authors claimed to have developed an inexpensive route towards
trifluoromethylating agents, the starting material, phenyl trifluoromethyl sulfide, was prepared
from iodobenzene and trifluoromethylthiocopper(I). The latter was accessed from expensive
AgF and CS2. An alternative approach was reported by Magnier and co‐workers in collaboration
with GlaxoSmithKline.[5] As shown in Scheme 8, trifluoromethyl sulfonium salt 9 was accessed in
a solvent free one‐pot procedure. Benzene reacts with sodium trifluoromethanesulfinate in the
presence of Tf2O to give phenyl trifluoromethyl sulfoxide which reacts further under the
reaction conditions described yielding diarylsulfonium salt 9 in 72%.

3
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Scheme 8. One‐pot procedure as described by Magnier and co‐workers.

[5]

The major advantage of this method is the use of trifluoromethanesulfinate as source of
CF3, which can be synthesized from cheap and readily available sodium trifluoroacetate.
Yagupolskii et al. have recently shown that the Ruppert‐Prakash reagent can also be used
as source for the trifluoromethyl group.[6] In the reaction sequence shown in Scheme 9 diaryl
sulfides were reacted with XeF2 to afford diaryldifluorosulfuranes. In the next step the
trifluoromethyl group was introduced using the Ruppert‐Prakash reagent and subsequent
fluoride abstraction with BF3 yielded the (trifluoromethyl)diarylsulfonium salts shown in
Scheme 9. The trifluoromethyl group undergoes a formal Umpolung from a nucleophilic
trifluoromethyl group in the Ruppert‐Prakash reagent to an electrophilic in the
trifluoromethylating reagent. This approach was inspired by our work (see: 1.5.1). Even though
this route is not superior to the one‐pot procedure presented by Magnier[5] it would allow the
recycling of the byproduct formed during the trifluoromethylation.

Scheme 9. Synthesis of (trifluoromethyl)diarylsulfonium salts using XeF2, TMSCF3 and BF3.

1.2.2.

[6]

Applications

Although the Yagupolskii‐type reagents were the first to be reported in literature their
potential as trifluoromethylating agents was not extensively investigated in the original report.
Only the sodium salt of para‐nitrothiophenol was trifluoromethylated in 65% yield. In 2008
Yagupolskii reported a more detailed reactivity study of the reagents developed in his group.[6]
The authors showed that the reagents are suitable for the trifluoromethylation of soft
nucleophiles such as thiourea, Michler’s thioketone, iodide, sodium para‐chlorophenylsulfinate
and sodium diethylphosphite. Interestingly, the trifluoromethylation always took place at the
“softest” center, i.e. phosphorus in diethylphosphite, sulfur in thiourea, Michler’s thioketone
and sodium para‐chlorophenylsulfinate.
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Scheme 10. Selected electrophilic trifluoromethylations with the Yagupolskii‐type reagents.

[6]

The reactions were carried out using a slight excess of the nucleophile (1.1‐2.1 eq) in a
polar solvent like CH3CN, THF, DMSO or diglyme at elevated temperatures.[6]
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1.3.

Umemoto‐type Reagents

1.3.1.

Trifluoromethyl(dibenzochalcogenium)salts

1.3.1.1. Synthesis
Inspired by the work reported by Yagupolskii et al. Umemoto and co‐workers developed a
new class of electrophilic trifluoromethylating agents based on a dibenzothio‐ or selenophene
skeleton, i.e. heterocyclic analogues of the diaryl‐sulfide‐based reagents discussed in the
previous section.[3, 7]
The trifluoromethyl(dibenzothiophenium) triflate and tetrafluoroborates 14a‐c and 14e
were synthesized from the corresponding trifluoromethylthio‐ or selenoethers (15a‐c) by oxida‐
tion/activation using dilute fluorine gas and equimolar amounts of TfOH or HBF4, respectively.
The cyclization, i.e. the formation of the reagent, proceeds smoothly at 0 °C without significant
side reactions such as aromatic fluorination. The desired electrophilic trifluoromethylating
agents were obtained in 74‐83% yield. The cyclization of the selenium analogs 15d and 15e
were carried out at lower temperatures to yield the trifluoromethyl(dibenzoselenophenium)
triflates 14f and 14g in 76% and 57%, respectively. The lower temperatures were necessary due
to the more pronounced nucleophilic character of the selenides compared to the sulfides. A
two‐step procedure was applied for the syntheses of 14a, 14d and 14f. The thio‐ and seleno‐
ethers 15a, 15c and 15d were oxidized using mCPBA to give the corresponding sulfoxide 16a,
16b and selenoxide 16c, respectively, in up to 98% yield. Treatment of oxides 16a‐c with Tf2O
gave the desired trifluoromethylating agents. The reactions described are summarized in
Scheme 11.

Scheme 11. Synthesis of trifluoromethyldibenzothio‐ and selenophenium salts 14a‐g.
procedure b. Yield for the two‐step procedure.
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a. Yield for the one‐step
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Mono‐ and dinitrated derivates 14h‐k were obtained in good yields starting from of 14a
and 14f, respectively, using nitronium triflate as shown in Scheme 12.

Scheme 12. Nitration of trifluoromethyldibenzothio‐ and selenophenium triflate 14a and 14f.

[3, 7a]

A tellurium analog of 14a was synthesized starting from telluride 17 either by treatment
with Tf2O in the presence of dimethyl sulfoxide or Br2 and TfOH to give the desired reagent 18
in 84% and 63%, yield respectively.[3] The activation using Tf2O in DMSO is assumed to proceed
via formation of the sulfonium triflate which activates the telluride 17. The milder method
presented for the cyclization works only for the tellurium derivates. This can be explained by
their higher nucleophilicity and more pronounced tendency to form hypervalent compounds
compared to sulfur or selenium. Dinitrated derivate 19 was obtained using the previously
described reaction conditions (Scheme 13).

[3]

Scheme 13. Synthesis of trifluoromethyl(dibenzotelluriophenium) triflate 18. a. Yield for the oxidation using
Me2SO and Tf2O b. Yield for the oxidation using Br2 and TfOH.

Later, Umemoto et al. also reported an improved method for the cyclization of trifluoro‐
methyl sulfoxide 16a using 60% fuming sulfuric acid in place of Tf2O as shown in Scheme 14.[8]
20 underwent anion exchange using sodium triflate or tetrafluoroborate in 95% and 92% yield,
respectively.

Scheme 14. Cyclization of 16a using fuming sulfuric acid and a subsequent anion exchange.

[8]

If an excess of fuming sulfuric acid was used, the cyclization and subsequent sulfonation
took place to give zwitterionic sulfonate 21 in 84% yield as shown in Scheme 15.

Scheme 15. Cyclisation and sulfonation of 16a using fuming sulfuric acid.

7
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Magnier and co‐workers reported a different approach towards Umemoto‐type reagents
starting from unsubstituted biphenyl derivates. As illustrated in Scheme 16, the trifluoro‐
methylating agent was accessed in a solvent free one‐pot procedure. Biphenyl 22 reacts with
potassium trifluoromethanesulfinate in the presence of Tf2O giving the desired reagent 23 in
46% yield. Even though the yields of this reaction are still moderate, the use of cheap trifluoro‐
methanesulfonate as CF3‐source could significantly lower the cost of production of the reagent.

Scheme 16. Synthesis of Umemoto‐type reagent 23 as described by Magnier.

[5b]

Umemoto and co‐workers have shown that the reactivity and stability of the S‐, Se‐ and
Te‐(trifluoromethyl)dibenzothio‐, seleno‐ and tellurophenium salts varies depending on the
electronegativity of the chalcogenide and the substituents on the aromatic ring. The reactivity
increased in the order Te < Se < S and, not surprisingly, the reverse was found for the stability
of those compounds.[3, 7a] Therefore, the reagent derived from the chalcogen with the highest
electronegativity, i.e. oxygen, should also give the most reactive trifluoromethylating agent.
The synthesis of the O‐CF3 reagent was achieved in a slightly modified procedure compared to
that for the dibenzothio‐, seleno‐ and tellurophenium reagents. The cyclization of the latter
reagents was induced by oxidation of the trifluoromethyl thio‐, seleno‐ or telluroether moiety
either by F2, Br2 or mCPBA followed by Tf2O or SO3/HSO4. However, this sequence is not
sufficient for the activation of aryl trifluoromethyl ethers, due to their inertness. Therefore,
2‐(trifluoromethyl)biphenyl‐2’‐diazonium salts 24 where synthesized as precursors for the
desired furanium salt. Cross‐coupling of 25 and 26 using elemental copper gave the desired
byphenyl skeleton, subsequent reduction of the nitro group using Sn/HCl followed by
diazotation yielded the diazonium salts 24 as shown in Scheme 17.[9]

Scheme 17. Synthesis of diazonium salts as precursors for the trifluoromethylating reagents.

[9]

As illustrated in Scheme 18, photochemical activation of the diazonium salts 24 using a
high‐pressure Hg lamp at low temperatures (‐100 °C to ‐90) produced the O‐(trifluoromethyl)‐
dibenzofuranium salts. Only innocent counter ions such as BF4, PF6, SbF6 and Sb2F11 were
tolerated in the cyclization, i.e. the formation of the reagent. The half‐life time of tert‐butyl
substituted furanium salts at ‐60 °C is in the range of 29 min (BF4) and 415 min (Sb2F11).
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Scheme 18. Photochemical activation of diazonium salts at low temperatures.

[9]

1.3.1.2. Applications
As previously mentioned, the trifluoromethylating power of the (trifluoromethyl)dibenzo‐
chalcogenium salts presented in the last section increases in the order of Te < Se < S << O with
increased reactivity for reagents with electron withdrawing substituents. In contrast to the Te‐,
Se‐ and S‐based reagents, the furanium salts are not stable and not commercially available.
Therefore, it is not surprising that mainly the most reactive and commercially available
trifluoromethyl(dibenzothiophenium) salts have found application in synthetic chemistry.
As reported by Umemoto and shown in Scheme 19, trifluoromethyl(dibenzothiophenium)
salts react smoothly with enamines, thiolates, lithium phenylacetylide, tertiary phosphines,
electron rich arenes and iodide to give the corresponding trifluoromethylated products.[3, 7] The
direct trifluoromethylation of lithium enolate originally failed except for the enolate derived
from 2‐methylindan‐1‐one. An improved method using triphenylborane to enhance the
reactivity of the lithium enolates towards trifluoromethylation was reported later by the same
research group.[10] Also silyl enol ethers were used as substrates for the electrophilic
trifluoromethylation yielding α‐trifluoromethyl ketones in good to moderate yields although
only at elevated temperatures. Cahard and co‐workers, reported an improved method for
efficient electrophilic trifluoromethylation of various silyl enol ethers using CsF or tetrabutyl‐
ammonium difluorotriphenylstannate as activators.[11] In addition, the same research group has
developed a protocol for the trifluoromethylation of cyclic and acyclic β‐keto esters using a
phase‐transfer catalyst to afford the desired products in moderate to excellent yields.[11] An
enantioselective variation of this method was reported using chiral guanidines or cinchona
alkaloids to give enantioselectivities of up to 71%.[12] The reactions described are summarized in
Scheme 19.
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Scheme 19. Selected applications of the trifluoromethyl(dibenzothiophenium) salts.

[3, 7],[10],[11]

The account of the developed reagents and protocols for the trifluoromethylation of
different nucleophiles was demonstrated by various research groups not directly involved in
trifluoromethylation chemistry. For instance Cahards protocol for the trifluoromethylation of
silyl enol ethers was applied by St. Jean et al. to the synthesis of drug candidates for the
treatment of type 2 diabetes (Scheme 20)[13] and by researchers at Novartis to the syntheses of
new 1,1‐dioxo‐1,2,5‐thiadiazolidin‐3‐one derivatives useful for treating a wide variety of
medical diseases such as e.g. insulin resistance, renal insufficiency, glomerulonephritis, obesity,
acute and chronic congestive heart failure and dyslipidemia.[14]

Scheme 20. Synthesis and trifluoromethylation of a silyl enol ether as reported by St. Jean et al.

[13]

The method for the trifluoromethylation of thiols developed by Umemoto was applied by
Carcenac and co‐workers for the synthesis of cyclohexyl derivates bearing a trifluoromethylthio
group for determination of conformational free energies, although in significantly lower
yields.[15]
Also, the trifluoromethylation of enamines has found application. The enamine derived
from tetrahydropyran‐4‐one and pyrroldine was trifluoromethylated as reported by researchers
at Merck without specifying the yield.[16]
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The electrophilic aromatic substitution using the Umemoto‐type reagent has also been
applied in industry. For instance, researchers at Eli Lilly reported the synthesis of new
piperazine substituted aryl benzodiazepines bearing trifluoromethyl groups useful for the
treatment of psychotic disorders, although only in poor yields as shown in Scheme 21.[17] Other
reports of electrophilic aromatic trifluoromethylation were made by researchers at Sumito
Pharmaceuticals Company[18], Takeda Pharmaceutical Company[19] and Novartis AG[20].

Scheme 21. Synthesis of new piperazine substituted aryl benzodiazepines bearing trifluoromethyl groups.

[17]

Despite their lower trifluoromethylating power, the selenium based reagents were also
successfully applied for the trifluoromethylation of several nucleophiles. Especially for soft
nucleophiles which tend to undergo oxidative side reactions, for instance thiolates or
acetylides, the tellurium based reagent gave better yields compared to the thiophenium
reagents. In Scheme 22 only substrates, which gave better yields with the selenium based
reagent are shown.

Scheme 22. Electrophilic trifluoromethylation using selenium based reagents.

[3, 7]

As previously mentioned, Umemoto and co‐workers reported the synthesis of the highly
reactive and unstable 2‐(trifluoromethyl)biphenyl‐2’‐diazonium salts shown in Scheme 17 and
Scheme 18 as precursors for the corresponding dibenzofuranium salts. Using these powerful
reagents, direct O‐ and N‐trifluoromethylation of alcohols, phenols, sulfonates, amines,
anilines, pyrrolidines and pyridines was achieved at ‐100 °C. In situ generation of the trifluoro‐
methylating agent using thermal activation at elevated temperature and subsequent trifluoro‐
methylation in general gave lower yields as shown in Scheme 23.
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Scheme 23. Selected trifluoromethylations of nucleophiles using O‐(trifluoromethyl)dibenzofuranium salts. a.
[9]
Reagent prepared in situ using thermal activation.

Remarkably, the trifluoromethylation of phenol and aniline derivates yielded selectively
the O‐ and N‐trifluoromethylated products in strong contrast to the S, Se and Te‐based
reagents where mainly aromatic trifluoromethylation and/or oxidation of the substrates was
observed. This also implies a different mechanism for trifluoromethylation with the O‐based
reagent.
However, the reagent is accessed in a multistep procedure and the photochemical
activation at temperatures as low as ‐100 °C is difficult to perform, thus limiting the
practicability of this method. Furthermore, the starting materials for the synthesis of the
diazonium salts already contain a synthetically challenging trifluoromethoxy group.
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1.3.2.

Trifluoromethyl(benzothiophenium)salts

1.3.2.1. Synthesis
Shibata reported the synthesis of a new class of Umemoto‐type reagents, S‐(trifluoro‐
methyl)‐thiophenium salts 27a‐k, through TfOH mediated intramolecular cyclization of
ortho‐ethynylaryltrifluoromethylsulfides 28a‐k as shown in Table 1.[21] Other Brønsted or Lewis
acids such as HBF4, HClO4, AuCl3, CuBr2 failed to trigger the cyclization, i.e. the formation of the
trifluoromethylating agents.

Table 1. TfOH mediated cyclisation of 28a‐k.

Entry
1
2
3
4
5
6
7
8
9
10
11

Substrate
28a
28b
28c
28d
28e
28f
28g
28h
28i
28j
28k

R
Ph
p‐MeC6H4
m‐BrC6H4
p‐BrC6H4
p‐MeOC6H4
o‐ClC6H4
o,p‐di‐F‐C6H4
p‐IC6H4
CH2Ph
cyclopropyl
tert‐butyl

Product
27a
27b
27c
27d
27e
27f
27g
27h
27i
27j
27k

[21]

Yield
79%
94%
87%
82%
73%
64%
72%
78%
0
80%
64%

1.3.2.2. Applications
The Umemoto‐type reagents reported by Shibata were successfully applied to the
trifluoromethylation of carbon centered nucleophiles.[21] Cyclic and acyclic β‐keto esters and
cyclic dicyanoalkylidenes were trifluoromethylated in moderate to excellent yields using
1.2‐2.4 eq of the reagents along with 1.2‐2.0 eq of DBU or tert‐butyliminotri(pyrrolidino)‐
phosphorane as base in acetonitrile as solvent. Depending on the substituent R the reagents
showed somewhat enhanced reactivity compared to the reagents reported by Umemoto.

13

Electrophilic Trifluoromethylating Agents

Scheme 24. Selected trifluoromethylation of nucleophiles using Shibatas reagent.
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1.4.

Sulfoxime‐based Reagents

1.4.1.

Adachi‐type Reagents

1.4.1.1. Synthesis
In 2003 Adachi, who had been previously involved in the development of the
Umemoto‐type reagents at Daikin laboratories, reported the synthesis of a new type of
trifluoromethylating agent based on S‐trifluoromethyl sulfoximes.[22] As shown in Scheme 25
various cyclic and acyclic sulfoximes were synthesized. Cyclic sulfoximes were accessed starting
from the corresponding sulfoxides.

Scheme 25. Cyclic and acyclic sulfoximes as reported by Adachi et al.

[22]

For instance, 1‐(trifluoromethyl)benzo[d]isothiazol‐3‐one 1‐oxides (X = CO) were accessed
from the corresponding sulfoxides using sodium azide in diluted sulfuric acid in up to 59%
isolated yield as shown in Scheme 26.

Scheme 26. Synthesis of 1‐(trifluoromethyl)benzo[d]isothiazol‐3‐one 1‐oxides.

[22]

Acyclic analogues were synthesized by acetylation or sulfonylation of the corresponding,
previously reported[23] S‐trifluoromethyl S‐aryl or alkyl sulfoxy imide.

1.4.1.2. Applications
The newly developed reagents showed remarkable reactivity towards hard nucleophiles,
such as Grignard reagents, which cannot be trifluoromethylated using other electrophilic
trifluoromethylating agents. In addition, soft nucleophiles including thiolates, enamines and
acetylides were trifluoromethylated in moderate yields as summarized in Scheme 27.[22]
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Scheme 27. Application of Adachi‐type trifluoromethylating agents.

1.4.2.

[22]

Shibata‐Johnson‐type Reagents

1.4.2.1. Synthesis
In 2010, Shibata and co‐workers reported the synthesis of a fluorinated analogue of the
Johnson’s methylene transfer reagent.[24] [(Oxido)phenyl(trifluoromethyl)‐λ4‐sulfanylidene]‐
dimethylammonium tetrafluoroborate 29 was synthesized from phenyl trifluoromethyl
sulfoxide 8 using NaN3/H2SO4 as previously reported,[23] followed by stepwise methylation with
MeI and MeOTf to give 30 as viscous oil. Anion exchange using NaBF4 gave the desired reagent
29 as crystalline solid in 67% yield over four steps as shown in Scheme 28.

Scheme 28. Synthesis of a fluorinated analog of the Johnson reagent.
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1.4.2.2. Applications
Similar to the previously developed Umemoto‐type reagents by Shibata,[21] 29 was
applied to the trifluoromethylation of carbon‐centered nucleophiles shown in Scheme 29.[24]
Cyclic and acyclic β‐keto esters and dicyanoalkylidenes were trifluoromethylated in moderate
to excellent yields using 1.5‐2.2 eq of the reagent 29 along with 1.2‐2.0 eq of DBU or a
phospazene as base in CH2Cl2 or CHCl3 as solvent.

Scheme 29. Trifluoromethylation using the Shibata‐Johnson‐type reagent 29.
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1.5.

Togni‐type Reagents

1.5.1.

Synthesis

The previously described Yagupolskii‐, Umemoto‐ and sulfoxime‐derived reagents are all
based on a trifluoromethyl group attached to a polyvalent sulfur atom or other chalcogens. The
research in our group has focused on reagents with a trifluoromethyl group bound to a
hypervalent iodine instead of a chalcogen.
Organic hypervalent iodine compounds were reported by Willgerodt as early as 1886.[25]
In principle, iodine can be present in 5 stable oxidations states: ‐I (iodide), +I (hypoiodides),
+III (in iodanes), +V (in iodates) and +VII (in periodates). Iodanes and iodates are generally
referred as hypervalent iodines. Since the first report, a variety of hypervalent iodines have
been developed and used in several fields of organic and inorganic chemistry. Generally,
hypervalent iodines are non‐toxic and can often be recycled and therefore have also found
application in industry. Not surprisingly, this field has been extensively reviewed[26] and several
monographs[27] have been published concerning this class of compounds.
In 1978 Yagupolskii et al. reported the synthesis of perfluoroalkylating agents based on
hypervalent iodine.[28] The reagents were synthesized starting from perfluoroalkyl iodides using
in situ prepared trifluoroperacetic acid in trifluoroacetic anhydride (TFAA) giving the bis‐
(trifluoroacetoxy)iodoperfluoroalkanes. Upon activation of the hypervalent iodine using TFA,
Fridels‐Craft‐type electrophilic aromatic substitution followed by a ligand exchange at the
iodine using NaCl gave the desired perfluoroalkylating agents shown in Scheme 30.

Scheme 30. Synthesis of perfluoroalkylating agents as described by Yagupolskii.

[28]

In a similar procedure, hypervalent iodines were converted to the corresponding difluoro‐
iodoperfluoroalkanes and upon activation with BF3 in benzene Fridels‐Craft‐type electrophilic
aromatic substitution gave the cationic perfluoroalkylating agents as shown in Scheme 31.

Scheme 31. Synthesis of cationic perfluoroalkylating agents via difluoroiodoperfluoroalkanes.
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An improved method for the activation of bis(trifluoroacetoxy)iodoperfluoroalkanes was
reported by Umemoto et al. Instead of TFA, TfOH or H2SO4 were used for activation towards
the electrophilic aromatic substitution. Depending on the acid used, either FITS‐ or FIS‐type
reagents were obtained as shown in Scheme 32.[29]

Scheme 32. Synthesis of FIS‐ and FITS‐type reagents.

[29]

Even though bis(trifluoroacetoxy)iodotrifluoromethane is known to be moderately stable
at low temperatures, the synthesis of similar trifluoromethyl iodonium salts failed under the
described conditions. This might be explained by the higher reactivity of the smallest member
of the perfluoroalkyl series bound to an hypervalent iodine. Yagupolskii and co‐workers argued
that the synthesis failed due to the harsh conditions in the aromatic substitution step.[28]
A more suitable, milder approach towards hypervalent iodine based electrophilic
trifluoromethylating agents was investigated by Patrick Eisenberger, a former member of this
research group.[30] Instead of electrophilic aromatic substitution, a nucleophilic ligand exchange
step was utilized. However, all attempts to trifluoromethylate the acyclic starting materials
depicted in Scheme 33 failed.

Scheme 33. Attempts for the synthesis of I‐trifluoromethyl compounds.

[30]

It was assumed that the synthesis failed due to the instability of the resulting
I‐trifluoromethyl compounds. Therefore, a rigid backbone was introduced to stabilize the
product. Indeed, it was shown that compound 31 reacted smoothly with the Ruppert‐Prakash
reagent in the presence of catalytic amounts of CsF (Scheme 34). The conversion of the product
based on 1H NMR spectroscopy was usually greater than 80%, however, isolation was
cumbersome and only 55% of pure benziodoxole 1 could be obtained.[31]
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Scheme 34. Synthesis of the first trifluoromethylating agent based on hypervalent iodine.

[31]

The methoxy derivative 31 was accessed starting from 2‐iodo benzoic acid. Known
oxidation using NaIO4 gave known 2‐iodosylbenzoic acid 32 in 83% isolated yield. Acetylation
with Ac2O and subsequent treatment gave the acetoxy and methoxy derivatives in 87% and
63% yield, respectively. An optimized two‐step procedure, circumventing the isolation of
acetoxy derivative 33 prone to hydrolysis, gave the desired starting material 31 in 92% yield as
shown in Scheme 35.[31]

Scheme 35. Synthesis of starting material 31 as reported by Eisenberger.

[31]

The analogous alcohol‐derived reagent 2 was synthesized using a similar ligand exchange
strategy. The known chloro‐iodane 34 was treated with AgOAc to give the corresponding
acetoxy compound 35 in quantitative yield. Nucleophilic substitution again using
Ruppert‐Prakash reagent gave 2 in 46% isolated yield. The reaction was further optimized by
replacing expensive AgOAc with KOAc. In addition, the reaction sequence can be carried out
without isolating hydrolytically sensitive 35 giving the trifluoromethylating agent 2 in up to 89%
yield. The reactions are summarized in Scheme 36.

Scheme 36. Synthesis of the alcohol based hypervalent iodine trifluoromethylating agent.
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Chloro‐iodane 34 was synthesized as shown in Scheme 37 and described by Martin and
co‐workers.[33] Later Iris Kieltsch, another former member of this research group, showed that
the oxidation of 36 using tert‐BuOCl can be carried out in CH2Cl2 replacing more toxic CCl4.

Scheme 37. Synthesis of bench‐stable chloro‐iodane 34.

[33]

As seen in Scheme 38, the analogous hypervalent iodine trifluoromethylating agent 37
and 38 were synthesized.[31] However, the starting materials are not commercially available and
where thus synthesized in a multistep sequence as reported by Martin and co‐workers.[34]

Scheme 38. Synthesis of analogues hypervalent iodine reagents 37 and 38.

[31]

Kyrill Stanek, yet another former member of our research group, further improved the
synthesis of reagent 1 and showed that acetoxy compound 33 could be directly converted to
the trifluoromethylating reagent.[35] This allows the synthesis of the desired
trifluoromethylating agent 1 in 76% yield over 3 steps from commercially available 2‐iodo
benzoic acid.

Scheme 39. Improved synthesis for the hypervalent iodine reagent 1.
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1.5.2.

Applications

Prior to the work described in this dissertation, reagents 1 and 2 were shown to react
smoothly with a variety of different nucleophiles. Selected reactions are summarized in Scheme
40.

Scheme 40. Selected trifluoromethylations using the hypervalent iodine reagents 1 and 2.

[30‐32, 36]

For instance, the reaction with aryl and alkyl thiols is remarkably fast even at ‐78 °C, thus
allowing the selective synthesis of trifluoromethyl thioethers in up to 99% yield.[32] The reaction
shows a high functional group tolerance and even complex oligopeptides can be trifluoro‐
methylated in acceptable yields.[37] The alcohol derived reagent 2 outperforms the acid derived
reagent 1, probably due to the lower oxidation potential, which gives rise to fewer oxidation
side products such as disulfides.
Primary and secondary phosphines can be trifluoromethylated in good yields using either
reagent.[36] Interestingly, selective mono‐trifluoromethylation of primary phosphines takes
place even when an excess of either reagent is used. The trifluoromethylation of phosphines
will be discussed in more detail in chapter 6.
β‐Keto esters can be trifluoromethylated using phase‐transfer‐conditions. The cyclic keto
esters derived from pentanone, indanone and tetralone undergo trifluoromethylation using the
alcohol derived reagent 2 in 42‐67% yield.[34] However, the method is not suitable for the
trifluoromethylation of acyclic β‐keto esters.
α‐Nitro esters are trifluoromethylated using reagent 2 along with a catalytic amount of a
copper(I) or copper(II) salt.[34] In the absence of the catalyst no reaction takes place. Using this
method α‐nitro α‐trifluoromethyl esters can be obtained in up to 99% yield. These products are
ideal precursors for the synthesis of trifluoromethylated amino acids. The trifluoromethylation
of α‐nitro esters will be discussed in further detail in chapter 5.
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Preliminary experiments showed that the reagents are suited for the trifluoromethylation
of silyl enol ethers and ketene silyl acetals to give the desired α‐trifluoromethyl ketones in up to
65% yield.[30] An optimized protocol for the trifluoromethylation of silyl enol ethers and ketene
silyl acetals will be presented in chapter 4.
Furthermore, electron rich arenes have shown to undergo trifluoromethylation in up to
71% yield.[32]
For all the reactions described above the reaction mechanism still remained unclear. A
detailed mechanistic investigation of the trifluoromethylation of sulfonates, which might also
apply to other nucleophiles is presented in chapter 3.
All nucleophiles which were trifluoromethylated with either reagent can be considered
soft nucleophiles. Therefore an open question was whether the reagents are suitable for the
trifluoromethylation of hard nucleophiles such as alcohols.
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2.

Trifluoromethyl Ethers

2.1.

Introduction

Although the trifluoromethoxy group is probably the least understood of all fluorinated
substituents, it holds a considerable promise for the fine tuning of technical and biological
properties. As shown in Chart 1 the number of publications and the number of reported
trifluoromethyl ethers and thus the interest in this functional group has steadily increased over
the last decades, not only in academia.
# of trifluoromethyl ethers

# of publications

55000
50000
45000
40000
35000
30000
25000
20000
15000
10000
5000
0

Chart 1. Reported trifluoromethyl ethers and publications concerning those compounds.

2.1.1.

Applications

Derivatives containing the trifluoromethoxy group are used as biologically active
compounds, particularly as pharmaceuticals and crop protecting agents. In the field of
agrochemicals the use of fluorinated compounds has expanded significantly in the last 30 years.
It was estimated that 35‐50% of the newly developed compounds for crop protection bear one
or more fluorine atoms.[1] In this context the trifluoromethoxy group is a hot topic. The
incorporation of this functionality into biological active molecules improves their membrane
permeability drastically. According to the 12th and 13th editions of The Pesticide Manual five
trifluoromethyl ethers have been registered as crop protecting agents to date. In Figure 1 three
examples are given.
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Figure 1. Trifluoromethyl ethers used as plant protecting agents.

[1]

The benzoylphenyl urea Triflumuron is used as insecticide, the racemic pyrimidine
derivative Flurprimidol reduces intermodal elongation controlling plant growth, Trifluzamide is
used as herbicide to protect peanuts and potatoes.
It is interesting to note that the trifluoromethoxy group has found application in all of the
major areas of crop protection: insecticides, fungicides, plant growth regulators and herbicides.
As already mentioned, trifluoromethyl ethers have also found application in medicinal
chemistry. In the 1950’s the first fluorinated ethers were used as anesthetics, these compounds
proved volatile, non‐toxic, non‐explosive and fast acting after inhalation. Since then, numerous
trifluoromethyl ethers have been prepared, used for biological studies and have often been
marketed. Three examples are given in Figure 2. Riluzole, for instance, an OCF3‐substituted
benzothiazole, represents the first neurological drug for the treatment of amyotropic lateral
sclerosis and schizophrenia.[2] Celikalim a potassium channel opener has successfully been
tested for lowering the blood pressure in animal models and humans.[3] PA‐824 was reported in
2000 to be an interesting drug candidate for the treatment of drug resistant Mycobacterium
tuberculosis causing tuberculosis.[4] Recent findings further support the investigation of this
novel compound for the treatment of tuberculosis.[5]

Figure 2. Trifluoromethyl ethers used as drug or drug candidates.

The trifluoromethoxy group has also found application in material science, especially in
the development of new liquid crystals. Liquid crystals show strong intermolecular interactions
which lead to a anisotropy even though they are liquid. Depending on these intermolecular
interactions several subcategories have been described. Trifluoromethyl ethers have found
application for nematic (thread‐like) liquid crystals for instance used in LCDs (liquid crystal
displays). The ethers depicted in Figure 3 show interesting property profiles and they play a
central role in commercial active matrix liquid crystal displays.
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Figure 3. Trifluoromethoxy bearing structures used for LCDs.

2.1.2.

Properties of the Trifluoromethoxy Group

2.1.2.1. Lipophilicity
In the context of drugs and crop‐protecting agents one of the key parameter is
lipophilicity. It influences the adsorption, distribution, metabolic and excretory properties of
chemicals. The trifluoromethoxy group has often been referred as pseudo‐ or super halogen.[6]
Whereas the incorporation of a single fluorine atom can either decrease or increase the
lipophilicity the trifluoromethoxy substituent always boosts lipophilicity. It is far more lipophilic
(π = +1.04) than fluorine (π = +0.14) or chlorine (π = +0.71), comparable to CF3 (π = +0.88) and
the SF5 group (π = +1.23).[7] π, often referred as the Hansch‐Fujita constant, is a parameter for
the relative hydrophobicity of a compound RX compared to a parent compound RH. It has been
defined as πx = logPRX‐logPRH, in this PRX is the partition coefficient of RX between 1‐octanol and
water and PRH the partition coefficient of the parent compound RH.[8] The lipophilicity
increments for common substituents are summarized in Table 1.
Table 1. Lipophilicity increments π as assessed for monosubstituted benzenes C6H5‐X.

Substituent
X=H
X=F
X = Cl
X = Br
X=I

π
0.00
0.14
0.71
0.86
1.12

Substituent
X = CH3
X = CF3
X = OCF3
X = SF5
X = SCF3

π
0.56
0.88
1.04
1.23
1.44

2.1.2.2. Electronegativity
The Pauling electronegativity of the OCF3 group (3.7) is comparable to that of fluorine
(4.0). This can be explained by the low polarizability of the organofluorine compounds. Like
fluorine or chlorine the OCF3 group can be considered as strong σ‐acceptor and weak π‐donor.
This is illustrated by the fact that the nitration of trifluoromethoxybenzene is up 5 times slower
than the reaction with benzene and selectively occurs in the ortho and para position. If the para
position is occupied ortho isomers are only formed in small amounts (<10%). Nitration in the
meta position is not observed.[9]
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2.1.2.3. Structural Influences
The substitution of a hydrogen by a fluorine atom can also have a significant influence on
structure. Anomeric effects are typical for compounds carrying an electron‐acceptor and
electron‐donor in geminal positions; this can be illustrated by a mesomeric structure of a
trifluoromethyl ether (Figure 4).

Figure 4. Bonding, non‐bonding resonance of a trifluoromethyl ether and TASOCF3.

This effect leads to lengthening of the carbon fluorine bond and a shortening of the
oxygen carbon bond as it is expected for a donor acceptor system. However, in general this
effect is rather small. TASOCF3 is an extreme case with exceptionally large C‐F bond lengths
(1.390(3) and 1.397(4) Å) and the C‐O bond length (1.227(4) Å) comparable to the C=O in COF2
(1.171 Å).[10]
Another example showing a drastic change in conformation upon substitution of
hydrogen by fluorine is the methoxyphenyl group. The methoxy group lies in the plane of the
phenyl ring, thus allowing interaction of the sp2‐hybridized oxygen atom with the aromatic π–
system. In contrast, the trifluoromethoxy group usually prefers a dihedral angle (CAr‐CAr‐O‐CF3)
around 90°. This again can be explained by the resonance structure in Figure 4, the anomeric
nO‐σ*C‐F conjugation lowers the electron density at the oxygen making the interaction with the
aromatic core energetically less favorable.

2.1.3.

Reported Methods for the Synthesis of the Trifluoromethoxy Group

2.1.3.1. Functional Group Interconversion
The first synthesis of a trifluoromethyl ether was published in 1955 by Yagupol'skii and
co‐workers.[11] As shown in Scheme 1 anisoles were transformed to the corresponding
trichloromethyl ethers using elemental chlorine with PCl5 as an activator at elevated
temperatures. The nucleophilic substitution of the heavier chlorine with the lighter fluorine was
achieved using anhydrous HF or SbF3 along with SbCl5.[12]

Scheme 1. Chlorination/fluorination sequence starting from anisoles.
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Photochlorination of the anisoles proved cumbersome due to undesired chlorination of
the aromatic system. This side reaction could be diminished if the photo initiated chlorination
was carried out in boiling CCl4.[13]
A different approach towards the trichloromethyl aryl ethers was published by Yarvenko
and Vasil’eva.[14] Anisoles were converted to aryl chloro thionoformates using thio phosgene
and were further converted to the trichloromethyl aryl ethers using elemental chlorine
(Scheme 2). Chlorine/fluorine exchange gave the desired trifluoromethyl ethers as already
discussed. However, aryl chloro thionoformates are highly toxic and the method never found
application in industry.

Scheme 2. Synthesis of trifluoromethyl aryl ethers via the corresponding thionoformates.

[14]

The halogen exchange of chlorine by fluorine was also achieved using MoF6 instead of
SbF3/SbCl5 or anhydrous HF.[15]
Sheppard and co‐workers reported the first method for the synthesis of trifluoromethyl
ethers not depending on a halogen exchange.[16] As shown in Scheme 3 treatment of aryl
alcohols with carbonyl fluoride and subsequent deoxyfluorination of the resulting fluoro‐
formate using SF4 gave the desired trifluoromethyl ethers. The major drawback of this method
is its dependency on highly toxic gases at elevated temperatures.

Scheme 3. Synthesis of fluoroformates and subsequent deoxyfluorination using SF4.

[16]

A more convenient approach starting from alcohols instead of methyl ethers was
reported by Feiring in 1979.[17] The chlorination/fluorination sequence described by Yagupol'skii
was carried in situ using CCl4, anhydrous hydrogen fluoride and catalytic amounts of BF3 giving
the desired trifluoromethyl ethers in up to 70% yield (Scheme 4).

Scheme 4. Preparation of trifluoromethyl ethers starting from aryl alcohols.
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Hiyama reported the first method for the synthesis of trifluoromethyl ethers which could
also be applied to aliphatic alcohols.[18] The key step of this method is the oxidative desulfur‐
ization/fluorination of xanthates (dithiocarbonates) using DBH (1,3‐dibromo‐5,5‐dimethyl‐
imidazolidine‐2,4‐dione) or NBS (N‐bromosuccinimide) as oxidant and an excess of Olah’s
reagent (70% HF‐pyridine) as fluoride source as depicted in Scheme 5.

Scheme 5. Oxidative desulfurization/fluorination sequence reported by Hiyama.

[18]

The mechanistic hypothesis, described in Figure 5, is based on the activation of the
carbon sulfur bond by a partially positively charged halogen and subsequent nucleophilic attack
of fluoride. For primary alcohols this method yields the desired trifluoromethyl ether in up to
95% yield. When the same conditions were applied to secondary alcohols only the
corresponding fluorides could be isolated. Milder conditions (50% HF‐pyridine) yielded the
desired ethers, however in only 24% yield. The method failed completely for tertiary or benzylic
alcohols, probably due to the relatively easy loss of ‐OCF3 due to the stability of the resulting
carbocation.

Figure 5. Mechanistic hypothesis for the oxidative desulfurization/fluorination sequence.

Rozen and co‐workers published a similar method for the synthesis of trifluoromethyl
ethers starting from xanthates using BrF3 as both the oxidant and the fluoride source.[19]
However, this reaction has to be carried out in CFCl3 (freon‐11, CFC‐11) a very potent ozone
depletion agent and is limited to primary alcohols.
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2.1.3.2. Nucleophilic Introduction of the Trifluoromethoxy Group
Trainor reported the first nucleophilic introduction of a trifluoromethoxy group using
TASOCF3 (tris(dimethylamino)sulfonium trifluoromethoxide) as ‐OCF3 source and alkyl triflates
as electrophiles (Scheme 6).[20]

[20]

Scheme 6. Nucleophilic substitution using TASOCF3.

In contrast to its non fluorinated analogue the trifluoromethoxy anion is highly unstable
and decomposes to carbonyl fluoride and a fluoride anion. Therefore, the reaction often
produces fluorides rather than the desired trifluoromethyl ethers.
The trifluoromethanolate salts can only be isolated with an appropriate counterion
enhancing their stability such as TAS+ (TAS+ = tris(dimethylamino)sulfonium). TASOCF3 was
synthesized from TAS difluorotrimethylsilicate and carbonyl fluoride.[10] Kolomaitsev et al.
circumvented the use of highly toxic COF2 and used trifluoromethyl triflate as reservoir of
‘masked’ difluorophosgene. The trifluoromethoxides synthesized by this method were
successfully applied for nucleophilic trifluoromethoxylation.[21] Langlois and co‐workes have
published similar but more detailed results independently after Kolomeitsev’s paper appeared
in the literature.[22]

2.1.3.3. Direct Electrophilic Trifluoromethylation of Alcohols
The first direct electrophilic trifluoromethylation of primary and aryl alcohols was
published by Umemoto and co‐workers (see also: 1.3.1.1). Upon irradiation of the diazonium
salts at ‐90 °C the corresponding CF3 oxonium salts could be detected. Their stability increased
with the inertness of the counterions used (BF4‐ < PF6‐ < SbF6‐ < Sb2F11‐). The resulting
O‐(trifluoromethyl)dibenzofuranium salts reacted with primary and aryl alcohols to give the
desired ethers in up to 85% yield.[23]

Scheme 7. Electrophilic trifluoromethylation of primary and aryl alcohols using dibenzofuranium salts.
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The method suffers from the drawback that the reagent has to be prepared in a multistep
sequence from a starting material already containing a trifluoromethoxy group (Scheme 8).

Scheme 8. Synthesis of the biphenyl‐diazonium salts.

[23]

Furthermore, the best yields are obtained if the active species is generated from the
diazonium salt below ‐90 °C upon irradiation, thus limiting the practicability of this method.

2.2.

Aim of the Project

At the onset of this work, the newly developed reagents had already proven suitable for
the trifluoromethylation of thiols, α‐nitro esters, silyl enol ethers, primary and secondary
phosphines and some arenes and heteroarenes. These compounds can be considered soft
nucleophiles. The primary objective remained to determine if the reagents were suitable for
the trifluoromethylation of hard nucleophiles such as alcohols. Such a method would provide
convenient access to trifluoromethyl ethers, which are highly desirable both in academia and in
industry.

Scheme 9. Outlined trifluoromethylation of aryl and aliphatic alcohols.
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2.3.

Electrophilic Trifluoromethylation of Aryl Alcohols

2.3.1.

Results

When reagent 2 was mixed with phenol no reaction took place at ambient temperature.
Heating the reaction mixture gave rise to a complex mixture of products which was difficult to
analyze. The same reaction was carried out with acid derived reagent 1 to give mainly electro‐
philic aromatic substitution in para and ortho position, as determined by 19F NMR spectroscopy
(para:ortho ratio of 9:4, Scheme 10).

Scheme 10. Trifluoromethylation attempts of phenol using reagent 1.

Therefore, we chose substrates with occupied ortho and para positions such as
2,4,6‐trichlorophenol (39) and 2,4,6‐trimethylphenol (40). However, attempts to trifluoro‐
methylate 39 with either reagent mainly gave chlorotrifluoromethane, a product probably
arising from chloride abstraction from the aromatic core.
Interestingly, trifluoromethylation of 40 with the alcohol derived reagent 2 took place at a
benzylic position giving 2,4‐dimethyl‐6‐(2,2,2‐trifluoroethyl)phenol as major product (Scheme
11). No trifluoromethylation at oxygen could be observed. Therefore, we focused our
investigations on the acid derived reagent 1.

Scheme 11. Benzylic trifluoromethylation of 2,4,6‐trimethylphenol (40) using reagent 2.

In order to improve the nucleophilicity of the substrate the corresponding sodium
phenolate was used for further reactions. 18‐crown‐6 was added for complexation of the
sodium cation, thus breaking up possible aggregates and therefore further enhancing the
nucleophilic character of the phenolate. For solubility reasons DMF was used as solvent. As
outlined in Scheme 12 the reaction gave rise to a complex mixture.
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Scheme 12. Trifluoromethylation of 2,4,6‐trimethylphenol (40) with reagent 1 after deprotonation.

Five different products could be isolated and characterized: The desired trifluoromethyl
ether 42 as a minor byproduct, three cyclohexadienone derivatives 43‐45, probably formed via
an oxidation/trifluoromethylation reaction sequence as the major products, and traces of an
aryl ester of the iodobenzoic acid 46.
A similar reaction involving an oxidation/methoxylation of aryl alcohols using hypervalent
iodine has been described by Kita and co‐workers.[24] The oxidation proceeded rapidly at rt
using PIFA ([bis(trifluoroacetoxy)iodo]benzene) under basic conditions in CH3CN as solvent
giving the quinone monoacetals in nearly quantitative yields.

Scheme 13. Oxidation/methoxylation using PIFA described by Kita and co‐workers.

The authors speculate that the reaction proceeds via ligand exchange at iodine, followed
by nucleophilic attack at the sterically least hindered para position to give the desired quinone
as outlined in Scheme 13. However, the proposed mechanism is purely speculative.
A similar reaction mechanism might explain the outcome of the reaction of sodium
alcoholate of 40 with the hypervalent trifluoromethylating agent 1. Ligand exchange of the
carboxylate with the phenolate at iodine(III) would generate the intermediate 47. Nucleophilic
attack by an external –CF3 would yield the cyclohexadienone and liberate a –CF3, which than
again could act as nucleophile explains the formation of 43. Nucleophilic attack at the meta
position would give rise to the other mono trifluoromethylated cyclohexadienone 44. The
doubly trifluoromethylated product could be explained by an electrophilic aromatic trifluoro‐
methylation prior to the oxidation/trifluoromethylation step described in Scheme 14.
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Scheme 14. Oxidation/trifluoromethylation of phenolates via a two electron process.

It can also be speculated that the reaction proceeds via a radical mechanism. Initial
formation of a charge transfer complex followed by a single electron transfer (SET) would
generate the reactive intermediate which upon radical recombination would yield the observed
products 42 – 45 as shown in Scheme 15.[25]

Scheme 15. Oxidation/trifluoromethylation via single electron transfer (SET).

Product 45 can be explained under the assumption that trifluoromethyl 2‐iodobenzoate is
formed during the reaction. This byproduct is often observed when 1 is used as trifluoro‐
methylating agent. This activated ester can then undergo transesterification with the substrate
to give the aryl ester.

2.3.2.

Conclusion

The studies have shown that it is possible to generate aryl trifluoromethyl ethers.
However, this was only the case for one specific substrate and only in 15% yield. The main
products appear to be formed via an oxidation/trifluoromethylation sequence. In the case of
unsubstituted phenols aromatic electrophilic substitution in the para and ortho position are the
major products. Furthermore, it is still unclear whether the reaction proceeds via radical
mechanism or not.

2.3.3.

Outlook

Since the oxidation properties are intrinsic to hypervalent iodines and therefore, also to
hypervalent electrophilic trifluoromethylating agents the synthesis of aryl ethers using these
reagents is challenging. Lowering the reduction potential of the phenol derivates might be a
solution to this problem. This might be achieved by electron withdrawing substituent or the
complexation of the aromatic system to an appropriate metal. Attempts using chromium or
ruthenium arene complexes failed probably due to the redox activity of the metals used.
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2.4.

Electrophilic Trifluoromethylation of Aliphatic Alcohols

2.4.1.

Results

During an effort to extend the application of reagent 1 to the trifluoromethylation of
acetylenes different reaction conditions were screened. In order to acidify phenylacetylene an
equimolar amount of Zn(OTf)2 was added to the reaction mixture. Its known that zinc(II) binds
to the triple bond and thus lowers the pKa of the terminal acetylene.[26] Instead of the desired
trifluoromethylated acetylene a different reaction took place. The crude 19F NMR spectrum
depicted in Figure 6 showed two new signals both as a quadruplet with nearly identical
coupling constants. This led to the assumption that the new product is bearing two non
identical CF3 groups.

19

Figure 6. F NMR spectrum of the reaction mixture of Zn(OTf)2 and 1.

A literature search indicated that the product formed was trifluoromethyl triflate (TFMT).
The trifluoromethylation took place at the triflate rather than at the acetylene as originally
expected. On first examination the trifluoromethylation of triflate does not seem to be of
interest. However, this was the first selective trifluoromethylation of a hard, oxygen centered
nucleophile using the reagents developed in our group, contrary to previous suggestions that
such I(III) reagents should be unreactive toward hard nucleophiles.[27]
Further experiments revealed that the trifluoromethylation of the triflate anion also takes
place without phenylacetylene. Under the same conditions reaction with NaOTf, KOTf or
Cu(OTf)2 failed to give TFMT. The addition of ZnBr2 to these reactions triggered the formation of
TFMT, though in lower yields. The lower yields can be explained by the formation of CF3Br as
side product. These experiments indicated the crucial role of zinc(II) in this reaction. At this
point we focused on the trifluoromethylation of aliphatic alcohols. Preliminary studies were
carried out in 1‐pentanol (48) as both solvent and substrate, Zn(OTf)2 was used as activator and
1 as electrophilic CF3 reagent as shown in Scheme 16.
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Scheme 16. Direct electrophilic trifluoromethylation of 1‐pentanol.

We were pleased to find that the reaction of 1 in 1‐pentanol (75 eq) and a stoichiometric
amount of Zn(OTf)2 gave the trifluoromethyl ether in 83% yield and only traces of TFMT (2 %).
Even better results were obtained when substoichiometric amounts of Zn(OTf)2 were used
(Table 2, entry 2 and 3) giving the desired ether in up to 89% yield based on 19F NMR using
C6H5CF3 as an internal standard. The formation of TFMT was suppressed completely when only
20 mol% of Zn(OTf)2 were used (Table 2, entry 3). When the amount of alcohol was reduced to
10 equivalents using toluene or CHCl3 as solvent the reaction became slow and after 48h only
60% consumption of reagent 1 was detected. Furthermore, large amounts of TFMT were
formed, further diminishing the yield of the trifluoromethyl ether (Table 2, entry 4 and 5).
Table 2. Trifluoromethylation of 1‐pentanol using 1 and Zn(OTf)2.

Entry[a]
1
2
3
4
5

1‐Pentanol[b]
75 eq
75 eq
75 eq
10 eq
10 eq

Zn(OTf)2
1.00 eq
0.50 eq
0.20 eq
0.50 eq
0.50 eq

Solvent[c]
1‐pentanol
1‐pentanol
1‐pentanol
toluene
CHCl3

Yield[d] (conv.)
83% (quant.)
89% (quant.)
84% (quant.)
25% (63%)
26% (59%)

Side products[e]
2% TFMT
2% TFMT
‐
8% TFMT
22% TFMT

[a]

[b]

In a representative experiment 1 was stirred with 1‐pentanol in the solvent at rt for 48h.
[c]
[d]
Distilled prior to use. The concentration of 1 was approx. 0.15 M in all experiments. Calculated
19
[e]
19
based on F NMR and C6H5CF3 as internal standard. Observed by F NMR.

In order to exclude the undesired formation of TFMT we screened various zinc(II) sources.
Zinc halides also assisted the trifluoromethylation of the alcohol, but a major product was the
corresponding trifluoromethyl halide. Interestingly, basic counter ions such as CO32–, acac– or
carboxylates failed to activate the reagent. Finally, we found that Zn(NTf2)2 (zinc bis(trifluoro‐
methylsulfonyl)imide) was an appropriate Lewis acid for the activation of reagent 1 due to the
satisfactory solubility and the non‐nucleophilic character of the anion. Due to its inertness –NTf2
is often used anion in ionic liquids. The low basicity can by illustrated by the fact that the
corresponding acid is one of the strongest acids known in gas phase.[28] Furthermore, the highly
delocalized charge of the counterion and steric hindrance, enhances the electrophilic character
of the metal center and, therefore, its Lewis acidity.[29] As shown in Scheme 17 –NTf2 has also
found application as counter ion for hypervalent iodonium salts with remarkable arylating and
alkylating abilities.[30]
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Scheme 17. Trifluoromethylation in H2O using the iodonium NTf2 salt reported by DesMarteau.

[30]

We found that the use of Zn(NTf2)2 gave better yields then Zn(OTf)2. Using 75 equivalents
of the alcohol and an equimolar amount of Zn(NTf2)2 gave the desired ether in 93% yield
compared to 83% using Zn(OTf)2. Again catalytic amounts (20 mol%) of the Lewis acid gave
comparable results (89%, Table 3, entry 2). We were pleased to find that reducing the amount
of alcohol to 10 equivalents using chloroform as solvent gave 67% of the desired ether. Even
though the yield dropped significantly compared to the run using 75 equivalents of the alcohol,
a significant improvement was achieved compared to Zn(OTf)2 (Table 2, entry 4 and 5).
Table 3. Trifluoromethylation of 1‐pentanol using 1 and Zn(NTf2)2.

Entry[a]
1
2
3
4
5
6

1‐Pentanol[b]
75 eq
75 eq
10 eq
5 eq
5 eq
1.5 eq

Zn(NTf2)2
1.00 eq
0.20 eq
1.00 eq
1.00 eq
0.34 eq
0.34 eq

Solvent[c]
1‐Pentanol
1‐Pentanol
CHCl3
CHCl3
CHCl3
CHCl3

Yield[d] (conv.)
93% (quant.)
89% (quant.)
67% (quant.)
19% (45%)
61% (quant.)
26% (59%)

Side products[e]
‐
‐
49, 3%
50, 18%
49, 3%
‐

[a]

In a representative experiment 1 was stirred with 1‐pentanol in the solvent at rt for 48h.
[c]
Distilled prior to use. The concentration of 1 was approx. 0.15 M in all experiments.
[d]
19
[e]
19
Calculated based on F NMR and C6H5CF3 as internal standard. Observed by F NMR.
[b]

Trifluoromethyl 2‐iodobenzoate (49) is observed as a side product of trifluoromethylation
using 1. We assumed this byproduct to be a result of O‐trifluoromethylation of 2‐iodo benzoic
acid which accumulates during the reaction.
Further reduction of the amount of alcohol to 5 eq gave the ether in only 19% yield and
45% conversion after 48 h at rt. Notably, the ‐NTf2 anion can undergo trifluoromethylation at
one of the oxygen atoms to give compound 50 as depicted Scheme 18, despite its extremely
low nucleophilicity, demonstrating the considerable trifluoromethylating power of reagent 1
upon activation with zinc(II). This side product can be easily detected by 19F NMR due to its
characteristic spectrum. The three magnetically non equivalent CF3 groups give rise to 3
resonances, two as a quadruplet due to a 5JF,F and one as a singlet.

‐

Scheme 18. Trifluoromethylation of NTf2 under the reaction conditions given in Table 3, entry 4.

40

Trifluoromethyl Ethers
Interestingly, reduction of the amount of Lewis acid to 0.34 eq improved the yield to 61%
and full conversion was obtained after 48h. This observation can probably be explained by the
fact that the Lewis acid not only activates the reagent but also coordinates to the alcohol and
makes it less available for trifluoromethylation. Reduction to 1.5 eq gave the desired compound
in only 26% and again the reaction became very slow.
Similar experiments using HNTf2 showed that the reaction can also be catalyzed by
Brønsted acids, although in lower yields (Table 4). Therefore, Zn(NTf2)2 was chosen as catalyst
for the trifluoromethylation of alcohols.
Table 4. Trifluoromethylation of 1‐pentanol using 1 and HNTf2.

Entry[a]
1
2

1‐Pentanol[b]
75 eq
75 eq

HNTf2
0.20
0.01

Solvent[c]
1‐Pentanol
1‐Pentanol

Yield[d] (conv.)
46% (quant.)
33% (75%)

Side products[e]
‐
7% CF3H

[a]

In a representative experiment 1 was stirred with 1‐pentanol in the solvent at rt for 48h.
[c]
Destilled prior to use. The concentration of 1 was approx. 0.15 M in all experiments.
[d]
19
[e]
19
Calculated based on F NMR and C6H5CF3 as internal standard. Observed by F NMR.
[b]

After optimization of the reaction conditions for 1‐pentanol we investigated the trifluoro‐
methylation of other more challenging substrates. Excellent results were obtained with non
volatile alcohols, which can be used as both the solvent and the substrate (Table 5, entries 1‐3,
11, 12). Up to 99% of the desired trifluoromethyl ethers were obtained based on 19F NMR (81%
isolated yield) with only traces of undesired side products. The ethers can be easily purified by
flash column chromatography due to the difference in polarity compared to the corresponding
alcohol and 2‐iodobenzoic acid. On a larger scale distillation would be an appropriate
purification method due to lower boiling points of ethers, which is especially pronounced for
trifluoromethyl ethers.
As shown in the optimization of the reaction conditions using Zn(NTf2)2 an excess of the
alcohol is necessary to obtain satisfying yields (Table 3). Therefore, for more expensive and
solid substrates a molar ratio of 5:1 between the alcohol and the reagent is a tenable
compromise, even though larger amounts of the alcohol are likely to give better yields. A series
of primary alcohols was subjected to these conditions giving the desired ethers in up to 55%
yield. 49 and 50 were observed in all reactions using 5 eq of the alcohol. Only low yields were
obtained for substrates less tolerant to acidic conditions. Tetra acetylated glucose gave only
18% of the trifluoromethyl ether along with several not identified side products most probably
arising from deacetylation (Table 5, entry 9). Secondary alcohols were found to undergo
trifluoromethylation yielding the ether in 62% for lactic acid ethyl ester and 74% for
cyclohexanol (Table 5, entries 11 and 12). Tertiary alcohols such as tert‐butanol and phenols do
not undergo trifluoromethylation to a relevant extent under these conditions.
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Table 5. Trifluoromethylations of alcohols using 1 and Zn(NTf2)2.

Zn(NTf2)2

Yield[c] [%]

1[a]

1.0 eq

99 (81)

2[a]

1.0 eq

92 (75)

3[a]

1.0 eq

62[d]

4[b]

0.50 eq

55 (39)

5[b]

0.50 eq
0.33 eq
0.25 eq

49 (37)
48
44

6[b]

0.50 eq

43[d]

7[b]

0.50 eq

28 (12)

8[b]

0.50 eq
0.30 eq

27 (19)
26

9[b]

0.50 eq

18 (2)

10[b]

0.30 eq

12

11[a]

1.0 eq

62[d]

1.0 eq

74[d]

Entry

Substrate

OH

12[a]

OH

[a]

[b]

Reagent 1 was stirred with 1 eq of Zn(NTf2)2 in alcohol as solvent (75 eq) for 24h. In a repre‐
sentative experiment, 1 was stirred with Zn(NTf2)2 and 5 eq of alcohol in CDCl3 at rt for 2‐3 days.
[c]
19
Yields were calculated based on reagent 1 from F NMR integrals using C6H5CF3 as internal
[d]
standard. Isolated yields are given in brackets. Not isolated in pure form.

2.4.2.

Reaction Mechanism

To further optimize the reaction conditions we were interested in knowing the
mechanistic details of the electrophilic trifluoromethylation reaction. At the beginning of the
studies we assumed that the reaction might take place via activation of the hypervalent iodine
reagent 1 via coordination to the Lewis acid, making the iodine(III) center more susceptible to a
ligand exchange reaction with the substrate alcohol. In a subsequent step the reductive
elimination would generate the desired trifluoromethyl ether as shown in Scheme 19. However,
this assumption was purely based on speculation.
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Scheme 19. Mechanistic speculation for the trifluoromethylation of alcohols using reagent 1.

Preliminary mechanistic information was obtained from the 19F NMR spectrum of the
reaction mixture of reagent 1, para‐nitrobenzyl alcohol and Zn(NTf2)2. A clear shift of the CF3
moiety of the hypervalent iodine species from δ = ‐33.0 ppm to δ = ‐26.9 ppm took place after a
few minutes at rt. A similar observation was made when 1 was mixed with equimolar amounts
of Zn(OTf)2 with a slightly more pronounced shift to δ = ‐25.0 ppm. This peak indicated the
formation of an intermediate which decayed under the reaction conditions accompanied by the
formation of the trifluoromethyl ether or TFMT, respectively. The fact that the decay was
rather slow suggested that the intermediate formed was rather stable. An ESI‐MS spectrum of a
2:1 mixture of 1 and Zn(NTf2)2 revealed the presence of a cationic species with the
stoichiometry [Zn(1)2(NTf2)]+ (Figure 7). We tentatively assigned the structure of a zinc di‐
carboxylato complex to this cation (Scheme 20).

Figure 7. ESI‐MS Spectrum of a 2:1 mixture of the hypervalent iodine reagent 1 and Zn(NTf2)2.
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Using this ionization method all neutral complexes or adducts cannot be detected.
Therefore, it can be speculated that actual adduct is a neutral species bearing two NTf 2 groups.
As already mentioned, the complex was tentatively suggested to be a zinc dicarboxylato
complex even though the extent of the weakening of the I‐O bond and formation of the
carboxylato complex remained unclear.

Scheme 20. 2:1 Adduct, tentatively formulated as carboxylato/iodonium ion complex.

To reveal the nature of the intermediate various crystallization attempts were made and
after systematic variation of the conditions thin platelets corresponding to the bis(triflimide)
salt of the dicationic complex [Zn(1)2(p‐NO2‐C6H4‐CH2OH)2(OH2)2]2+ were obtained. The zinc(II)
shows a octahedral coordination by the carbonyl group of the hypervalent iodine 1, the 4‐
nitrobenzyl alcohol and H2O, all as monodentate neutral ligands. The octahedral ZnO6 co‐
ordination environment is slightly distorted (Figure 8).

Figure 8. ORTEP‐view of the asymmetric unit of [Zn(1)2(p‐NO2‐C6H4‐CH2OH)2(OH2)2](NTf2)2 (50% probability
ellipsoids) in which the Zn atom lies on a crystallographic inversion center. Selected bond lengths (Å) and angles
(°): I‐O2 2.403(12), I‐C8 2.195(16), I‐C1 2.103(19), I‐O6 3.078(14), Zn‐O1 2.029(13), Zn‐O3 2.145(13), Zn‐O10
2.090(15), C7‐O1 1.27(2), C7‐O1 1.26(2), C1‐I‐O2 75.0(6), C1‐I‐C8 95.4(7), O1‐I‐C8 169.9(5), O1‐Zn‐O5 92.1(5),
O1‐Zn‐O10 87.7(5), O3‐Zn‐O10 92.2(5).

44

Trifluoromethyl Ethers
The effect of coordination to the metal center on the structural parameters of the
reagent is crucial to an understanding of the activation mechanism of 1 by Zn2+. As mentioned
previously the extent of the weakening of the I‐O bond and formation of the carboxylato
complex upon coordination to zinc(II) remained unclear from the ESI‐MS. From the crystal
structure a significant elongation of the I‐O bond from 2.283(2) Å in free 1[31] to 2.403(12) Å and
a larger C(1)‐I‐(CF3) angle of 95.4(7)° (vs. 93.7°) may be interpreted as distortion toward the
formation of an iodonium species. Furthermore, a weak interaction between the proximal
oxygen atom of an ‐NTf2 ion and the iodine atom is indicated by a relatively short O(6)‐I
distance of 3.078(14) Å. This is significantly longer then the I‐O distances in the iodonium ions
[IPh2]NTf2 and [PhICH2CF3]NTf2 which are in the range of 2.92 ‐ 2.95 Å.
A pulsed‐field gradient spin echo (PGSE) diffusion NMR measurement of the same
solution showed a 1:2 adduct of zinc(II) with the reagent 1 as seen in the crystal structure and
the ESI‐MS. The intermediate showed similar diffusion constants as –NTf2. Therefore, it can be
assumed that the anion interacts strongly with the cation. The benzylic alcohol showed a
different diffusion constant. This leads to the assumption that the reaction of the alcohol does
not take place via coordination to the zinc(II) center.
With these facts in hand it is possible to formulate a plausible reaction mechanism
depicted in Scheme 21. We suppose that reagent 1 reacts with the zinc(II) salt to form the
carboxylato/iodonium complex. The weakening of the oxygen iodine bond upon coordination
to zinc, facilitates the ligand exchange with the alcohol. Subsequent reductive elimination of
the CF3 group and the alcohol yields the desired trifluoromethyl ether after deprotonation.
Regeneration of the active species takes place via ligand exchange of the 2‐iodobenzoic acid
with reagent 1. We assume that this process is facilitated by the Brønsted acid formed during
the reaction.

Scheme 21. Mechanistic hypothesis for electrophilic trifluoromethylation of alcohols using reagent 1.
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It is important to note that the electrophilic trifluoromethylation could in principle also be
catalyzed by Brønsted acids. Zn(NTf2)2 is an extremely oxophilic Lewis acid, even though its
purity was checked by elemental analysis we assume that it still contains traces of water.
Therefore a potential source for protons is present in the reaction mixture. 2‐Iodobenzoic acid
formed during the reaction could also act as catalyst for the reaction, coordination to zinc(II)
would enhance the acidity of the carboxylic acid.
At this point we can also not exclude that the reaction takes place via an SN2‐type
mechanism rather than a ligand exchange followed by a reductive elimination. However, the
fact that none of the trifluoromethylhalomethanes react with alcoholates to give trifluoro‐
methyl ethers is in strong contrast to this speculation. The low reactivity of these compounds
towards nucleophiles is easily explained by the electron repulsion of an approaching
nucleophile caused by the interaction of the lone pair of the nucleophile with the lone pairs of
the fluorine atoms (nNu ‐ nF) as shown in Figure 9.

Figure 9. Explanation for the inertness of trifluoromethylhalomethanes toward nucleophiles.

This unfavorable interaction could only be diminished if the hybridization of the CF3 group
would be sp2‐like, thus reducing the electron density around σ*C‐LG. However, from Figure 8 it
can be seen that C(8) does not show an sp2‐like hybridization. The hybridization can be
estimated adding up the three angles F‐C(8)‐F. For an ideal sp2 hybridization sum of 360° would
be expected and 328.5° for an sp3 hybridization, respectively. The angles around C(8) sum up to
325° which is even smaller than the expected total for an ideal sp3 hybridization. Free 1 shows a
sum of 322° around C(8) not differing significantly from the presented structure in Figure 8.

Figure 10. Hybridization of the trifluoromethyl group.

Another piece of evidence that trifluoromethyl ethers form via reductive elimination are
the observed side products. In principle the reductive elimination can yield three different
trifluoromethylated products (Figure 11). The “CF3‐O” reductive elimination gives the desired
product and is under the described reaction conditions the major pathway. The “Ar‐O”
reductive elimination yields trifluoroiodomethane. Even though CF3I is only formed in traces
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and has a low boiling point of ‐22.5 °C it was detected by 19F NMR spectroscopy if the reaction
was carried out in a closed reaction vessel. The fluorinated product arising from the “CF3‐Ar”
reductive elimination could not be observed. It can be speculated that the formation of hypo
iodides and thus the “CF3‐Ar” reductive elimination are energetically unfavorable.

Figure 11. Possible reductive eliminations from the speculated reactive intermediate.

This mechanistic hypothesis explains most of the observed side products including the
trifluoromethylation of the counter anion used. The counterion is in close proximity to the
iodine(III) as shown by the crystal structure and the PGSE NMR measurements, therefore it is
reasonable to assume that the reductive elimination also take place between the counterion
and the CF3 group. In this context it is interesting to note that the trifluoromethylation of NTf2‐
and the binding of ‐NTf2 in the crystal structure both take place via the oxygen rather than the
nitrogen atom.
Initially we assumed the coordination of 2‐iodobenzoic acid towards the iodine(III) center
and subsequent reductive elimination would account for the formation of trifluoromethyl
2‐iodobenzoate. However, recent findings in our group by Jan Welch and Serene Fantasia
suggest that the trifluoromethylation takes place on the hypervalent iodine reagent rather than
on the 2‐iodobenzoic acid.[32] A reaction mechanism for this reaction is depicted in Figure 12. To
prevent side reactions BArF24 acid was used as activator. The hypervalent reagent 1 is
protonated by HBArF24 giving the activated cationic reagent 51, a powerful trifluoromethylating
agent, which can react with another hypervalent iodine reagent 1 to give 2‐iodo benzoic acid
and the trifluoromethylated hypervalent iodine reagent 52, a powerful trifluoromethylating
agent similar to the protonated form 51. If the trifluoromethylation takes place on reagent 1,
trifluoromethyl 2‐iodobenzoate 49 is liberated and another trifluoromethylated reagent 52 is
produced, thus the reaction is catalytic in the reactive intermediate 52. If other nucleophiles
react with the intermediate the catalytic cycle is terminated. The rate of formation of trifluoro‐
methyl 2‐iodobenzoate 49 was largely unaffected by the addition of 2‐iodobenzoic acid,
indicating that it is not involved in the rate determining step of the ester formation.
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Figure 12. Trifluoromethylation of 1 to give trifluoromethyl 2‐iodobenzoate 49.

2.4.3.

Conclusion

In conclusion, we have shown that it is possible to trifluoromethylate aliphatic alcohols
using the hypervalent iodine reagent 1. The activation of the reagent using Lewis or Brønsted
acids was key to the success of the methodology. Zinc proved to be an ideal Lewis acid for
coordination of the carbonyl group of the reagent 1 due to its oxophilicity. Side products arising
from the trifluoromethylation of the zinc counter ion could be almost completely suppressed
using –NTf2. Thus, in reactions with primary alcohols the trifluoromethyl ethers are obtained in
excellent yields up to 99%. Secondary alcohols could be trifluoromethylated in up to 74% yield.
This is the first method for the synthesis of trifluoromethyl ethers independent of toxic gases,
fluorine sources or special equipment. The reaction conditions presented are very mild and can
be carried out without special safety precautions.
The major drawback of this methodology is the necessity of an excess of the alcohol. Even
though the excess alcohol is not consumed during the reaction and can in principle be
recovered it would be desirable the carry out the reaction using equimolar amounts of the
nucleophile. Furthermore the activation using Lewis or Brønsted acids is not suited for the
trifluoromethylation of phenols.
The discovery of the acid mediated activation of the hypervalent iodine reagents, did not
only give access to trifluoromethyl ethers but also helped to gain a deeper understanding of the
trifluoromethylation using hypervalent iodine in general, allowing the use of the trifluoro‐
methylating reagents for a broader scope of nucleophiles.
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2.4.4.

Outlook

As previously mentioned it would be desirable to carry out the reaction using equimolar
amount of the alcohol. At present an excess is necessary to eliminate the undesired trifluoro‐
methylation of the zinc counter ion and the auto trifluoromethylation of the reagent. Adding
reagent 1 slowly to a reaction mixture containing one equivalent of the alcohol and catalytic
amount of the Lewis acid would have a similar effect. Compared to the reagent the alcohol
would be present in excess and the concentration of the reagent itself would be low
suppressing undesired auto trifluoromethylation described in Figure 12. As previously
discussed, the accumulating 2‐iodobenzoic acid should not undergo trifluoromethylation to any
relevant extent.
Other Lewis acidic oxophilic metal complexes, for instance lanthanide derivatives, should
be tested to lower the catalyst loading. Brønsted acids as additives might accelerate the
reaction. As already mentioned carboxylic acids undergo trifluoromethylation at a very low rate
and might therefore be very well suited for the activation of the reagent.
A different approach for the electrophilic trifluoromethylation would be the use of the
alcohol derived reagent 2, which does not trifluoromethylate itself. Therefore, it would not be
necessary to work at low concentrations of reagent 2. However, the reaction with reagent 2
and Zn(NTf2)2 turned out to be very sluggish at rt, even though the formation of an
intermediate could be detected be 19F NMR, the reaction to the desired trifluoromethyl ether
only took place at elevated temperatures giving poor yields. Using other nucleophiles we
discovered that the Brønsted acids are more suitable for the activation of the alcohol derived
reagent. Preliminary results have shown that the reaction takes place at ambient temperature
using Brønsted acids.
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3.

Trifluoromethyl Sulfonates

3.1.

Introduction

Trifluoromethyl sulfonic acid esters are a largely unexplored class of compounds. Until
recently only perfluorinated trifluoromethane sulfonic acid esters have been reported in the
literature. Among those reported, only trifluoromethyl triflate (TMFT) has been investigated in
terms of its reactivity and stability. Interestingly, TFMT shows a completely different physical
and chemical behavior compared to its non fluorinated analogue.
This first part of this chapter will focus on reported syntheses for trifluoromethyl
sulfonates, mainly TFMT and its application in synthetic chemistry. In a second part, an
alternative, more convenient approach to trifluoromethanesulfonates using the hypervalent
reagents 1 and 2 will be discussed. In addition, a discussion of the reaction mechanism based
on kinetic measurements and a crystal structure of the I‐trifluoromethyl iodonium intermediate
species will be presented.

3.1.1.

Synthesis

TFMT was first reported by Noftle and Cady in 1965.[1] Upon electrolysis of trifluoro‐
methyl sulfonic acid, bis(trifluoromethylsulfuryl) peroxide, CF3SO2OOO2SCF3, was isolated.
Warming a cold sample of this highly unstable peroxide yielded three decomposition products:
sulfur trioxide, hexafluoroethane and TFMT. It is reasonable to assume that homolytic cleavage
of the oxygen‐oxygen bond gives two triflate radicals. Subsequent elimination of sulfur trioxide
yields trifluoromethyl radicals, which either recombine to give perfluoro ethane, or react with a
triflate radical or CF3SO2OOO2SCF3 to give TFMT as shown in Scheme 1.

Scheme 1. Synthesis of TFMT by decomposition of bis(trifluoromethylsulfuryl) peroxide.

[1]

Because of the explosive character of the peroxide only small amounts of TFMT were
accessible using this method. However, the authors were able to show that TMFT is resistant to
hydrolysis by H2O at rt. This observation was surprising because the non fluorinated analogue,
methyl triflate, is a powerful alkylating agent which reacts violently with water.
Olah and Ohyama developed a more convenient approach to TMFT by the reaction of
trifluoromethanesulfonic acid with fluoro sulfonic acid at elevated temperatures.[2] FSO3H is a
stronger acid than CF3SO3H and protonates the latter. Upon elimination of water the resulting
trifluoromethanesulfonyl cation eliminates SO2 to give the highly reactive trifluoromethyl
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cation. This reacts with CF3SO3H or FSO3H to give the corresponding trifluoromethyl esters, in
19% and 6% yield, respectively as shown in Scheme 2. Purification was done by trap‐to‐trap
distillation at low temperatures.

Scheme 2. Synthesis of TFMT as reported by Olah and Ohyama.

[2]

Kobayashi et al. reported a straightforward approach using silver trifluoromethane‐
sulfonate and trifluoromethyl iodide at elevated temperatures giving the desired TFMT in
excellent 86% yield.[3] However, the equimolar amount of silver and CF3I necessary for this
reaction limited its use.
DesMarteau and co‐workers reported the synthesis of TFMT starting from triflyl bromide
or chloride and CF3Br in CF2Cl2 (Freon‐12) as solvent as shown in Scheme 3.[4] However,
CF3SO3Br and CF3SO3Cl are unstable and prone to explosion especially if they are not absolutely
pure, thus limiting the practicability of this method.

Scheme 3. Synthesis of TFMT from triflate bromide and chloride.

[4]

Engelbrecht and co‐workers observed the formation of TMFT as a side reaction during
their investigation of super acidic systems.[5] Boron tris(trifluoromethylsulfonate) reacted with
trifluoromethyl sulfonic acid to give TMFT. The yield of the reaction was not determined.
The first synthetically useful method starting from cheap, readily available starting
materials was published by Hassani et al.[6] They could show that TfOH reacted with
phosphorus pentoxide or sulfur trioxide to yield TFMT as shown in Scheme 4. The assumption
that the reaction proceeds via the formation of Tf2O was proven by the conversion of Tf2O to
TFMT using catalytic amounts of TfOH.

Scheme 4. Synthesis of TFMT starting from trifluoromethyl sulfonic acid or its anhydride.

[6]

It is reasonable to assume that Tf2O is protonated under the described reaction
conditions and forms a trifluoromethyl cation by elimination of SO2 and TfOH. The highly
reactive cation then enters the catalytic cycle and subsequent trifluoromethylation of Tf2O
gives the cationic intermediate depicted in Scheme 5. Upon elimination of TFMT and SO2 the
trifluoromethyl cation is regenerated.
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Scheme 5. Catalytic cycle for the formation of TFMT.

Taylor and Martin further developed this method using Lewis instead of Brønsted acids
for the activation of Tf2O. Several acids were screened and the best results were obtained using
0.6 mol% of SbF5 giving the desired TFMT in 80% yield after distillation.
The first direct electrophilic trifluoromethylation of sulfonic acids or sulfonate salts was
reported by Umemoto et al. using the O‐(trifluoromethyl)dibenzofuranium salt which was
prepared in situ from the corresponding diazonium salt (see also 1.3.1.1 and 1.3.1.2).[7]
Moderate to good yields were obtained using this method giving access to new unreported
trifluoromethyl sulfonic acid esters as summarized in Table 1.
[7] a

Table 1. Trifluoromethylation of sulfonic acids and sulfonate salts as reported by Umemoto .

Entry
1
2
3
4

Substrate
p‐toluenesulfonic acid
sodium p‐(n‐octyl)benzenesulfonate
2‐naphthalene sulfonic acid
ammonium 3‐bromocampher‐8‐sulfonate

Base
pyridine
‐
pyridine
‐

Yieldb
79%
52%
61%
56%

a. In a typical experiment a 1:1:1 mixture of reagent, substrate and base was heated to
19
reflux in CH2Cl2 for 3h b. Yields are based on F NMR measurements.
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3.1.2.

Properties

As previously mentioned, the first studies of the reactivity of trifluoromethyl sulfonic acid
ester were already performed in 1965 by Noftle and Cady.[1] The authors showed that TMFT
was resistant to hydrolysis by water at rt. However, the hydrolysis took place in 0.1 N sodium
hydroxide solution at 100 °C. Kobayashi et al. further investigated the reactivity of TFMT as
electrophile.[3]
The nucleophilic attack on TFMT can in principle give two different products: a formal
trifluoromethylation product arising from a C‐O bond cleavage or a formal sulfonylation
product arising from an S‐O bond cleavage as shown in Scheme 6.

Scheme 6. Nucleophilic attack at sulfur vs. attack at the carbon.

As illustrated in Scheme 7, enamine 53 was chosen as a nucleophile resulting in the
formation of the trifluoromethanesulfonyl compound 54 after acidic aqueous workup. 54 was
found to be in equilibrium with its enol form

Scheme 7. Synthesis of trifluoromethanesulfonyl compound 54 using TFMT.

[3]

Previously, Olah and Ohayama reported the reversible trifluoromethylation of pyridine
and triethylamine with TFMT to give quaternary ammonium salts.[2] However, Martin and
Taylor revised their results and showed that a different reaction took place.[8] In a first step, the
nucleophile attacks TFMT at the sulfur atom to displace trifluoromethoxide, which rapidly loses
fluoride to form carbonyl fluoride. Nucleophilic attack of the fluoride anion on the sulfur atom
of TFMT displaces a trifluoromethoxide anion which enters the catalytic cycle and fluorosulfate
55 is obtained as a byproduct. This mechanism is supported by the fast and complete
demposition of TFMT when a catalytic amount of CsF was added. The adduct of pyridine with
fluoro sulfate 56 and the adduct with carbonyl fluoride 57 were detected by 19F NMR
spectroscopy.
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Scheme 8. Catalytic decomposition of TFMT using pyridine as nucleophile.

From this finding, it was clear that TFMT is not suited as trifluoromethylating agent
because the attack predominantly occurs at the sulfur and not at the carbon atom. In the
previous chapter concerning the trifluoromethylation of alcohols we already discussed that a
nucleophilic attack at carbon of the trifluoromethyl group is strongly disfavored. This can be
explained be electronic repulsion of the approaching nucleophile and non‐bonding orbital of
the fluorine atoms. Furthermore, TFMT is also a poor sulfonylating agent because of the
catalytic decomposition of TFMT as shown in Scheme 8. This gives carbonyl fluoride which
competes with TMFT as electrophile.
Recently, Kolomeitsev et al. reported the use of TFMT for the synthesis of trifluoro‐
methanolates 58a‐i.[9] Depending on the counter ion, the salts showed different stability. The
trifluoromethanolates 58a,f‐I are stable in an appropriate solvent medium and salts 58b‐e can
be stored in solid form.

Scheme 9. Synthesis of trilfuoromethanolates 58a‐i.

The authors also reported the use of COF2 instead of TFMT in analogy to a previous report
by Farnham et al.[10] However, TFMT is easier to handle compared to the highly toxic fluoro
phosgene. Because of the exchangeability with COF2 TFMT can also be seen as masked fluoro
phosgene. Langlois and co‐workers independently published similar but more detailed results
after Kolomeitsev’s paper appeared in the literature.[11] The trifluoromethoxides synthesized by
this method were successfully applied for nucleophilic trifluoromethoxylation.
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3.2.

Aim of the Project

As previously mentioned, we observed the formation of TMFT during an effort to extend
the application of reagent 2 to the trifluoromethylation of acetylenes. In order to acidify
phenylacetylene an equimolar amount of Zn(OTf)2 was added to the reaction mixture. It is
known that zinc(II) binds to the triple bond and thus lowers the pKa of the terminal
acetylene.[12] However, the trifluoromethylation involved the triflate anion and not the
acetylene. The reaction was remarkably clean and we were therefore interested to see if the
method could be applied to the trifluoromethylation of other sulfonates or sulfonic acids.

3.3.

Results

We screened the reaction of the hypervalent iodine reagents 1 and 2 with various triflate
salts to determine whether the reaction could also be carried out using the alcohol derived
reagent 2 and to clarify to role of zinc in this reaction

Scheme 10. Electrophilic trifluoromethylation of triflate.

The reaction of the acid derived reagent 1 with Zn(OTf)2 gave TFMT in almost quantitative
yield. The reaction using the alcohol derived reagent 2 failed and the desired product could not
be observed by 19F NMR measurements. Reactions with potassium or sodium triflate did not
afford the desired TFMT with either reagents (Table 2, entries 3‐6). Copper(II) triflate gave
traces of the product using the acid derived reagent, but again, no product formation was
observed using reagent 2. ZnBr2 was added to the reaction mixture of 1 with KOTf to determine
whether zinc(II) was crucial for the reaction. We were pleased to find that the addition of the
zinc(II) salt triggered the formation of TFMT although in lower yield, due to the formation of
CF3Br.
Table 2. Trifluoromethylation attempts of different triflate salts.

Entry
1
2
3
4
5
6
7
8
9

Reagent
1
2
1
2
1
2
1
2
1

Triflate salt
Zn(OTf)2
Zn(OTf)2
K(OTf)
K(OTf)
Na(OTf)
Na(OTf)
Cu(OTf)2
Cu(OTf)2
K(OTf)
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Additive
‐
‐
‐
‐
‐
‐
‐
‐
ZnBr2

TFMT
quant
none
none
none
none
none
traces
none
moderate
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Following the above‐mentioned observation that zinc salts are necessary for successful
trifluoromethylation, further investigations were carried out which showed that 1 could not
only be activated by zinc salts (Lewis acids) but also by Brønsted acids. When sulfonic acids
were mixed with the hypervalent iodine reagent 1 formation of trifluoromethylsulfonates took
place under ambient conditions overnight in good to excellent yields (Table 3). It is also worth
mentioning that also the alcohol derived hypervalent iodine reagent 2, which could not be
activated using zinc triflate as Lewis acid reacted with sulfonic acids to give the trifluoromethyl
esters. However, the reaction was several orders of magnitude slower than with reagent 1
which was used for further synthetic studies.
Table 3. Trifluoromethylation of sulfonic acids 59 by 1.

Entry
1
2
3
4
5
6
7
8
9
10
11

Substrate
2‐Naphthalenesulfonic acid
(+/‐)‐10‐Camphorsulfonic acid
4‐Nitrobenzenesulfonic acid
4‐Chlorobenzenesulfonic acid
Benzenesulfonic acid
4‐Methylbenzenesulfonic acid
4‐Ethylbenzenesulfonic acid
4‐Hydroxybenzenesulfonic acid
4‐Methoxybenzenesulfonic acid
4‐Aminobenzenesulfonic acid
2‐amino‐3‐sulfopropanoic acid

59
59a
59b
59c
59d
59e
59f
59g
59h
59i
59k
59l

1
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq
1.1 eq

Yielda (%)
87 (67)
99 (75)
76b
70b (60)
96b (42)
90b (51)
67 (32)
83b (45)
75b
0
0

19

a. Yields based on F NMR methods using CF3Ph as internal standard. Isolated yields in
parenthesis. All reactions run in CHCl3 unless specified otherwise b. Reaction run in 5:1
t
CDCl3: BuOH.

The presence of a strong Brønsted acid was crucial for the reaction, since trifluoro‐
methylation of sodium, potassium or ammonium toluensulfonate failed. Addition of a strong
acid such as HBF4.OEt2 to mixtures of 1 and sulfonate salts did trigger the formation of the
trifluoromethyl esters, although in lower yields. Also, sulfonic acids having an internal base
failed to afford the desired product (Table 3, entries 10 and 11).
The reactivity of the trifluoromethyl sulfonic acid esters 60b and 60f were investigated. As
previously mentioned, TFMT does not act as alkylating agent in contrast to its non‐fluorinated
analogue. It has been suggested that the reaction of nucleophiles with TFMT is directed to
sulfur since it is relatively electron‐poor due to the high electronegativity of the neighboring CF3
group.
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We speculated that for trifluoromethyl sulfonic acid esters bearing less
electron‐withdrawing substituents the nucleophilic attack of a substrate might be directed
towards the carbon resulting in a formal trifluoromethylation.
Therefore, esters 60b and 60f were treated with phenyllithium. After several hours
reaction time at room temperature and aqueous workup both esters were recovered intact. In
1‐pentanol as both nucleophile and solvent the esters showed similarly inert behaviour at room
temperature. At elevated temperatures the reagents decomposed slowly. However, no
fluorinated products could be observed apart from SiF6‐ (arising from F‐ and borosilicate glass)
implying a cleavage of the S‐OCF3 bond, thus releasing trifluoromethanolate which decomposes
further to fluoride and fluorophosgene, as described in Scheme 8.
Since the reaction of 1 with sulfonic acids occurs with the formation of a minimum of side
products on a reasonable time‐scale under ambient conditions and is easily monitored by
19
F NMR spectroscopy, it seemed an almost ideal model system to begin investigations of the
mechanism of trifluoromethylation by 1 using rate studies The trifluoromethylation of toluene‐
sulfonic acid monohydrate was chosen as model system. As solvent a 5:1 mixture of deutero‐
chloroform and tert‐butanol was used. The addition of tert‐butanol is necessary to completely
solvate toluenesulfonic acid monohydrate 59f. As seen from reaction Scheme 11, several
variables must be considered: reagent 1, the sulfonic acid 59f, tert‐butanol, H2O, trifluoro‐
methyl ester 60f and 2‐iodo benzoic acid.

Scheme 11. Model system for kinetic studies on the trifluoromethylation of sulfonic acids.

In the first group of experiments, the concentration of the limiting reagent 1 was fixed
and the concentration of sulfonic acid monohydrate 59f was varied and in the second set of
experiments the concentration of 59f was fixed to be the limiting reagent and the
concentration of 1 was varied. The results of these experiments are plotted in Figure 1 and
Figure 2, respectively, and clearly show a first‐order dependence of the reaction rate on the
concentration of both reaction partners.
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Figure 1. Plot of kobs versus 59f for the trifluoromethylation 59f with 1 (0.005 M) in a 5:1 mixture of CDCl3 and
t
b
BuOH at 298 K. The curve depicts the result of an unweighted least‐squares fit to kobs = y0 + a[59f] where
‐5
‐3
y0 = (‐4 ± 3) × 10 , a = (2.8 ± 0.2) × 10 and b = 1.04 ± 0.08.

In addition, the role of the byproduct formed in the trifluoromethylation of 59f, 2‐iodo‐
benzoic acid, was also investigated. Using the solvent system described above, we were pleased
to find that the reaction rate is independent of 2‐iodobenzoic acid concentration. Therefore, no
deterioration of the reaction efficiency by 2‐iodobenzoic acid, which accumulates during the
reaction, occurs.

Figure 2. Plot of kobs versus [1] for the trifluoromethylation of 59f with 1 (0.003 M) in a 5:1 mixture of CDCl3 and
t
b
BuOH at 313 K. The curve depicts the result of an unweighted least‐squares fit to kobs = y0 + a[1] where
‐4
‐3
y0 = (‐2 ± 2) × 10 , a = (1.0 ± 0.2) × 10 and b = 0.9 ± 0.2.
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Investigation of the effect of tert‐butanol and the water present in the reaction mixture
on the rate of reaction proved to be a complex task, due to the fact that toluenesulfonic acid
59f is a monohydrate. Although it can easily be dehydrated in vacuum at elevated temperature
yielding strongly acidic and hygroscopic chloroform soluble material, the addition of water or
tert‐butanol to solutions of anhydrous sulfonic acid results in immediate precipitation of the
less‐soluble monohydrate, rendering rate studies under these conditions impractical.
In order to circumvent solubility problems, the test substrate was changed to 59b, which
is readily available as anhydrous material. Pseudo‐first order rates were measured for the
reaction of 1 with twofold excess 59b in CDCl3 and variable amounts of tert‐butanol. The results
of these studies are shown in Figure 3. The rate of reaction is strongly decreased by the
addition of tert‐butanol. However, the behaviour does not fit any simple, idealised inverse
order dependence. Such behaviour suggests that when tert‐butanol is used as a co‐solvent for
the reaction, it may participate in the rate determining transition structure and that the exact
nature (stoichiometry) of this structure varies with tert‐butanol concentration. Similar
behaviour for water or any other coordinating solvent might reasonably be expected, but has
yet to be exhaustively demonstrated.

Figure 3. Plot of kobs versus [tert‐butanol] for the trifluoromethylation of 59b (0.15 M) with 1 (0.005 M) in CDCl3 –
tert‐butanol mixtures at 300 K.

The mechanistic picture of the reaction resulting from these kinetic measurements was
not particularly surprising: the rate shows first order dependence on substrate and reagent:
d[Product]⁄dt = k1 [Reagent 1][Substrate]
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However, one has to consider that para‐toluene sulfonic acid monohydrate can be further
broken down into an acid part, the oxonium ion H3O+, and a sulfonate part, the substrate,
which is trifluoromethylated under the described reaction conditions. To independently vary
the concentration of para‐toluenesulfonate and the acid, tetrabutylammonium toluene‐
sulfonate was used.

Scheme 12. Model system for the determination of the reaction rate dependence on sulfonate and acid.

Thus, it turns out that the reaction rate is independent of the sulfonate and displays a first
order dependence in acid concentration as shown in Equation 1.
d[Product]⁄dt = k1 [Reagent 1][H+ ] (1)
This would imply that the protonation of the reagent 1 is rate determining. However, the
reaction could also proceed via a pre‐equilibrium between the reagent and its protonated form
(reagent 1H+), which would show a kinetically indistinguishable rate law. This can easily be seen
from the following equations:
Keq =

[Reagent 1H+ ]
[Reagent 1][H+ ]

(2)

d[Product]⁄dt = k2 [Reagent 1H+ ]

(3)

(2),(3) → d[Product]⁄dt = k2 Keq [Reagent 1][H+ ] = k' [Reagent 1][H+ ] (4)
In Equation 2 the equilibrium constant of the protonation of the reagent is shown. In
Equation 3 the rate law is formulated as unimolecular reaction of the protonated form of the
reagent. The combination of the two equations shows a similar rate law as shown in
Equation 1.
An elegant way to distinguish between a rate determining protonation and a
pre‐equilibrium is the measurement of kinetic isotope effects. Therefore the reactions were
carried out using deuterated substrates and solvents (Scheme 13). As depicted in Figure 4 an
inverse isotope effect of approximately kH/kD= 0.6 was observed.
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t

Scheme 13. Deuteration experiment using deuterated sulfonic acid and d1‐ BuOH.

t

Figure 4. Plot of kobs versus 59f for the trifluoromethylation 59f with 1 (0.005 M) in 5:1 CDCl3 and BuOH/D at
298 K. The curve depicts the result of an unweighted least‐squares fit to kobs = y0 + a[59f] where for kD:
‐6
‐3
‐5
‐3
y0 = (‐0.5 ± 3) × 10 , a = (4.1 ± 0.1) × 10 and for kH: y0 = (‐0.5 ± 9) × 10 , a = (2.66 ± 0.05) × 10 .

Reactions proceeding with specific acid catalysis (rapid protonation equilibrium) show
small inverse kinetic solvent isotope effects because the deuterated reactive intermediate in
the deuterated solvent is the weaker acid than the protonated reactive intermediate in the
non‐deuterated solvent. Therefore, the steady‐state concentration of the intermediate is
higher, thus accounting for a faster reaction. Reactions exhibiting general acid catalysis show a
normal primary kinetic isotope effect due to the transfer of a proton or deuteron in the
rate‐determining step.
With these kinetic studies in hand, it is possible to formulate the reaction mechanism
depicted in Scheme 14. The weakening of the oxygen iodine bond upon protonation of the
carbonyl group facilitates the ligand exchange with the sulfonates. It is reasonable to assume
that these three structures are in fast equilibrium with each other. It can easily be seen that the
steady‐state concentration of the intermediate is dependent of the concentration of the
reagent 1 and the acid present in the reaction mixture. It is assumed that the protonation
equilibrium is slower than the equilibrium of the protonated form with the sulfonate.
Therefore, the rate law does not show a dependency on the concentration of sulfonate.
However, if the reaction were to be carried out with an excess of the reagent rather than an
excess of the sulfonate the pre‐equilibrium should show a sulfonate dependency. Investigations
into the role of sulfonate in the equilibrium are ongoing in the research group. The rate
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determining step (RDS) is transfer of the trifluoromethyl group, according to this mechanistic
hypothesis.

Scheme 14. Mechanistic hypothesis for the electrophilic trifluoromethylation of sulfonates and sulfonic acids.

The transfer of the trifluoromethyl group, a formal reductive elimination, could in general
proceed via a two‐electron or a single‐electron transfer process, as shown in Scheme 15. From
the kinetic measurements it is not possible to determine the exact nature of trifluoromethyl
group transfer step. However, DFT calculations may give more insight.

Scheme 15. Possible pathways for the reductive elimination as the rate‐determining step.

In addition to absolute rate studies, competition studies were utilized to compare the
rate of trifluoromethylation of various para‐substituted benzenesulfonic acids. From these
experiments linear free energy relationships were established at 298 and 323 K showing a
correlation to the Hammett parameter σp with only slightly negative slopes (ρ) as shown in
Figure 5. The linear correlation to σ suggests that the mechanism of reaction remains constant
across the range of substituents tested. The very small value for ρ indicates that substituent
effects on the reaction rate are minimal. The lack of a significant substituent effect on the
reaction rate fits very well with the observation that the overall reaction rate is not dependent
on the concentration of sulfonate.
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Figure 5. Plot of log kX/kH (where log kX/kH has been determined by a competition experiment involving 1 eq of
substituted sulfonic acid, ‐OMe, ‐Me, ‐F, ‐CF3 or ‐NO2, 1 eq of benzenesulfonic acid and 1 eq of 1 at 298 K, solid line
and 323 K, dashed line) versus σ for various para substituted benzenesulfonic acids. σ values taken from reference
[13] p. 144. ρ values were determined by linear least‐squares regression to log kX/kH = ρσ + b to be ‐0.02 ± 0.01 at
298 K and ‐0.02 ± 0.03 at 323 K.

Similar studies were carried out using the alcohol derived reagent 2. As previously
mentioned, the alcohol derived reagent can also be used for the electrophilic trifluoro‐
methylation of sulfonic acids. Initial results showed that the reaction was approximately 40
times slower than with reagent 1. Therefore, the method of initial rates was chosen for kinetic
studies. As shown in Scheme 16 para‐toluenesulfonic acid monohydrate 59f was again chosen
as model system.

Scheme 16. Model system for the trifluoromethylation of sulfonic acids using reagent 2.

In analogy to the kinetic experiments carried out with the acid derived reagent 1, the
concentration of the limiting reagent 2 was fixed and the concentration of sulfonic acid
monohydrate 59f was varied. In a second set of experiments the concentration of 59f was fixed
to be the limiting reagent and the concentration of 2 was varied. The results clearly showed a
first‐order dependence of the reaction rate on the concentration of the para‐toluene sulfonic
acid but surprisingly the reaction was not dependent on concentration of reagent 2. Again the
concentration of the sulfonate and acid were independently varied using para‐toluenesulfonic
acid and tetrabutylammonium toluenesulfonate. Thus, it turns out that the reaction rate is
independent from the acid 59f and shows a first order dependence in sulfonate concentration.
This was somewhat surprising because the kinetics of the analogous reaction using the acid
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derived reagent 1 show opposite behavior. Furthermore, 2 shows a non‐zero‐intercept,
y0 = (5.7 ± 0.8) × 10‐6, indicating that an additional reaction pathway independent of sulfonate
concentration is operating. However, the extent of this additional reaction pathway is small and
can be neglected for further studies.

+‐

Figure 6. Plot of intial rate (v0) versus Bu4N OTs for the trifluoromethylation 59f (0.1 M) with 2 (0.1 M) in the
+‐
t
presence of varying amounts of Bu4N OTs a 5:1 mixture of CDCl3 and BuOH at 300 K. The curve depicts the result
+‐
b
‐6
‐5
of an unweighted least‐squares fit to kobs = y0 + a[Bu4N OTs] where y0 = (5.7 ± 0.8) × 10 , a = (1.07 ± 0.05) × 10
and b = 0.8 ± 0.2.

The reaction was not dependent on reagent concentration, therefore the hypervalent
iodine reagent 2 is not involved in the rate‐determining step and must be converted to a
reasonably stable intermediate which then enters the rate‐determining step. To further
investigate the nature of this intermediate several reactions were carried out. When the
trifluoromethylation of the sulfonic acids were monitored using 19F NMR methods, we usually
observed a shift of the fluorine signal of the CF3 group bound to the iodine(III) atom. For the
alcohol derived reagent 2 there is a corresponding shift from δ = ‐40.0 ppm to lower field, up to
δ = ‐20 ppm.

Scheme 17. Titration of hypervalent iodine reagent 2 using BArF24 acid.
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The shift of the reagent is dependent on the amount of acid present in the reaction
mixture. This was shown by a “titration” using BArF24 acid in CD2Cl2. BArF24 acid is a commonly
used abbreviation for [H(OEt2)2][B((3,5‐(CF3)2C6H3)4]), a powerful solid acid consisting of a
proton solvated by two diethyl ether molecules with an inert borate counter ion often used in
organometallic chemistry. The results are shown in Figure 7, in the region of 0 to 1 eq of BArF24
acid a linear correlation and a saturation behavior beyond one eq is obtained.

Figure 7. “Titration“ of hypervalent iodine reagent 2 using BArF24 acid.

The intermediate obtained by treatment with BArF24 acid is reasonable stably, therefore
crystallization attempts were made. The mixture was concentrated under vacuo to remove the
diethyl ether; the resulting oily residue was dissolved in CH2Cl2 and layered with pentane to
give large colorless crystals suited for X‐ray analysis.
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Figure 8. ORTEP drawing of the X‐ray structure of a two to one adduct of 2 and a proton. Hydrogen atoms, except
H(1) and the counter ion are omitted for clarity, thermal ellipsoids are set to 30% probability.

As can be seen from the ORTEP drawing in Figure 8, the crystal structure shows a two to
one adduct of two hypervalent iodine reagents 2 and one proton. The position of the proton
was determined using X‐ray measurements. The residual electron density maps through the
plane of O(1), O(2) and I(1) resulting from refinement of the X‐ray data on models with and
without H(1) are shown in Figure 9.

Figure 9. Electron density map of X‐ray measurement going through O(1) and O(2) with and without H(1).
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The proton is significantly closer to O(1) then to O(2), with bond lengths of 0.89(9) Å and
1.61(9) Å respectively. This indicates that one of the reagents is fully protonated whereas the
other is only hydrogen bonded. The protonated hypervalent iodine reagent 2 shows an
exceptionally elongated iodine oxygen bond of 2.440(3) Å, I(1)‐O(1). However, also the second
reagent in the crystal structure shows a longer iodine oxygen bond of 2.256(3) Å, I(2)‐O(2),
compared to the bond of the reagent itself of 2.1176(14) Å. This nicely supports our hypothesis
that the protonation of the reagent lowers the electron density at the iodine(III) and thus
facilitates a ligand exchange. A more pronounced cationic character of iodine(III) centers leads
to a significant shortening of the bond between the iodine and the trifluoromethyl group going
from 2.214(5) Å for I(1)‐C(10), to 2.233(5) Å for I(2)‐C(20) and 2.267(2) Å for the reagent itself.
From the findings of the titration experiment and the X‐ray crystal structure we assume
that the actual species in the rate determining step is the protonated form of the hypervalent
iodine reagent 2. Indeed further experiments this species showed its first order dependence on
the reaction rate as shown in Figure 10.

+

+

‐

Figure 10. Plot of kobs versus [2H ] for the trifluoromethylation 59f with 2H (TsO , 0.25 M) in a 5:1 mixture of CDCl3
t
+ b
and BuOH at 318 K. The curve depicts the result of an unweighted least‐squares fit to kobs = y0 + a[2H ] where
‐6
‐4
y0 = (‐2 ± 4) × 10 , a = (1.4 ± 0.3) × 10 , b = 0.9 ± 0.2.

With these kinetic studies in hand, it is possible to formulate a plausible reaction
mechanism as depicted in Scheme 18. In a first step the reagent is protonated by the acid
present in the reaction mixture. In a second step the nucleophile coordinates to iodine(III), this
being the RDS in the reaction sequence. The transition state structure depicted in Scheme 18
then undergoes a fast transfer of the trifluoromethyl group to give the desired trifluoromethyl
ester.
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Scheme 18. Mechanistic hypothesis for the electrophilic trifluoromethylation of sulfonates and sulfonic acids.

3.4.

Summary

In conclusion, we have shown that it is possible to trifluoromethylate sulfonic acids using
the hypervalent iodine reagents 1 and 2. The activation of the reagent using Lewis or Brønsted
acids was key to the success of the methodology. The trifluoromethyl esters synthesized by this
method are interesting new compounds that have not been studied previously due to their
inaccessibility.
The reaction is remarkably clean with both reagents and was therefore ideally suited for
kinetic studies. A general mechanism for the Brønsted‐acid‐mediated trifluoromethylation of
sulfonic acids involves three main steps:
1.
2.
3.

Protonation by the acid present in the reaction mixture
Coordination of the sulfonate to the iodine(III) center
Transfer of trifluoromethyl group to give the trifluoromethyl ester

For the acid derived reagent 1, the first two steps are reversible and intermediates
depicted in Scheme 14 are in fast equilibrium. The transfer of the trifluoromethyl group, the
formal reductive elimination is the rate‐determining step for this reagent. The mechanistic
hypothesis is based on the following rate law:
d[Product]⁄dt = k2 Keq [Reagent 1][H+ ] = k' [Reagent 1][H+ ] (5)
The equilibrium for the protonation of the alcohol derived reagent 2 is clearly on the side
of the protonated form. The coordination of the sulfonate to iodine(III) is the rate‐determining
step followed by a fast transfer of the trifluoromethyl group, based on the following rate law:
d[Product]⁄dt = k3 [Reagent 2H+ ][RSO‐3 ]+ k4 (6)
The postulated rate laws are based on kinetic studies conducted by Jan Welch, titration
experiments using BArF24 acid and the first crystal structure of a trifluoromethyl iodonium
species. For both reagents an interpretation of the rate law provides a more detailed insight
into the mechanism of the electrophilic trifluoromethylation. Preliminary kinetic studies for the
Brønsted‐acid‐catalyzed trifluoromethylation of alcohols show a similar behavior.
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3.5.

Outlook

Further studies on the trifluoromethyl esters will show if they are of synthetic use as
mimics for either a formal trifluoromethyl cation or a trifluoromethanolate. Also of interest is to
test whether a mild and selective method could be developed for the removal of the
trifluoromethyl group from corresponding sulfonates, thereby using trifluoromethyl as
protective group.
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4.

α‐Trifluoromethyl Carbonyl Compounds

4.1.

Introduction

The methods reported for the introduction of a trifluoromethyl group in the α‐position of
a carbonyl compound can in principle be divided in two categories depending on the trifluoro‐
methylating agent used. The majority of the methods reported make use of CF3I with an
appropriate radical starter or a transition metal. Recent reports generally focus on the use of
electrophilic trifluoromethylating agents. Both approaches will be discussed in more detail in
the following sections.

4.1.1.

Trifluoromethylation Using CF3I

The first synthesis of an α‐trifluoromethyl ketone using CF3I was reported by Cantacuzène
in 1975.[1] 1‐Pyrrolidino‐1‐cyclohexene was reacted with CF3I in the presence of a catalytic
amount of benzophenone in benzene at ‐40 °C. The reaction was promoted using UV‐
irradiation (Hg‐lamp). After acidic aqueous workup and purification by gas phase chromato‐
graphy 30% of the α‐trifluoromethyl cyclohexanone was obtained (Scheme 1).

Scheme 1. Synthesis of α‐trifluoromethyl cyclohexanone as described by Cantacuzène.

[1]

The authors speculated that UV irradiation was necessary for the formation of the
trifluoromethyl radical which was assumed to be the active species in the reaction. However, 2
years later the authors showed that better yields were obtained without UV irradiation.[2] The
reactions with CF3I using a twofold excess of the enamines and subsequent hydrolysis gave α‐
trifluoromethyl cyclohexanone and α‐trifluoromethyl pentan‐3‐one each in 45% isolated yield.
A different approach was reported by Miura et al. Silyl enol ethers were reacted with an
excess of CF3I in the presence of Et3B and 2,6‐lutidine as base, after aqueous acidic workup the
trifluoromethylated ketones and esters were isolated in moderate to good yields as shown in
Table 1.[3] The authors have previously shown that Et3B was suitable for the activation of CF3I
towards the trifluoromethylation of acetylenes and olefins.[4]
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The method described was not only suitable for silyl enol ethers (Table 1, entry 1 and 2)
but could also be applied to silyl ketene acetals (Table 2, entry 3 – 5).
Table 1. Trifluoromethylation of silyl enol ethers and ketene silyl acetals.

Entry
1
2
3
4
5

R1
n
C9H19
n
C5H11
OnC8H17
OCH3
OnC6H13

R2
H
n
C4H9
H
n
C4H9
CH3

R3
H
H
H
H
CH3

CF3I [eq]
10.8
10.8
0.5
0.5
0.5

Et3B
21 mol %
21 mol %
20 mol %
20 mol %
20 mol %

[3]

yield
64%
32%
90%
66%
22%

Interestingly, the silyl enol ether prepared from cyclopropyl methyl ketone reacted with
CF3I and Et3B to afford 5‐iodo‐1‐trifluoromethyl‐2‐pentanone resulting from the opening of the
cyclopropane ring (Scheme 2).

Scheme 2. Trifluoromethylation of silyl enol ether prepared from cyclopropyl methyl ketone.

[3a]

The observed ring‐opening is a strong indicator of a radical mechanism, where a trifluoro‐
methyl radical would add to the silyl enol ether, to give the depicted adduct, which undergoes
ring opening to the silyl enol ether bearing a terminal radical. Abstraction of the iodine atom
from CF3I regenerates the trifluoromethyl radical. A general reaction mechanism for this radical
trifluoromethylation is shown in Scheme 3.

Scheme 3. Proposed mechanism for the radical trifluoromethylation using CF3I and Et3B.
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The perfluoroalkylation of the ketene silyl acetal 61 with Et3B and nC6F13I gave the cyclised
product 62 in 10% yield, indicating that the reaction proceeds via a carbon radical stabilized by
an OR and OTMS group as depicted in Scheme 4.

Scheme 4. Perfluoroalkylation of 61 giving cyclised product 62.

[3a]

Mikami and co‐workers extended the method reported by Miura et al. They reported the
synthesis of α‐trifluoromethyl ketones using CF3I and Et3B from the corresponding lithium or
titanium enolates in addition to silyl enol ethers. Furthermore, they have shown that silyl enol
ethers can be converted to the lithium enolates and subsequently be trifluoromethylated in situ
using CF3I/Et3B.[5] Similarly, they reported the use of Et2Zn for the activation of silyl enol ethers
for their trifluoromethylation.[6]
Iseki et al. reported the diastereoselective trifluoromethylation of lithium enolates
derived from N‐acyloxazolidinones with CF3I mediated by Et3B (Scheme 5).[7]

[7]

Scheme 5. Diastereoselective radical trifluoromethylation of lithium enolates.

The methods described so far use Et3B as radical starter for the trifluoromethylation with
CF3I. Sato et al. reported a different approach: Rhodium‐catalyzed trifluoromethylation at the
α‐position of α,β‐unsaturated ketones using Et2Zn (1.5 eq) and Wilkinson’s catalyst (2 mol%)
along with an excess of CF3I (12 eq). The desired ketones were isolated in up to 77% yield as
shown in Scheme 6.[8]

Scheme 6. Trifluoromethylation of α,β‐unsaturated ketones.

[8]

The authors speculated that the reaction proceeds via the formation of a rhodium(I)
hydride complex which undergoes a 1,4‐addition giving the rhodium enolate complex. After
oxidative addition of CF3I the rhodium(III) complex undergoes reductive elimination yielding the
desired fluorinated ketone. Transmetallation with Et2Zn and subsequent β‐hydride elimination
regenerates the rhodium hydride species as shown in Scheme 7.
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Scheme 7. Reaction mechanism for the rhodium catalyzed trifluoromethylation.

[8]

Similarly, silyl enol ethers underwent trifluoromethylation using Wilkinson’s catalyst at
elevated temperatures though only in poor yields of up to 32% in the absence of Et2Zn.[9] It was
suggested that the reaction proceeds via a similar reaction mechanism as reported for α,β‐
unsaturated ketones as shown in Scheme 7. The formation of the rhodium(I) enolate complex
takes place via transmetallation of the silyl enol ethers, not via rhodium hydride complex and
subsequent reduction. This also explains the fact that addition of Et2Zn was not necessary for
the reaction to take place. However, the method could be improved by adding Et2Zn to the
reaction mixture giving the desired compounds in up to 74% isolated yield.[10]

Scheme 8. Trifluoromethylation of silyl enol ethers using CF3I, Et2Zn and Wilkinson’s catalyst.

[10]

Furthermore, the authors extended their methodology to other carbonyl compounds as
shown in Scheme 8 and Table 2. As a general trend, it was observed that bulkier nucleophiles
gave lower yields compared to less hindered substrates (Table 2, entries 1‐2 and 3‐5). The
drawback of this method is the use of a large excess of CF3I (12 eq) along with stoichiometric
amounts of Et2Zn lowering the atom efficiency of the reaction.
a

Table 2. Synthesis of trifluoromethylated carbonyl compounds reported by Sato et al.

Entry
1
2
3
4
5
6
7
8
a

Y
Ph
Ph
OPh
OPh
OPh
NPhCH3
H
SPh

R1
CH3
CH3
H
CH3
CH3
CH3
C10H21
CH3

R2
H
CH3
H
H
CH3
CH3
H
H

CF3I
12 eq
12 eq
12 eq
12 eq
12 eq
12 eq
12 eq
12 eq

RhCl(PPh3)3
2 mol%
2 mol%
2 mol%
2 mol%
2 mol%
2 mol%
2 mol%
2 mol%

[10]

yield
53%
23%
68%
57%
31%
55%
42%
41%

Standard conditions 1.00 eq Et2Zn and 2 mol% RhCl(PPh3)3. The reactions were carried out
using DME as solvent.
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The synthesis of enantioenriched α‐trifluoromethylated carbonyl compounds using chiral
enamines was first reported by Kitazume and co‐workers.[11] The diastereoselective approach
starting from enamine 63 using CF3I or CF3Br in the presence of zinc powder and catalytic
amounts of dichlorobis(cyclopentadienyl)titanium, and promoted by ultrasound gave the
desired ketone 64 in up to 46% yield and 76% ee (Scheme 9). The authors speculated that the
active species in this reaction is a Cp2Ti(III) complex which could activate CF3Br or CF3I via single
electron transfer.

[11]

Scheme 9. Diastereoselective trifluoromethylation of chiral enamines.

MacMillan and co‐workers further developed the synthesis of enantioenriched
α‐trifluoromethyl carbonyl compounds using a combination of enamine and organometallic
photoredox catalysis[12] as shown in Scheme 10, a method previously developed by their
group.[13] The authors speculated that the reaction proceeds via condensation of the aldehyde
and the organocatalyst to give the highly nucleophilic enamine which then undergoes alkylation
by the trifluoromethyl radical produced by the organometallic photocatalyst.

Scheme 10. Enantioselective trifluoromethylation of aldehydes described by MacMillan.

[12]

The method is compatible with several functional groups including ethers, esters, amines,
carbamates and aromatic rings. It was not only suitable for alkyl aldehydes and could also be
used for the generation of benzylic trifluoromethyl α‐formyl stereocenters. The authors do not
mention if their method would be suited for the synthesis of α‐trifluoromethyl ketones. A
drawback of this method is the rather high catalyst loading of 20 mol% organocatalyst and the
use of an excess of 8 eq CF3I.
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4.1.2.

Synthesis Using Electrophilic Trifluoromethylating Agents

The first electrophilic trifluoromethylation of silyl enol ethers was reported by Umemoto
et al. using (trifluoromethyl)dibenzothio‐ and selenophenium salts (see also 1.3.1.1 and
1.3.1.2).[14] As depicted in Scheme 11 the reaction takes place at elevated temperatures giving
the α‐trifluoromethyl carbonyl compounds in moderate yields. The trifluoromethylation of en‐
olates generated in situ from the corresponding ketones was unsuccessful with one exception,
the enolate of 2‐methyl‐indanone.[15]

Scheme 11. Electrophilic trifluoromethylation of enolates and silyl enol ethers.

[14‐15]

The authors were able to overcome this problem via complexation of the enolates to
boron Lewis acids allowing the synthesis of α‐trifluoromethylated ketones and esters.
Furthermore, the use of equimolar amounts of chiral Lewis acids gave access to optically active
α‐trifluoromethyl ketones though in moderate selectivity of up to 45% ee as shown in Scheme
12.[16]

Scheme 12. Enantioselective trifluoromethylation of a potassium enolate.

[16]

Cahard and co‐workers reported the use of tetrabutyl ammonium difluoro‐
triphenylstannate, a soluble and non‐hygroscopic fluoride source or CsF as activators for silyl
enol ethers for their trifluoromethylation.[17] Under these conditions the trifluoromethylation
yielded the desired compounds in up to 88%. It should be noted that Umemoto used a slight
excess of the nucleophile (1.10 ‐1.20 eq) whereas Cahard used an excess of the trifluoro‐
methylating agent (1.50 eq) along with 1.10 eq of the fluoride source.
MacMillan and co‐workers have also published the catalytic enantioselective synthesis of
α‐trifluoromethyl aldehydes using the electrophilic hypervalent iodine trifluoromethylating
reagent 2 developed in our group as shown in Scheme 13.[18]
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Scheme 13. Electrophilic trifluoromethylation of aldehydes reported by McMillan.

[18]

The authors speculated that the reaction proceeds via condensation of the amine with
the aldehyde to generate the chiral enamine. Ligand exchange on the hypervalent iodine
facilitated by a Lewis acid generates the C‐I bond in an enantioselective fashion (Scheme 14, i).
The Re face of the (5S)‐(‐)‐2,2,3‐Trimethyl‐5‐benzyl‐4‐imidazolidinone derived enamine is
shielded by the benzyl group therefore a selective Si face attack is observed giving high levels of
enantioinduction. The reductive elimination occurs with retention at the stereogenic center.
The resulting iminium ion is hydrolyzed under the reaction conditions to give the α‐formyl CF3
product and liberates the imidazolidinone catalyst.

Scheme 14. Rationalization for the enantioselective trifluoromethylation of enamines.

Even though the method tolerates a wide range of functional groups such as aryl rings,
ethers, esters, carbamates and imides it was only applied to secondary alkyl aldehydes. The
authors do not discuss the reactivity of aldehydes having aryl groups or hetero atoms as
substituents at the α‐carbon nor the enantioselective trifluoromethylation of aldehydes
heaving disubstituted α‐carbons. Furthermore the authors did not mention if the method
would be suited for the enantioselective trifluoromethylation of ketones.

79

α‐Trifluoromethyl Carbonyl Compounds

4.2.

Aim of the Project

As previously discussed various methods for the synthesis of α‐trifluoromethyl carbonyl
compounds are known. However, most of the methods developed so far suffer from the
drawback that a large excess of the trifluoromethylating agent is required. In the case of CF3I up
to 12 eq where used, furthermore, CF3I is a gas at rt and therefore, not easy to handle.
Methods based on S‐(trifluoromethyl)dibenzothiophenium salts developed by Umemoto and
co‐workers suffer from a low atom economy because the byproduct of the reaction, dibenzo‐
thiophene derivates, cannot be recycled. The reagents developed in our group are both easy to
handle and the byproducts of the reaction, the 2‐iodobenzoic acid or the iodo alcohol, can be
recycled (see also 1.5.1). Therefore, they contribute to the atom economy of the trifluoro‐
methylation. Preliminary experiments carried out by Patrick Eisenberger[19] showed that the
reagents are suited for the trifluoromethylation of silyl enol ethers and ketene acetals (Scheme
15).

Scheme 15. Preliminary results as reported by Patrick Eisenberger.

[19]

However, only moderate yields were obtained using elevated temperatures in
d3‐acetonitrile as solvent. Therefore, the goal was to find conditions and additives to improve
the yield of the reaction. We envisioned the use of Lewis acids for the activation of the
hypervalent iodine reagents, as shown for the trifluoromethylation of alcohols see Scheme 16.
After we began our studies on trifluoromethylation of silyl enol ethers and ketene silyl acetals,
MacMillan and co‐workers published the organocatalyzed trifluoromethylation of aldehydes
using reagent 2 as discussed in 4.1.2. This independently validates the concept of acid mediated
trifluoromethylation of carbon centered nucleophiles.

Scheme 16. Outlined synthesis of α‐trifluoromethyl carbonyl compounds.

Ideally the method would allow the synthesis of a broad range of α‐trifluoromethyl
carbonyl compounds not only from aldehydes or ketones. Furthermore the method should also
give access to trifluoromethylated quaternary carbon centers.
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4.3.

Results

As test substrate the ketene silyl acetal 64 derived from isobutyric acid ethyl ester was
chosen. Ketene silyl acetals are known to show a more pronounced nucleophilicity towards
electrophiles compared with silyl enol ethers. Furthermore, the substrate can be synthesized in
one step from inexpensive starting materials on a multigram scale as depicted in Scheme 17.

Scheme 17. Synthesis of the test substrate 64 for electrophilic trifluoromethylation.

After deprotonation using in situ prepared LDA the resulting enolate was quenched with a
slight excess of TMSCl. Filtration, concentration and distillation at reduced pressure yielded the
ketene silyl acetal 64 as colorless liquid in 75%, which could be handled in air for short times
without significant decomposition. Initial experiments were carried out in the absence of
catalyst to determine the extent of the background reaction. After 24 h at rt a maximum of 5%
of the desired compound could be detected using 19F NMR methods with PhCF3 as internal
standard (Table 3, entries 1‐4). Zn(NTf2)2 had previously been used to activate the hypervalent
reagent 1 towards the trifluoromethylation of aliphatic alcohols (see 2.4). Adding 10 mol% of
the zinc salt gave the trifluoromethylated ester 65 in up 33% yield (Table 3, entry 5).

Scheme 18. First experiments carried out using Zn(NTf2)2 as catalyst.

Full consumption of the reagent was observed. Alcohol derived reagent 2 seemed to be
more suited for the trifluoromethylation than acid derived reagent 1 . The use of acetonitrile
gave lower yield compared to CH2Cl2. This could be attributed to side reactions arising from N‐
trifluoromethylation.
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Table 3. Trifluoromethylation of ketene silyl acetal 64 using Zn(NTf2)2 as catalyst.

Entry
1
2
3
4
5
6
7
8

Reagent
2
2
1
1
2
2
1
1

Zn(NTf2)2
‐
‐
‐
‐
10 mol%
10 mol%
10 mol%
10 mol%

Temp. [°C]
rt
rt
rt
rt
0 to rt
0 to rt
0 to rt
0 to rt

Time
24h
24h
24h
24h
5h
5h
5h
5h

Solvent
CH2Cl2
CH3CN
CH2Cl2
CH3CN
CH2Cl2
CH3CN
CH2Cl2
CH3CN

Yielda
1%
2%
1%
5%
33%
16%
21%
23%

19

a. Yields determined using F NMR spectroscopy with PhCF3 as internal standard.

Further optimization was carried out using alcohol derived reagent 2 and CH2Cl2 as
solvent. When 1.5 eq of reagent 2 were used the yield dropped significantly from 33% to only
9% (Table 4, entry 1). Raising the amount of silyl enol ether 64 to 1.2 eq gave better yields and
fewer sideproducts. Even higher amounts of the nucleophile gave even better yields, up to 77%
of the α‐trifluoromethylated ester 65 were obtained using 2 eq of nucleophile 64 along with
10 mol% of the catalyst. For further optimization of the reaction conditions 1.50 eq of the
ketene silyl acetal were used. Lowering the catalyst loading from 10 to 5 mol% improved the
yield additionally. Further enhancement of the yields were obtained when only 1 mol% of
catalyst was used, giving the desired ester in 80% yield. However, because only small amounts
of catalyst were used the relative uncertainty of catalyst concentration for these runs is high.
The catalyst is insoluble in CH2Cl2 in the absence of the hypervalent iodine reagent; therefore,
no stock solutions could be prepared.
Table 4. Trifluoromethylation of ketene silyl acetal 64 using 2 in CH2Cl2.

Entry 2 [eq]

64 [eq]

Zn(NTf2)2

Temp. [°C]

Time

Yielda

1
2
3
4
5
6
7

1.00
1.20
1.50
2.00
1.50
1.50
1.50

10 mol%
10 mol%
10 mol%
10 mol%
10 mol%
5 mol%
1 mol%

0 to rt
0 to rt
0 to rt
0 to rt
0
‐12
‐12

5h
5h
5h
5h
4h
4h
4h

9%
39%
55%
77%
60%
70%
80%

1.50
1.00
1.00
1.00
1.00
1.00
1.00

19

a. Yields determined using F NMR spectroscopy with PhCF3 as internal standard.

We were pleased to find that the reaction worked very well using only 1 mol% of the
catalyst at ‐12°C. We assume that the reaction works via activation of both the hypervalent
iodine reagent and the ketene silyl acetal as depicted in Scheme 19. As previously shown for
the trifluoromethylation of alcohols the Lewis acid coordinates to the hypervalent iodine
reagent 2 lowering the electron density at the iodine(III), additionally ‐NTf2 could activate the
ketene silyl acetal to facilitate C‐I bond formation. TMSNTf2 is generated as a byproduct of the
reaction. Reductive elimination yields the desired α‐trifluoromethyl ester along with the zinc
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alcoholate, which reacts further with TMSNTf2, a powerful silylating agent, giving the silyl ether
and regenerating the catalyst.

Scheme 19. Hypothesis for the reaction mechanism using hypervalent iodine reagent 2.

The reaction mechanism depicted in Scheme 19 is speculative. As already mentioned the
proposed byproduct TMSNTf2 is a strong silylating agent and therefore a strong Lewis acid
which could activate the reagent, also in absence of zinc(II). Silyl bis(trifluoromethanesulfonyl)‐
amides have been extensively used as Lewis acid catalyst for instance in cycloaddition
reactions[20], Friedel‐Crafts type alkylations[21], conjugate allylation of α,β‐unsaturated carbonyl
compounds[22] and cross‐aldol reactions[23]. Although TfOH is much more acidic than Tf2NH (in
aqueous media, pKa of ‐5.9 vs. 1.7)[24], the relationship is reversed if one regards the Lewis
acidity of the corresponding silylating agent. TMS‐NTf2 is a much stronger silylating agent
compared to TMS‐OTf.[20b] The catalyst is usually prepared in situ using HNTf2 which reacts with
silyl enol ethers or the ketene silyl acetals to form the actual catalyst, the silylated bis(triflyl)‐
imides, sacrificing a small amount of the nucleophile (Scheme 20).

Scheme 20. Formation of TMSNTf2 using HNTf2 and ketene silyl acetal 64.
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To test whether TMSNTf2 could act as catalyst for the trifluoromethylation, HNTf2 was
used as catalyst precursor under the same conditions used for the catalysis with Zn(NTf2)2.
HNTf2 is commercially available and soluble in common organic solvent in contrast to Zn(NTf2)2.
The reactions were carried out using the alcohol derived reagent 2 and CH2Cl2 as solvent. Initial
experiments showed that HNTf2 was suitable to trigger to formation of the desired ester 65.
Lowering the amount from 10 mol% to 1 mol% raised the yield from 63% to 70%. Lower
catalyst loadings gave unsatisfactory results. Using only 1 mol% of catalyst gave similar results
for Zn(NTf2)2 and HNTf2 suggesting that the actual catalyst might be the same for both runs
(Table 4, entry 7 and Table 5, entry 3). Lowering the amount of ketene silyl acetal from 1.50 to
1.10 eq resulted in lower yields, i.e. 55% compared to 70%.
Table 5. Trifluoromethylation of ketene silyl acetal 64 using HNTf2.

Entry

2 [eq]

64 [eq]

1
2
3
4
5

1.00
1.00
1.00
1.00
1.00

1.50
1.50
1.50
1.20
1.10

HNTf2
10 mol%
1 mol%
0.1 mol%
1 mol%
1 mol%

Temp. [°C]
‐78 to rt
‐78 to rt
‐78 to rt
‐78 to rt
‐78 to rt

Yielda
63%
70%
10%
60%
55%

19

a. Yields determined using F NMR spectroscopy with PhCF3 as internal standard.

Ketene silyl acetal derived from α‐methyl‐γ‐butyrolactone was chosen as test substrate to
determine whether the newly developed system for the electrophilic trifluoromethylation of
ketene silyl acetals is suited for the synthesis of trifluoromethylated lactones (Scheme 21).

Scheme 21. Model system for the trifluoromethylation of ketene silyl acetals derived from lactones.

Interestingly, when the hypervalent reagent 2 and ketene silyl acetal 66 were mixed the
reaction mixture became bright yellow, indicating that a reaction takes place in the absence of
the catalyst. Indeed, the reaction proceeded in the absence of HNTf2 giving the desired lactone
67 in better yields then with 5 mol% catalyst, i.e. 94% compared to 90% (Table 6, entries 1 and
2). Reducing the amount of ketene silyl acetal from 1.5 to 1.2 eq still yielded 80% of the
trifluoromethylated lactone. A further reduction of the substrate to 1.1 eq still gave an
acceptable 67% yield.
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Table 6. Trifluoromethylation of ketene silyl acetal 66 using 2.

Entry

Reagent

66 [eq]

HNTf2

Yielda

1
2
3
4
5
6
7
8

2 1.00 eq
2 1.00 eq
2 1.00 eq
2 1.00 eq
2 1.00 eq
2 1.25 eq
1 1.00 eq
1 1.25 eq

1.50
1.50
1.20
1.20
1.10
1.00
1.50
1.00

0 mol%
5 mol%
0 mol%
1 mol%
0 mol%
0 mol%
0 mol%
0 mol%

94%
90%
80%
80%
67%
73%
73%
43%

19

a. Yields determined using F NMR spectroscopy with PhCF3 as internal standard.

The uncatalyzed trifluoromethylation of ketene silyl acetals was further investigated using
ketene silyl acetal 68 derived from unsubstituted γ‐butyrolactone as depicted in Scheme 22.
Careful analysis of the reaction mixture revealed the formation of three different products: the
expected α‐trifluoromethylated lactone 69, the hydrolyzed starting material 70 and surprisingly
a product arising from a formal 1,3‐retro Brook rearrangement 71.[25]

Scheme 22. Isolated products from the trifluoromethylation of the unsubstituted 68.

Emde et al. showed that the 1,3‐retro Brook rearrangement of ketene silyl acetals takes
place using catalytic amounts of TMSOTf, a powerful silylating agent.[26] The authors speculated
that the reaction takes place via silylation of the α‐carbon, to give the cationic intermediate
shown in Scheme 23, which then either undergoes abstraction of the silyl group attached to the
carbon to give the starting material or abstraction of the silyl group attached to the oxygen
atom to give the C‐silylated product. This product could in principle also undergo silylation at
the oxygen atom to give the cationic intermediate, meaning that the O‐ and C‐silylated
products are in equilibrium. Even though it appears counterintuitive, the C‐silylated product is
energetically favored over the O‐silylated product for this specific substrate.

Scheme 23. Brook rearrangement using cat. amounts of TMSOTf as reported by Emde et al.
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Other methods reported for the 1,3‐retro Brook rearrangement make use of Lewis acids
such as HgI2 at elevated temperatures,[27] or high pressures, e.g. 10 kbar at 70 °C.[28] In the
reaction with the hypervalent iodine reagent no additives were added, therefore the reagent
has to be involved in the rearrangement. We assume that the reaction takes place via initial
formation of a charge‐transfer complex (CTC) and subsequent transfer of a silyl group to give
the species depicted in Scheme 24.

Scheme 24. Mechanistic hypothesis for the uncatalyzed trifluoromethylation of 68.

The formation of the charge‐transfer complex may account for the bright yellow color of
the reaction mixture. Subsequent formation of the C‐I bond and fast reductive elimination gives
the desired product along with the silyl ether of the iodophenyl alcohol. The silylated cationic
hypervalent iodine compound could act as silylating agent for another ketene silyl acetal giving
the doubly silylated intermediate, which could undergo silyl abstraction to give either the back
reaction or the observed Brook‐rearrangement (Scheme 25).

Scheme 25. Mechanistic hypothesis for the 1,3‐retro Brook rearrangement.

Monitoring the reaction using reaction by IR and/or UV spectroscopy should give further
insight. The fact that ketene silyl acetals derived from lactones react without the addition of
any Lewis or Brønsted acid can be explained by their highly nucleophilic character. This is nicely
illustrated in Figure 1, showing the nucleophilicity scale by Mayr and co‐workers based on
[(p‐MeOC6H4)2CH+] as reference electrophile in CH2Cl2 as solvent.[29] Ketene silyl acetal 64
shows a reaction rate of approx. 108 M‐1s‐1 whereas 68 reaches diffusion control under these
conditions.
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Figure 1. General nucleophilicity scale as reported by Mayr and co‐workers.

[29]

It is important to note that enamines, which react cleanly with the hypervalent iodine
reagent as reported by MacMillan, are similarly powerful nucleophiles. Simple deprotonated
ketoesters, on the other hand, do not show any trifluoromethylation reactivity under similar
conditions even though they are equally powerful nucleophiles. We assume that for a smooth
trifluoromethylation (of carbon centered nucleophiles) two conditions have to be met. Firstly,
the reagent needs to be activated via coordination of the oxygen to a Lewis or Brønsted acid to
facilitate C‐I bond formation between the nucleophile and iodine(III) center and, secondly, the
substrate needs to be nucleophilic enough to undergo C‐I bond formation.

4.4.

Summary

It was successfully shown that the hypervalent reagent 2 is suited for the trifluoro‐
methylation of ketene silyl acetals derived from esters. Addition of 1 mol% of commercially
available HNTf2 is sufficient to catalyze the reaction to give the desired product in up to 77%
yield along with the silyl ether of the iodo alcohol which allows the recycling of the hypervalent
iodine reagent. Even sterically demanding substrates react smoothly to give trifluoro‐
methylated quaternary carbon centers.
Ketene silyl acetals derived from lactones react spontaneously in the absence of any
catalyst to give the desired product in excellent yield. This observation can be explained by the
more pronounced nucleophilic character of the cyclic ketene silyl acetals compared to their
acyclic analogues.
For the both reactions a mechanistic hypothesis based on similar silane
Lewis‐acid‐catalyzed reactions and observed by‐products are given, suggesting that the
reversible silylation of the hypervalent iodine reagent is one of the key steps in the reaction
sequence.
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4.5.

Outlook

Further investigations have to be carried out to show if the reaction tolerates more highly
functionalized substrates. Trifluoromethylation of esters and lactones bearing heteroatoms in
the α‐position would give substrates otherwise difficult to access. This is especially true for the
synthesis of α‐trifluoromethylated amino acids (Scheme 26).

Scheme 26. Synthesis of α‐trifluoromethyl amino acids.

In the work presented here only ketene silyl acetals were used as substrates for
electrophilic trifluoromethylation. However, preliminary work using silyl enol ethers has shown
that the method is also suited for the synthesis of α‐trifluoromethyl ketones. In addition it
could also be shown that the newly developed method is suited for the trifluoromethylation of
silyl nitronates and silylated acetylenes, although higher catalyst loadings must be applied for
these nucleophiles.

Scheme 27. Silylated nucleophiles which undergo trifluoromethylation using the described method.

Furthermore, it would be interesting to see if the method is suited for the synthesis of
α‐trifluoromethyl aldehydes, amides, lactams and thioesters.
HNTf2 might be replaced by Tf2CHCH2CHTf2, 1,1,3,3‐tetrakis(trifluoromethanesulfonyl)‐
propane, an easy accessible powerful Brønsted acid, which has shown to outperform HNTf2 in
terms of reactivity in certain reactions. For instance catalyst loadings of 0.05 mol% were
sufficient to catalyze vinylogous Mukaiyama‐Michael reactions in excellent yields.[30]
Furthermore, Tf2CHCH2CHTf2 can be handled without the exclusion of moisture air.
As already mentioned, there is a considerable interest in the synthesis of enantioenriched
α‐trifluoromethylated carbonyl compounds. The method developed by MacMillan is highly
efficient in terms of productivity and selectivity, however, its scope is limited and high catalyst
loadings of 20 mol% are needed. Therefore, it will be interesting to test enantio‐ or diastereo‐
selective versions of the method described here. The enantioselective variation could be
achieved using chiral Brønsted acids. List and co‐workers have shown that cyclic, binapthyl‐
derived analogues of HNTf2 are excellent catalyst for enantioselective Mukaiyama Aldol
reactions.[31] The authors speculate that the actual catalyst is generated via silylation by the
ketene acetal thus providing an N‐silyl disulfonamide as shown in Figure 2. Recently, improved
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methods for the syntheses of these chiral, cyclic HNTf2 analogues have been published
independently by Lee and co‐workers and Treskow and co‐workers.[32]

Figure 2. The chiral Brønsted acid and the corresponding chiral silylating agent.

Table 3 shows that the background trifluoromethylation reaction for acyclic ketene silyl
acetals is extremely slow and it was shown that catalyst loadings of 1 mol% are sufficient for
facile formation of the desired product. Therefore, the reaction with a chiral catalyst could give
good enantiomeric excess with low catalyst loadings. Diastereoselective transformations could
be achieved using either chiral substrates or chiral silanes.
Furthermore, other nucleophiles which can activate the hypervalent iodine reagent via
coordination to the oxygen should be investigated. Interestingly, trialkyl allyl tin reagents are
comparable to silyl enol ethers in terms of nucleophilicity. Moreover, both reagents can in
principle be broken down in an electron rich part which is nucleophilic at the carbon and an
electron‐poor part which can act as a Lewis acid (Figure 3).

Figure 3. Comparison between silyl enol ethers and trialkyl allyl tin reagents.

As shown in Scheme 28 preliminary reactions using 1.5 eq of an allyl tributyl tin derivative
with the acid‐derived hypervalent trifluoromethylating agent yielded up to 80% of the trifluoro‐
methylated products based on 19F NMR spectroscopy using PhCF3 as internal standard. Due to
the low boiling points of the products the reaction was carried out in a closed NMR tube. To the
best of our knowledge this reaction is unprecedented in the literature and has great potential in
the synthesis of new fluorinated compounds, since allyl tin reagents are commonly used
intermediates in organic chemistry. Similar reactions might be achieved using allyl silanes or ally
boranes.

Scheme 28. Electrophilic trifluoromethylation using trialkyl allyl tin derivates.
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5.

α‐Trifluoromethyl α‐Nitro Esters

5.1.

Introduction

In 2007, Iris Kieltsch, a former member of this research group developed a trifluoro‐
methylation protocol for α‐nitro esters using the hypervalent iodine reagent 2.[1] A variety of
nitro esters were trifluoromethylated under mild reaction conditions in moderate to excellent
yields using a catalytic amount of CuBr.SMe2. The trifluoromethylated compounds have proven
excellent precursors for the synthesis of quaternary trifluoromethylated amino acids.
The present chapter focuses on reported syntheses of α‐trifluoromethyl amino acids via
trifluoromethylation of α‐nitro esters and the synthesis of the latter from appropriate
precursors. In a second part a diastereoselective variation of the electrophilic trifluoro‐
methylation will be discussed. In combination with the transformation of α‐trifluoromethyl
α‐nitro esters to trifluoromethyl amino acids this would represent a straight forward method
for the synthesis of enantioenriched α‐trifluoromethyl amino acids.

5.1.1.

Synthesis of α‐Trifluoromethyl α‐Amino Acids

α‐Trifluoromethyl amino acids are highly desirable compounds. Fluorinated amino acids
have been used as components of modified peptides and proteins, potential enzyme inhibitors,
anti‐tumor and antibacterial agents.[1] The introduction of a trifluoromethyl group in the
α‐position of an amino acid has several effects. For instance, the proteolytic stability, lipo‐
philicity and therefore membrane permeability and transport rates are improved. This is often
attributed to reduced basicity of the neighboring amine functionality.[2] It has also been
speculated that the trifluoromethyl group might participate in hydrogen bonding, even though
the extent of such an interaction is still a matter of discussion.[3] Furthermore, the trifluoro‐
methyl group contains three equivalent NMR active nuclei with 100% natural abundance and is
therefore a powerful tool for spectroscopic measurements using 19F NMR.
Several routes to trifluoromethylated amino acids have been reported. In general, they
rely on building block strategies starting from precursors already containing a trifluoromethyl
group. The most convenient route to racemic trifluoromethyl amino acids is the reaction of
organometallic nucleophiles with an N‐protected imine of trifluoropyruvate as shown in
Scheme 1. This method was successfully applied to a large variety of nucleophiles.[4]

Scheme 1. Synthesis of protected amino acid esters from N‐protected imine of trifluoropyruvate.
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Two similar diastereoselective variations of this method have been reported, these being
the addition of chiral lithiated alkylsulfoxides to the imine and the addition of non chiral
Grignard reagents to chiral N‐sulfinyl imines derived from trifluoropyruvates (Scheme 2). With
the latter method, yields in the range of 50 to 80% were obtained with excellent diastereo‐
selectivities, representing the most general method for the synthesis of enantioenriched
trifluoromethylated amino acids to date.[5]

Scheme 2. Diastereoselective synthesis of α‐trifluoromethyl amino acids.

[5]

The drawback of this method is its dependency on stoichiometric amounts of chiral sulf‐
oxides. Only very few methods for the enantioselective synthesis of trifluoromethyl amino acids
or their precursors are known. Demir et al. reported the enantioselective reduction of the
oximes derived from 2,2,2‐trifluoro‐1‐furan‐2‐yl‐ethanone using the Corey‐Bakshi‐Shibata
catalyst and borane to afford the corresponding amines in up to 74% yield and up to 88% ee.
Depending whether the (E)‐ or (Z)‐oxime was used either the (R)‐ or the (S)‐enantiomer was
obtained as shown in Scheme 3. Oxidation of the furan using ozone afforded the
corresponding trifluoromethyl‐alanine.[6] To the best of our knowledge there are no methods
for the enantioselective synthesis of quaternary α‐trifluoromethyl α‐amino acids.

Scheme 3. Enantioselective reduction of trifluoromethyl oximes using the Corey‐Bakshi‐Shibata catalyst.

[6]

As shown in Scheme 4 Iris Kieltsch reported the synthesis of quaternary α‐trifluoro‐
methylated amino acids starting from α‐trifluoromethyl α‐nitro esters. Simple reduction of the
nitro esters using elemental zinc and concentrated hydrochloric acid in 1,4‐dioxane gave the
corresponding amines in up to 85% isolated yield. Subsequent acid catalyzed saponification or
reductive deprotection using palladium on charcoal under an atmosphere of hydrogen yielded
the α‐trifluoromethyl amino acids in up to quantitative yields.[7]
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Scheme 4. Synthesis of the α‐trifluoromethyl α‐amino acids.

[7]

Starting from enantiomerically enriched α‐trifluoromethyl α‐nitro esters this would give a
direct access to enantioenriched quaternary trifluoromethylated amino acids.

5.1.2.

Trifluoromethylation of α‐Nitro Esters

The first trifluoromethylation of an α‐nitro ester was achieved using reagent 2 developed
in our group (Scheme 5).[7‐8] Previously, Takeuchi et al. and Shreeve and co‐workers have shown
that α‐nitro esters can be fluorinated using FClO3 or Selectfluor® respectively.[9] Our group
extended this methodology and achieved the synthesis of enantioenriched α‐fluoro α‐nitro
esters in upto 40% ee.[10]

Scheme 5. Trifluoromethylation of α‐nitro esters using hypervalent iodine reagent 2.

[7]

Interestingly, without the addition of a catalytic amount of a Cu(I) or Cu(II) salt no
reaction takes place. The best yields were obtained using 0.15 eq CuBr.SMe2, 1.15 eq of the
hypervalent iodine reagent 2 and CH2Cl2 as solvent. The reaction was carried out in the absence
of light at rt. A series of α‐nitro esters were trifluoromethylated under these conditions and
selected results are summarized in Table 1.
Table 1. Trifluoromethylation of α‐nitro esters.

Entry
1
2
3
4
5
6
7
8
9
10

R1
H
CH3
CH3
CH3
Bn
Ph
i
Pr
i
Pr
p‐OCH3‐Ph
CH3
19

R2
Et
Et
Bn
3,5‐CH3‐Ph
Et
Et
Bn
p‐NO2‐Bn
CH3
H
1

Rct time
48 h
17 h
72 h
72 h
96 hb
6d
5d
5d
6d
2‐4d

[7]

Yield
89%a
99%a
54%
85%
69%
tracesa
10%a
10%a
tracesa
no reaction

a. Determined using F and H NMR spectroscopy b. Similar results at 50 °C for 48 h.
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From Table 1 it can easily be seen that the outcome of the reaction is highly influenced by
steric factors. Reactions with the least sterically hindered nitro esters show full conversion after
48h and yield the trifluoromethylated compounds in 89 to 99% based on 1H and 19F NMR
spectroscopy (Table 1, entry 1 and 2). The similar, sterically more demanding benzyl ester
required longer reaction time and gave a lower yield (Table 1, entry 3). Sterically even more
demanding iso‐propyl substituted α‐nitro benzyl ester gave only 10% of the desired compound
after 5 d at rt (Table 1, entry 7). However, the results in Table 1 cannot only be explained by
steric factors. Indeed, a phenyl group in the α‐position is not tolerated (entry 6), whereas a
benzyl or methyl substituent gives up to 99% yield. This might be explained by the fact that the
substrates can be present in three relevant tautomeric forms (Scheme 6). The relative
contribution of each tautomeric form might be significantly influenced by the substituent in the
α‐position. Additionally, α‐nitro esters are acidic and the esters might be present in their de‐
protonated form, thus, the acidity will also be highly influenced by the substituent in the
α‐position. Especially aromatic substituent will lead to further delocalization of the negative
charge resulting from a deprotonation, thus reducing the electron density at the carbon atom.
It is reasonable to assume that the relevant tautomeric forms, the acidity and the possible
delocalization all have a major influence on the reactivity.

Scheme 6. Tautomeric forms of a substituted α‐nitro ester.

The reaction conditions for the trifluoromethylation of α‐nitro esters were also suited for
the trifluoromethylation of N‐ethyl‐2‐nitropropanamide (72) giving the corresponding trifluoro‐
methylated amide 73 in 65% yield (Scheme 7). α‐Nitro acids and cyclic 2‐nitro 1‐tetralone failed
to yield the fluorinated products.

Scheme 7. Electrophilic trifluoromethylation of N‐ethyl‐2‐nitropropanamide 72.

[7]

As previously mentioned, the trifluoromethylated α‐nitro esters are excellent precursors
for the synthesis of the corresponding highly desirable amino acids. The enantioselective
variation of the electrophilic trifluoromethylation of α‐nitro esters would therefore be an
interesting route towards the synthesis of enantioenriched quaternary α‐trilfuoromethyl amino
acids. Iris Kieltsch investigated the enantioselective variation of the copper mediated
electrophilic trifluoromethylation of α‐nitro ester using different bidentate ligands. The best
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results were obtained using the Pigiphos‐like dinuclear Cu(I)‐carbene complex (20% ee) or
BOX‐type ligands (up to 24% ee) both shown in Scheme 8.[7]

Scheme 8. Enantioselective electrophilic trifluoromethylation as reported by Iris Kieltsch.

[7]

Further studies of the enantioselective trifluoromethylation of α‐nitro esters are ongoing
in our research group.

5.1.3.

Synthesis of α‐Nitro Esters

α‐Nitro esters are versatile organic compounds and several methods for their synthesis
have been reported in the literature. In principle, these can be divided into two categories,
depending whether the starting material already contains a nitro group or the nitro group is
introduced onto an appropriate starting material.
α‐Nitro esters are powerful nucleophiles and readily undergo alkylation of the α‐position
under basic conditions and 1,4‐addition to activated olefins (Scheme 9).

Scheme 9. Nucleophilic addition of α‐nitro esters to Michael acceptors and alkyl halides.
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As shown in Scheme 10 α‐nitro esters add to aldehydes to afford the corresponding
alcohols (Henry reaction) or react further eliminating H2O to afford α,β‐unsaturated α‐nitro
esters (Knoevenagel reaction) depending on the reaction conditions.

Scheme 10. Nucleophilic addition to aldehydes and condensation to α,β‐unsaturated α‐nitro esters.

Transformation of nitroalkanes to α‐nitro esters is reported using different carboxylic acid
derivates as shown in Scheme 11.

Scheme 11. Carboxylation of nitroalkanes using carboxylic acid derivates.

The direct nitration of diethyl malonate was reported by Ricca et al. in 1927.
Deprotonation using sodium ethoxide in ethanol and subsequent quenching of the resulting
enolate with ethyl nitrate gave the desired α‐nitro ester.[11] Similarly, the nitration of aliphatic
amides and lactams was achieved using LDA and npropyl nitrate.[12] Later, Sifniades et al.
reported a convenient high yielding approach for the nitration of β‐ketoesters using
in‐situ‐prepared acetyl nitrate in the presence of catalytic amounts of Brønsted or Lewis acids
(Scheme 12).[13]

Scheme 12. Nitration of β‐keto esters using in situ prepared acetyl nitrate.

[13]

The nitration of silyl enol ethers was achieved using tetranitromethane as electrophile. As
shown in Scheme 13 the reaction of the enol trimethylsilyl ether of α‐tetralone with C(NO2)4 in
CH2Cl2 gave the desired α‐nitro ketone in nearly quantitative yield within 10 minutes at rt.
Various silyl enol ethers were nitrated using this method to give the corresponding α‐nitro
ketones in good to excellent yields.[14]

Scheme 13. Nitration of silyl enol ether using tetranitromethane.
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Probably the most elegant route to α‐nitro acids and esters was reported by Rozen and
co‐workers. Amino acid esters were oxidized to the corresponding α‐nitro esters using HOF, a
very powerful oxidant, in acetonitrile. Due to its instability it has to be prepared in situ from
wet acetonitrile and fluorine gas, thus limiting the practicability of this method.[15] Sandford et
al. recently demonstrated that HOF can be generated in situ in a continuous‐flow microreactor
channel and reacted immediately for efficient oxidations, thus minimizing contact with fluorine
gas.[16]
The most general and reliable method for the synthesis of α‐nitro esters is the conversion
of α‐halo esters with a metal nitrite.[17] Nitrite can act as an ambident nucleophile and
therefore, aside from the desired product, the reaction yields nitrate esters. Kornblum has
shown that the addition of phloroglucinol to the reaction mixture suppresses the formation of
this undesired sideproducts.[18]

5.2.

Aim of the Project

As already discussed, the synthesis of enantiomerically pure α‐trifluoromethyl α‐amino
acids is highly desirable. The previously discussed approach using the direct electrophilic
trifluoromethylation of α‐nitro esters gave only moderate enantiomeric excess up to now.
Therefore, we envisioned a diastereoselective approach. Iris Kieltsch has shown that not only
α‐nitro esters react with the hypervalent iodine reagent 2 but also α‐nitro amides (Scheme 7).
The most commonly used class of chiral auxiliaries for the diastereoselective α‐alkylation of
carbonyl compounds are of the oxazolidin‐2‐one type as developed by Evans.[19] After
deprotonation of the N‐acyloxazolidinone and coordination to a metal the resulting metal
enolate, with close to complete (Z)‐selectivity, is quenched using an electrophile to give the
desired carbon‐carbon bond in excellent diastereoselectivity as shown Scheme 14. It is
important to note that the diastereoselective outcome of the reaction is not only dependent on
the auxiliary but also on the metal and the electrophile used.[20]

Scheme 14. Reaction of N‐acyloxazolidinone after deprotonation.

However, only a few examples are known in which oxazolidinone derived auxiliaries are
used for the generation of quaternary carbon centers.[21] Nevertheless, we targeted the
synthesis and subsequent trifluoromethylation of α‐nitro N‐acyloxazolidinone to give the
desired precursors for α‐trifluoromethyl α‐amino acids.
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Scheme 15. Outlined diastereoselective synthesis of α‐amino acids.

As an alternative, a similar approach starting from chiral esters was envisioned. Corey
reported the use of (R)‐(–)‐8‐phenyl menthol for the α‐functionalization of carbonyl groups in
the groundbreaking synthesis of prostaglandin in 1975. This is the first application of chiral
auxiliaries to achieve a diastereoselective transformation in high selectivity.[22] As shown in
Scheme 16, enantiopure acrylate 74 underwent the cycloaddition with the cyclopentadiene
derivative 75 to give exclusively the (R)‐endo product 76. The excellent diastereoselectivity was
explained by the rigid structure of the cyclohexyl moiety and the shielding of the “re‐face”
which is enhanced by a π‐stacking interaction between the electron poor double bond and the
electron rich phenyl substituent.

Scheme 16. Diastereoselective Diels‐Alder‐reaction

[23]

as reported by Corey.

[22]

We suspected that a similar effect could be used for the diastereoselective electrophilic
trifluoromethylation of α‐nitro esters as shown in Scheme 17. We assumed that the nitro group
would occupy the position of the double bond, due to dipole minimization arising from the
carbonyl and the nitro group and the phenyl group would thus effectively shield the α‐position
of the nitro esters.

Scheme 17. Envisioned diastereoselective trifluoromethylation of α‐nitro esters.
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5.3.

Results

We started with cheap and readily available achiral oxazolidin‐2‐one 77 as a model
system. After deprotonation using nBuLi and subsequent quenching with 3‐phenylpropanoyl
chloride the corresponding N‐acyl imide 78 was obtained in acceptable 83% yield as shown in
Scheme 18. Direct nitration via enolate formation using nBuLi or LDA and iso‐amyl nitrate as
electrophile as reported for amides and lactams[12] failed and only starting material was
recovered. More reactive iso‐propyl or n‐propyl nitrates were not tested under these
conditions due to their explosive character.

Scheme 18. First attempt towards the synthesis of the α‐nitro N‐acyl amide derivative.

As previously mentioned, a more reliable synthesis of α‐nitro carbonyl compounds is
achieved by nucleophilic substitution of a halogen by a nitrite group. The synthesis of the
necessary starting material, α‐bromo N‐acyl imide 79, was achieved using Et3N as base, Bu2BOTf
as Lewis acid and NBS as electrophilic source of bromide, a method reported by Evans and
co‐workers for the diastereoselective bromination of N‐acyl imides.[24] The reaction with 78
gave the desired bromide in excellent yield. Subsequent nucleophilic substitution using sodium
nitrite in the presence of phloroglucinol in DMF gave α‐nitro carbonyl 80 in 78% yield as
illustrated in Scheme 19 .

Scheme 19. Synthesis α‐benzyl α‐nitro N‐acyl imides 80 via nucleophilic substitution.

It is reasonable to assume that the bromination proceeds via a six membered cyclic
transition state formed by the (Z)‐dibutyl boron enolate and NBS, thus enhancing the electro‐
philic character of the bromide (Scheme 20). As a byproduct the dibutyl boron succinimide is
formed.

Scheme 20. Six membered cyclic transition state in the bromination of N‐acyl imides 78.
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With the desired model substrate in hand, we tested different conditions for the
electrophilic trifluoromethylation. Standard conditions as reported by Iris Kieltsch using
CuBr.SMe2 as catalyst and the alcohol derived hypervalent reagent 2 did not afford the desired
trifluoromethylated product and only reductive decomposition of the reagent was observed.
Therefore, we also tested Zn(NTf2)2 as catalyst, which was already successfully applied to the
trifluoromethylation of silyl enol ethers and aliphatic alcohols. Disappointingly, we did not
observe formation of the desired product neither with the alcohol derived reagent 2 nor with
the acid derived reagent 1 as shown in Scheme 21.

Scheme 21. Attempts for the trifluoromethylation of 80 using the hypervalent iodine reagents 1 and 2.

Václav Matoušek, in collaboration with the Cahard group, showed that 81 undergoes dia‐
stereoselective trifluoromethylation applying hypervalent iodine reagent 1 after deprotonation
using LiHMDS as base. The α‐trifluoromethyl carbonyl compound 82 was obtained in a
diastereomeric ratio of 9:1 and in 94% yield. The absolute configuration was not determined
(Scheme 22). Interestingly, when the alcohol derived reagent 2 was used under otherwise
identical conditions no product was observed.

Scheme 22. Unpublished results for the diastereoselective trifluoromethylation using the Evans auxiliary.

Similar conditions failed to give the desired compound in the trifluoromethylation of the
α‐nitro carbonyl compound 80 using LDA or nBuLi as base and hypervalent iodine reagent 1 as
electrophile as illustrated in Scheme 23.

n

Scheme 23. Trifluoromethylation attempt using LDA or BuLi as base and reagent 1.

A second sterically less demanding α‐nitro N‐acyl imide 83 was synthesized according to
the reactions presented in Scheme 19. The synthesis turned out to be cumbersome because the
previously mentioned byproduct in the bromination step, the dibutyl boron succinimide, was
difficult to separate from the product. Also this substrate could not be trifluoromethylated
under the described reaction conditions (Scheme 24).
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Scheme 24. Trifluoromethylation attempts of substrate 83 using hypervalent iodine reagent 1 or 2.

The fact that these substrates did not react with the hypervalent iodine reagents 1 and 2
might be explained by steric factors influencing the relative contribution of their tautomeric
forms. The enolate form of the α‐disubstituted compound would exhibit a highly unfavorable
allylic 1,3‐strain (A1,3 strain) as shown in Figure 1. The enolate of the similar monosubstituted
N‐acyl imide 81 would not exhibit this interaction, this being true also for N‐ethyl‐2‐nitro‐
propanamide 72 which was trifluoromethylated under standard conditions (Scheme 7).

Figure 1. Allylic 1,3‐strains of the enolates from N‐acyl imides.

Due to the failure of the diastereoselective trifluoromethylation of α‐nitro amides, use of
Evans auxiliaries was discontinued. Subsequently, we focused on diastereoselective trifluoro‐
methylation using chiral esters.
Starting from L‐(‐)‐menthol 84 and racemic 2‐bromopropionyl bromide 85, the α‐bromo
ester 86 was synthesized and used without further purification. The nucleophilic substitution of
bromide by nitrate as reported by Kornblum gave the desired α‐nitro ester 87 in acceptable
55% yield over two steps as illustrated in Scheme 25. There was no pronounced selectivity for
either of the two possible diastereoisomers, indicating that under the described reaction
conditions either the epimerization was slow or the influence of the menthyl group was
negligible.

Scheme 25. Synthesis of α‐nitro menthyl ester 87.

As seen in Scheme 26 the mixture of diastereoisomers 87 was subjected to trifluoro‐
methylation under the previously described conditions, giving the desired trifluoromethylated
α‐nitro ester 88 in excellent yield and a diastereomeric ratio of 1.5:1. The selectivity was
determined by 19F NMR spectroscopic analysis of the crude reaction mixture and of the purified
material. The absolute configuration was not determined.
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Scheme 26. Diastereoselective trifluoromethylation of α‐nitro ester 87.

To determine if the sterics at the α‐position have an influence on the diastereomeric
outcome of the reaction, the bulkier α‐benzyl α‐nitro ester 90 was synthesized starting from
cheap and readily available phenylalanine. The amino acid was converted to 2‐bromo‐3‐phenyl‐
propanoyl chloride 89 using a Sandmeyer‐type reaction followed by treatment of the acid with
thionyl chloride. After distillation, the desired acid chloride 89 was isolated in 50% unoptimized
yield. Esterification using L‐(‐)‐menthol and pyridine as base, followed by nucleophilic
substitution of the bromide by nitrite gave the α‐benzyl α‐nitro ester 90 in an modest 34% yield
over two steps as shown Scheme 27. This method should in principle be applicable to other
natural amino acids like methionine, isoleucine or valine as well as unnatural amino acids.

Scheme 27. Synthesis of α‐benzyl α‐nitro ester 90 starting from phenylalanine.

As seen in Scheme 28 α‐nitro ester 90 was trifluoromethylated under identical conditions
used for 87 giving 36% yield of the desired trifluoromethylated ester 91 showing a 1.5:1
diastereomeric ratio. Interestingly, the bulkiness of the substituent in the α‐position does not
seem to exhibit an effect on the diastereomeric outcome of the reaction, it only influences the
overall yield. The reaction gave lower yields and was slower in comparison with the trifluoro‐
methylation of 87.

Scheme 28. Trifluoromethylation of sterically more demanding menthyl ester 90.

L‐(‐)‐borneol was also tested as a chiral auxiliary, due to its rigid carbon skeleton similar to
the cyclohexyl core of menthol. The α‐nitro ester was synthesized starting from 2‐bromo‐
propionyl bromide as previously described for the menthyl derivative 88 to give the desired
substrate in 39% yield over 2 steps. The reaction gave the trifluoromethylated α‐nitro ester 92
in good yields but with only very low diastereoselectivity as shown in Scheme 29.
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Scheme 29. Synthesis and trifluoromethylation of the borneoyl α‐nitro ester to give 92.

As shown by Corey, the stereoinduction of phenyl menthyl is far superior to that of
menthyl. Both enantiomers of phenylmenthol are commercially available or can be synthesized
starting from pulegone as depicted in Scheme 30. 1,4‐Addition of phenyl magnesium bromide
followed by equilibration with ethanolic potassium hydroxide gave a 87:13 diastereomeric
mixture. The ketone was reduced with complete diastereoselectivity under Bouveault‐Blanc
conditions[25] and was converted to the ester 93, which was diastereomerically enriched by
recrystallization.

Scheme 30. Synthesis of protected (‐)‐8‐phenylmenthol 93.

After saponification of 93, phenyl menthol 94 was converted to the chiral α‐nitro esters
95 and 96 starting from 2‐bromopropionyl bromide or 2‐bromo‐3‐phenylpropanoyl chloride 89
in 46% and 24% overall yield, respectively, as shown in Scheme 31.

Scheme 31. Synthesis of chiral α‐benzyl α‐methyl nitro esters 95 and 96.

Even though both esters were present in diastereomeric ratio of approximately 1:1, it was
possible to separate the diastereomers of 96 by crystallization. In addition, crystals suitable for
X‐ray crystallography were obtained for one of the diastereomers. ORTEP drawing of one of the
diastereoisomers of 96 can be seen in Figure 2.
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Figure 2. ORTEP drawing of one isomers of compound 96. Hydrogen atoms are omitted for clarity, and thermal
ellipsoids are set to 30% probability. Selected bond lengths, bond angles and torsion angles are given in Table 2.

Interestingly, the dipoles arising from the carbonyl and the nitro group are pointing in the
same direction, the torsion angle O(1)‐C(1)‐C(2)‐N(1) is 9.1(4)° showing a quasi coplanar
arrangement. Usually dipoles within a molecule tend to oppose each other, thus minimizing its
overall dipole. Furthermore, the plane going through C(1),C(2),C(3) is nearly coplanar (8.05°) to
the plane of the phenyl substituent, thus reducing the steric repulsion of the benzyl and phenyl
substituent. This conformation shows efficient shielding of one enantioface of the nitro ester.
No π‐π‐interactions of the phenyl substituent with the carbonyl group is present, indicating that
the conformation shown in Figure 2 is governed by steric rather than electronic effects.
Table 2. Selected bond lengths, bond and torsion angles form the X‐ray structure shown in Figure 2.

bond length [Å]

bond angle [°]

torsion angle [°]

C(1)‐O(1) 1.202
C(1)‐O(2) 1.324
C(2)‐N(1) 1.508

O(1)‐C(1)‐C(2) 123.6(3)
C(1)‐C(2)‐N(1) 105.1(2)

O(1)‐C(1)‐C(2)‐N(1) 9.0(4)
O(2)‐C(1)‐C(2)‐N(1) 171.2(2)

Trifluoromethylation of 95 and 96 were carried out using the previously described
reaction conditions. We were pleased to find that the diastereomeric ratio improved from 1.5:1
to 6:1 using the phenyl menthyl instead of the menthyl auxiliary. Full conversion was observed
after 4 d at rt, whereas less bulky 95 showed full conversion after 24 h. However, the yield of
the reaction dropped dramatically from 94% to 44% changing from menthyl to phenyl menthyl
ester. For the benzyl substituted α‐nitro ester 96, the trifluoromethylation was even slower and
after 7 d the reaction mixture was analyzed even though full conversion was not observed by
19
F NMR spectroscopy. Only 14% of the desired compound was obtained in relatively low
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diastereomeric ratio of 2:1 (Scheme 32). Due to the excessive reaction time and the low yield
the reaction was not repeated and therefore this result should interpreted with care.

Scheme 32. Diastereoselective trifluoromethylation of 95 and 96 as chiral auxiliary.

The observation that sterically more demanding substrates require longer reaction times
is in good agreement with the observation previously made in the group. The lower yield can be
explained by competing side reactions such as the trifluoromethylation of the phenyl
substituents. The extent to which the hypervalent iodine reagent 2 reacts with aromatic
compounds is dependent on electronic effects. The reaction is faster with electron rich systems
and slow with electron poor systems. Therefore, we modified the chiral auxiliary developed by
Corey by introducing a nitro group in the para position; this was achieved using a mild protocol
for the nitration of aromatic compounds.

Scheme 33. Modification of the chiral auxiliary 93 developed by Corey et al.

The chiral auxiliary 100 was converted to the α‐nitro ester 101 in 32% yield over two
steps. Trifluoromethylation gave the desired compound in only 30% yield due to purification
problems. The diastereomeric ratio of the product 102 was 5:1, similar to what was found for
the reaction with nitro‐ester 95. The results for the diastereoselective trifluoromethylation of
α‐nitro esters using menthyl derived auxiliaries are summarized in Table 3.

107

α‐Trifluoromethyl α‐Nitro Esters
Table 3. Summary for the diastereoselective trifluoromethylation of α‐nitro esters.

Entry
1
2
3
4
5

R1
H
H
Ph
Ph
p‐NO2‐Ph

R2
CH3
Ph
CH3
Ph
CH3

Yield
94%
36%
44%
14%
30%

dr
1.5:1
1.5:1
6:1
2:1
5:1

It is interesting to note that the additives like HNTf2 or Zn(NTf2)2 which are known to
accelerate the trifluoromethylation of alcohols, ketene silyl acetals and silyl enol ethers
retarded the reaction with α‐nitro esters.
In order to test whether the configuration of the α‐carbon influences the diastereomeric
outcome of the reaction, we separated the two diastereoisomers of 95 by means of preparative
HPLC. Subsequent electrophilic trifluoromethylation using the standard conditions gave a
diastereomeric ratio of 6:1 for reactions with both isomers as shown in Scheme 34, indicating
that the reaction proceeds via a transition state planar at the α‐carbon.

Scheme 34. Trifluoromethylation of diastereomerically pure α‐nitro esters 95.
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5.4.

Summary

A protocol for the synthesis of chiral α‐nitro esters starting from cheap and readily
available amino acids and different menthol derivates was successfully developed. The chiral
menthyl derived α‐nitro ester can be trifluoromethylated in a diastereoselective fashion. The
products were obtained in a diastereomeric ratio of up to 6:1 without further optimization and
in up to 94% isolated yield. The α‐trifluoromethyl α‐nitro ester could be converted to the
corresponding trifluoromethylated amino acids by reduction and saponification and the
auxiliary could be recycled. The reaction sequence is summarized in Scheme 35.

Scheme 35. Synthesis of enantioenriched trifluoromethyl amino acids.

Furthermore, it was shown that the absolute configuration of the α‐carbon of the nitro
ester does not influence the diastereoselective outcome of the reaction, indicating that the
reaction proceeds via a transition state planar at the α‐carbon.

5.5.

Outlook

Sterically more demanding menthol derivates might lead to higher diastereoselectivity;
the derivatives can be easily synthesized by the reaction sequence shown in Scheme 30,
starting from pulegone.
The substrate scope could be extended to other natural amino acids like leucine,
methionine or valine, and of course, non‐natural amino acids.
A major drawback of the method is the rather slow reaction rate, which is especially
pronounced for sterically demanding substrates in view of acceptable diastereoselectivities.
None of the acidic additives used for the trifluoromethylation of other substrates accelerate the
reaction.
In the previous chapter 4 it was shown that the electrophilic trifluoromethylation of
simple esters and lactones was achieved via their corresponding ketene silyl acetals. This
method might also be suitable for the trifluoromethylation of α‐nitro esters.
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Scheme 36. Trifluoromethylation of a‐nitro esters via their corresponding ketene silyl acetals or silyl nitronates.

Scheme 36 the deprotonation of α‐nitro esters and subsequent treatment with TMSCl could in
principle give four different products. Silylation at the oxygen of the carbonyl group would
result in a mixture of two different ketene silyl acetals, whereas the silylation at oxygen of the
nitro group would yield two different silyl nitronates. In the previous chapter it was shown that
both ketene silyl acetals and silyl nitronates undergo electrophilic trifluoromethylation using
reagent 2 and a catalytic amount of HNTf2. Using this method undesired side reactions, such as
the trifluoromethylation of aryl substituents, might be suppressed due to the faster reaction.
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6.

Trifluoromethylated Phosphines

6.1.

Introduction

Trifluoromethyl phosphines are a largely unexplored class of compounds. Bound to phos‐
phorus, the trifluoromethyl group yields a phosphine with drastically altered σ‐donating and
π‐accepting properties, as compared to more common trialkyl or triaryl phosphines. The
trifluoromethyl group is a unique substituent in view of modulating the donor properties of a
phosphorus atom. However, because of the lack of simple and versatile synthetic methods for
their synthesis, trifluoromethylphosphines have found only few applications as ligands in metal‐
catalyzed reactions. The synthesis of chiral trifluoromethylated phosphines and their use in
asymmetric catalysis is even rarer.
The first part of this chapter will focus on reported methods for the synthesis of trifluoro‐
methylated phosphines and their applications. In a second part an alternative, more convenient
approach to mono and bis(trifluoromethylated) phosphines using the hypervalent iodine
reagents 1 and 2 developed in our group will be discussed. The newly developed method was
used for the synthesis of a chiral, bidentate diphosphine of the BINAP‐class, bearing a bis‐
(trifluoromethyl)phosphine and a second phosphine donor. The second project involves the
merger of the two major research areas carried out in our research group: the
synthesis/application of chiral, ferrocene‐based ligands for metal‐catalyzed reactions and the
electrophilic trifluoromethylation using hypervalent iodine reagents 1 and 2. This allowed the
synthesis of ferrocene‐based bi‐ and tridentate ligands bearing one or two bistrifluoro‐
methylated phosphines. Additionally, the binding behavior of these chiral ligands towards
transition metals was investigated using X‐ray and NMR spectroscopy, giving further insight in
this unexplored class of compounds.

6.1.1.

Synthesis

The trifluoromethyl group can in principle be introduced on the phosphine via radical,
nucleophilic or electrophilic pathway. The nucleophilic approach has been the most commonly
used. In 1985, Ruppert reported the first nucleophilic trifluoromethylation of chlorodiphenyl‐
phosphine using CF3Br and hexaethylphosphorus triamide. However, neither the exact reaction
conditions nor the yield of the reaction were specified.[1]

Scheme 1. Nucleophilic trifluoromethylation using CF3Br as described by Ruppert.
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Shreeve and co‐workers later showed that the fluorinated phosphazene 103 reacts with
the Ruppert‐Prakash reagent in the presence of catalytic amounts of anhydrous cesium fluoride
yielding the trifluoromethylated phosphazene 104 otherwise difficult to access.[2]

Scheme 2. Trifluoromethylation of fluoro phosphazene 103.

[2]

Michalski and co‐workers extended the use of the Ruppert‐Prakash reagent as formal
“ CF3“ synthon to P(III)‐F compounds (fluoro phosphines). Additionally, the authors reported a
sequential procedure that combines formation of fluoro phosphines with their transformation
to trifluoromethyl phosphines starting from aryl phosphinite as shown in Scheme 3.[3]
‐

Scheme 3. Sequential procedure for the synthesis of trifluoromethyl phosphines.

[3]

Similarly, Hoge and co‐workers have shown that cyano phosphines instead of fluoro phos‐
phines can be used as starting materials for the nucleophilic trifluoromethylation with the
Ruppert‐Prakash reagent.[4]
More recently, a generalized method for mono‐, bis‐, and tris‐trifluoromethylation of aryl
phosphinites, aryl phosphonites, and aryl phosphites, respectively, using a similar approach to
that described by Michalski, has been reported by Caffyn and co‐workers.[5] The same research
group published the synthesis of 1,1’‐bis(bis(trifluoromethyl)phosphine)ferrocene (dfmpf) a
trifluoromethyl analogue of dppf as shown in Scheme 4.[6]

Scheme 4. Synthesis of dfmpf starting from the corresponding phosphonite using TMSCF3.

[6]

Roddick and co‐workers reported the synthesis of a trifluoromethyl pincer ligand as
shown in Scheme 5.[7] Reduction of the phosphonate ester 105 using TMSCl/LiAlH4 and
treatment of the resulting primary phosphine with phosgene yielded the corresponding
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dichlorophosphine 106. The reaction with phenol in the presence of triethylamine gave aryl
phosphonate 107, which was converted to the bis(trifluoromethyl)phosphine pincer ligand 108
using the method previously described by Caffyn.[5]

Scheme 5. Synthesis of bis(trifluoromethyl)phosphine pincer ligand 108 described by Roddick.

[7]

Recently, a method for the synthesis of fluoroalkyl‐containing phosphines not depending
on fluoralkyl silanes was reported by Brisdon et al.[8] As illustrated in Scheme 6, trimethylsilyl‐
substituted phosphines react with perfluoroalkyliodides yielding the corresponding perfluoro‐
alkyl phosphanes in moderate to good yields. However, the reaction is slow for n‐fluoroalkyl
systems and reaction times of up to 6 d are necessary for full conversion. The reaction with
secondary and tertiary fluoroalkyl groups is somewhat faster, indicating that the reaction may
proceed via radical formation. The synthesis of phosphines bearing two perfluoroalkyl groups
was not achieved using this method.

Scheme 6. Perfluoroalkylation of trimethylsilyl‐substituted diphenylphosphine.

[8]

Other methods for the synthesis of mono and bis(trifluoromethylated)phosphines rely on
building block strategies starting from perfluorinated precursors. Hoge et al. have reported the
first synthesis of a chiral bidentate bis(trifluoromethyl)phosphine ligand using a (CF3)2P–
synthon in a suitably stabilized form.[9] Due to the negative hyperconjugation displayed by the
”–P(CF3)2” moiety, elimination of fluoride easily occurs. However, the stabilization using acetone
prevents this elimination but gives rise to undesired side products as illustrated in Scheme 7.

–

Scheme 7. Synthesis of a chiral bidentate bis(trifluoromethyl)phosphine ligand using a P(CF3)2 synthon.
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Until recently, reports concerning the electrophilic introduction of a trifluoromethyl group
onto phosphorus were rare in the literature. The only experiments of this nature have been
performed by Umemoto and co‐workers using S‐trifluoromethyl dibenzothiophenium salts for
the trifluoromethylation of triphenylphosphine to give the corresponding phosphonium salt as
shown in Scheme 8 (see also 1.3.1.1 and 1.3.1.2).[10]

Scheme 8. Electrophilic trifluoromethylation of triphenylphosphine reported by Umemoto.

[10]

Later, Patrick Eisenberger and Iris Kieltsch, both former members of this research group,
showed in collaboration with Nicolas Armanino that starting from readily available primary and
secondary phosphines the corresponding mono trifluoromethylated phosphines can be
obtained in moderate to good yields.[11] Selected results are shown in Table 1. Interestingly,
selective mono trifluoromethylation of primary phosphines was obtained even if an excess of
reagent 1 or 2 was used (Table 1, entry 2). In addition, it was also shown that trimethylsilyl‐
substituted phosphines gave better yields compared to their non silylated analogues (Table 1,
entry 4 and 5).
Table 1. Selected results for the electrophilic trifluoromethylation of phosphines using 1 or 2.

Entry
1
2
3
4
5
6
7
8

Substrate
Cy2PH
CyPH2
Ph2PH
Ph2PH
Ph2PTMS
(p‐tol)2PH
(β‐Np)2PH
(p‐OMePh)2PH

Conditions
2, CH2Cl2, ‐78 to rt
1, CD2Cl2, rt
1, CH2Cl2, rt
1, CD2Cl2, rt
1, CD2Cl2, rt
1, CH2Cl2, rt
1, CH2Cl2, 0 °C to rt
1, CH2Cl2, ‐78 to rt

Product
Cy2CF3P=Sb
CyPH(CF3)
Ph2PCF3
Ph2PCF3
Ph2PCF3
(p‐tol)2PCF3
(β‐Np)2PCF3
(p‐OMePh)2PCF3

[11]

Yielda
52%
54%c,d
74%
84%c
92%c
78%
78%
78%
19

a. Isolated yields, unless otherwise stated. b. S8 as oxidant. c. Conversion calculated based on F NMR
+
spectroscopy with PhCF3 as internal standard. d. Sum of CyPH(CF3) and CyPH2(CF3) .
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6.1.2.

Applications of Trifluoromethylated Phosphines

Perfluoroalkylated phosphines show a much lower basicity than their non fluorinated
analogues, which should lead to weaker M‐P bonds. Even though this effect has never been
studied in detail for perfluoroalkyl phosphines, such a trend could be observed for fluoroaryl‐
phosphines. It is expected that electron poor phosphines stabilize lower oxidation states, due
to the delocalization of the electron density from the metal to the phosphine, referred as π‐
back donation. The π‐backdonation arises from the interaction of the filled metal d‐orbitals
with the unfilled σ*PR and d‐orbitals of the ligand.

Figure 1. Simplified picture of the π‐back donation.

The reduction of the electron density at the metal center might enhance the rates for
reductive elimination reactions or the Lewis acidic character of the metal center, which can be
advantageous for catalytic reactions.
Our group has shown that Josiphos‐ and P,N‐type ligands with electron deficient
phosphines outperformed their more electron rich analogues as catalysts in several reactions in
terms of stereoselectivity and productivity, for example, the palladium‐catalyzed co‐poly‐
merization of carbon monoxide and propene shown Table 2.[12]
Table 2. Selected results for the copolymerization of carbonyl monoxide and propene.

[12]

Using the standard Josiphos ligand containing a dicyclohexyl and diphenylphosphine
donor, the product was obtained with a productivity of 336 g polymer per gram palladium per
h, (gg(Pd)‐1h‐1) and a stereoregularity of 94 to 95%. When the catalyst with an electron poor
3,5‐(bis(trifluoromethyl)phenylphosphane group was used the productivity increased
dramatically to 1797 gg(Pd)‐1h‐1 and also the stereoregularity was improved to 97.5%. When a
3,5‐dimethylphenylphosphino group was used the productivity dropped to 223 gg(Pd)‐1h‐1 and
the stereoregularity dropped from 97.5% to 93%. This clearly shows that the enhanced
reactivity cannot be explained by steric factors, but rather has to be attributed to the enhanced
π‐acidity of the arylphosphine, which decreases the electron density at the palladium. A
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comparable influence on the catalytic activity has been reported for a rhodium‐catalyzed
hydroformylation and a rhodium‐catalyzed hydroboration.[13]
As shown, electron deficient fluoroarylphosphines have been applied successfully in
asymmetric catalysis and outperformed their non fluorinated analogues in certain reactions.
Therefore, it is surprising that only a few catalytic systems using metal complexes of
perfluoroalkyl phosphines have been reported. This might be attributed to their relative in‐
accessibility as compared to aryl or alkyl phosphines, which are often commercially available.
One of the few fluoroalkyl phosphines used in catalysis is the pincer ligand system
reported by Roddick and co‐workers. Efficient coordination and subsequent metalation of the
pincer ligands 108 was achieved using either [Pt(CH3)Cl(COD)] for the platinum chloride
complex 109 or [Pt(CH3)2(COD)] for the methyl platinum complex 110 as depicted in Scheme
9.[7]

Scheme 9. Synthesis of platinum pincer complexes 109 and 110.

[7]

Platinum complex 110 was converted to a cationic species using mesitylenium acid
reagent, (C6(CH3)3H4)+‐B(C6F5)4, in the presence of pentafluoropyridine or ethylene as shown in
Scheme 10.[7] The fourth coordination site was either occupied by ethylene or pentafluoro‐
pyridine ligands.

Scheme 10. Synthesis of cationic palladium pincer complexes from 110.

[7]

Cationic platinum complex 111 exhibits limited activity in the dimerization of ethylene at
elevated temperatures and can also be used for hydrosylation of ethene and propene with
Et3SiH.[14]
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6.2.

Double Trifluoromethylation of Primary Phosphines

In an extension of the mono‐trifluoromethylation of phosphines using the hypervalent
iodine reagents 1 and 2, our group has made efforts towards the double trifluoromethylation of
primary phosphines. In preliminary studies it was observed that the addition of DBU, a strong
base, enhanced the reactivity of reagent 1. This allowed a second trifluoromethylation to take
place on an electron‐poor mono‐trifluoromethylated secondary phosphine. The reaction can be
carried out as a one‐pot procedure in combination with the first trifluoromethylation.
Commercially available phenylphosphine 1 was selected as a model system and was
transformed to bistrifluoromethyl(phenyl)phosphine 112 using the protocol developed as
shown in Scheme 11. Isolation of the product 112 proved difficult because of its volatility but it
was unambiguously identified by 19F and 31P NMR spectroscopy.

Scheme 11. Synthesis of PhP(CF3)2 via electrophilic trifluoromethylation.

To further optimize the reaction conditions 2‐naphthalenylphosphine was chosen as
substrate. The reaction using two eq reagent 1 and four eq DBU in CH2Cl2 gave the desired bis‐
trifluoromethylated phosphine in 74% isolated yield.
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6.3.

Synthesis of a BINAP‐type Ligand

6.3.1.

Aim of the Project

As shown, there is a considerable interest in the synthesis of electron‐deficient
phosphines and their application in catalysis. However, due to the relative inaccessibility of
these phosphines only few reports dealing with these ligands can be found. Therefore, we
envisioned the application of the newly developed protocol to the double trifluoromethylation
of primary phosphine in the synthesis of a BINAP‐type ligand 113 bearing a bistrifluoro‐
methylated phosphine and a second more electron rich diphenylphosphine. The C1‐symmetric
structure is designed to allow a direct comparison of the binding behavior of the diphenyl‐
phosphino moiety, characteristic of so many chiral ligands, and the bis(trifluoromethyl)‐
phosphino group in a single molecule. The success of binaphthyl‐type ligands in a wide range of
asymmetric catalytic transformations is a further criterion for the choice of this structural motif
in the synthesis of a chiral trifluoromethylated derivative.[15]

Scheme 12. Synthesis of a BINAP‐type ligand 113, starting from BINOL using 1 in a key step.

6.3.2.

Retrosynthetic Analysis

The retrosynthetic analysis of the diphosphine ligand 113 shown in Scheme 12 leads to
two different possible routes. The first route is described in Scheme 13. In the last step the
newly developed double trifluoromethylation using the hypervalent iodine reagent would give
the target ligand. The primary phosphine 114 should be prepared from the corresponding phos‐
phonate by reduction using LiAlH4 and TMSCl. The phosphonate will be introduced using cross
coupling conditions with phosphonic acid diethyl ester from the reported phosphine 115, which
can be accessed from BINOL triflate 116.

Scheme 13. Retrosynthetic analysis for ligand 113, PPh2 introduced prior to the P(CF3)2 group.

As an alternative, we planed the introduction of the bis(trifluoromethyl)phosphine prior
to that of the diphenyl phosphine moiety. This would lead to the retrosynthetic analysis shown
in Scheme 14. In the last step standard cross‐coupling methods would be used for the
introduction of the diphenylphosphine. Bis(trifluoromethylated) phosphine 117 would be
120
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accessed from the corresponding primary phosphine 118 via electrophilic trifluoromethylation.
The primary phosphine should be obtained using the previously described method via the
phosphonate from BINOL triflate 116. However, with the exception of BINOL triflate none of
the depicted compounds in the retrosynthetic analysis have been reported in the literature.

Scheme 14. Retrosynthetic analysis for ligand 113, P(CF3)2 group introduced prior to PPh2.

6.3.3.

Results

The first step in this synthesis was the reported double triflation of (R)‐BINOL using
trifluoromethanesulfonic acid anhydride giving the bistriflate 116 in 99% yield. Cross‐coupling
reaction with twofold excess of diphenylphosphine oxide using catalytic amounts (5 mol%) of
palladium(II)acetate and dppb in DMSO at 100 °C yielded selectively the mono‐substituted
phosphine oxide 115 in 83%. Remarkably, even at elevated temperatures, the mono
substituted product is obtained in contrast to the cross‐coupling reaction using secondary
phosphines were double substitution is observed. The main detected by‐product of the
reaction originated from hydrolysis. Known phosphine oxide 115 was reduced as reported with
a large excess of trichlorosilane and triethylamine as a base in toluene at 100 °C, yielding 93%
of the desired phosphine 119 as shown in Scheme 15.

Scheme 15. Synthesis of phosphine 119 via crosscoupling and subsequent reduction.

The subsequent cross‐coupling reaction with a twofold excess of phosphonic acid diethyl
ester was achieved using catalytic amounts of palladium(II)acetate (10 mol%), dppb (10 mol%)
and sodium formiate (22 mol%) as a reductant. After 5 d stirring in DMSO at 100 °C, the
reaction yielded 50% of the desired phosphonate 120 depicted in Scheme 16. This palladium‐
mediated coupling of phosphonates has been reported for similar substrates, yet none bearing
a phosphino group at the 2'‐position. The coupling of phosphonates has been reported to
perform generally worse than the corresponding reaction of phosphine oxides. Here, both the
poorer reactivity of the phosphonates compared to the phosphine oxides as well as the steric
crowding of the substrate are demonstrated.
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Scheme 16. Synthesis of precursor 114 for the electrophilic trifluoromethylation.

The reduction of phosphonate 120 to the primary phosphine 114 using in situ‐prepared
trimethylsilane was achieved in 97% yield. The product was used for further reactions without
purifycations, due to its air sensitivity. The protocol for the double trifluoromethylation was
applied to 114. Despite several attempts varying temperatures, addition times and order of
addition of each component, the desired product could only be detected in trace amounts by
19
F and 31P NMR spectroscopy.
It was speculated that the diphenylphosphino group might interfere with the trifluoro‐
methylation of the primary phosphine. This speculation was supported by a control experiment
in which the addition of triphenylphosphine inhibited the trifluoromethylation of 2‐naphthyl‐
phosphine as shown in Scheme 17.

Scheme 17. Control experiment for the inhibition of the trifluoromethylation by addition of PPh 3.

Given the newly found limitation of the double trifluoromethylation using the hyper‐
valent iodine compound 1, the target ligand 113 had to be accessed by generating the bis‐
trifluoromethylphosphino group prior to the diphenylphosphino moiety, as previously shown in
Scheme 14.
This synthesis started with the already mentioned double triflation of (R)‐BINOL. The
resulting bistriflate 116 was then coupled with an excess of diethylphosphonate as shown in
Scheme 18. This was done in the presence of a catalytic amount of palladium(II)acetate, dppb
and sodium formiate (10 mol% each) and an excess of Hühnig’s base in DMSO at elevated
temperatures. This reaction yielded, without further optimization and after chromatographic
separation, 67% of the desired phosphonate 121. Here, the clear influence of the 2'‐substituent
is shown, when comparing with the lower yield and much longer reaction times of the
analogous phosphonation of 119. However, it also indicates the inherently lower performance
of this coupling method for phosphonates compared to phosphine oxides such as in the
preparation of 115. In a next step, the reduction of phosphonate 121 to the corresponding
primary phosphine 118 was achieved using a mixture of LAH and TMSCl in THF. After stirring at
room temperature overnight, the desired primary phosphine 118 was isolated without further
purification in 67% yield. The modest yield observed here is in stark contrast to the one usually
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obtained for such procedures. It can be speculated that the major loss of product is caused by
the basic aqueous workup conditions after the reduction, which are likely to hydrolyze the
remaining triflate group.

Scheme 18. Synthesis of precursor 118 for the electrophilic trifluoromethylation.

With the primary phosphine 118 in hand, the double‐trifluoromethylation was achieved
with the standard protocol reported earlier, by reacting it with a slight excess of the trifluoro‐
methylation reagent 1 in CH2Cl2 and then slowly adding DBU at ‐78 °C. After stirring for 1 h at rt
this method yielded, without any optimization and after chromatographic separation, 35% of
the desired bistrifluoromethylated phosphine 117.
The last step of the synthetic procedure, the introduction of the diphenylphosphine
moiety on triflate 117, was performed using a nickel catalyzed cross‐coupling with diphenyl‐
phosphine. The reaction was carried out using an excess of the secondary phosphine, two eq of
DABCO and 10 mol% of [Ni(dppe)Cl2] in DMF. After stirring the mixture at 100 °C for two days,
the product was obtained in 45% yield as shown in Scheme 19. Compared to the palladium‐
catalyzed coupling of phosphine oxides, this method has the advantage that it does not require
a subsequent reduction step. It has, however, the disadvantage of not being selective with
respect to mono versus double substitution in the case of bistriflates. The method is reported
to proceed remarkably smoothly for the second substitution in BINAP‐like systems, taking
advantage of a directing effect of the previously installed phosphine at the 2'‐position. In this
particular case, without any optimization, it gives only a modest yield, which was attributed to a
diminished directing effect of the bistrifluoromethylated phosphine. Indeed it was later shown
that these phosphines are poor ligands for Ni(II) centers.

Scheme 19. Synthesis of target ligand 113, via double trifluoromethylation protocol.
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6.3.4.

NMR Analysis

A special feature of ligand 113 is that it contains the NMR‐spectroscopically‐active nuclei
P and 19F in close proximity to the potential catalytic site and to each other. Apart from being
useful for reaction monitoring and control, the corresponding NMR spectra give structural
insight through analysis of the heteronuclear coupling constants. The 19F NMR spectrum of the
target ligand 113 shows two sets of multiplets, each corresponding to one phosphorus‐bound
trifluoromethyl group.
31

19

Figure 2. 188 MHz F NMR of diphosphine 113 in CDCl3, frequency given in ppm.

Given the chiral nature of the molecule, it is expected and in fact observed that the two
diastereotopic CF3 groups display different chemical shifts. As can be seen from Figure 2, the
two resonances are separated by more than 2 ppm. Each one of these signals can be further
divided into doublets with large J couplings of approximately 79 Hz. Such large coupling
constants have also been observed in the doubly trifluoromethylated phosphine 112. This
pattern can be assigned to the 2JP,F coupling over two direct covalent bonds, and is also found in
the 31P NMR spectrum (Figure 3). Although the coupling to each of the diastereotopic trifluoro‐
methyl groups is not necessarily identical, they are, in this particular case, very similar. This
results in the characteristic pseudo‐septuplet pattern observed for the 31P NMR resonance of
the P(CF3)2 group. In the 19F NMR spectrum, the signals corresponding to both CF3 groups are
further splitted into quartets. Given the multiplicity and the identical coupling constant
(J = 7.3 Hz) in both sets, this is assigned to the 4JF,F coupling over four covalent bonds
connecting the fluorine atoms of the diastereotopic CF3 groups. The striking difference between
the CF3 groups is seen in the additional doublet splitting (J = 13.8 Hz) observed only for the one
at δ = ‐50.4 ppm. This can only be attributed to a coupling between this trifluoromethyl group
and the remote phosphorus atom of the diphenylphosphino group. This is further supported by
the corresponding splitting (quartet) of the PPh2 signal in the 31P NMR spectrum. However, it is
unlikely that such a coupling is mediated by the seven covalent bonds separating the involved
atoms. Rather it is more likely that a through‐lone‐pair coupling mechanism, often referred to
as “through‐space” coupling, is operating. Additionally, this provides a suitable explanation for
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the lack of such a large coupling for the other CF3 group, since the spatial orientation of the
group is crucial for such an effective coupling.

31

1

Figure 3. 101 MHz P { H} NMR of 113 in CDCl3, frequency given in ppm.

The 1H‐decoupled 31P NMR spectrum depicted in Figure 3 shows, as mentioned
previously, two sets of signals, each corresponding to one of the phosphorus atoms in the
molecule. These can be easily assigned by their different coupling patterns. The trifluoro‐
methylated phosphine shows a clear pseudo‐septuplet of doublets at δ = ‐8.5 ppm arising from
the accidental similarity of the 2JP,F coupling constants of both diastereotopic CF3 groups and to
the coupling of the two phosphorus atoms to each other, respectively. It is reasonable to
assume, again, that the latter (JP,P = 25 Hz) takes place via a through‐lone‐pair coupling
mechanism, rather than over five covalent bonds. The remaining phosphorus signal at
δ = ‐14.7 ppm, assigned to the diphenylphosphino group, shows the doublet of quartets pattern
derived from the couplings with the other phosphorus atom and one of the trifluoromethyl
groups, respectively. Additionally, it should be noted that the signal of this phosphorus atom
shows a small quartet splitting (J = 1‐2 Hz), indicating a weak through‐lone‐pair coupling to the
second trifluoromethyl group. This coupling explains the slight line broadening of the
corresponding signal in the 19F NMR spectrum. Through‐lone‐pair couplings are commonly
observed in a variety of compounds. As a general trend, a requirement for such a mechanism is
the spatial proximity of the coupling partners, although the correct geometric orientation is
also crucial. Of special importance are fluorinated compounds, which display through‐lone‐pair
couplings to a variety of nuclei such as carbon,[16] nitrogen,[17] fluorine,[18] and phosphorus.[19]
Through‐lone‐pair coupling between two phosphorus atoms has also been observed in
sterically congested systems.[20]
With the desired ligand 113 in hand and with the objective of gaining insight into its
binding properties, a suitable complex was prepared. For this purpose, ligand 113 was dissolved
in CH2Cl2 and mixed with [Pd(COD)Cl2], giving the corresponding palladium dichloro complex
122 in 92% yield as shown in Scheme 20.
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Scheme 20. Synthesis of palladium dichloride complex 122 using [PdCl2(COD)].
19

F and 31P NMR monitoring showed the immediate formation of this product. This was
clearly observed by a downfield shift of all 19F and 31P signals. The disappearance of the
coupling between the trifluoromethyl groups and the remote phosphorus atom was also
observed, providing further evidence for the through‐lone‐pair coupling mechanism discussed
above. Additionally, the now much smaller JP,P coupling constant (J = 4.8 Hz) is in accordance
with typical cis couplings observed in palladium diphosphine complexes.

6.3.5.

X‐Ray Analysis

Single crystals of complex 122 were obtained by slow diffusion of pentane into CD2Cl2
solution and were analyzed by X‐ray diffraction at 100 K. The crystal structure of complex 122
depicted in Figure 4 shows the typical features of similar BINAP complexes previously reported
in the literature.

Figure 4. ORTEP drawing of the X‐ray structure of complex 122. Hydrogen atoms are omitted for clarity, and
thermal ellipsoids are set to 30% probability.
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The substituents on both phosphorus atoms are arranged as expected with one pseudo‐
axial (C(21) and C(34)) and one pseudoequatorial (C(27) and C(33)) group for each donor atom.
Selected relevant data of the crystal structure of 122 and corresponding values for the related
BINAP complex [PdCl2(BINAP)][21] are presented in Table 3.
[21]

Table 3. Selected Data of crystal structure 122 and values for the corresponding BINAP complex [PdCl2(BINAP)]

Distance [Å] or angle [°]
Bite angle: P(1)‐Pd(1)‐P(2)
Binaphthyl dihedral angle
P(1)‐Pd(1)
P(2)‐Pd(1)
Cl(1)‐Pd(1)
Cl(2)‐Pd(1)
Ax. phenyl to naphthyl plane
F(4) to naphthyl plane
Average: Pd(1)‐P(1)‐X
Average: Pd(1)‐P(2)‐X
C(21)‐P(2)‐C(27)
C(33)‐P(1)‐C(34)
coordination plane distortiona

122
92.906(17)
73.67
2.2230(4)
2.2688(4)
2.3197(4)
2.3214(5)
3.373
2.787
116.22(6)
111.77(6)
109.71(8)
95.56(8)
19.54

.

[PdCl2(BINAP)]
92.69(8)
71.30
2.241(2), 2.248(2)
2.349(3)
3.343
‐
112.8(4)
106.7(5), 106.8(5)
28.32

a. The distortion of the coordination plane is the angle between the planes αCl(1),Pd(1),Cl(2) and
αP(1),Pd(1),P(2).

As in the corresponding BINAP complex, the structure of 122 shows the typical
arrangement of the binaphthyl planes with a dihedral angle of 74° and a bite angle slightly
above 90°. On the side of the diphenylphosphino moiety the axial phenyl ring shows a nearly
parallel orientation to one of the naphthyl groups, with an interplanar angle of 14.10° and an
average distance of the phenyl carbon atoms from the naphthyl plane of 3.37 Å, indicative of a
π‐stacking interaction. The axial trifluoromethyl group displays the atom F(4) at a relatively
short distance of 2.79 Å from its proximal naphthyl plane. This could indicate that a fluorine‐π
interaction is present in the solid state. Such interactions have been predicted by theoretical
studies[22] and are found in some crystal structures.[23] It is however important to note that such
interactions are very weak and are unlikely to dictate the relative disposition of the
substituents at P(1).
An important structural feature of complex 122 is that the Pd‐P bond distances are
significantly different, with P(1)‐Pd being shorter compared to P(2)‐P, i.e., 2.2230(4) vs
2.2688(4) Å. The Pd‐P distance in the corresponding BINAP complex (2.24 Å) lies between the
two values observed for complex 122. The fact that the Pd‐P(1) bond distance should be the
shortest is maybe counterintuitive, given that the highly electronegative trifluoromethyl groups
are expected to reduce the donor capacity of the P atom. However, bond strength does not
necessarily correlate with bond length. Other geometrical parameters pinpointing the
differences between the two phosphine donors in complex 122 are the angles around the
respective P atoms. The angles around P(2) deviate by at most 5° from the ideal value for a
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perfectly tetrahedral structure, with the angle subtended by the two phenyl substituents
(C(21)‐P(2)‐C(27), 109.71(8)°) being very close to this value. On the other hand, P(1) shows a
high degree of pyramidalyzation,[24] with the angles deviating by as much as 14° from 109.15°,
as is the case for the angle subtended by the two CF3 groups (C(33)‐P(1)‐C(34), 95.56(8)°). Both
the shorter Pd‐P(1) bond length and the pronounced pyramidalyzation at P(1) are an expression
of the higher s‐character of the lone pair at phosphorus and hence of the σ‐character of the
bond to the metal center. In other words, the differences in geometric parameters concerning
the two phosphorus atoms are not only rooted in steric factors, but rather electronic effects
and conform to ideas originally put forward by Bent (“Bent’s rule”).[25] Finally, the strongly
electronegative trifluoromethyl groups[26] may lead to a significant back‐bonding, thereby
strengthening the rather weak σ‐interaction, an effect commonly observed in π‐accepting
ligands.
A further interesting feature of complex 122 is the smaller distortion of the square‐planar
geometry around the palladium center than in the corresponding BINAP complex. This is clearly
shown by the angles between the P2Pd and PdCl2 planes (19.54° and 28.32°, respectively). Thus,
the deviation from the ideal geometry is smaller for 122 than for the BINAP complex. This is
likely the result of a reduced steric crowding at the metal center in the new compound 122.
Interestingly, the corresponding complex of bis(dicyclohexylphosphino)binaphthyl shows a
much less distorted geometry with an angle of 7.20° between the indicated planes, in spite of
the more significant steric crowding.

6.3.6.

Summary

In summary, the straightforward synthesis of a novel ligand based on the binaphthyl
scaffold and containing a bis(trifluoromethyl)phosphino unit was completed using a new
protocol for a double electrophilic trifluoromethylation of a primary phosphine as a key step.
Thus, the newly developed method represents a new powerful tool for the introduction of the
rare P(CF3)2 group.
Ligand 113 forms a palladium complex displaying a rather short Pd‐P(CF3)2 bond distance.
This is explained by the high σ‐character of the P‐Pd bond and a possibly strong π‐back‐
donation. The consequences of such binding behavior in catalysis are now being explored in our
group with the aim of rationally designing further ligands containing trifluoromethylated
phosphines. In particular, the acceptor properties of the P(CF3)2 group, especially important in
the stabilization of metal centers in low formal oxidation states could be exploited.
The synthetic method utilized for the synthesis of ligand 113 is particularly modular.
Ready access to the P(CF3)2 moiety at an early stage of the synthesis should be of particular
advantage for the preparation of new derivatives containing various other donor and/or
functional groups, by exploiting intermediate triflate 117. Finally, chiral ligands containing
trifluoromethylated phosphines present a new and relatively unexplored field in asymmetric
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ligand design. The specific binding behavior of 113 shows clearly that such phosphines are
worthy of further study and may prove useful in catalysis.

6.3.7.

Outlook

Due to the moderate yields obtained in the synthesis of the BINAP‐type ligand, we
focused our attention on the ferrocene based bi‐ and tridentate ligands described in the next
section. However, as previously mentioned, the newly developed ligand shows a rather special
binding behavior and therefore it will be interesting to see if these unique features are of any
utility in asymmetric catalysis.
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6.4.

Synthesis of Ferrocene‐based Ligands

6.4.1.

Aim of the Project

In this second project, devoted to trifluoromethyl phosphines we envisioned the merger
of the major research areas carried out in the Togni research group: the synthesis and
application of ferrocene‐based ligands in asymmetric catalysis and the use of the hypervalent
iodine reagents 1 and 2 for electrophilic trifluoromethylation.
Our group has reported the synthesis of several chiral bi‐ and tridentate ligands starting
from commercially available enantiopure [1‐(dimethylamino)ethyl]ferrocene (Ugi’s amine).
After diastereoselective deprotonation using sec‐BuLi, the lithiated ferrocene is quenched with
a diaryl or dialkyl chlorophosphine. This reaction gives the desired phosphine in good to
excellent yields in close to complete diastereoselectivity as shown in Scheme 21.

Scheme 21. Diastereoselective deprotonation of Ugi’s amine.

The dimethylamino group can be substituted under acidic conditions in AcOH with equi‐
molar TFA to facilitate the SN1’ reaction which occurs with complete retention of configuration
as reported for this system. This method has been successfully applied to the synthesis of bi‐
dentate phosphines (Josiphos‐type)[27], bidentate P,N‐ligands[27], tridentate phosphines
(Pigiphos‐type)[28] and tridentate ligands bearing two phosphorus and a carbene ligand as
shown in Scheme 22.

Scheme 22. Synthesis of bi‐ and tridentate ligands starting from a common precursor.
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Ligands of the Josiphos‐type (Scheme 22) have found widespread application not only in
academia but also in industry. For example, the reduction of C=C, C=N and C=O bonds, hydro‐
functionalization of olefins and C‐C bond‐forming reactions are all catalyzed by metal‐Josiphos
complexes.[29] One of the main reasons for the great success of these bidentate ligands is their
modularity. Starting from commercially available Ugi’s amine different phosphines can be
introduced, varying R1 and R2, and thus allowing the simple steric and electronic modification of
the ligand. Nearly 150 different Josiphos ligands have been published and several are
commercially available.
The Pigiphos‐type ligands developed in our group have found application in the
asymmetric nickel(II)‐catalyzed hydroamination of activated olefins[30] and the hydrophos‐
phination of methacrylonitrile.[31] More recently, we also reported the use of dicationic
nickel(II)‐Pigiphos complexes as catalyst for the asymmetric Nazarov cyclization[32].
The pyrazole‐containing bidentate P,N‐type ligands depicted in Scheme 22 have been
used in rhodium‐catalyzed asymmetric hydroboration[13, 33], palladium‐catalyzed asymmetric
allylic amination[34] and asymmetric hydrosilylation of norbornene.[35]
As previously mentioned, our group has shown that Josiphos‐ and P,N‐type ligands with
electron deficient phosphines (PR12) outperformed their more electron rich analogues as
catalyst in some reactions, in terms of stereoselectivity and productivity (Table 2). The
enhanced reactivity was attributed to the increased π‐acidity of the phosphino group.
Therefore, the synthesis of a ligand precursor was planed in which R1 = CF3 (123). This
would allow the synthesis of a variety of bis(trifluoromethylated) phosphines. Since the ligands
shown in Scheme 2 where successfully applied to a variety of asymmetric transformations this
should enable the direct comparison of the known catalyst systems with the modified one
containing trifluoromethylated phosphines and thus altered steric and electronic properties
which might be beneficial.
The targeted synthesis of a ligand precursor bearing a bis(trifluoromethyl) phosphino
group 123 is depicted in Scheme 23. The direct double electrophilic trifluoromethylation of the
primary phosphine using the hypervalent iodine reagent 1 developed in our group would be key
step of the synthesis.

Scheme 23. Target synthesis of ligand precursor 123.
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6.4.2.

Synthesis

The synthesis of the desired primary phosphine was achieved starting from commercially
available Ugi’s amine via the corresponding 1‐diethylphosphonate 124 and subsequent
reduction using LiAlH4 and TMSCl as reported by Hey‐Hawkins and co‐workers (Scheme 24).
However, using the lithiation protocol developed in our group, the primary phosphine was
obtained in a higher yield, i.e. 84% instead of 66% over two steps. The primary phosphine 125
was used without further purification for electrophilic trifluoromethylation.

Scheme 24. Improved synthesis for the known ferrocene based primary phosphine 125.

The reaction with the acid derived hypervalent trifluoromethylating agent 1 turned out to
be sluggish. Several attempts to trifluoromethylate the primary phosphine using either
trifluoromethylating agent along with different amine bases and different solvents remained
unsuccessful. However, when the alcohol derived reagent 2 along with quinuclidine as base was
used 4% of the desired bistrifluoromethylated phosphine 123 were obtained after a tedious
purification protocol as shown in Scheme 25.

Scheme 25. Synthesis of 123 via double electrophilic trifluoromethylation.

The low yield can be explained by the rather high oxidation potential of the hypervalent
iodine reagent, which seems to be sufficient to oxidize the ferrocene moiety to a ferrocenium
species. Therefore, we decided to follow a nucleophilic approach for the introduction of the
trifluoromethyl groups.
Making use of the previously described method described by Caffyn and co‐workers we
revised the synthetic route towards compound 123. Starting from commercially available Ugi’s
amine, diastereoselective deprotonation using sec‐BuLi and subsequent quenching using
phosphorus trichloride at low temperatures gave the known dichlorophosphanyl ferrocene 126.
The crude chloro phosphine was treated with phenol in the presence of triethylamine to give
the corresponding phosphonate 127 in 98% yield over two steps as shown in Scheme 26.
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Scheme 26. Synthesis of ferrocene based phosphonate 127 starting from Ugi’s amine.

Nucleophilic substitution using a slight excess of TMSCF3 and substoichiometric amount of
CsF yielded the desired chiral bis(trifluoromethyl)phosphine 123 in 74% yield (Scheme 27).

Scheme 27. Synthesis of the target ligand precursor 123.

We were pleased to find that compound 123 can be used as precursor for the synthesis of
bidentate and tridentate ligands as depicted in Scheme 28. The Josiphos‐type ligands 128 and
129 were accessed using AcOH as solvent and occurs with complete retention as reported for
this system. However, slightly higher temperatures were needed to facilitate the substitution
compared the known systems, most probably due to the electron deficiency of the P(CF3)2
group. The highly crystalline and air‐stable diphosphines were obtained in good yields. Bi‐
dentate P,N‐ligands 130 and 131 were synthesized using similar conditions with a slight excess
of the pyrazoles as nucleophiles. The tridentate ligand of the Pigiphos‐family was synthesized
using 0.49 eq of the primary phosphine as nucleophile to give the pseudo C2‐symmetric ligand
132 bearing two bis(trifluoromethyl)phosphino groups in good yield as shown in Scheme 28.

Scheme 28. Synthesis of chiral bi‐ and tridentate ferrocenyl ligands 128 ‐ 132 starting from 123.

As previously mentioned, we were interested in the binding behavior of these P(CF 3)2
bearing ligands towards transition metals. Therefore, we prepared a series of complexes for
which non fluorinated analogues are known.
133

Trifluoromethylated Phosphines
128 was treated with [PdCl2(COD)] and [PtCl2(COD)] to give the corresponding highly
crystalline diphosphine complexes 133 and 134 in nearly quantitative yields. The sterically
demanding ligand 129 was also converted to the palladium dichloro derrivative 135 in excellent
yield using the same conditions as shown in Scheme 29. Complexation of 128 with dinuclear
[Ir2(COD)2Cl2] and chloride abstraction using AgBF4 gave the cationic iridium cyclooctadiene
complex 136. The tungsten tetracarbonyl complex 137 was obtained starting from W(CO)6 and
the ligand 128 using dyglime and THF as solvent at elevated temperatures. The palladium
diphenylallyl complex 138 was synthesized using [Pd2Br2(diphenylallyl)2] and NaSbF6 to abstract
the bromide (Scheme 29). Complex 138 can exist in different diastereomeric forms which will
be discussed further in the X‐ray and NMR section of this chapter (vide infra). The features of
the crystal structures will be discussed in the X‐ray section of this chapter. The synthesis of a
Ni(II) complex using different nickel precursors failed even though Ni(II)‐complexes of Josiphos‐
type ligands are well known. No satisfactory explanation for this observation is available to
date.

Scheme 29. Synthesis of metal complexes starting from 128 and 129.

The bidentate P,N‐ligand 131 was also converted to the corresponding palladium dichloro
complex 139 in excellent yield as depicted in Scheme 30. Sterically more demanding ligand 130
did not afford the palladium complex under identical conditions.
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Scheme 30. Synthesis of palladium dichloride complex 139 from ligand 131.

The tridentate ligand 132 of the Pigiphos family was converted to the corresponding
cationic palladium and platinum complexes 140 and 141 using the dichloro cyclooctadiene
metal precursors along with KBArF24. The air‐stable, highly crystalline complexes were isolated
in fair to excellent yields (Scheme 31). X‐Ray and NMR analysis were performed characterize
these complexes.

Scheme 31. Synthesis of cationic palladium and platinum complexes 140 and 141.

6.4.3.

X‐Ray Analysis

As previously mentioned, most of the ligands and complexes prepared are highly
crystalline and suitable for X‐ray analysis.
The structure of compound 128 shows the typical features of similar Josiphos‐type ligands
previously reported in the literature. The most striking contrast to known structures concerns
the geometry of the P(CF3)2 group. The angle subtended by the two CF3 groups, C(13)‐P(1)‐C(14)
94.67(9)°, is significantly smaller than the angle of the similar ligand where the phosphorus
atom bears two phenyl groups 99.3(5)°. This observation can be explained by reduced steric
demand of the substituents but also by the high electronegativity of the CF3 group. The
electron‐withdrawing substituents induce a high s‐character for the non binding lone pair and a
high degree of pyramidalization around the phosphine as predicted by Bent’s rule, as previously
mentioned for the BINAP‐type ligand 113 (see 6.3.5). A good measure of the hybridization of
the phosphine is the sum of the angles subtended by the substituents, the smaller the angle the
higher the degree of pyrimidalization and the higher the relative contribution of the s‐orbital to
the lone pair, as illustrated in Figure 5.
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Figure 5. Correlation of the angles between the substituents and the s‐character of the lone pair in phosphines.

For P(1), the sum is 296.7° which is significantly smaller than for the corresponding
complex having a diphenylphosphino group instead of P(CF3)2 group with 302.5°. For P(2) the
sum is 314.3° which is significantly larger than for P(1). The ORTEP drawing of the X‐ray
structure of compound 128 is shown in Figure 6.

Figure 6. ORTEP drawing of the X‐Ray structure of compound 128. Hydrogen atoms are omitted for clarity, and
thermal ellipsoids are set to 30% probability.

The crystal structure of the corresponding palladium dichloro complex 133 depicted in
Figure 7 gave the first insight into the binding behavior of the bis(trifluoromethylated)
phosphine. The palladium shows a typical square planar coordination geometry with close to no
distortion, with an angle between the P2Pd and PdCl2 planes of 2.39°. The Pd‐P bond distances
are significantly different (2.2330(7) Å for P(1)‐Pd(1) and 2.3035(6) Å for P(2)‐Pd(1)).
Interestingly, the difference is much more pronounced than for the similar complex having a
diphenylphosphino instead of a bis(trifluoromethyl)phosphino group, where the two bond
distances are very similar with 2.2529(7) Å for the diphenyl‐phosphino and 2.2807(4) Å for the
dicyclohexylphosphino moiety.
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Figure 7. ORTEP drawing of the X‐Ray structure of compound 133. Hydrogen atoms are omitted for clarity, and
thermal ellipsoids are set to 30% probability.

The effect of a shortened P(1)‐Pd(1) bond and a lengthened P(2)‐Pd(1) bond is even more
pronounced in the case of complex 135, where the steric demand of P(2) is larger due to the
adamantyl substituents (bond distances of 2.2190(7) Å for P(1)‐Pd(1) and 2.3317(7) Å for
P(2)‐Pd(1), Figure 8). Furthermore, the complex shows a distorted square planar coordination
with an angle of 20.89° between the P2Pd and PdCl2 planes.
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Figure 8. ORTEP drawing of the X‐Ray structure of compound 135. Hydrogen atoms are omitted for clarity, and
thermal ellipsoids are set to 30% probability.

The cationic iridium cyclooctadiene complex 136, depicted in Figure 9, shows the
expected square planar coordination around the iridium atom. The COD ligand is twisted out of
the P2Ir plane by 36.96° (angle between the P2Ir plane and the one defined by Ir and the centers
of the double bonds). The bond length of the bis(trifluoromethyl)phosphino group to the metal,
P(1)‐Ir(1), is again significantly shorter than P(2)‐Ir(1) (2.2501(4) Å compared to 2.3405(5) Å).

Figure 9. ORTEP drawing of the X‐Ray structure of compound 136. Hydrogen atoms and the counter ion are
omitted for clarity, and thermal ellipsoids are set to 30% probability.
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As mentioned previously, the palladium allyl complex 138 exists as a mixture of different
diastereoisomers. Out of the 8 different possible diastereoisomeric forms only the exo‐syn‐syn
and the endo‐syn‐syn isomer can be found in the unit cell of the crystalline material. The
endo‐syn‐syn isomer of the diphenylallyl complex 138 is depicted in Figure 10. As commonly
observed for palladium π‐allyl diphosphine complexes, the metal centre is slightly distorted
square planar. The Pd‐P bonds are quite similar in length with P(3)‐Pd(2) being 2.320(2) Å and
slightly longer P(4)‐Pd(2) of 2.350(2) Å. One could expect a more distinct difference in bond
length due a more pronounced π‐backbonding to the π‐acidic P(3), which should lead to a
shortened P(3)‐Pd(2) bond. The absence of a considerable π‐backbonding is further supported
by the fact that the C‐C bond lengths within the allyl ligand are not significantly different with
C(70)‐C(69) = 1.41(1) Å and C(69)‐C(68) = 1.39(1) Å. In strong contrast, the Pd‐C bong lengths
differ significantly from each other with Pd(2)‐C(70) = 2.330(7) Å being significantly longer then
Pd(2)‐C(68) with 2.222(7) Å. The longer Pd‐C bond can be explained by trans influence of P(Cy)2,
which is more pronounced compared to P(CF3)2 due to its better σ‐donating properties.

Figure 10. ORTEP drawing of the X‐Ray structure of the endo‐syn‐syn isomer of compound 138. Hydrogen atoms
and the counter ion are omitted for clarity and thermal ellipsoids are set to 30% probability.

Similar trends for the bond lengths can also be observed for the exo‐syn‐syn isomer
depicted in Figure 11. The P(Cy)2 moiety again shows a slightly longer bond to palladium
compared to the P(CF3)2 moiety with P(2)‐Pd(1) being 2.360(2) Å and P(1)‐Pd(1) being 2.292(2)
Å. Also the C‐C bond lengths within the allyl ligand are not significantly different, i.e. the bond
lengths of C(27)‐C(28) and C(28)‐C(29) are 1.42(1) Å and 1.41(1) Å, respectively.
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Figure 11. ORTEP drawing of the X‐Ray structure of exo‐syn‐syn isomer of compound 138. Hydrogen atoms and the
counter ion are omitted for clarity and thermal ellipsoids are set to 30% probability.

The crystal structure of the palladium dichloro complex 139 derived from the bidentate
pyrazole ligand 131 shows a square planar coordination around the palladium center (Figure
12). The angle subtended by the planes P(1)‐N(2)‐Pd(1) and Pd(1)‐C(l1)‐Cl(2) is 2.42° showing
the nearly perfect planarity. The bond length between the nitrogen and the palladium
(N(2)‐Pd(1), 2.0379(1) Å) is much shorter than bond the length to phosphorus (P(1)‐Pd(1),
2.2344(1) Å). This is in good agreement with the literature.

Figure 12. ORTEP drawing of the X‐Ray structure of compound 139. Hydrogen atoms are omitted for clarity, and
thermal ellipsoids are set to 30% probability.
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In the cationic palladium chloro complex 140 of tridentate ligand 132 all three phosphino
groups are coordinated to the Pd(II) centre, with the chloride occupying the fourth coordination
site, trans to the cyclohexylphosphino fragment (Figure 13). The geometry around the
palladium is distorted square planar with all the cis‐P‐Pd(1)‐P angles greater than 90° and the
cis‐P‐Pd(1)‐Cl(1) angles smaller than 90°.

Figure 13. ORTEP drawing of the X‐Ray structure of compound 140. Hydrogen atoms and the counter ion are
omitted for clarity, and thermal ellipsoids are set to 30% probability.

6.4.4.

NMR Analysis

Ligands and complexes 123 and 128 to 141 all contain the NMR active nuclei 31P and 19F in
close proximity to each other and to the metal center. As mentioned previously, the analysis of
the corresponding spectra is not only useful for reaction monitoring but also provides structural
information through analysis of the heteronuclear coupling constants.
The 19F NMR spectra of 123 shows two sets of multiplets, each corresponding to one of
the diastereotopic CF3 groups. Careful analysis shows that both signals are doublet of quartets
arising from a 2JP,F = 69.7 Hz for one CF3 group and 2JP,F = 57.2 Hz for the other CF3 group.
Because of their diastereotopic nature their coupling constant to phosphorus is not identical
and they also couple to each other to give an additional quartet splitting with 4JF,F = 8.9 Hz. The
31
P NMR spectrum therefore shows a quartets of quartet for the bis(trifluoromethyl)phosphino
group.
The spectra for compound 128 are slightly more complex due to the introduction of an
additional phosphine, i.e an NMR active nucleus. The 19F NMR spectrum depicted in Figure 14
again shows two sets of multiplets. Compared to the NMR spectrum of 123, both signals show
now an additional coupling to the P(Cy)2 group, with a coupling of JP,F = 29.9 Hz for one of the
CF3 groups and JP,F = 4.6 Hz for the other giving a dqd and ddq for the other two signals
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respectively. Most probably, this can be attributed to through‐lone‐pair coupling, often
referred as through space coupling.

19

Figure 14. F NMR (282 MHz) spectrum of 128 in CD2Cl2, frequency given in ppm.

The 31P NMR spectrum now shows two sets of multiplets as seen in Figure 15. A broad
doublet of quartets at 23.7 ppm for the P(Cy)2 group arising from the through‐lone‐pair
coupling with another phosphorus atom (JP,P = 91.3 Hz) and a larger coupling to one of the CF3
groups (JP,F = 29.9 Hz). The coupling caused by the other CF3 group (JP,F = 4.6 Hz) is too small to
be observed. The second signal at ‐5.8 ppm of the P(CF3)2 group shows an additional coupling to
the other phosphine (JP,P = 91.3 Hz) compared to the signal in 123, giving a dqq structure.

31
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Figure 15. P{ H} NMR (121 MHz) spectrum of 128 in CD2Cl2, frequency given in ppm.

142

Trifluoromethylated Phosphines
As depticted in Figure 16, upon complexation with palladium dichloride, the spectra of
ligand 128 change drastically. The 19F NMR spectrum of 133 again shows two sets of multiplets,
but now no coupling to the remote P(Cy)2 group can be observed giving rise to a simple dq for
both signals arising from a 2JP,F and 4JF,F coupling, respectively.

19

Figure 16. F NMR (282 MHz) spectrum of 133 in CD2Cl2, frequency given in ppm.

Also the 31P spectrum is simplified, due to the absence of coupling between the two phos‐
phorus atoms. As shown in Figure 17, no cis‐2JP,P can be observed. Therefore, the P(Cy)2 group
gives rise to a singlet at 88.7 ppm and P(CF3)2 gives rise to a qq at 50.5 ppm. Both signals are
shifted to lower fields as commonly observed upon complexation.

31
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Figure 17. P{ H} NMR (121 MHz) spectrum of 133 in CD2Cl2 frequency given in ppm.
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As can be seen from Figure 18, the 31P NMR spectrum of the corresponding platinum di‐
chloro complex 134 shows a small cis coupling between the two phosphorus nuclei
(2JP,P = 16.4 Hz). More interestingly, the 195Pt isotope (34% natural abundance) is an NMR active
nucleus, giving rise to a large coupling between the phosphorus nuclei and platinum of 3129 Hz
for the P(Cy)2 group and 3996 Hz for the P(CF3)2 group, respectively, which can be observed as
satellite signals. The larger coupling between the bis(trifluoromethyl)phosphine and 195Pt can
be explained by the more pronounced s‐character of the corresponding bond. As previously
discussed, this can be attributed to the electron withdrawing CF3 groups bound to the
phosphorus atom.

31
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Figure 18. P{ H} NMR (121 MHz) spectrum of 134 in CD2Cl2 frequency given in ppm.

As previously mentioned, the diphenylallyl palladium complex 138, can in principle exist
in eight different diastereomeric forms. In the X‐ray structure, the exo‐ and endo‐syn‐syn
configuration were found. The distribution of the different isomers in solution was investigated
using NMR techniques. The system is highly dynamic and only at low temperature the iso‐
merisation is slow enough to detect the different isomers. The section of the allylic region of
the 1H NMR 700 MHz spectrum of palladium complex 138 is shown in Figure 19. The protons
could be assigned using a combination of several NMR techniques.
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1

Figure 19. H NMR (700 MHz) spectrum of 138 in CD2Cl2, frequency given in ppm.

As can be easily seen, the exo‐ and endo‐syn‐syn are also the predominant configurations
in solution. However, the exo‐ and endo‐anti‐syn configurations were also observed. The
relative contributions of the four isomers of palladium complex 138 in solution are shown in
Figure 20.

Figure 20. Predominant diastereomeric forms of complex 138 in solution.

The assignment of the allylic protons shown in Figure 19 was further supported by a 1H‐1H
COSY measurement. As seen in Figure 21 the cross‐peaks arise from coupling within the allylic
fragment of a particular isomer. As expected for a COSY measurement no exchange
phenomena can be observed.
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1

1

Figure 21. H‐ H COSY NMR (700 MHz) spectrum of 138 in CD2Cl2, frequency given in ppm.

In the corresponding 1H‐1H NOESY experiment (Figure 22) cross‐peaks arise from the
exchange between the endo‐syn‐syn and the exo‐anti‐syn configurational isomers. Also, the
exchange of the exo‐syn‐syn and the endo‐anti‐syn forms can be seen. However, the
concentration of the latter is very small and therefore the cross‐peaks are weak and not shown
in Figure 22.

1

1

Figure 22. H‐ H NOESY NMR (700 MHz) spectrum of 138 in CD2Cl2, frequency given in ppm.
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It is reasonable to assume that the syn‐anti palladium‐allyl isomerisation occurs via a
dynamic process involving carbon‐carbon bond rotation. The mechanism of this rotation is
proposed to involve a π‐σ isomerisation of the complex, and subsequent rotation around the
carbon‐carbon σ‐bond. Finally a σ‐π‐isomerisation leads to the product as shown in Figure 23.

Figure 23. Mechanism for the syn‐anti isomerisation.

Interestingly, the analogous palladium complex having a PPh2 instead of a P(CF3)2 group
shows a diastereomeric ratio of approximately 1:1 for the endo and exo‐syn‐syn and only traces
of the syn‐anti configuration. This might be attributed to the sterically less demanding CF3
groups compared to the phenyl substituents and the rather long Pd‐C bond trans to the P(Cy)2
group further reducing the steric crowding around the allyl moiety (Figure 10).
The ligand 132 of the Pigiphos‐type has a pseudo C2‐symmetric structure and give rise to
complex 19F and 31P NMR spectra. The 19F NMR spectrum shows four sets of multiplets, each
corresponding to one of the CF3 groups. A 19F‐19F correlation spectrum (Figure 24) shows that
the signals at ‐50.8 and ‐53.7 ppm and the signals at ‐51.1 and ‐53.1 ppm are strongly
correlated and are therefore arise from CF3 groups bound to the same phosphorus atoms.

19

19

Figure 24. F‐ F correlation NMR (659 MHz) spectrum of 132 in CD2Cl2, frequency given in ppm.
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This can also be seen from the 19F‐31P NMR correlation spectrum depicted in Figure 25.
The signals at ‐50.8 and ‐53.7 ppm show a correlation to the phosphorus nucleus at ‐3.4 ppm
whereas the signals at ‐51.1 and ‐53.1 ppm show a correlation to the phosphorus signal at
‐4.5 ppm. One of the CF3 groups of each P(CF3)2 moiety shows a correlation to the signal of the
P(Cy) group at 26.2 ppm. The coupling of the CF3 groups with the remote P(Cy) moiety most
probably occurs through‐lone‐pair rather than through‐bond interaction.

19
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Figure 25. F‐ P{ H} invert COSY NMR (659‐283 MHz) spectrum of 132 in CD2Cl2.

The corresponding cationic palladium chloro complex 140 again shows a simpler picture
(Figure 26). The through‐lone‐pair interactions are diminished. The two P(CF3)2 groups give rise
to dqqd signals. The large doublet splitting of about 440 Hz is in good accordance with a normal
trans‐2JP,P coupling. The quartet splittings arise from the coupling with the directly bound CF3
groups and the small doublet splitting of 37 and 6 Hz, respectively, can be assigned to cis‐2JP,P
couplings. The P(Cy) group therefore shows a doublet of doublets.
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Figure 26. P{ H} NMR (283 MHz) spectrum of 140 in CD2Cl2, frequency given in ppm.

The 31P NMR spectra of the similar platinum chloro complex (Figure 27) shows satellite
signals arising from coupling with the 195Pt isotope (1JPt,P) of 2955 and 2820 Hz, respectively, for
the P(CF3)2 groups and 2772 Hz for the P(Cy) group. Again, the electron deficient phosphines
show a larger coupling to platinum.

31
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Figure 27. P{ H} NMR (283 MHz) spectrum of 141 in CD2Cl2, frequency given in ppm.

149

Trifluoromethylated Phosphines

6.4.5.

Catalysis

With the ligands and the corresponding metal complexes in hand, we sought to test their
application in asymmetric catalysis. To compare the potential of the newly developed ligands
they were tested in benchmark reactions, carried out in our research group on regular basis.
The rhodium‐catalyzed hydrogenation of itaconic acid dimethyl ester in TFE at rt under an
atmosphere of hydrogen was carried out using 1 mol% of rhodium precursor, [Rh(COD) 2]PF6,
and 1.1 mol% of the ligand. Using the standard Josiphos ligand full conversion of the starting
material is obtained and the product shows an enantiomeric excess of 97%. Using the newly
developed ligand 128 under the same conditions the reaction is much slower and full
conversion is obtained after 13 h at rt. Moreover, the enantiomeric excess is low with only 37%
ee. Ligand 129, having bulky adamantyl substituents was somewhat faster and full conversion
was obtained within 6 h at rt. Interestingly, the enantioselectivity was reversed and 7% ee
favoring the (R)‐configuration were obtained as shown in Figure 28. In all cases the ligands had
R,S‐configuration.

Figure 28. Rhodium‐catalyzed reduction of itaconic acid dimethyl ester.

As second reaction, the‐palladium‐catalyzed allylic alkylation using methyl malonate was
investigated. Also this reaction is known with the standard Josiphos ligand. Using 0.5 mol% of
the palladium precursor and the Josiphos ligand the product is obtained in 99% yield in 2 h at rt
with an enantiomeric excess of 93%. Ligand 128 was tested using a higher catalyst loading of
5 mol%, under otherwise identical conditions. Also this reaction was much slower using ligand
128 and after 3 h at rt the desired product was obtained in only 11% yield in racemic form.

Figure 29. Palladium‐catalyzed allylic alkylation using methyl malonate.

The rhodium‐catalyzed hydroboration of styrene using the standard Josiphos ligand is also
reported in the literature to proceed with a moderate yield of 65% and a good
enantioselectivity of 92%. However, with the ligand bearing a bistrifluoromethylated phosphine
128 no conversion to the desired product could be observed under otherwise identical
conditions.

Figure 30. Attempted rhodium catalyzed hydroboration of styrene.

150

Trifluoromethylated Phosphines
The preliminary reactions carried out with the bistrifluoromethylated phosphines ligands
in general showed lower conversions and lower enantioselectivities compared with their non
fluorinated analogues. As previously mentioned, an electron‐deficient phosphine ligand should
enhance the rate of reductive elimination from a given metal complex in a higher oxidation
state such as Pd(II) or Rh(III), which might be beneficial for the outcome of the catalysis. On the
other hand, however, enhanced π‐backbonding to the trifluoromethylated phosphine stabilizes
lower oxidation states and might therefore decelerate the oxidative addition of a given
substrate. This could explain why the reactions are drastically slower using the newly developed
ligands. However, the reduced electron density at the metal center does not account for the
reduced enantioselectivity obtained using the bistrifluoromethylated phosphines compared to
normal Josiphos‐like ligands. This might be explained by the reduced steric demand of a bis‐
(trifluoromethyl)phosphine compared to a dialkyl‐ or diarylphosphine and/or the enhanced
pyramidalyzation previously discussed. The higher pyramidalyzation leads to a smaller cone
angle and therefore to a reduced steric demand around the phosphine which might lead to a
reduced enantiodiscrimination in the catalysis.

6.4.6.

Summary

In summary, we have demonstrated the high yielding synthesis of a novel chiral ligand
precursor 123 bearing a bis(trifluoromethyl)phosphino group. This precursor gave access to
several chiral, bidentate ligands having either a second more electron rich phosphine or a
pyrazole moiety as second donor. Furthermore, a tridentate ligand of the Pigiphos‐type bearing
two bis(trifluoromethyl)phosphino groups and a third phosphine donor was synthesized.
The ligands could be converted to different palladium, platinum, iridium and tungsten
complexes. X‐ray and NMR measurements allowed an analysis of the binding behavior of the
uncommon P(CF3)2 group. As a general trend, relatively short M‐P(CF3)2 bond distances were
found, which can be explained by the unique electronic and steric properties of this special
phosphino group. The analysis of the unique binding behavior of this group will help us to
design further ligands containing electron‐poor phosphines and their application in asymmetric
catalysis.
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6.4.7.

Outlook

As previously speculated, the newly developed ligands seem not to be suited for the
catalytic systems involving oxidative addition and reductive elimination cycles. Therefore, the
ferrocene‐based phosphines should be tested as ligands for metals acting as Lewis acid catalyst
in reactions, such as Nazarov cyclizations or the activation of carbonyl compounds. The
electron‐poor phosphines could further enhance the reactivity of the metal center. However,
since the bistrifluoromethylated phosphines do not seem to be suited for complexation to
nickel(II), different metals should be screened for this purpose.
Because the bistrifluoromethylated phosphines seem to stabilize the low oxidation state
and decelerate the oxidation of the metal often necessary in catalytic reactions, it would be
interesting to see if this problem could be overcome with phosphines bearing only one
trifluoromethyl group. However, for the ferrocene based ligands presented in this chapter this
would lead to P‐stereogenic phosphines. Their selective synthesis is often challenging,
nevertheless these compounds are currently under investigation in our research group.

152

Trifluoromethylated Phosphines

6.5.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]
[17]
[18]

[19]

[20]
[21]

[22]

[23]

[24]
[25]
[26]

Literature
I. Ruppert, Journal of Fluorine Chemistry 1985, 29, 98.
R. P. Singh, A. Vij, R. L. Kirchmeier, J. n. M. Shreeve, Inorganic Chemistry 1999, 39, 375.
I. Tworowska, W. D, aogon, bkowski, J. Michalski, Angewandte Chemie International
Edition 2001, 40, 2898.
P. Panne, D. Naumann, B. Hoge, Journal of Fluorine Chemistry 2001, 112, 283.
M. B. Murphy‐Jolly, L. C. Lewis, A. J. M. Caffyn, Chemical Communications 2005, 4479.
E. J. Velazco, A. J. M. Caffyn, X. F. Le Goff, L. Ricard, Organometallics 2008, 27, 2402.
J. J. Adams, A. Lau, N. Arulsamy, D. M. Roddick, Inorganic Chemistry 2007, 46, 11328.
A. K. Brisdon, C. J. Herbert, Chemical Communications 2009, 6658.
B. Hoge, C. Thösen, I. Pantenburg, Chemistry ‐ A European Journal 2006, 12, 9019.
T. Umemoto, S. Ishihara, Journal of the American Chemical Society 1993, 115, 2156.
P. Eisenberger, I. Kieltsch, N. Armanino, A. Togni, Chemical Communications 2008, 1575.
C. Gambs, S. Chaloupka, G. Consiglio, A. Togni, Angewandte Chemie International
Edition 2000, 39, 2486.
A. Schnyder, L. Hintermann, A. Togni, Angewandte Chemie International Edition in
English 1995, 34, 931.
J. J. Adams, N. Arulsamy, D. M. Roddick, Organometallics 2009, 28, 1148.
For reviews concerning the synthesis and applicaQon of BINAP‐type ligands see: a)P.
Kočovsky, S. Vyskočil, M. Smrčina, Chemical Reviews 2003, 103, 3213; b)M. Berthod, G.
Mignani, G. Woodward, M. Lemaire, Chemical Reviews 2005, 105, 1801; c)H. Shimizu, I.
Nagasaki, T. Saito, Tetrahedron 2005, 61, 5405.
L. C. Hsee, D. J. Sardella, Magnetic Resonance in Chemistry 1990, 28, 688.
F. B. Mallory, E. D. Luzik, C. W. Mallory, P. J. Carroll, Journal of Organic Chemistry 1992,
57, 366.
a)J. E. Peralta, V. Barone, R. H. Contreras, D. G. Zaccari, J. P. Snyder, Journal of the
American Chemical Society 2001, 123, 9162; b)I. E. Kareev, G. S. Quinones, I. V.
Kuvychko, P. A. Khavrel, I. N. Ioffe, I. V. Goldt, S. F. Lebedkin, K. Seppelt, S. H. Strauss, O.
V. Boltalina, Journal of the American Chemical Society 2005, 127, 11497.
a)A. B. Burg, Inorganic Chemistry 1978, 17, 2322; b)A. B. Burg, Inorganic Chemistry 1981,
20, 3731; c)G. R. Miller, Yankowsk.Aw, S. O. Grim, Journal of Chemical Physics 1969, 51,
3185.
S. D. Pastor, S. P. Shum, R. K. Rodebaugh, A. D. Debellis, F. H. Clarke, Helvetica Chimica
Acta 1993, 76, 900.
a)F. Ozawa, A. Kubo, Y. Matsumoto, T. Hayashi, E. Nishioka, K. Yanagi, K. Moriguchi,
Organometallics 1993, 12, 4188; b)K. Mikami, K. Aikawa, S. Kainuma, Y. Kawakami, T.
Saito, N. Sayo, H. Kumobayashi, Tetrahedron: Asymmetry 2004, 15, 3885.
a)R. Y. Li, Z. R. Li, D. Wu, Y. Li, W. Chen, C. C. Sun, Journal of Physical Chemistry A 2005,
109, 2608; b)Y. X. Lu, J. W. Zou, Y. H. Wang, Q. S. Yu, Chemical Physics 2007, 334, 1; c)Y.
X. Lu, J. W. Zou, Y. H. Wang, Q. S. Yu, International Journal of Quantum Chemistry 2007,
107, 1479.
a)A. N. M. M. Rahman, R. Bishop, D. C. Craig, M. L. Scudder, Organic & Biomolecular
Chemistry 2004, 2, 175; b)D. Swierczynski, R. Luboradzki, G. Dolgonos, J. Lipkowski, H. J.
Schneider, European Journal of Organic Chemistry 2005, 1172.
T. P. Radhakrishnan, I. Agranat, Structural Chemistry 1991, 2, 107.
H. A. Bent, Chemical Reviews 1961, 61, 275.
J. E. True, T. D. Thomas, R. W. Winter, G. L. Gard, Inorganic Chemistry 2003, 42, 4437.

153

Trifluoromethylated Phosphines
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]

[35]

A. Togni, C. Breutel, A. Schnyder, F. Spindler, H. Landert, A. Tijani, Journal of the
American Chemical Society 1994, 116, 4062.
P. Barbaro, A. Togni, Organometallics 1995, 14, 3570.
a)H. U. Blaser, W. Brieden, B. Pugin, F. Spindler, M. Studer, A. Togni, Topics in Catalysis
2002, 19, 3; b)H.‐U. Blaser, B. Pugin, in Handbook of Asymmetric Heterogeneous
Catalysis (Ed.: P. D. Y. U. Prof. Dr. Kuiling Ding), 2008, pp. 413 and references therein.
L. Fadini, A. Togni, Chemical Communications 2003, 30.
a)A. D. Sadow, I. Haller, L. Fadini, A. Togni, Journal of the American Chemical Society
2004, 126, 14704; b)A. D. Sadow, A. Togni, Journal of the American Chemical Society
2005, 127, 17012.
I. Walz, A. Togni, Chemical Communications 2008, 4315.
U. Burckhardt, L. Hintermann, A. Schnyder, A. Togni, Organometallics 1995, 14, 5415.
a)P. E. Blochl, A. Togni, Organometallics 1996, 15, 4125; b)U. Burckhardt, V. Gramlich, P.
Hofmann, R. Nesper, P. S. Pregosin, R. Salzmann, A. Togni, Organometallics 1996, 15,
3496; c)A. Togni, U. Burckhardt, V. Gramlich, P. S. Pregosin, R. Salzmann, Journal of the
American Chemical Society 1996, 118, 1031.
G. Pioda, A. Togni, Tetrahedron: Asymmetry 1998, 9, 3903.

154

General Conclusion and Outlook

7.

General Conclusion and Outlook

This thesis reports the application of the hypervalent iodine reagents 1 and 2 developed
in our group (Scheme 1). The reagents have previously been used for the electrophilic trifluoro‐
methylation of soft nucleophiles such as thiols, β‐keto esters, α‐nitro esters and phosphines.
However, the reagents remained unreactive towards the trifluoromethylating of hard nucleo‐
philes such as alcohols.

+

Scheme 1. Hypervalent iodine based reagents 1 and 2 as source of the CF3 ‐fragment.

Whereas increasing the nucleophilic character of the nucleophiles was unsuccessful, it
was shown that inertness of the reagent 1 and 2 towards hard nucleophiles could be overcome
by increasing their electrophilic character.
For the electrophilic trifluoromethylation of aliphatic alcohols reagent 1 was activated
using a strongly oxophilic Lewis acid, Zn(NTf2)2. Similarly, the trifluoromethylation of sulfonates
was achieved using Brønsted acid mediated activation of either reagent. The assumption that
the reaction takes place via activation of the hypervalent iodine reagents was proven X‐ray
diffraction, MS, NMR spectroscopy and kinetic studies.

Scheme 2. In situ generation of highly reactive trifluoromethyl iodonium species.

As outlined in Scheme 2 the activation is an elegant way for the in situ generation of
highly reactive cationic trifluoromethyl iodonium reagents from bench stable, easily handled 1
and 2. This is especially remarkable because several research groups have previously failed in
the synthesis of trifluoromethyl iodonium compounds for electrophilic trifluoromethylation due
to their instability.
However, on account of the increased reactivity of the activated reagents, the trifluoro‐
methylations become less selective. For the trifluoromethylation of alcohols it is therefore
necessary to use an excess of the nucleophile to prevent undesired side reactions. Even though
the excess alcohol is not consumed it would be desirable to perform the reaction with an
equimolar amount of the nucleophile. Further investigations will reveal the full potential of the
reagents for the synthesis of highly sought‐after trifluoromethyl ethers.
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The activation of the reagent via coordination to a Lewis or Brønsted acids is not only
suited for the trifluoromethylation of oxygen‐centered, hard nucleophiles such as alcohols and
sulfonates but can also be applied to softer, carbon‐centered nucleophiles such as silyl ketene
acetals. Preliminary results show the broad applicability of this method to a variety of
nucleophiles such as silyl enol ethers, silyl nitronates, silyl acetylenes, allyl tin reagents,
phosphoric acids, thio phosphoric acids, nitriles and nitrogen heterocycles giving trifluoro‐
methylated compounds which are otherwise difficult to access. These reactions are currently
under further investigation in the research group.

Figure 1. Nucleophiles for electrophilic trifluoromethylation currently investigated by the research group.

As shown in this dissertation, the reagents 1 and 2 are suitable for diastereoselective
trifluoromethylation. However, the interesting and, as previously shown, challenging aspect of
an enantioselective electrophilic trifluoromethylation remains to be dealt with. Since the
activation of the reagents can be achieved using catalytic amounts of Lewis acid, it would be
interesting to see if chiral Lewis acids are suitable for the application of reagent 1 or 2 in an
enantioselective process. The trifluoromethylation of ketene silyl acetals presented in this
thesis could serve as ideal model system due to the fact that good yields can be achieved with
only low catalyst loadings (approx. 1 mol%) and nearly no background reaction.
The profoundly detailed mechanistic framework developed for the trifluoromethylation
of alcohols and sulfonic acids with reagents 1 and 2 can probably be extended to carbon‐
centered nucleophiles but does not entirely explain the fast reactions observed with thiols or
phosphines. We assume that the key step using soft nucleophiles is different from that for hard
nucleophiles. Whereas in the case hard nucleophiles cleavage of the iodine‐oxygen bond is
critical, in the case of soft nucleophiles, arrival of the substrate at the iodine(III) seems to be
vital (Scheme 3). As a consequence the iodine‐oxygen bond is broken and transfer of the CF3
group may follow.

Scheme 3. Hypothesis for the reaction mechanism for soft nucleophiles such as thiols.
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In this context it is especially interesting to note that the double trifluoromethylation of
primary phosphines, which has been successfully applied for the synthesis BINAP‐type and
ferrocene based ligands, was achieved using strong amine bases.
The newly developed ligands have not yet proven their usefulness in asymmetric
catalysis, which was mainly attributed to the electron deficient phosphines, stabilizing low
oxidation states and therefore slowing the rate of oxidative additions. However, ligands
containing a bistrifluoromethyl phosphino group are new and relatively unexplored in the field
of asymmetric ligand design. Therefore, this functionality is currently under further
investigation in the research group and is showing unexpected reactivity.
In conclusion, we have shown that the hypervalent iodine compounds 1 and 2 are indeed
general, practical and powerful trifluoromethylating agents capable of transferring a CF3 group
in a formally electrophilic fashion to a wide range of substances. Furthermore a detailed
mechanistic understanding was developed showing a remarkable mechanistic consistency over
the wide range of possible substrates.
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8.

Experimental Procedures

8.1.

General Remarks

8.1.1.

Techniques

If not otherwise mentioned all manipulations were carried out using flame dried (150 °C)
glass ware with magnetic stirring under an inert atmosphere of argon or in a dry box under an
atmosphere of dinitrogen. Unless explicitly indicated the solvents were freshly distilled from an
appropriate drying agent and degassed if necessary (by either 3 freeze‐pump‐taw cycles, or by
saturating with argon using vacuum/argon cylces): THF, Et2O, n‐hexane from
Na/benzophenone; n‐pentane from Na/benzophenone/diglyme; MeOH, EtOH, CH2Cl2, MeCN
from CaH2; toluene from Na. Dry benzene and DMF were purchased in sealed containers and
used without further purification. Deuterated solvents were bulb‐to‐bulb distilled from a drying
agent and degassed by three freeze‐pump‐taw cycles: [D2]‐CH2Cl2 and [D3]‐MeCN from CaH2.
Neutral aluminum oxide activity I was purchased from ICN Biomedicals GmbH and silica
gel 60 (230 – 400 mesh) from Fluka. TLC‐plates were obtained from Merk (silica gel 60 F254,
aluminum oxide 60 F254). Solvents for FC or TLC were of puriss p.a. grade: MeOH and CHCl3.
Technical grade solvents were purified using Rotavap distillation for: TBME, CH2Cl2, EtOAc, n‐
pentane, n‐hexane, cyclohexane. NEt3 was of technical grade and used as received. TLC stains
were prepared according to literature methods.

8.1.2.

Analytics

Melting points were measured on a Büchi Melting Point B‐540 apparatus. Temperatures are
given in degree Celsius (°C) and are uncorrected. Optical rotations were determined using a
Perkin Elmer 341 polarimeter equipped with a 10 cm cell at a concentration of 1 g substance
per 100 mL (c = 1.0) in the given solvent. NMR spectra 1H‐NMR Spectra were recorded on a
Bruker AC‐200 (operating at 200.1 MHz), a Bruker DPX‐300 (operating at 300.1 MHz), a Bruker
DPX‐400 (operating at 400.13 MHz), a Bruker DPX‐500 (operating at 500.23 MHz) ,or a Bruker
DPX‐700 (operating at 700.13 MHz); 13C‐NMR Spectra on a Bruker DPX‐300 (operating at 75.5
MHz), a Bruker DPX‐400 (operating at 100.62 MHz), a Bruker DPX‐500 (operating at 125.8 MHz)
,or a Bruker DPX‐700 (operating at 176.5 MHz); 19F‐NMR spectra on a Bruker AC‐200 (at 188.3
MHz), Bruker DPX‐300 (operating at 282.4 MHz), a Bruker DPX‐400 (operating at 376.5 MHz), or
a Bruker DPX‐700 (operating at 700.13 MHz); 1H NOESY and 1H COSY Spectra on a Bruker DPX‐
300 (operating at 300.1 MHz), a Bruker DPX‐500 (operating at 500.23 MHz) ,or a Bruker DPX‐
700 (operating at 700.13 MHz); 13C‐1H HMQC and 13C‐1H HMBC Spectra on Bruker DPX‐300
(operating at 75.5 MHz respective 300.1 MHz), a Bruker DPX‐400 (operating at 100.62 MHz
respective 400.13 MHz), a Bruker DPX‐500 (operating at 125.8 MHz respective 500.23 MHz) ,or
a Bruker DPX‐700 (operating at 176.5 MHz respective 700.13 MHz); 15N‐1H HMQC Spectra on a
Bruker DPX‐400 (operating at 40.56 MHz respective 400.13 MHz) or a Bruker DPX‐700
(operating at 70.97 MHz respective 700.13 MHz); 15N‐19F HMQC Spectra on a Bruker DPX‐400
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(operating at 40.56 MHz respective 376.5 MHz); 15N‐13C HMQC Spectra on a Bruker DPX‐400
(operating at 40.56 MHz respective 100.62 MHz); 19F‐1H HOESY Spectra on a Bruker DPX‐400
(operating at 376.5 MHz respective 400.13 MHz).
The samples were measured as solutions in the stated solvent at ambient temperature in
non‐spinning mode if not mentioned otherwise. To specify the signal multiplicity, the following
abbreviations are used: b = broad, s = singlet, d = doublet, t = triplet, q = quartet, qu = quintet,
sep = septuplet and m = multiplet. Shifts δ are reported in parts per million (ppm) relative to
tetramethylsilane (TMS) as an external standard for 1H and 13C NMR spectra and calibrated
against the solvent residual peak. For 19F NMR spectra, CFCl3 and for 31P spectra H3PO4 (85%),
respectively were used as an external standards. Coupling constants J are given in Hertz (Hz).
HPLC analyses were run on either an Agilent Series 1100 (detector: DAD) or on a Hewlett
Packard 1050 (detector: MWD) at three different wave lengths (210, 230, 254 nm) using the
specified columns (OD‐H, length: 25 cm, inner diameter: 4.6 mm, particle size: 5 μm), flow rate
of the solvent (mL/min), ratio of hexanes/i‐PrOH, and sample injection volume (μL; sample
concentration approximately 1 mg/mL). Retention times tR are stated in minutes (min). GC‐MS
measurements were performed on a Thermo Finigan Trace GC 2000/Trace MS equipped with a
Phenomenex Zebron ZB‐5 column (length: 30 m, 0.25 mm inner diameter, 0.25 μm coating
thickness) coupled to a quadrupole mass filter. Helium was used as the carrier gas with a
constant flow of 1.2 mL/min. Separation of the injected species was achieved using the denoted
temperature program and retention times tR are given in minutes (min). High resolution mass‐
spectra were measured by the MS‐Service des Labors für organische Chemie, ETH Zürich.
Fragment signals are given in mass per charge number (m/z). Elemental analyses were carried
out by the Mikroelementanalytisches Laboratorium der ETH Zürich. The content of the specified
element is expressed in percent (%).
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8.1.3.

Chemicals

Already reported compounds are assigned their corresponding CAS number if available. If not

mentioned otherwise commercial available compounds were obtained from ABCR, Acros,
Aldrich, Fluka, Lancester, PanGas and Senn Chemicals and used as received.
KBArF24[1] (replacing all sodium by potassium salts), BArF24 acid[2] (using KBArF24 instead of
NaBArF24),
(‐)‐8‐phenylmenthol
chloracetate
(93)[3],
(‐)‐8‐phenylmenthol
(94)[3],
[PdCl2C(COD)][4], [PtCl2(COD)][5], [Ir2(COD)2Cl2][6], (R)‐1,1'‐binaphthyl‐2,2'‐diyl bis(trifluoro‐
methanesulfonate) (116)[7], (R)‐2‐(diphenylphosphoryl)‐1,1'‐binaphthyl‐2'‐yl trifluoromethane‐
sulfonate (115)[7] and (R)‐2‐(diphenylphosphino)‐1,1'‐binaphthyl‐2'‐yl trifluoromethane‐
sulfonate (119)[8] were synthesized as reported in literature. 2‐naphthylphosphine, di‐
adamantylphosphine and [Rh(COD)2]PF6 was kindly provided by J. Bürgler.
[Pd2Br2(diphenylallyl)2] was kindly provided by R. Rochat.
Reactions presented starting from (R)‐Ugi’s amine, (RC)‐[1‐(dimethylamino)ethyl]‐
ferrocene), were also carried out with (S)‐Ugi’s amine, (SC)‐[1‐(dimethylamino)ethyl]ferrocene),
giving the opposite enantiomers having the same physical properties.

8.2.

Hypervalent Iodine Reagents

2‐(2‐Iodophenyl)propan‐2‐ol. (36) A 3‐L three‐neck round‐bottomed flask
equipped with a reflux condenser with an argon inlet, a 500‐mL dropping funnel
with a rubber septum, a rubber septum and a Teflon coated magnetic stirring bar
was charged with magnesium turnings (55.8 g, 2.30 mol, 3.00 eq). The vessel and
the Mg turnings were flame dried under vacuum and maintained under an atmosphere of
argon during the course of the reaction. To the Mg turnings Et2O (150 mL) was added. The
dropping funnel was charged with a solution of MeI (10 mL, 0.16 mol, 0.21 eq) in Et2O (25 mL)
by means of a syringe. The solution was added dropwise to the Mg turnings. After the reaction
started the remaining MeI (90 mL, 1.45 mol, 1.89 eq) and further Et2O (200 mL) were added the
dropping funnel and an additional Et2O (100 mL) is added to the reaction mixture. The addition
of the MeI solution was continued at a rate to maintain the mixture at a gentle reflux. After the
addition was completed the reaction mixture was allowed to cool to ambient temperature. The
brownish reaction mixture is decanted via Teflon canula through the septa into a previously
dried 5‐L three‐necked round‐bottomed flask equipped with a reflux condenser with argon
inlet, an overhead stirrer and a rubber septum. The remaining magnesium turnings are washed
with Et2O (2 x 50 mL). The Grignard‐solution was cooled to 0 °C (ice/H2O bath). The rubber
septum was replaced in counter flow of argon with a 250‐mL dropping funnel. The dropping
funnel was charged with a solution of methyl 2‐iodobenzoate (113 mL, 0.765 mol, 1.00 eq) in
Et2O (150 mL) by means of a syringe. The solution was added dropwise under vigorous stirring.
Additional Et2O (2 x 50 mL) was used to rinse the dropping funnel. The reaction mixture was left
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in the cooling bath and allowed to warm up to ambient temperature over night (15 h). The
brown suspension was heated gently to reflux for 1 h, recooled to 0 °C (ice/H2O) and treated
dropwise with a saturated aqueous NH4Cl solution (approx. 750 mL). H2O (approx. 2.5 L) was
added until all the solid material dissolved. The organic phase was separated and the aqueous
phase was extracted with MTBE (5 x 500 mL). The combined ethereal phases were washed with
brine, dried over K2CO3, filtered and the solvent was evaporated on a rotary evaporator and the
residue dried under vacuum. The crude compound 2‐(2‐iodophenyl)propan‐2‐ol is obtained as a
brownish oil and was purified using bulb‐to‐bulb distillation under high vacuum @ 100 – 110 °C
to give a clear, slightly yellow oil (178 g, 89%) which solidified in the freezer. 1H NMR (300 MHz,
CDCl3): δ = 1.77 (s, 6H, CH3), 2.69 (br s, 1H, OH), 6.91 (t, 3JH,H = 7.8 Hz, 1H, CHarom.), 7.34 (t, 3JH,H =
7.8 Hz, 1H, CHarom.), 7.65 (d, 3JH,H = 7.8 Hz, 1H, CHarom.), 7.98 ppm (d, 3JH,H = 7.8 Hz, 1H, CHarom.).
CAS 69352‐05‐2.

1‐Chloro‐1,3‐dihydro‐3,3‐dimethyl‐1,2‐benziodoxole (34). A 100‐mL two‐
necked round‐bottomed flask was equipped with an argon inlet, a Teflon coated
magnetic stirring bar and a rubber septum and was protected from light by
means of aluminum foil. 2‐(2‐iodophenyl)propan‐2‐ol (18.2 g, 69.4 mmol, 1.00
eq) was added and the flask was purged with argon. CH2Cl2 (60 mL) is added under counter flow
of argon and the flask is cooled to 0 °C. tert‐Butyl hypochlorite (7.50 mL, 72.2 mmol, 1.01 eq)
was added during 20 sec to this solution in the dark by means of a syringe. Stirring over night
(14.5 h) gave rise to a bright yellow orange solution. The solution was concentrated at the
Rotavap and further dried under vacuum at room temperature for 30 min. The yellowish
residue was then dissolved in the minimum amount of hot CH2Cl2 necessary (approx. 50 mL) to
give a bright yellow solution. Upon cooling in the freezer large yellow crystals were formed and
subsequently filtered off (10.1 g, 34 mmol). The mother liquor was layered with pentane (50
mL) and cooled in the fridge over night (14 h) leading to the formation of another crop of
yellow crystals, which are then filtered off (7.4 g, 25 mmol). The combined crystals are dried
under vacuum to give compound 34 (17.5 g, 59 mmol, 85%) as bright yellow crystals. If a lower
yield is obtained the crystallization process should be repeated. 1H NMR (300 MHz, CDCl3): δ =
1.54 (s, 6H, CH3), 7.16 (m, 1H, CHarom.), 7.53 (m, 2H, CHarom.), 8.01 ppm (m, 1H, CHarom.). CAS
69352‐04‐1.

1‐Trifluoromethyl‐1,3‐dihydro‐3,3‐dimethyl‐1,2‐benziodoxole. (2) A 250‐mL
Schlenk equipped with a large Teflon coated magnetic stirring bar and a rubber
septum was flame dried under vacuum and maintained under an atmosphere
of argon during the course of the reaction. The Schlenk was charged with dry
KOAc (6.66 g, 67.9 mmol, 1.68 eq) which was further dried under vacuum using a heatgun.
Compound 34 (11.94 g, 40.3 mmol, 1.00 eq) was added in a counter flow of argon and MeCN
(100 mL) was added by means of a syringe. The yellow suspension was vigorously stirred for 1 h
at ambient temperature. A 500‐mL round‐bottomed Schlenk‐flask equipped with a Schlenk‐frit
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with a rubber septum and a Teflon coated magnetic stirring bar was flame dried under vacuum
and maintained under an atmosphere of argon. The now white suspension was filtered into the
Schlenk‐flask via a Teflon canula. The first Schlenk and the white solid in the filter were washed
with additional MeCN (2 x 30 mL) to give a clear, almost colourless solution. The Young filter
was replaced by a rubber septum under a counter flow of argon. Further MeCN (50 mL) was
added to the clear solution. The solution was cooled to –17 °C (cryostat/iPrOH) under vigorous
stirring upon which the acetoxy intermediate started to precipitate giving a white suspension.
Me3SiCF3 (9.16 mL, 62.0 mmol, 1.54 eq) was added, followed by dropwise addition of a
solution of tetrabutylammonium difluorotriphenylsilicate (0.065 g, 0.120 mmol, 0.3 mol%) in
MeCN (2 mL). The reaction mixture is stirred for 16 h at –17 °C, then warmed to –12 °C, at
which temperature further Me3SiCF3 (1.31 mL, 8.9 mmol, 0.22 eq) was added. The clear,
orange‐brown reaction mixture was warmed to ambient temperature over 3 h and then stirred
at ambient temperature for further 3 h. The volatile components of the mixture are removed at
the Rotavap and then dried under vacuum for approx. 15 min to give a slightly orange‐brownish
solid. Dry n‐pentane (150 mL) was added to the remaining brown cristaline solid giving an
almost clear solution. A 250‐mL Schlenk equipped with a Young‐Filter (5.5 cm diameter) with a
1.0 cm pad of dry Alox and a rubber septum is carefully flame dried under vacuum and then
maintained under argon. The pentane solution was filtered through the pad of Alox via a Teflon
canula into the Schlenk to give a clear colourless solution. The Young‐Filter was replaced by a
rubber septum. The Schlenk was then placed in a water bath (rt) and the solution is
concentrated to dryness under vacuum to give compound 2 (11.8 g, 35.8 mmol, 89%) as a white
solid.1H NMR (300 MHz, CDCl3) δ = 1.46 (s, 6H, CH3), 7.39 (m, 2H, CHarom.), 7.51 ppm (pseudo t,
3
JH,H = 6.9 Hz, 2H, CHarom.). CAS 887144‐97‐0.

1‐Hydroxy‐1,2‐benziodoxol‐3‐(1H)‐one (32). A 1‐L single neck round‐bottom
flask was equipped with a Teflon coated magnetic stirring bar and charged with
2‐iodobenzoic acid (25.3 g, 0.102 mol, 1.00 eq), which was suspended in water
(300 mL). NaIO4 (49.0 g, 0.229 mol, 2.25 eq) was added in one portion. A
Dimroth condenser was attached and the mixture was heated to reflux for 18 h under air. After
cooling to ambient temperature, water (100 mL) and conc. H2SO4 (3 mL) were added to the
suspension and stirring was continued for 30 min. The white precipitate was filtered off,
washed with ice‐cold water (2 × 50 mL) and dried under high vacuum to give 1‐hydroxy‐1,2‐
benziodoxol‐3‐(1H)‐one (25.8 g, 97.9 mmol, 96%). 1‐Hydroxy‐1,2‐benziodoxol‐3‐(1H)‐one is
hardly soluble in organic solvents or water. The purity can easily be checked by the
characteristic violent decomposition point at 235 °C. CAS 131‐62‐4.
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1‐Trifluoromethyl‐1,2‐benziodoxol‐3(1H)‐one (1). A 250‐mL Schlenk round
bottomed flask equipped with a Teflon coated magnetic stirring bar was
charged with 1‐hydroxy‐1,2‐benziodoxol‐3‐(1H)‐one (20.0 g, 75.8 mmol, 1.00
eq) and set and maintained under an atmosphere of argon during the course
of the reaction. Ac2O (41.7 mL, 568 mmol, 7.5 eq) was added via syringe and the suspension is
heated to 140 °C (oil bath temperature) and stirred for further 10 min until a clear, slightly
yellow solution is obtained. Upon cooling, white crystals began to separate and cooling was
continued to –20 °C for 4 h. The cold solution was decanted; the crystals dried under vacuum
overnight (15 h) under vigorous stirring. The resulting white powder was identified as 1‐
acetoxy‐1,2‐benziodoxol‐3‐(1H)‐one, which was then suspended in dry MeCN (80 mL), TMSCF3
(18.1 mL, 114 mmol, 1.50 eq) was added via syringe followed by dry CsF (230 mg, 1.52 mmol, 2
mol%), which was added in a counter flow of argon. The suspension turned slightly purple and
was vigorously stirred at ambient temperature overnight (15 h). The now brown suspension
(brown solution and off‐white solid) were cooled to ‐18 °C in a freezer. The solid was filtered off
and washed with little MeCN (5 mL, ‐18 °C). The mother liquor was concentrated at the
Rotavap*. The filter cake was dried under vacuum for 15 min the remove remaining MeCN and
then filtered over silica gel using a 9:1 mixture of CHCl3/MeOH (approx. 600 mL) to give a clear
colourless solution which was concentrated at the Rotavap and further dried at high vacuum to
give a crystalline white solid (18.1 g, 76%). An additional crop can be obtained by flash column
chromatography (SiO2, CH2Cl2/MeOH = 15:1) of the previously concentrated mother liquor*.
However, the yield of this crop is highly variable. 1H NMR (300 MHz, CDCl3): δ = 2.22 (s, 3H,
CH3), 7.67 (t, 3JH,H = 7.2 Hz, 1H, CHarom.), 7.87 – 7.98 (m, 2H, CHarom.), 8.19 ppm (d, 3JH,H = 7.5 Hz,
1H, CHarom.). CAS 887144‐94‐7.
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8.3.

Trifluoromethylation of Alcohols

Bis(1,1,1‐trifluoro‐N‐(trifluoromethylsulfonyl)methylsulfonamido)zinc,
Zn(NTf2)2. HN(Tf2)2 (930 mg, 3.31 mmol, 11.0 eq) was dissolved in 15 mL of
deionised water. [Zn(CO3)2(Zn(OH)2)3], basic zinc carbonate, (0.165 g,
0.933 mmol, 1.00 eq) was carefully added as a solid to the clear solution.
Formation of CO2 was observed and the reaction mixture was heated to
80 °C over night. After cooling to rt the water was distilled off at vacuo to give a white powder.
The resulting residue was dried at HV over night at 60 °C to yield 904 mg (96%) of a white
powder. The purity was checked using elemental analysis. The product is highly hygroscopic
and has to be stored under a dry atmosphere. 19F NMR (CDCl3, 282 MHz): δ = ‐78.2 (s, CF3, 12F).
EA calcd (%) for C4F12N2O8S4Zn (625.67): C 7.68, N 4.48, F 36.44; found: C 7.43, N 4.65, H 0.23.

(3‐Trifluoromethoxy‐propyl)‐benzene. Reagent 1 (63 mg, 0.20 mmol,
1.00 eq) was combined with Zn(NTf2)2 (125 mg, 0.20 mmol, 1.00 eq) in
3‐phenyl‐1‐propanol (2.0 mL, 14.7 mmol, 73.5 eq). The mixture was
stirred for 24 h at rt. (Trifluoromethyl)benzene (10 µL, 81.4 μmol) was added as internal
standard and the yield was calculated to be 99% from 19F NMR integrals. The reaction mixture
was purified by flash column chromatography (SiO2, pentane/Et2O = 95:5) to yield 33 mg (81%)
of the title compound as colorless oil which can be sublimed at 150 mbar @ 100 °C. Rf = 0.65
(pentane/Et2O = 95:5). 1H NMR (CDCl3, 300 MHz): δ = 7.33‐7.21 (m, 5H), 3.99 (t, J = 5.9, 2H),
2.76 (t, J = 7.5, 2H), 2.04 ppm (t, J = 6.9 Hz, 2H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ = 140.6,
128.5, 128.4, 126.2, 121.7 (q, 1JC,F = 254 Hz, CF3), 66.5 (q, 3JC,F= 3.2, COCF3), 31.5, 30.3 ppm.
19
F NMR (CDCl3, 188 MHz): δ = ‐60.3 ppm. HRMS (EI) calcd (m/z) for C10H11F3O: [M+] 204.0762,
found: 204.0757. CAS 149054‐29‐5.

(1‐Methoxy‐2‐trifluoromethoxy‐ethyl)‐benzene. Reagent 1 (63 mg,
0.20 mmol, 1.00 eq) was combined with Zn(NTf2)2 (125 mg, 0.20 mmol,
1.00 eq) in (±)‐2‐Methoxy‐2‐phenylethanol (2.2 mL, 15.3 mmol, 76.7 eq).
The mixture was stirred for 24 h at rt. (Trifluoromethyl)benzene (10 μL,
81.4 μmol) was added as internal standard and the yield was calculated to be 92% from 19F
NMR integrals. The reaction mixture was purified by flash column chromatography (SiO2,
pentane/Et2O = 95:5) to yield 33 mg (75%) of the title compound as colorless oil. Rf = 0.58
(pentane/Et2O = 95:5). 1H NMR (CDCl3, 300 MHz): δ = 7.38‐7.31 (m, 5H), 4.43 (dd, J = 8.1, 3.6,
1H), 4.07 (dd, J = 10.5, 8.1, 1H), 3.95 (dd, J = 10.5, 3.6, 1H), 3.30 ppm (s, 3H). 13C{1H} NMR
(CDCl3, 63 MHz): δ = 136.9, 128.8, 128.7, 126.9, 121.6 (q, 1JC,F = 255 Hz, CF3), 81.2, 70.5 (q, 3JC,F =
2.9 Hz, COCF3), 57.1. 19F NMR (CDCl3, 188 MHz): δ = ‐60.7 ppm. HRMS (EI) calcd (m/z) for
C10H11F3O2: [MNa+] 243.0609, found: 243.0603.
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6,6‐Dimethyl‐2‐(2‐trifluoromethoxy‐ethyl)‐bicyclo[3.1.1]hept‐2‐ene.
Reagent 1 (63 mg, 0.20 mmol, 1.00 eq) was combined with Zn(NTf2)2 (125
mg, 0.20 mmol, 1.00 eq) in (–)‐nopol (2.6 mL, 15.2 mmol, 76 eq). The
mixture was stirred for 24 h at rt. (Trifluoromethyl)benzene (10 μL, 81.4
μmol) was added as internal standard and the yield was calculated to be
62% from 19F NMR integrals. The reaction mixture was purified by flash column chromato‐
graphy (SiO2, pentane/Et2O = 95:5) to yield 15 mg of title compound (not pure, contaminated
with starting material). Rf = 0.63 (pentane/Et2O = 95:5). 1H NMR (selected signals, CDCl3, 300
MHz): δ = 5.31 (bs, 1H), 3.93 (t, J = 7.2, 2H), 2.33‐2.00 (m, 5H), 1.26 (s, 3H), 0.81 ppm (s, 3H).
13 1
C{ H} NMR (selected signals, CDCl3, 75.5 MHz): δ = 142.9, 119.4, 65.6, 45.6, 40.8, 36.0, 31.6,
31.3, 26.2, 21.0 ppm. 19F NMR (CDCl3, 282 MHz): δ = ‐60.6 ppm. GC‐MS (m/z): 234.12, 190.08,
105.08.

1‐Nitro‐4‐trifluoromethoxymethyl‐benzene.
4‐Nitrobenzyl
alcohol
(191 mg, 1.25 mmol, 5.00 eq) was combined with reagent 1 (79 mg,
0.25 mmol, 1.00 eq) and Zn(NTf2)2 (47 mg, 75 μmol. 0.30 eq). The mixture
was dissolved in CDCl3 (1 mL) and stirred for 18 hours at rt. (Trifluoromethyl)benzene (10 μL,
81.4 μmol) was added as internal standard and the yield was calculated to be 12% from 19F
NMR integrals. The brownish reaction mixture was concentrated and purified by flash column
chromatography (SiO2, pentane/Et2O = 9:1) to yield 3.9 mg (7%) of the title compound as
colorless oil. 1H NMR (CDCl3, 500 MHz): δ = 8.26 (dm, J = 8.6, 2H), 7.55 (dm, J = 8.6, 2H), 5.10
ppm (s, 2H). 13C{1H} NMR (CDCl3, 125.8 MHz): δ = 148.6 (br, CArNO2), 141.3, 128.5, 124.4, 122.0
(q, 1JC,F = 256, CF3), 67.8 ppm (q, 3JC,F = 3.6, CH2OCF3). 19F NMR (CDCl3, 282 MHz): δ = ‐60.8 ppm.
HRMS (EI) calcd (m/z) for C8H6F3NO3: [M+] 221.0300, found: 221.0298.

1‐Trifluoromethoxymethyl‐adamantane.
1‐(Hydroxymethyl)adamantane
(210 mg, 1.26 mmol, 5.00 eq) was combined with reagent 1 (80 mg,
253 μmol, 1.00 eq) and Zn(NTf2)2 (80 mg, 128 μmol, 0.50 eq). The mixture
was dissolved in CDCl3 (1.5 mL) and stirred for 2 days at rt. (Trifluoromethyl)benzene (10 μL,
81.4 μmol) was added as internal standard and the yield was calculated to be 55% from 19F
NMR integrals. The reaction mixture was concentrated and purified by flash column chromato‐
graphy (SiO2, pentane) to yield 23 mg (39%) of the title compound as colorless oil. Rf ≈ 0.95
(hexane, very weakly staining). 1H NMR (CDCl3, 300 MHz): δ = 3.50 (s, 2H), 2.01 (br s, 3H), 1.70
(dd, J = 26.4, 12.3, 6H), 1.56 ppm (d, J = 2, 6H). 13C{1H} NMR (CDCl3, 126 MHz): δ = 122.0 (q, 1JC,F
= 253, CF3), 76.9, 38.7, 36.9, 33.1, 27.8 ppm. 19F NMR (CDCl3, 282 MHz): δ = ‐60.5 ppm. HRMS
(EI) calcd (m/z) for C12H17F3O: [M+] 234.1231; found: 234.1229.
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1‐Nitro‐4‐(2‐trifluoromethoxy‐ethyl)‐benzene.
2‐(4‐Nitrophenyl)‐
ethanol (212 mg, 1.27 mmol, 5.00 eq) was combined with reagent 1 (80
mg, 253 μmol, 1.00 eq) and Zn(NTf2)2 (79 mg, 126 μmol, 0.50 eq). The
mixture was dissolved in CDCl3 (1.5 mL) and stirred for 2 days at rt. (Trifluoromethyl)benzene
(10 μL, 81.4 μmol) was added as internal standard and the yield was calculated to be 48% from
19
F NMR integrals. The brownisch reaction mixture was concentrated and purified by flash
column chromatography (SiO2, hexane/EtOAc = 5:1) to yield 22 mg (37%) of the title compound
as colorless oil. Rf = 0.42 (hexane/EtOAc = 4:1). 1H NMR (CDCl3, 300 MHz): δ = 8.19 (d, J = 8.7,
2H), 7.40 (d, J = 8.7, 2H), 4.22 (t, J = 6.5, 2H), 3.11 ppm (t, J = 6.5, 2H). 13C{1H} NMR (CDCl3, 126
MHz): δ = 147.3, 144.5, 129.9, 124.0, 121.6 (q, 1JC,F = 255, CF3), 66.5 (q, 3JC,F = 3.6, COCF3), 35.1
ppm. 19F NMR (CDCl3, 282 MHz): δ = ‐60.9 ppm. HRMS (EI) calcd (m/z) for C9H8F3NO3: [M+]
235.0456, found: 235.0454.

2‐Trifluoromethoxymethyl‐naphthalene.
Naphthalen‐2‐ylmethanol
(200 mg, 1.27 mmol, 5.00 eq) was combined with reagent 1 (80 mg,
253 μmol, 1.00 eq) and Zn(NTf2)2 (79 mg, 126 μmol, 0.25 eq). The mixture
was dissolved in CDCl3 (1.5 mL) and stirred for 2 days at rt. (Trifluoromethyl)benzene (10 μL,
81.4 μmol) was added as internal standard and the yield was calculated to be 28% from 19F
NMR integrals. The reaction mixture was concentrated and purified by flash column chromato‐
graphy (SiO2, hexane/EtOAc = 15:1) to yield 7 mg (12%) of the title compound as colorless solid
which can also be sublimed at 10 mbar @ 43 °C. Rf = 0.65 (hexane/EtOAc = 6:1). 1H NMR
(CDCl3, 500 MHz): δ = 7.89‐7.84 (m, 4H), 7.52 (m, 2H), 7.47 (dd, J = 8.5, 1.5, 1H), 5.15 ppm (s,
2H). 13C{1H} NMR (CDCl3, 126 MHz): δ = 133.3, 132.9, 131.2, 128.7, 127.9, 127.4, 126.5, 125.6,
121.6 (q, 1JC,F = 256, CF3), 69.3 ppm. 19F NMR (CDCl3, 182 MHz): δ = ‐60.2 ppm. HRMS (EI) calcd
(m/z) for C12H9F3O: [M+] 226.0605, found: 226.0604.

6‐Trifluoromethoxymethyl‐tetrahydro‐pyran‐2,3,4,5‐tetraacetate.
1,2,3,4‐Tetra‐O‐acetyl‐β‐D‐glucopyranose (441 mg, 1.27 mmol, 5.00 eq)
was combined with reagent 1 (80 mg, 253 μmol, 1.00 eq) and Zn(NTf2)2
(79 mg, 126 μmol, 0.50 eq). The mixture was dissolved in CDCl3 (1.5 mL) and stirred for 2 days
at rt. (Trifluoromethyl)benzene (10 μL, 81.4 μmol) was added as internal standard and the yield
was calculated to be 18% from 19F NMR integrals. The reaction mixture was concentrated and
purified by flash column chromatography (SiO2, hexane/EtOAc gradient = 8:1 to 2:1) to yield 2.5
mg (2.4%) of the title compound as colorless solid. Rf = 0.43 (hexane/EtOAc = 1:1). 1H NMR
(CDCl3, 500 MHz): δ = 5.76 (d, J = 8.2, C1H), 5.29 (dd, J = 9.5, 9.3, C3H), 5.16 (dd, J = 9.5, 8.2,
C2H), 5.15 (dd, J = 9.9, 9.3, C4H), 4.08 (d, J = 3.2, C6H), 4.06 (d, J = 4.4, C6H), 3.91 (ddd, J = 9.9,
4.4, 3.2, C5H), 2.15 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.05 ppm (s, 3H). 13C{1H} NMR (CDCl3, 126
MHz): δ = 170.5, 169.6, 169.5, 169.2, 121.8 (q, 1JC,F = 256, CF3), 92.0 (C1), 73.0 (C4), 72.5 (C3),
70.5 (C2), 68.5 (C5), 65.4 ppm (q, 3JC,F = 3.4, C6). 19F NMR (CDCl3, 376.5 MHz): δ = ‐61.4 ppm.
HRMS (EI) calcd (m/z) for C15H19F3O10: [MNa+] 439.0823; found: 439.0821.
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2‐(2‐Trifluoromethoxy‐ethyl)‐isoindole‐1,3‐dione. 2‐Phthalimidoethanol
(239 mg, 1.25 mmol) was combined with reagent 1 (79 mg, 0.25 mmol)
and Zn(NTf2)2 (78 mg, 125 μmol). The mixture was dissolved in CDCl3
(1.5 mL) and stirred for 2 days at rt. (Trifluoromethyl)benzene (10 μL,
81.4 μmol) was added as internal standard and the yield was calculated to be 27% from 19F
NMR integrals. The reaction mixture was concentrated and purified by flash column chromato‐
graphy (SiO2, pentane/Et2O = 4:1) to yield 12 mg (19%) of title the compound as colorless solid.
Rf = 0.38 (hexane/EtOAc = 4:1). 1H NMR (CDCl3, 200 MHz): δ = 7.86 (m, 2H), 7.73 (m, 2H), 4.20
(t, J = 5.6, 2H), 3.99 ppm (t, J = 5.6, 2H). 13C{1H} NMR (CDCl3, 76 MHz): δ = 167.8, 134.2, 131.8,
123.5, 121.5 (q, 1JC,F = 255, CF3), 63.9 (q, 3JC,F = 3.3, COCF3), 36.7 ppm. 19F NMR (CDCl3, 188
MHz): δ = ‐60.9 ppm. HRMS (EI) calcd (m/z) for C11H8F3NO3: [M+] 259.0456, found: 259.0450.
CAS 329710‐82‐9.

Trilfluoromethoxycyclohexane. Reagent 1 (47 mg, 0.15 mmol, 1.00 eq) was com‐
bined with Zn(NTf2)2 (93 mg, 0.14 mmol, 0.93 eq) in 1.2 mL cyclohexanol (1.2 mL,
11.4 mmol, 75.7 eq). The mixture was stirred for 46 hours at rt. (Trifluoromethyl)‐
benzene (10 μL, 81.4 μmol) was added as internal standard and the yield was calculated to be
74% from 19F NMR integrals. The ether was not isolated in pure form. 19F NMR (CDCl3, 282
MHz): δ = –58.1 ppm (1JC,F = 253 Hz).

(S)‐2‐Trifluoromethoxy‐propionic acid ethyl ester. Reagent 1 (63 mg,
0.20 mmol, 1.00 eq) was combined with Zn(NTf2)2 (215 mg, 0.20 mmol, 1.00
eq) in (S)‐2‐hydroxypropanoic acid ethyl ester (1.71 mL, 15.0 mmol, 75.0 eq).
The mixture was stirred for 24 hours at rt. (Trifluoromethyl)benzene (10 μL, 81.4 μmol) was
added as internal standard and the yield was calculated to be 62% from 19F NMR integrals. The
ether was not isolated in pure form. 19F NMR (CDCl3, 282 MHz): δ = ‐59.9 ppm.

Screening of the Reaction Conditions for the Trifluoromethylation of Alcohols
In a typical experiment a 10‐mL Young‐Schlenk equipped with a magnetic Teflon coated stirring
bar was flame dried and charged with the appropriate amount of 1‐pentanol, purified by
distillation, followed by the solvent via syringe. To the solution reagent 1 or 2 and the catalyst
(Lewis or Brønsted acid) were added in a counter flow of argon as a solid. The Young‐Schlenk
was closed and vigorously shaken. The resulting clear solution was stirred at rt for 24 h, then
the internal standard, PhCF3 (10 µL), was added. The resulting solution was stirred for further 5
min, before an aliquot of the reaction mixture was taken for 19F NMR spectroscopy. The yield
was determined relative to the internal standard by integration of the appropriate signals.
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8.4.

Trifluoromethylation of Sulfonic acids

General Method for the Trifluoromethylation of Sulfonic Acids:
Sulfonic acid 58 (1 mmol, 1 eq) and reagent 1 (1.1 mmol, 1.1 eq) were placed in a Schlenk under
an atmosphere of argon, then CHCl3 (5 mL) was added. The resulting white suspension was
stirred over night (16 h) at rt. The suspension was concentrated at reduced pressure and
purified by flash column chromatography.

Trifluoromethyl naphthalene‐2‐sulfonate (60a). Purified by flash column
chromatography (pentane/Et2O = 20:1) to give 76% of a white solid.
1
H NMR (CDCl3, 500 MHz): δ = 8.65 (s, 1H, CArH), 8.07‐8.11 (m, 2H, CArH),
8.01 (d, J = 8.0, 1H, CArH), 7.97 (dd, J = 8.5, 1.5, 1H, CArH), 7.80 (dt, J = 1.0,
7.5, 1H, CArH), 7.73 ppm (dt, J = 7.5, 1.0, 1H, CArH). 13C{1H} NMR (CDCl3, 75 MHz): δ = 136.0 (s,
CAr), 131.9 (q, 3JC,F = 0.8, CSO3CF3), 131.8 (s, CAr), 131.1 (s, CAr), 130.5 (s, CAr), 130.1 (s, CAr), 129.7
(s, CAr), 128.3 (s, CAr), 128.1 (s, CAr), 122.2 (s, CAr), 118.5 ppm (q, 1JC,F = 266.0, CF3). 19F NMR
(CDCl3, 188 MHz): δ = ‐53.8 ppm (s). HRMS (EI) calcd (m/z) for C11H7F3O3S: [M+] 276.0063, found
276.0063. MS (EI) (m/z): 276.0063 (M+, 55%), 191 (M+ ‐ OCF3), 127 (100, M ‐ SO3CF3). Mp.
49.5 °C.

Trifluoromethyl (7,7‐dimethyl‐2‐oxobicyclo[2.2.1]heptan‐1‐yl)methanesul‐
fonate (60b). Purified by flash column chromatography (SiO2, cHex/EtOAc =
1:1) to give 62% of a white solid. 1H NMR (CDCl3, 500 MHz): δ = 0.95 (s, 3H,
CH3), 1.16 (s, 3H, CH3), 1.49 – 1.54 (m, 1H), 1.74 – 1.79 (m, 1H), 2.02 (d, J =
19.0, 1H), 2.10 – 2.15 (m, 1H), 2.20 – 2.21 (m, 1H), 2.39 – 2.48 (m, 2H), 3.36 (d, J = 15.0, 1H,
CH2SO3CF3), 3.95 ppm (d, J = 15.0, 1H, CH2SO3CF3). 13C{1H} NMR (CDCl3, 75 MHz): δ = 19.4 (s,
CH3), 19.5 (s, CH3), 25.2, 26.7, 42.2, 42.8, 48.0, 51.7 (q, 3JC,F = 1.4, CSO3CF3), 58.1, 118.4 (q, 1JC,F =
265.9, CF3), 212.8 ppm (s, C=O). 19F NMR (CDCl3, 282 MHz): δ = ‐53.9 ppm. HRMS (EI) calcd
(m/z) for C11H15F3O4S: [M+] 300.0638, found 300.0636. MS (EI) (m/z): 300.0636 (M+, 1%), 231
(M+ –CF3 0.3%), 151 (M+ –SO3CF3, 8%), 123 (M+ –SO3CF3 –(CH2)2, 7%), 109 (M+–SO3CF3 – CH2CO,
100%). Mp. 61 °C.

Trifluoromethyl 4‐chlorobenzenesulfonate (60d). Purified by flash column
chromatography (SiO2, cHex/CH2Cl2 = 20:1) to give 51% of a clear colorless
oil. 1H NMR (CDCl3, 300 MHz): δ = 7.63 (d, J = 8.7, 2H, CArH), 7.98 ppm (d, J
= 8.7, 2H, CArH). 13C{1H} NMR (CDCl3, 75 MHz): δ = 118.4 (q, 1JC,F = 266.6,
CF3), 129.9 (s, CAr), 130.1 (s, CAr), 133.6 (q, 3JC,F = 1.0, CSO3CF3), 142.7 ppm (s, CArCl). 19F NMR
(CDCl3, 282 MHz): δ = ‐53.9 ppm (s). HRMS (EI) calcd (m/z) for C7H4ClF3O3S: [M+] 259.9517,
found 259.9516. MS (EI) (m/z): 259.9516 (M+, 80%), 175 (M+ – OCF3, 78%), 111 (M+ – SO3CF3,
100%).
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Trifluoromethyl benzenesulfonate (60e). Purified by flash column chromato‐
graphy (SiO2, cHex/Et2O = 10:1) to give 42% of a clear colorless oil. 1H NMR
(CDCl3, 300 MHz): δ = 7.65 (t, J = 7.5, 2H meta‐H), 7.80 (t, J = 7.5, 1H, para‐H),
8.04 ppm (d, J = 7.5, 2H, ortho‐H). 13C{1H} NMR (CDCl3, 75 MHz): δ = 118.4 (q,
1
JC,F = 266.0, CF3), 128.5 (s, CAr), 129.7 (s, CAr), 135.2 (q, 3JC,F = 0.8, CSO3CF3), 135.7 ppm (s, CAr).
19
F NMR (CDCl3, 282 MHz): δ = ‐54.0 ppm (s). HRMS (EI) calcd (m/z) for C7H5F3O3S: [M+]
225.9906, found 225.9905. MS (EI) (m/z): 225.9905 (M+, 31%), 141 (M+ –OCF3), 77 (M+ –
SO3CF3).

Trifluoromethyl 4‐methylbenzenesulfonate (60f). Purified by flash column
chromatography (SiO2, cHex/EtOAc = 1:1) to give 39% of a clear colorless
yellow oil. 1H NMR (CDCl3, 300 MHz): δ = 2.51 (s, 3H, CH3), 7.44 (d, J = 8.1,
2H, CArH), 7.91 ppm (d, J = 8.4, 2H, CArH). 13C{1H} NMR (CDCl3, 75 MHz): δ =
21.7 (s, CH3), 118.4 (q, 1JC,F = 265.7, CF3), 128.6 (s, CAr), 130.3 (s, CAr), 132.2 (q, 3JC,F = 0.8,
CSO3CF3), 147.3 ppm (s, CArCH3). 19F NMR (CDCl3, 188 MHz): δ = ‐54.0 ppm (s). HRMS (EI) calcd
(m/z) for C8H7F3O3S: [M+] 240.0063, found 240.0061. MS (EI) (m/z): 240.0061 (M+, 39%), 155
(M+ ‐OCF3, 34%), 91 (M+ ‐SO3CF3, 100%). CAS 175676‐42‐3.

Trifluoromethyl 4‐ethylbenzenesulfonate (60g). Purified by flash column
chromatography (SiO2, cHex/EtOAc = 20:1) to give 32% of a clear colorless
oil. 1H NMR (CDCl3, 300 MHz): δ = 1.31 (t, J = 7.6, 3H, CH2CH3), 2.81 (q, J =
7.6, 2H, CH2CH3), 7.47 (d, J = 8.7, 2H, CArH), 7.94 ppm (d, J = 8.4, 2H, CArH).
13 1
C{ H} NMR (CDCl3, 75 MHz): δ = 14.8 (s, CH2CH3), 29.0 (s, CH2CH3), 118.4 (q, 1JC,F = 267.8 CF3),
128.7 (s, CAr), 129.2 (s, CAr), 132.3 (q, 3JC,F = 0.9, CSO3CF3), 153.3 ppm (s, CArCH2CH3). 19F NMR
(CDCl3, 282 MHz): δ = ‐54.0 ppm (s). HRMS (EI) calcd (m/z) for C9H9F3O3S: [M+] 254.0218, found
254.0223. MS (EI) (m/z): 254.0223 (M+, 28%), 239 (M+ –CH3, 19%,), 169 (M+ –OCF3, 7%) 105 (M+
–SO3CF3, 100%).

Trifluoromethyl 4‐hydroxybenzenesulfonate (60h). Purified by flash
column chromatography (SiO2, cHex/EtOAc = 1:1) to give 39% of a clear
slightly yellow oil. 1H NMR (CDCl3, 300 MHz): δ = 7.05 (d, J = 9.0, 2H, CArH),
7.91 ppm (d, J = 9.0, 2H, CArH). 13C{1H} NMR (CDCl3, 75 MHz): δ = 116.6 (s,
CAr), 118.4 (q, 1JC,F = 267.9, CF3), 125.7 (q, 3JC,F = 0.7, CSO3CF3), 131.4 (s, CAr), 162.5 ppm (s,
CArOH). 19F NMR (CDCl3, 282 MHz): δ = ‐54.1 ppm (s). HRMS (EI) calcd (m/z) for C7H5F3O4S: [M+]
241.9856, found 241.9860. MS (EI) (m/z): 241.9860 (M+, 56%), 157 (M+ –OCF3, 100%), 93 (M+ –
SO3CF3, 41%).
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8.5.

Rate Studies for the Trifluoromethylation of Sulfonic Acids

8.5.1.

General procedure for Rate Studies

All reactions were monitored by 19F NMR spectroscopy using a Bruker AVANCE DPX 400
MHz NMR spectrometer operating at 376 MHz. Experimental temperatures were maintained
using a Bruker BVT3000 temperature control unit calibrated with a digital thermometer fit to a
5 mm NMR tube. Initially, the temperature in the spectrometer was equilibrated on a
“standard” sample containing the non‐limiting reagent(s) and internal standard (PhCF3) at
reaction run concentration and the shim was optimized. A second tube charged with correct
amount of the non‐limiting reagent and the appropriate amount of limiting reagent was added.
The tube was shaken vigorously for 10 – 15 seconds after which it was exchanged with the
standard in the spectrometer and the acquisition program was started.

8.5.2.

Acquisition Program

A pseudo 2D NMR experiment designed for kinetic measurements was utilized to monitor
reaction progress for all rate experiments. The time interval between individual acquisitions
(d1), number of acquisitions averaged (one data point was often obtained as the average of 2
or 4 individual acquisitions) and total number of data points could be varied to effect the
frequency of acquisition, signal to noise ratio and experiment duration, respectively.

8.5.3.

Data Processing

8.5.3.1. Pseudo 1st Order Studies for Reagent 1
For each data point, integrals corresponding to the 19F NMR resonances of the
trifluoromethyl group of 1, the trifluoromethyl group of the trifluoromethyl sulfonic acid ester
formed and PhCF3 internal standard were extracted using Bruker’s XWinNMR 3.5 software
package. The resulting data were exported as tables of integral values for each signal over all
data points measured. The 19F NMR integration data were then imported into SigmaPlot10 and
the data point numbers transformed into time values by multiplying by the correct acquisition
duration (d1 + 3s) and number of acquisitions averaged per data point. The time vs. 19F NMR
‐kt
integration data thus generated were fit to [1]=y0 +ae
for exponential decay of 1 and
‐kt

[60]=y0 +a(1‐e ) for exponential increase to maximum concentration of 60 in order to extract
observed pseudo first‐order rate constants (kobs). A plot of the 19F NMR integration of the
internal standard over time was also generated to confirm that the ratio of 19F NMR integral to
concentration remained constant over the duration of the experiment. Plots of observed rate
constants for different non‐limiting reagent concentrations were could thus be generated.
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Role of Sulfonic Acid‐H/D:
Six runs were carried out in which the reaction of 0.005 M 1 with 0.05 M, 0.10 M, 0.15 M,
0.20 M, 0.25 M and 0.3 M 59f‐H in 5:1 CDCl3:tBuOH at 298 K was monitored as described above.
Nine runs were carried out in which the reaction of 0.005 M 1 with 0.06 M, 0.12 M, 0.15 M,
0.18 M, 0.21 M, 0.24 M, 0.27 M and 0.3 M 59f‐D in 5:1 CDCl3:tBuOH at 298 K was monitored as
described above. Integration data for signals at approximately ‐33 ppm, ‐54.1 ppm and
‐62.8 ppm corresponding to the concentrations of 1, 60f and PhCF3 were extracted. The
observed rate constants derived by the above mentioned curve fitting are summarized in Table
1. Experimental uncertainties were left untreated.
19

Table 1. Observed rate constants (kobs) derived by un‐weighted least‐squares fitting of F NMR integration data
recorded by monitoring the formation of 59f by reaction of 0.005 M 1 with varying concentrations of 59f‐H or
59f‐D respectively as described above.

Run
1
2
3
4
5
6

[59f‐H]
0.05 mol/L
0.10 mol/L
0.15 mol/L
0.20 mol/L
0.25 mol/L
0.30 mol/L

kobs (s‐1)
8.43 ∙ 10‐5
2.06 ∙ 10‐4
3.56 ∙ 10‐4
4.75 ∙ 10‐4
6.01 ∙ 10‐4
7.54 ∙ 10‐4

Run
1
2
3
4
5
6
7
8
9

[59f‐D]
0.06 mol/L
0.09 mol/L
0.12 mol/L
0.15 mol/L
0.18 mol/L
0.21 mol/L
0.24 mol/L
0.27 mol/L
0.30 mol/L

kobs (s‐1)
2.00 ∙ 10‐4
3.79 ∙ 10‐4
4.97 ∙ 10‐4
6.29 ∙ 10‐4
7.77 ∙ 10‐4
8.34 ∙ 10‐4
1.00 ∙ 10‐3
1.13 ∙ 10‐3
1.18 ∙ 10‐3

Role of Trifluoromethylating Agent 1:
Five runs were carried out in which the reaction of 0.003 M 59f with 0.03 M, 0.06 M, 0.09 M,
0.12 M and 0.15 M 1 in 5:1 CDCl3:tBuOH at 313 K was monitored as described above.
Integration data for signals at ‐54.1 ppm and ‐62.8 ppm corresponding to the concentrations of
60f and PhCF3 were extracted. The observed rate constants derived by the above‐mentioned
curve fitting are summarized in Table 2. Experimental uncertainties were left untreated.
19

Table 2. Observed rate constants (kobs) derived by un‐weighted least‐squares fitting of F NMR integration data
recorded by monitoring the formation of 60f by reaction of 0.003 M 59f with varying concentrations of 1 as
described above.

Run
1
2
3
4
5

[1]
0.03 mol/L
0.06 mol/L
0.09 mol/L
0.12 mol/L
0.15 mol/L
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kobs (s‐1)
2.35 ∙ 10‐4
5.88 ∙ 10‐4
1.00 ∙ 10‐3
1.28 ∙ 10‐3
1.65 ∙ 10‐3
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Role of tert‐butanol:
Eight runs were carried out in which the reaction of 0.005 M 1 with 0.15M 59b in the presence
of 0.00 M, 0.005 M, 0.05 M, 0.5 M, 1.1 M, 1.7 M, 2.4 M and 3.7 M of additional tert‐butanol
was monitored as described above. Integration data for signals at approximately ‐32 ppm, ‐53.7
ppm and ‐62.8 ppm corresponding to the concentrations of 1, 60b and PhCF3 were extracted.
The observed rate constants derived by the above mentioned curve fitting protocol and
summarized in Table 3. Experimental uncertainties were left untreated.
19

Table 3. Observed rate constants (kobs) derived by un‐weighted least‐squares fitting of F NMR integration data
recorded by monitoring the formation of 59b by reaction of 0.005 M 1 with 0.15 M 60b in CDCl3 in the presence of
t
varying concentrations of BuOH as described above.

Run
1
2
3
4
5
6
7
8

8.5.3.2.

[tBuOH]
0.00 mol/L
0.005 mol/L
0.05 mol/L
0.5 mol/L
1.1 mol/L
1.7 mol/L
2.4 mol/L
3.7 mol/L

kobs (s‐1)
1.01 ∙ 10‐3
9.95 ∙ 10‐4
8.88 ∙ 10‐4
6.49 ∙ 10‐4
3.49 ∙ 10‐4
2.34 ∙ 10‐4
2.14 ∙ 10‐4
2.05 ∙ 10‐4

Initial Rate Studies for Alcohol Reagent 2

For each data point, integrals corresponding to the 19F NMR resonances of the trifluoro‐
methyl group of 2, the trifluoromethyl group of the trifluoromethyl sulfonic acid ester formed
and PhCF3 internal standard were extracted using Bruker’s XWinNMR 3.5 software package.
The resulting data were exported as tables of integral values for each signal over all data points
measured. The 19F NMR integration data were then imported into SigmaPlot10, data point
numbers transformed into time values by multiplying by the correct acquisition duration (d1 +
3s) and number of acquisitions averaged per data point and normalized on the basis of internal
standard concentration. The time vs. concentration data integration data thus generated for 0 –
5% conversion were fit to [60]=y0 +ax to extract observed initial rates (ν0). A plot of the 19F NMR
integration of the internal standard over time was also generated to confirm that the ratio of
19
F NMR integral to concentration remained constant over the duration of the experiment.
Plots of observed initial rates for different limiting reagent concentrations could thus be
generated.
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Role of Tetrabutylammonium Toluenesulfonate:
Six runs were carried out in which the reaction of 0.1M 2 with 0.1M 59f‐H in the presence of ,
0.1 M, 0.2 M, 0.3 M, 0.4 M, 0.5 M and 0.6 M tetrabutylammonium toluenesulfonate in 5:1
CDCl3:tBuOH at 300 K was monitored as described above. Integration data for signals at
approximately ‐25 ppm, ‐54.1 ppm and ‐62.8 ppm corresponding to the concentrations of 2, 60f
and PhCF3 were extracted. The observed initial rates derived by the above mentioned curve
fitting are summarized in Table 4. Experimental uncertainties were left untreated.
Table 4. Observed initial rates (ν0) derived by un‐weighted least‐squares fitting of time vs. concentration data
obtained by monitoring the formation of 60f by reaction of 0.1 M 59f and 0.1 M 2 with varying concentrations of
tetrabutylammonium toluenesulfonate as described above.

Run
1
2
3
4
5
6

[Bu4N+‐OTs]
0.1 mol/L
0.2 mol/L
0.3 mol/L
0.4 mol/L
0.5 mol/L
0.6 mol/L

ν0 (mol L‐1 s‐1)
7.12 ∙ 10‐6
8.64 ∙ 10‐6
9.46 ∙ 10‐6
1.06 ∙ 10‐5
1.14 ∙ 10‐5
1.27 ∙ 10‐5

Role of Protonated Reagent 2:
Five runs were carried out in which the reaction of 0.05 M, 0.10 M 0.1 5M, 0.20 M and 0.25 M 2
with 0.05 M/0.20 M, 0.10 M/0.15 M, 0.15 M/0.1 M, 0.20 M/0.05 M and 0.25 M/0.0 M mixtures
of 59f‐H/tetrabutylammonium toluenesulfonate, respectively, in 5:1 CDCl3:tBuOH at 318 K was
monitored as described above. Integration data for signals at approximately ‐25 ppm, ‐54.1
ppm and ‐62.8 ppm corresponding to the concentrations of 2H+, 60f and PhCF3 were extracted.
The observed initial rates derived by the above mentioned curve fitting are summarized in
Table 5. Experimental uncertainties were left untreated.
Table 5. Observed initial rates (ν0) derived by un‐weighted least‐squares fitting of time vs. concentration data
obtained by monitoring the formation of 60f by reaction of 0.25 M 2 with varying concentrations of 59f and tetra‐
butylammonium toluenesulfonate as described above.

Run
1
2
3
4
5

[2H+]
0.05 mol/L
0.10 mol/L
0.15 mol/L
0.20 mol/L
0.25 mol/L
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ν0 (mol L‐1 s‐1)
6.59 ∙ 10‐6
1.40 ∙ 10‐5
2.28 ∙ 10‐5
2.81 ∙ 10‐5
3.67 ∙ 10‐5
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Competition Studies:
1:1 mixtures of 0.07 M of each 4‐substituted benzenesulfonic acid with unsubstituted acid were
prepared by mixing the correct amounts of the solutions in NMR tubes. For each substrate pair
(substituted plus unsubstituted benzenesulfonic acid) two NMR tubes were prepared. An
equivalent amount of 1 was added to each of the 10 reaction tubes and one set of five samples
was heated on an oil bath to 323 K and the other was allowed to stand at 298 K overnight. The
19
F NMR spectra of all 10 samples were recorded the following day, the ratios of substituted to
unsubstituted trifluoromethylester were calculated on the basis of signal integration and the
logarithms thereof tabulated (See Table 7).
19

Table 6. Observed rate constants (kobs) derived by un‐weighted least‐squares fitting of F NMR integration data
recorded by monitoring the formation of 60 by reaction of 0.01 M 1 with 0.15 M 59 as described above.

Run
1
2
3
4
5

59
58c
58d
58e
58f
58i

kobs (s‐1)
6.56 ∙ 10‐4
7.88 ∙ 10‐4
6.35 ∙ 10‐4
6.10 ∙ 10‐4
5.00 ∙ 10‐4

19

Table 7. Substituent effect data from F NMR competitions studies at 298 K (data from competition experiments)
and 323 K (data from competition experiments).

‐NO2
‐CF3
‐Cl
‐F
‐H
‐CH3
‐OCH3

Competition experiments 298 K
[PX] / [PH]
Log [PX] / [PH]
0.9870
‐0.006
0.9258
‐0.034
–
–
0.9912
‐0.004
1
0
0.9840
‐0.007
1.0225
0.010

Competition experiments 323 K
[PX] / [PH]
Log [PX] / [PH]
0.9554
‐0.020
0.8950
‐0.048
–
–
0.8658
‐0.063
1
0
0.9513
‐0.022
0.9896
‐0.005

19

Table 8. Substituent effect data from F NMR rate studies at 303 K.

σ values
‐NO2
‐CF3
‐Cl
‐F
‐H
‐CH3
‐OCH3

0.7800
0.5400
0.2300
0.0600
0.0000
‐0.170
‐0.270

Data from rate experiments
kX / k H
Log kX / kH
1.0331
0.014
–
–
1.2409
0.094
–
–
1
0
0.9606
‐0.017
0.7874
‐0.104
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8.6.

Trifluoromethylation of Silyl Ketene Acetals

(1‐Ethoxy‐2‐methylprop‐1‐enyloxy)trimethylsilane (64). HN(i‐Pr)2 (6.8 mL,
48.5 mmol, 1.00 eq) was dissolved in THF (35 mL) and n‐BuLi (32 mL, 50.9 mmol,
1.6 M in hexanes, 1.05 eq) was added at 0 °C by means of a syringe in a dropwise
fashion (20 min). After 1 h stirring at 0 °C ethyl isobutyrate (6.5 mL, 48.5 mmol, 1.00 eq) was
added at this temperature and the solution was stirred in the cooling bath for 1 h. TMSCl
(7.5 mL, 58.2 mmol, 1.2 eq) was added dropwise at 0 °C during 10 min and the now turbid
white reaction mixture was stirred for 2.5 h. The white solid was filtered under and all volatiles
were removed at reduced pressure. The residue was treated with Et2O and the suspension was
filtered and concentrated again at reduced pressure. The clear residue was distilled under
reduced pressure to give the product 64 (6.85 g, 75%) as a clear colorless oil which was stored
under an atmosphere of argon at –18 °C. 1H NMR (300 MHz, CDCl3): δ = 3.78 (q, 3JH,H = 7.2 Hz,
2H; CH2CH3), 1.59 (s, 3H; CH3), 1.54 (s, 3H; CH3), 1.23 (t, 3JH,H = 7.2, 3H; CH2CH3), 0.21 ppm (s,
9H; Si(CH3)3). 13C{1H} NMR (75 MHz, CDCl3): δ = 148.0 ppm (COSi), 91.9 (C(CH3)2), 64.3 (CH2CH3),
16.4, 16.9 (C(CH3)2), 14.8 (CH2CH3), 0.02 ppm (Si(CH3)3). CAS 31469‐16‐6.

2‐Methyl‐5‐oxa‐1‐(trimethylsiloxy)cyclopentene (66). HN(i‐Pr)2 (8.2 mL, 58.4
mmol, 1.10 eq) was dissolved in THF (100 mL) and n‐BuLi (36 mL, 58.4 mmol, 1.6
M in hexane, 1.10 eq) was added at ‐12 °C (NaCl/ice) by means of a syringe in a
dropwise fashion (20 min). After 1 h stirring at 0 °C, the reaction mixture was cooled to ‐78 °C
before α‐methyl‐γ‐butyrolactone (5.0 mL, 53.1 mmol, 1.00 eq) was slowly added at this
temperature and the solution was stirred in the cooling bath for 10 min. TMSCl (12.6 mL,
99.3 mmol, 1.7 eq) was added in portion and the reaction mixture was left in the cooling bath
and allowed to warm up to rt over night. The reaction mixture was concentrated under high
vaccuum. The residue was treated with pentane (50 mL) and the suspension was filtered under
argon. The flask and the residue were washed with pentane (2 x 10 mL). The clear colorless
solution was concentrated again at high vacuum. The clear residue was distilled under reduced
pressure to give the product 66 (7.68 g, 83%) as a clear colorless oil which was stored under an
atmosphere of argon at –18 °C.1H NMR (500 MHz, CDCl3): δ = 4.21 (t, 3JH,H = 7.0 Hz, 2H; OCH2),
2.56 (t, 3JH,H = 7.0 Hz, 2H; OCH2CH2), 1.55 (s, 3H; CH3), 0.25 ppm (s, 9H, Si(CH3)3). CAS 87532‐06‐
7.

α‐Trifluoromethyl‐α‐methyl‐γ‐butyrolactone (67). A 20‐mL Schlenk was charged
with reagent 2 (334 mg, 1.01 mmol, 1.00 eq). To the solid CH2Cl2 (7.5 mL) was
added and the resulting clear colorless solution was cooled to 0 °C. Ketene silyl
acetal 66 (300 µL, 1.62 mmol, 1.60 eq) was added via syringe. The solution was removed from
the cooling bath and an immediate color change to bright yellow could be observed. After
10 min the reaction became colorless again and was stirred for further 50 min, before the
solution was concentrated at reduced pressure. Care must be taken because the products are
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highly volatile. The residue was purified by flash column chromatography (SiO2, pentane/Et2O =
1:1 to 1:2). A first fraction contains the TMS protected 2‐(2‐iodophenyl)propan‐2‐ol, a second
fraction contains the desired α‐trifluoromethyl‐α‐methyl‐γ‐butyrolactone (144 mg, 82%), a
third fraction α‐methyl‐γ‐butyrolactone. 1H NMR (300 MHz, CD2Cl2) δ = 4.44 – 4.31 (m, 2H,
OCH2), 2.78 – 2.64 (m, 1H, CHH), 2.29 – 2.20 (m, 1H, CHH), 1.53 ppm (s, 3H, CH3). 13C{1H} NMR
(76 MHz, CD2Cl2) δ = 172.9 (CO), 125.7 (q, 1JC,F = 281 Hz, CF3), 65.1 (CH2O), 47.9 (q, 2JC,F = 27.7
Hz, CCH3CF3), 30.8 ppm (CH2), (q, 3JC,F = 2.5 Hz, CH3). 19F NMR (188 MHz, CD2Cl2) δ = ‐75.3 ppm
(s, CF3). GC‐MS (EI) calcd (m/z) for C6H7F3O2: [M‐H+] 167.1; found: 167.1.

5‐Oxa‐1‐(trimethylsiloxy)cyclopentene (68). HN(i‐Pr)2 (8.6 mL, 61.5 mmol, 1.05
eq) was dissolved in THF (100 mL) and n‐BuLi (38 mL, 61.5 mmol, 1.6 M in
hexane, 1.05 eq) was added at ‐12 °C (NaCl/ice) by means of a syringe in a
dropwise fashion (20 min). After stirring at 0 °C for 1 h, the reaction mixture was cooled to ‐
78 °C. γ‐Butyrolactone (4.5 mL, 58.5 mmol, 1.00 eq) was added slowly at and the solution was
stirred in the cooling bath for 10 min. TMSCl (13.0 mL, 102 mmol, 1.5 eq) was added in portion
and the reaction mixture was left in the cooling bath and allowed to warm up to rt over night.
The reaction mixture was concentrated under high vaccuum. The residue was treated with
pentane (50 mL) and the suspension was filtered under argon. The flask was washed with
pentane (2 x 10 mL). The clear colorless solution was concentrated again at high vacuum. The
clear residue was distilled under reduced pressure to give product 68 (6.95 g, 76%) as a clear
colorless oil which was stored under an atmosphere of argon at –18 °C. 1H NMR (250 MHz,
CDCl3): δ = 4.32 (t, 3JH,H = 8.8 Hz, 2H; OCH2), 3.71 (t, 3JH,H = 2.0 Hz, 1H; CHCH2), 2.65 (td, 3JH,H =
8.8, 3JH,H = 2.0, 1H; OCH2CH2), 0.27 ppm (s, 9H, Si(CH3)3). CAS 51425‐66‐2.

α‐Trifluoromethyl‐γ‐butyrolactone (69) and α‐trimethylsilyl‐γ‐
butyrolactone (71). A 20 mL Schlenk was charged with reagent 2
(332 mg, 1.01 mmol, 1.00 eq). To the solid CH2Cl2 (7.5 mL) was
added and the resulting clear colorless solution was cooled to
0 °C. Ketene silyl acetal 68 (250 µL, 1.51 mmol, 1.50 eq) was added via syringe. The solution was
removed from the cooling bath and an immediate color change to bright yellow could be
observed. After 10 min the reaction became colorless again and was stirred for further 50 min,
before the solution was concentrated at reduced pressure. Care must be taken because the
products are highly volatile. The residue was purified by flash column chromatography (SiO2,
pentane/Et2O = 1:1 to 1:2). A first fraction contains the TMS protected 2‐(2‐iodophenyl)propan‐
2‐ol, a second fraction α‐trimethylsilyl‐γ‐butyrolactone (approx. 90 mg), a third fraction the
desired product α‐trifluoromethyl‐γ‐butyrolactone (120 mg, 77%) and a fourth fraction γ‐
butyrolactone.
α‐Trifluoromethyl‐γ‐butyrolactone 69: 1H NMR (300 MHz, CD2Cl2) δ = 4.49 ‐ 4.44 (m, 1H,
OCHH), 4.34 (pseudo q, J = 4.30, 1H, OCHH), 3.51 – 3.36 (m, 1H, CHCF3), 2.61 – 2.46 ppm (m,
2H, CH2). 13C{1H} NMR (76 MHz, CD2Cl2) δ = 169.4 (q, 3JC,F = 2.8 Hz, CO), 124.2 (q, 1JC,F = 278 Hz,
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CF3), 66.4 (OCHH), 43.9 (q, 2JC,F = 30.4 Hz, CHCF3), 23.4 ppm (q, 3JC,F = 1.5 Hz, CH2). 19F NMR (282
MHz, CD2Cl2) δ = ‐69.3 ppm (d, 3JF,H = 9.0 Hz, CF3). HRMS (EI) calcd (m/z) for C5H5F3O2: [M+]
154.0237; found: 154.0240. CAS 174744‐18‐4.
α‐Trimethylsilyl‐γ‐butyrolactone 71: 1H NMR (300 MHz, CD2Cl2) δ = 4.34 ‐ 4.27 (m, 1H, OCHH),
4.24 ‐ 4.16 (m, 1H, OCHH), 2.54 – 2.41 (m, 1H, CHSi), 2.15 – 2.08 (m, 2H, CH2), 0.19 ppm (s, 9H,
Si(CH3)3). 13C{1H} NMR (76 MHz, CD2Cl2) δ = 179.9 (CO), 67.9 (OCH2)), 30.2 (CHSi), 23.4 (CH2), ‐
2.8 ppm (3C, Si(CH3)3). HRMS (EI) calcd (m/z) for C7H14O2Si: [M‐H+] 157.0680; found: 157.0681.
CAS 57025‐69‐1.

Screening of the Reaction Conditions for the Trifluoromethylation of Ketene Silyl Acetals


Experiment without the addition of a Brønsted acid:
In a typical experiment a 10‐mL Schlenk equipped with a magnetic Teflon coated stirring
bar was flame dried and charged with the ketene silyl acetal (0.50 mmol, 64, 66 or 68)
using a 100‐µL‐micro‐syringe. To the ketene silyl acetal the solvent (CH2Cl2 or CH3CN)
was added. The solution was cooled to the desired temperature before the appropriate
amount of the hypervalent iodine reagent (1 or 2) was added as a solid in a counter flow
of argon. The reaction mixture was allowed to warm up to rt over the course of 8 h
before the internal standard, PhCF3 (10 µL), was added using a 10‐µL‐micro‐syringe.
After vigorous stirring an aliquot of the reaction mixture was taken for 19F NMR
spectroscopy. The yield was determined relative to the internal standard by integration
of the appropriate signals.



Experiment with the addition of a Lewis (Zn(NTf2)2) or Brønsted acid (HNTf2)
In a typical experiment a 10‐mL Schlenk equipped with a magnetic Teflon coated stirring
bar was flame dried and charged with the ketene silyl acetal (0.50 mmol, 64, 66 or 68)
using a 100‐µL‐micro‐syringe. To the ketene silyl acetal the solvent (CH2Cl2 or CH3CN)
was added. The solution was cooled to the desired temperature before the appropriate
amount of the hypervalent iodine reagent (1 or 2) was added as a solid in a counter flow
of argon. The catalyst was either added as solid in the case of Zn(NTf2)2 or as freshly
prepared CH2Cl2‐solution in the case of HNTf2. The reaction mixture was allowed to
warm up to rt over the course of 8 h before the internal standard, PhCF3 (10 µL), was
added using a 100‐µL‐micro‐syringe. After vigorous stirring an aliquot of the reaction
mixture was taken for 19F NMR spectroscopy. The yield was determined relative to the
internal standard by integration of the appropriate signals.
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8.7.

Trifluoromethylation of α‐Nitro Ester

3‐(3‐phenylpropanoyl)oxazolidin‐2‐one (78). A 250‐mL Schlenk round
bottomed flask was charged with 2‐oxazolidinone (1.50 g, 17.4 mmol,
1.00 eq). To the solid THF (100 mL) was added, the resulting clear colorless
solution was cooled to ‐78 °C and nBuLi (11.7 mL, 1.6 M in hexane,
18.7 mmol, 1.07 eq) was added dropwise via syringe. The reaction mixture was stirred for
20 min before 3‐phenylpropanoyl chloride (2.8 mL, 18.9 mmol, 1.08 eq) was added via syringe.
The reaction became clear and turned cloudy again. After 90 min at ‐78° C the reaction mixture
was warmed up to rt. The resulting clear slightly yellow solution was quenched with saturated
NH4Cl solution (100 mL) and extracted with CH2Cl2 (3 x 100 mL). The combined organic phases
were washed with saturated NaHCO3 solution (100 mL), dried over MgSO4, filtered and
concentrated at reduced pressure to give a beige solid. Purification by flash column chromato‐
graphy as reported in literature turned out to be cumbersome due to the low solubility of the
product, instead recrystallization from CH2Cl2 and chexane (4 x) gave the desired product 78 as
white solid (3.18 g, 83%). 1H NMR (250 MHz, CDCl3) δ = 7.35 – 7.20 (m, 5H, CaromH), 4.40 (t, J =
8.0, 2H, OCH2), 4.02 (t, J = 8.1, 2H, NCH2), 3.28 (t, J = 7.6, 2H, CH2Ph), 3.02 ppm (t, J = 7.6, 2H,
CH2CH2Ph). 13C{1H} NMR (63 MHz, CDCl3) δ = 172.5 (OCON), 153.5 (NCOCH2) 140.5 (Carom), 128.6
(2C, CaromH), 128.5 (2C, CaromH), 126.3 (CaromH), 62.1 (CH2O), 42.5 (CH2N), 36.8 (CH2Ph), 30.2 ppm
(CH2CH2Ph). CAS 107978‐04‐1.

3‐(2‐bromo‐3‐phenylpropanoyl)oxazolidin‐2‐one (79). A 20‐mL Schlenk
was charged with 78 (219 mg, 1.00 mmol, 1.0 eq) and CH2Cl2 (10 mL) were
added via syringe. The colorless solution was cooled to ‐78° C and Et3N
(0.17 ml, 1.20 mmol, 1.2 eq) and Bu2BOTf (1.05 mL, 1 M in CH2Cl2,
1.05 mmol, 1.05 eq) were added to give a slightly yellow reaction mixture. The solution was
stirred for further 15 min before it was warmed up to 0 °C and stirred for 1 h. The now colorless
solution was recooled to ‐78° C before NBS (196 mg, 1.10 mmol, 1.10 eq) was added as solid in
a counter flow of argon. The now colorless suspension was stirred for further 2 h before it was
warmed up to rt. It was then poured onto a saturated solution of NH4Cl (15 mL). The aqueous
phase was extracted with CH2Cl2 (4 x 5 mL) and the combined organic phases were washed with
10% Na2S2O3‐solution (15 mL) and brine (15 mL), dried over MgSO4, filtered and concentrated
at reduced pressure to give a yellow solid. The residue was purified by flash column
chromato¬graphy (SiO2, chexane/EtOAc = 7:3) to give a clear colorless oil (243 mg, 82%). Rf =
0.24 (chexane/EtOAc = 7:3). 1H NMR (300 MHz, CDCl3)  = 3.31 (dd, J = 14.0, J = 6.8, 1H, CH2Ph),
3.58 (dd, J = 13.8, J = 8.7, 1H, CH2Ph), 3.97‐4.07 (m, 2H, NCH2), 4.35‐4.45 (m, 2H, CH2O), 5.92
(dd, 1H, J = 8.4, J = 6.9, CHBr), 7.28‐7.32 ppm (m, 5H, CHarom). 13C{1H} NMR (75 MHz, CDCl3)  =
40.3 (s, CH2Ph), 42.5, 42.8 , 62.0 (CH2O), 127.2 (CHarom), 128.6 (2C, CHarom), 129.4 (2C, CHarom),
136.8 (s, CHarom), 152.5 (s, NCOO), 168.8 ppm (s, CO). HRMS (EI) calcd (m/z) for C12H12BrNO3:
[M++Na] 319.9893; found: 319.9897.
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3‐(2‐nitro‐3‐phenylpropanoyl)oxazolidin‐2‐one (80). A 10‐mL Schlenk was
charged with phloroglucinol (128 mg, 1.00 mmol, 1.30 eq) and NaNO2
(96 mg, 1.23 mmol, 1.60 eq) to the solid DMF was added (1 mL). To the
resulting solution 79 (225 mg, 0.77 mmol, 1.00 eq) in DMF (2 mL) was
added. The now brownish reaction mixture was stirred at rt over night (18 h) and then poured
on icewater (10 mL). The mixture was extracted with Et2O (4 x 5 mL) and the combined organic
phases were washed with H2O (10 mL) and brined (10 mL), dried over MgSO4, filtered and
concentrated at reduced pressure to give a brownish oil. The residue was purified by flash
column chromategraphy (SiO2, chexane/EtOAc = 1:1) to give a slightly yellow solid (156 mg,
78%). Rf = 0.24 (chexane/EtOAc = 7:3). 1H NMR (300 MHz, CDCl3)  = 3.53 (dd, J = 14.0, J = 7.1,
1H, CH2Ph), 3.64 (dd, J = 14.0, J = 7.7, 1H, CH2Ph), 3.97‐4.04 (m, 1H, NCH2), 4.10‐4.20 (m, 1H,
CH2N‐), 4.39‐4.54 (m, 2H, CH2O), 6.65 (dd, J = 7.5, J = 7.1, 1H, CHNO2), 7.28‐7.35 (5H, m, CHarom).
HRMS (EI) calcd (m/z) for C12H12N2O5: [M+ + Na] 282.1084, [M+ + NH4] 287.0638; found [M+ +
Na] 282.1080, [M+ + NH4] 287.0637.

3‐Propionyloxazolidin‐2‐one. A 250‐mL Schlenk round bottomed flask was
charged with 2‐oxazolidinone (2.0 g, 22.8 mmol, 1.00 eq). To the solid THF
(90 mL) was added, the resulting clear colorless solution was cooled to ‐78° C
and nBuLi (16 mL, 1.6 M in hexane, 25.1 mmol, 1.10 eq) was added dropwise
via syringe. The reaction mixture was stirred for 15 min before propionyl chloride (2.2 mL,
25.1 mmol, 1.10 eq) was added via syringe. The resulting brownish suspension was allowed to
warm to rt over the course of 1 h. The resulting clear solution was quenched with a saturated
NH4Cl solution (150 mL) and extracted with CH2Cl2 (3 x 100 mL). The combined organic phases
were washed with a saturated NaHCO3 solution (100 mL), brine (150 mL) dried over MgSO4,
filtered and concentrated at reduced pressure to give a brown solid. The solid was dissolved in
a hot mixture of hexane (40 mL) and EtOAc (6 mL) and allowed to cool to rt. Subsequent cooling
in a fridge for 2 h gave a crop of a off‐white crystalline solid, which was recrystallized from
hexane (53 mL) and EtOAc (7 mL) to give the desired product as white needles (2.34 g, 71%).
1
H NMR (250 MHz; CDCl3)  = 1.17(t, J = 7.4, 3H, CH2CH3), 2.93 (q, J 7.4, 2H, CH2CH3), 4.02 (2H, t,
J = 8.0, CH2N), 4.42 ppm (2H, t, J = 8.0, CH2O). 13C{1H} NMR (63 MHz, CDCl3) 8.3 (CH2CH3), 28.7
(CH2CH3), 42.5 (CH2N), 62.1 (CH2O), 153.6 (s, NCOO), 174.2 ppm (CO). CAS 60420‐27‐1.

3‐(2‐Bromopropanoyl)oxazolidin‐2‐one. A 100‐mL Schlenk was charged with
3‐propionyloxazolidin‐2‐one (998 mg, 6.99 mmol, 1.00 eq) and CH2Cl2 (40 mL)
were added via syringe. The colorless solution was cooled to ‐78° C and Et3N
(1.2 mL, 8.34 mmol, 1.20 eq) and Bu2BOTf (7.3 mL, 1 M in CH2Cl2, 7.30 mmol,
1.05 eq) were added to give a slightly yellow reaction mixture. The solution was stirred for
further 15 min before it was warmed up to 0 °C and stirred for 1 h at this temperature. The now
colorless solution was recooled to ‐78° C before NBS (1.40 g, 7.69 mmol, 1.10 eq) was added as
solid in a counter flow of argon. The now colorless suspension was stirred for further 2 h before
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it was warmed up to rt. The colorless solution was then poured on a saturated solution of NH4Cl
(50 mL). The aqueous phase was extracted with CH2Cl2 (3 x 20 mL) and the combined organic
phases were washed with 10% Na2S2O3‐solution (50 mL) and brine (50 mL), dried over MgSO4,
filtered and concentrated at reduced pressure to give an orange oil. The residue was purified by
flash column chromatography (SiO2, chexane/EtOAc = 1:1) to give again a mixture of the desired
product and N‐(dibutylboryl)‐succinimide (1.66 g). The mixture was used without further
purification for the next step. 1H NMR (300 MHz, CDCl3, selected peaks)  = 1.87 (d, J = 6.9, 3H,
CHBrCH3), 4.10 (t, J = 8.0, 2H, CH2N), 4.49 (t, J = 8.0, 2H, CH2O), 5.73 ppm (q, J = 6.9, 1H,
CHBrCH3). CAS 114341‐77‐4.

3‐(2‐Nitropropanoyl)oxazolidin‐2‐one (83). A 50‐mL Schlenk was charged with
phloroglucinol (1.10 g, 9.06 mmol, 1.30 eq) and NaNO2 (860 mg, 1.23 mmol,
1.80 eq) to the solid DMF was added (10 mL). To the resulting solution crude
3‐(2‐bromopropanoyl)oxazolidin‐2‐one (1.55 g, 6.97 mmol, 1.00 eq) in DMF
(4 mL) was added. The now brownish reaction mixture was stirred at rt over night (11 h) and
then poured onto icewater (40 mL). The mixture was extracted with Et2O (4 x 15 mL) and the
combined organic phases were washed with saturated NaHCO3 (40 mL), with saturated NH4Cl
(40 mL) and brined (40 mL), dried over MgSO4, filtered and concentrated at reduced pressure to
give a biphasic mixture. The residue was purified by flash column chromatography (SiO2,
c
hexane/EtOAc = 1:1) to give a slightly yellow solid (80 mg, 14%). 1H NMR (200 MHz, CDCl3)  =
1.87 (d, J = 7.0, 3H, CH3), 4.05‐4.25 (m, 2H, CH2N), 4.54‐4.63 (m, 2H, CH2O), 6.37 ppm (q, J = 7.0,
1H, CHNO2).

(1R,2S,5R)‐2‐Isopropyl‐5‐methylcyclohexyl 2‐nitropropanoate (87). A 100‐mL
flask was charged with L‐(‐)‐menthol (3.2 g, 20.0 mmol, 1 eq) to the solid
pyridine (1.8 mL, 22 mmol, 1.1 eq) and CHCl3 (15 mL) were added and the
resulting solution was cooled to 0 °C. To the reaction mixture a precooled
solution of 2‐bromopropanoyl bromide (2.3 mL, 22 mmol, 1.1 eq) in CHCl3 (5 mL) was added
dropwise over 30 min. After the complete addition the reaction mixture was warmed to rt using
a water bath and stirred for further 4 h. Subsequently, the reaction was further diluted with
H2O and extracted with CHCl3. The combined organic layer were washed with 10% H2SO4
solution, concentrated NaHCO3 solution and brine, dried over MgSO4, filtered and concentrated
at reduced pressure. The resulting oil was used for the next step without further purification.
NaNO2 (2.1 g, 30 mmol, 1.5 eq) and phloroglucinol (2.2 g, 18 mol, 0.9 eq) were suspended in an‐
hydrous DMF (25 mL). The α‐bromo ester was dissolved in anhydrous DMF (5 mL) and sub‐
sequently added to the reaction mixture. The resulting brownish suspension was stirred at rt
for 4 h and was then poured onto icecold H2O and Et2O. The aqueous phase was extracted with
Et2O (3 x). The combined organic phases were washed with H2O and brine, dried over MgSO4,
filtered and concentrated at reduced pressure. The resulting oil was purified by flash
chromatography (SiO2, Hex/Et2O = 10:1) and the product was obtained as light yellow oil and
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mixture of diastereoisomers (dr approx. 1:1) (2.8 g, 55% over 2 steps). 1H NMR (500 MHz,
CD2Cl2) δ = 5.253 (q, 3JH,H = 7.0, 1H, CHNO2, one diastereoisomer), 5.251 (q, 3JH,H = 7.0, 1H,
CHNO2, other diastereoisomer), 4.83 (pseudo td, J = 11.0, 4.5, 1H, CHOR), 2.07 – 2.04 (m, 1H),
1.88 – 1.84 (m, 1H), 1.804 (d, 3JH,H = 7.00, 3H, CHNO2CH3, one diastereoisomer), 1.802 (d, 3JH,H =
7.00, 3H, CHNO2CH3, other diastereoisomer), 1.77 – 1.72 (m, 2H), 1.58 – 1.45 (m, 3H), 1.14 –
1.04 (m, 2H), 0.97 – 0.91 (m, 6H), 0.82 – 0.80 (m, 3H). 13C{1H} NMR (126 MHz, CD2Cl2) δ =165.23
and 165.19 (CO2R), 83.97, 77.84, 47.25 and 47.21, 40.65 and 40.56, 34.39, 31.77, 27.3, 26.59
and 26.55, 23.63 and 23.59, 22.04, 20.82 and 20.80, 16.22 and 16.20, 15.97 and 15.95. HRMS
(ESI) calcd (m/z) for C13H23NO4: [M+ + Na] 280.1519, found 280.1512.

(1R,2S,5R)‐2‐Isopropyl‐5‐methylcyclohexyl 3,3,3‐trifluoro‐2‐methyl‐2‐nitro‐
propanoate (88). (1R,2S,5R)‐2‐isopropyl‐5‐methylcyclohexyl 2‐nitropropa‐
noate 87 (200 mg, 0.77 mmol, 1 eq) and 2 (317 mg, 0.97 mmol, 1.25 eq)
were dissolved in dry CH2Cl2 (2 mL). After addition of the CuBr.S(CH3)2
(32 mg, 0.15 mmol, 0.2 eq) the reaction mixture was stirred at rt in the ab‐
sence of light for 24 h. The reaction mixture was concentrated at reduced pressure and purified
by flash chromatography (SiO2, Hex:Et2O = 20:1) to give the desired product as yellow oil as a
mixture of diastereoisomers (dr approx. 1:1.5) (242 mg, 94%). 1H NMR (700 MHz, CD2Cl2,) δ =
4.91 (pseudo td, J = 11.0, 4.5, 1H, CHO), 2.14 – 2.05 (m, 4H), 1.90 – 1.81 (m, 1H, CHaxial c‐Hex),
1.80 – 1.71 (m, 2H, CHaxial c‐Hex), 1.60 – 1.47 (m, 2H, CHaxial c‐Hex), 1.19 – 1.06 (m, 2H), 1.01 –
0.87 (m, 7H), 0.84 – 0.73 (m, 3H), 0.17 – 0.15 (m, 1H, major diastereoisomer), 0.14 – 0.12 ppm
(m, 1H, minor diastereoisomer). 13C{1H} NMR (176 MHz, CD2Cl2) δ = 162.6 – 159.4 (m, 1C, CO2),
121.0 (q, 1JC,F = 284.0, 1C, CF3), 93.5 (s, 1C, CCF3), 79.51 (s, 1C), 46.7 (s, 1C), 39.7 (s, 1C), 33.87 (s,
1C), 31.4 (s, 1C), 26.0 (s, 1C), 22.9 (s, 1C), 21.6 (s, 1C), 20.4 (s, 1C), 18.2 – 17.6 (m, 1C), 1.40 ppm
(s, 1C). 19F NMR (188 MHz, CDCl3) δ = ‐72.57 (s, CF3, major), ‐72.63 ppm (s, CF3, minor). HRMS
(ESI) calcd (m/z) for C14H22F3NO4: [M+ + Na]. 348.1393; found: 348.1397.

2‐Bromo‐3‐phenylpropanoyl chloride (89). DL‐phenylalanine (10 g, 60 mmol,
1 eq) was suspended in a mixture of KBr (22.9 g, 190 mmol, 3.2 eq) and 5%
H2SO4 (140 mL) at 0 °C. After stepwise and careful addition of NaNO2 (4.14 g,
60 mmol, 1 eq), the reaction mixture was allowed to warm to rt and stirred for
1 h. The aqueous phase was extracted with EtOAc, dried over MgSO4, filtered and concentrated
at reduced pressure. The product was used for the next step without further purification.
The yellow oil was dissolved in CCl4 (22 mL) in a two‐necked round flask, which was equipped
with a ground‐in glass stopper and a reflux condenser. SOCl2 (15 mL, 200 mmol, 3.3 eq) was
carefully added and the reaction mixture was stirred for 1 h at reflux. The reaction mixture was
cooled to rt and the desired product was purified bydistillation at 80°C @ 0.075 mbar to give a
colorless oil (7.5 g, 30 mmol, 50% over 2 steps). 1H NMR (500 MHz, CDCl3) δ = 7.34 (m, 5H,
CHarom), 4.74 (pseudo t, 3JH,H = 7.5, 1H, CHBr), 3.57 (dd, 2JH,H = 14.5, 3JH,H = 7.5, 1H, CHHPh), 3.33
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ppm (dd, 2JH,H = 14.5, 3JH,H = 7.5, 1H, CHHPh). 13C{1H} NMR (126 MHz, CDCl3) δ = 135.7, 129.6,
129.3, 128.3, 54.3, 41.4 ppm. CAS 42762‐86‐7.

(1R,2S,5R)‐2‐Isopropyl‐5‐methylcyclohexyl 2‐nitro‐3‐phenylpropanoate
(90). A 100‐mL flask was charged with L‐(‐)‐menthol (1.6 g, 10.0 mmol,
1.00 eq) to the solid pyridine (0.9 mL, 11 mmol, 1.10 eq) and CHCl3 (10 mL)
were added and the resulting solution was cooled to 0 °C. To the reaction
mixture a precooled solution of 2‐bromo‐3‐phenylpropanoyl chloride 89
(2.75 g, 11 mmol, 1.10 eq) in CHCl3 (2 mL) was added dropwise over 30 min. After the complete
addition the reaction mixture was warmed to rt using a water bath and stirred for further 24 h
at this temperature. Subsequently, the reaction was further diluted with H2O and extracted
with CHCl3. The combined organic layer were washed with 10% H2SO4 solution, concentrated
NaHCO3 solution and brine, dried over MgSO4, filtered and concentrated at reduced pressure.
The resulting oil was used for the next step without further purification.
NaNO2 (0.97 g, 14 mmol, 1.4 eq) and phloroglucinol (1.1 g, 9 mol, 0.9 eq) were suspended in
anhydrous DMF (15 mL). The α‐bromo ester was dissolved in anhydrous DMF (5 mL) and sub‐
sequently added to the reaction mixture. The resulting brownish suspension was stirred at rt
for 24 h and was then poured onto icecold H2O and Et2O. The aqueous phase was extracted
with Et2O (3 x). The combined organic phases were washed with H2O and brine, dried over
MgSO4, filtered and concentrated at reduced pressure. The resulting oil was purified by
recrystallisation from hot n‐hexane (40 mL) giving large white crystals as a mixture of
diastereoisomers (dr approx. 1:1) (1.14 g, 34% over 2 steps). 1H NMR (300 MHz, CDCl3) δ = 7.38
– 7.20 (m, 5H, CHarom), 5.39 – 5.27 (m, 1H, CHO), 4.80 (pseudo ddd, J = 15.7, 10.8, 4.6, 1H,
CHNO2), 3.64 – 3.42 (m, 2H, CHPh), 2.07 – 1.87 (m, 1H, CHaxial c‐Hex), 1.75 (pseudo d, J = 11.6,
2H, CHaxial c‐Hex), 1.63 – 1.33 (m, 3H), 1.15 – 0.65 ppm (m, 12H). 13C{1H} NMR (176 MHz,
CD2Cl2) δ = 163.68 and 163.59 (CO2R), 134.33 and 134.22, 128.9 ‐ 128.6 (m, 2C), 127.65 and
127.63, 89.34, 77.74 and 77.69, 46.82 and 46.72, 40.20 and 40.15, 36.2 and 36.1, 33.96, 31.37
and 31.36, 26.10 and 26.03, 23.18 and 23.16, 21.63 and 21.61, 20.39, 15.79. HRMS (ESI) calcd
(m/z) for C19H27NO4: [M+ + Na] 356.1832; found: 356.1834.

(1R,2S,5R)‐2‐Isopropyl‐5‐methylcyclohexyl 2‐benzyl‐3,3,3‐trifluoro‐2‐nitro‐
propanoate (91). (1R,2S,5R)‐2‐isopropyl‐5‐methylcyclohexyl 2‐nitropropan‐
oate 90 (200 mg, 0.77 mmol, 1 eq) and 2 (238 mg, 0.72 mmol, 1.25 eq) were
dissolved in dry CH2Cl2 (2 mL). After addition of the CuBr.S(CH3)2 (25 mg,
0.12 mmol, 0.2 eq) the reaction mixture was stirred at rt in the absence of
light for 4 d. The reaction mixture was concentrated at reduced pressure and purified by flash
chromatography (SiO2, Hex/Et2O = 30:1) to give the desired product as yellow oil as a mixture of
diastereoisomers (dr approx. 1:1.5) (87 mg, 36%). 1H NMR (700 MHz, CD2Cl2) δ = 7.39 – 7.34 (m,
3H, CHarom), 7.34 – 7.29 (m, 2H, CHarom), 4.91 (pseudo qd, J = 10.8, 4.4, 1H, CHO), 3.88 (pseudo
td, J = 30.8, 15.3, 2H, CH2Ph), 2.04 – 1.96 (m, 1H, CHaxial c‐Hex), 1.79 – 1.70 (m, 2H, CHaxial c‐Hex),
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1.59 – 1.43 (m, 2H, CHaxial c‐Hex), 1.32 (s, 1H), 1.15 – 0.85 (m, 8H), 0.82 – 0.74 (m, 3H), 0.17 ppm
(s, 1H). 13C{1H} NMR (176 MHz, CD2Cl2) δ = 162.6– 160.1 (m, 1C, CO2R), 131.1 – 128.3 (m, 5C,
CHarom), 120.9 (q, 1JC,F = 285.7, 1C, CF3), 93.5 (s, 1C, CCF3), 79.9 (s, 1C, CHO), 46.6 (s, 1C), 39.6 (s,
1C), 37.2 (s, 1C, CH2Ph), 33.8 (s, 1C), 31.4 (s, 1C), 25.6 (s, 1C), 22.8 (s, 1C), 21.6 (s, 1C), 20.4 (s,
1C), 15.3 (s, 1C), 2.1 ppm (s, 1C) 19F NMR (188 MHz, CD2Cl2) δ = ‐67.8 (s, CF3, minor), ‐68.1 ppm
(s, CF3, major). HRMS (ESI) calcd (m/z) for C20H26F3NO4: [M+ + Na] 424.1706; found: 424.1698.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐phenylpropan‐2‐yl)cyclohexyl 2‐nitropropanoate
(95). A 100‐mL flask was charged with (‐)‐8‐phenylmenthol (3.0 g,
13.0 mmol, 1.00 eq) to the solid pyridine (1.2 mL, 14 mmol, 1.10 eq) and
CHCl3 (15 mL) were added and the resulting solution was cooled to 0 °C. To
the reaction mixture a precooled solution of 2‐bromopropanoyl bromide
(1.50 mL, 14 mmol, 1.10 eq) in CHCl3 (2 mL) was added dropwise over 30 min. After the
complete addition the reaction mixture was warmed to rt using a water bath and stirred for
further 24 h at this temperature. Subsequently, the reaction was further diluted with H2O and
extracted with CHCl3. The combined organic layer were washed with 10% H2SO4 solution,
concentrated NaHCO3 solution and brine, dried over MgSO4, filtered and concentrated at
reduced pressure. The resulting oil was used for the next step without further purification.
NaNO2 (1.8 g, 26 mmol, 2.0 eq) and phloroglucinol (2.1 g, 16 mmol, 1.2 eq) were suspended in
anhydrous DMF (20 mL). The α‐bromo ester was dissolved in anhydrous DMF (5 mL) and sub‐
sequently added to the reaction mixture. The resulting brownish suspension was stirred at rt
for 24 h and was then poured onto icecold H2O and Et2O. The aqueous phase was extracted
with Et2O (3 x). The combined organic phases were washed with H2O and brine, dried over
MgSO4, filtered and concentrated at reduced pressure. The resulting oil was purified by flash
column chromatography (SiO2, Hex/Et2O = 10:1) to give the product as light yellow oil as a
mixture of diastereoisomers (dr approx. 1:1) (2.0g, 46% over 2 steps). 1H NMR (700 MHz,
CD2Cl2) δ = 7.38 – 7.31 (m, 4H, CH phenyl), 7.23 – 7.18 (m, 1H, CH para‐phenyl), 5.00 – 4.87 (m,
1H, CHO), 4.39 – 4.31 (m, 1H, CHNO2 one diastereoisomer), 4.18 – 4.11 (m, 1H, CHNO2 other
diastereoisomer), 2.21 – 2.11 (m, 1H, CHaxial c‐Hex), 1.94 – 1.85 (m, 2H), 1.79 – 1.69 (m, 1H,
CHaxial c‐Hex), 1.53 (dd, J = 7.1, 0.7, 3H, CH3CNO2 one diastereoisomer), 1.58 – 1.47 (m, 1H, axial
c‐ Hex), 1.38 (dd, 1J = 7.2, 0.7, 1H, CH3CNO2 other diastereoisomer), 1.34 (s, 3H, CH3CPh), 1.28 –
1.18 (m, 4H), 1.03 (ddd, J = 23.6, 11.9, 4.2, 1H, CHequatorial c‐Hex), 1.00 – 0.88 (m, 1H, CHequatorial
c‐Hex), 0.94 ppm (m, 3H, CHNO2CH3). HRMS (ESI) calcd (m/z) for C19H27NO4: [M+ + Na]
356.1832; found: 356.1827.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐phenylpropan‐2‐yl)cyclohexyl 2‐nitro‐3‐phenyl‐
propanoate (96). A 50‐mL flask was charged with (‐)‐8‐phenylmenthol (2.3
g, 10.0 mmol, 1.00 eq) to the solid pyridine (0.9 mL, 11 mmol, 1.10 eq) and
CHCl3 (10 mL) were added and the resulting solution was cooled to 0 °C. To
the reaction mixture a precooled solution 2‐bromo‐3‐phenylpropanoyl
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chloride 89 (2.7 g, 11 mmol, 1.10 eq) in CHCl3 (2 mL) was added dropwise over 30 min. After the
complete addition the reaction mixture was warmed to rt using a water bath and stirred for
further 24 h at this temperature. Subsequently, the reaction was further diluted with H2O and
extracted with CHCl3. The combined organic layer were washed with 10% H2SO4 solution,
concentrated NaHCO3 solution and brine, dried over MgSO4, filtered and concentrated at
reduced pressure. The resulting oil was used for the next step without further purification.
NaNO2 (1.3 g, 19 mmol, 1.9 eq) and phloroglucinol (1.5 g, 12 mmol, 1.2 eq) were suspended in
DMF (10 mL). The α‐bromo ester was dissolved in DMF (5 mL) and subsequently added to the
reaction mixture. The resulting brownish suspension was stirred at rt for 24 h and was then
poured onto icecold H2O and Et2O. The aqueous phase was extracted with Et2O (3 x). The
combined organic phases were washed with H2O and brine, dried over MgSO4, filtered and
concentrated at reduced pressure. The resulting oil was purified by recrystallisation from hot
n‐hexane (40 mL) giving small white crystals as a mixture of diastereoisomers (dr approx. 1:1)
(990 mg, 24% over 2 steps). 1H NMR (700 MHz, CD2Cl2) δ = 7.44 – 7.38 (m, 4H, CHarom), 7.34 (t, J
= 7.3, 2H, CHarom), 7.30 (t, J = 7.3, 1H, CHarom), 7.26 – 7.22 (m, 1H, CHarom), 7.08 (d, J = 7.2, 2H,
CHarom), 4.95 (pseudo td, J = 10.8, 4.5, 1H, CHO), 4.46 (dd, J = 11.1, 4.5, 1H, CHNO2), 3.24 (dd, J =
14.7, 11.2, 1H, CHHPh), 2.91 (dd, J = 14.7, 4.5, 1H, CHHPh), 2.18 (td, J = 12.2, 3.6, 1H, CHaxial c‐
Hex), 1.96 (dq, J = 13.4, 3.3, 1H, CHaxial c‐Hex), 1.85 (dt, J = 11.9, 4.9, 1H, CHaxial c‐Hex), 1.80 –
1.74 (m, 1H, CHaxial c‐Hex), 1.59 – 1.50 (m, 1H, CHaxial c‐Hex), 1.36 (s, 3H, CH3CPh), 1.31 – 1.20
(m, 1H, CHequatorial c‐Hex), 1.25 (s, 3H, CH3CPh), 1.02 – 0.92 (m, 2H, CHequatorial c‐Hex), 0.95 ppm
(d, J = 6.6, 3H, CH3CH); 13C{1H} NMR (176 MHz, CD2Cl2) δ = 163.7 (CO2R), 152.1 (Carom), 134.43
(Carom), 128.87 ‐ 125.23 (m, 10C, CHarom), 88.8 (CNO2), 77.5 (CHO), 50.1 (CH, c‐Hex), 41.1 (CH2, c‐
Hex), 39.3 (C(CH3)2Ph), 35.7 (CH2Ph), 34.3 (CH2,c‐Hex), 31.3 (CH3CPh), 29.55 (CH, c‐Hex), 26.2
(CH2 c‐Hex), 22.44 (CH3CPh), 21.42 ppm (CH3CH). HRMS (ESI) calcd (m/z) for C25H31NO4: [M+ +
Na] 427.2591; found: 427.2576. EA calcd (%) for C25H31NO4: C 73.32, H 7.63, N 3.42, O 15.63;
found: C 73.40, H 7.70, N 3.37, O 15.54.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐phenylpropan‐2‐yl)cyclohexyl 3,3,3‐trifluoro‐
2‐methyl‐2‐nitropropanoate
(97).
(1R,2S,5R)‐5‐methyl‐2‐(2‐
phenylpropan‐2‐yl)cyclohexyl
2‐nitropropanoate
95
(200 mg,
0.60 mmol, 1.00 eq) and 2 (248 mg, 0.75 mmol, 1.25 eq) were dissolved
in dry CH2Cl2 (2 mL). After addition of the CuBr.S(CH3)2 (25 mg,
0.12 mmol, 0.2 eq) the reaction mixture was stirred at rt in the absence of light for 5 d. The
reaction mixture was concentrated at reduced pressure and purified by flash chromatography
(SiO2, Hex/Et2O = 30:1) to give the desired product as yellow oil as a mixture of
diastereoisomers (dr approx. 6:1) (108 mg, 44%). 1H NMR (500 MHz, CD2Cl2) δ = 7.32 – 7.27 (m,
4H, CHarom), 7.19 – 7.14 (m, 1H, CHarom), 5.04 (pseudo td, J = 10.7, 4.5, 1H, CHO), 2.09 (ddd, J =
12.2, 10.7, 3.6, 1H, CHaxial c‐Hex), 2.01 (pseudo td, J = 12.1, 5.0, 1H, CHaxial c‐Hex), 1.68 – 1.53
(m, 5H), 1.47 (ddd, J = 15.1, 11.7, 6.6, 1H, CHaxial c‐Hex), 1.30 (s, 3H, CH3CPh), 1.22 (s, 3H,
CH3CPh), 1.11 – 1.01 (m, 1H, CHequatorial c‐Hex ) 0.89 (s, 3H), 0.88 – 0.79 (m, 1H), 0.07 ppm (s,
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1H). 19F NMR (188 MHz, CDCl3) δ = ‐71.9 (s, CF3, major), ‐72.4 ppm (s, CF3, minor). HRMS (ESI)
calcd (m/z) for C20H26F3NO4: [M+ + Na] 424.1706; found: 424.1706.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐phenylpropan‐2‐yl)cyclohexyl 2‐benzyl‐3,3,3‐tri‐
fluoro‐2‐nitropropanoate (98). (1R,2S,5R)‐5‐methyl‐2‐(2‐phenylpropan‐2‐
yl)cyclohexyl 2‐nitro‐3‐phenylpropanoate 96 (200 mg, 0.49 mmol, 1.00 eq)
and 2 (195 mg, 0.59 mmol, 1.20 eq) were dissolved in dry CH2Cl2 (2 mL).
After addition of the CuBr.S(CH3)2 (20 mg, 0.10 mmol, 0.2 eq) the reaction
mixture was stirred at rt in the absence of light for 7 d. The reaction mixture was concentrated
at reduced pressure and purified by flash chromatography (SiO2, Hex/Et2O = 30:1) to give the
desired product as yellow oil as a mixture of diastereoisomers (dr approx. 2:1) (32 mg, 14%).
1
H NMR (500 MHz, CD2Cl2) δ = 7.40 – 7.31 (m, 8H, CHarom), 7.30 – 7.26 (m, 1H, CHarom), 7.25 –
7.19 (m, 1H, CHarom), 5.13 (pseudo td, J = 10.8, 4.3, 1H, CHO major diastereoisomer ), 5.10
(pseudo td, J = 10.7, 4.4, 1H, CHO minor diastereoisomer), 3.73 (d, 2JH,H = 15.5, 1H, CHHPh), 3.56
(d, 2JH,H = 15.0, 1H, CHHPh), 2.10 (ddd, J = 12.3, 10.6, 3.7, 1H, CHaxial c‐Hex c‐Hex), 1.96 (ddd, 1J =
12.2, 5.8, 4.0, 1H, CHaxial c‐Hex), 1.74 – 1.57 (m, 2H, CHaxial c‐Hex), 1.51 (ddd, 1J = 10.0, 7.0, 3.5,
1H, CHaxial c‐Hex), 1.38 – 1.29 (m, 6H, 2x CH3CPh), 1.11 – 1.01 (m, 1H, CHequatorial c‐ Hex), 0.98 –
0.90 (m, 1H, CH3CH, CHequatorial c‐Hex), 0.85 ppm (ddd, J = 25.0, 13.0, 3.5, 1H, CHequatorial c‐Hex).
13
C NMR (126 MHz, CD2Cl2) δ = 150.6 (s, 1C, CO2R), 131.12 (s, 2C, Carom), 129.7 – 128.3 (m, 4C,
CHarom), 125.9 (m, 4C, CHarom), 81.7 (s, 1C, CHO), 50.2 (s, 1C, CH c‐Hex), 41.0 (s, 1C, CH2 c‐Hex),
40.3 (s, C(CH3)2), 34.5 (s, 1C, CH2 c‐Hex), 31.8 (s, 1C, CH3CPh), 30.7 (s, 1C, CHCH3), 28.7 (s, 1C,
CH2 c‐Hex), 25.1 (s, 1C, CH3CPh), 21.7 (s, 1C, CH3CH), 1.1 ppm (s, 1C, CH2CCF3); 19F NMR (188
MHz, CD2Cl2) δ = ‐66.4 (s, CF3, minor), ‐66.8 ppm (s, CF3, major). HRMS (ESI) calcd (m/z) for
C26H30F3NO4: [M+ + Na] 500.2019; found: 500.2015.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐(4‐nitrophenyl)propan‐2‐yl)cyclohexanol
(100).
(1R,2S,5R)‐Methyl‐2‐(1‐methyl‐1‐phenylethyl)cyclohexyl chloracetate 93 (4.0 g,
30 mmol, 1 eq) and NH4NO3 (2.1g, 26mmol, 2eq.) were suspended in dry CHCl3
(20 mL) and cooled to 0°C. (CF3CO)2O (13 ml, 90 mol, 7 eq) was slowly added, the
reaction mixture was warmed to rt by using a water bath and stirred for 3 h
before it was poured onto icecold H2O (100 mL). The aqueous phase was extracted with CHCl3
(3 x 20 mL). The combined organic phases were washed with brine, dried over MgSO4 and the
solvents were removed under reduced pressure. The resulting yellow oil was dissolved in a
solution of EtOH (100 mL), H2O (12 mL) and KOH (1.5 g, 26 mmol, 2 eq) and stirred for 2 h at
reflux. The clear solution was allowed to cool to rt and concentrated under reduced pressure.
The residue was saturated with NaCl and extracted with Et2O (3 x 20 mL). The combined organic
layers were dried over MgSO4 and concentrated under reduced pressure to obtain the yellow
crystalline solid (3.5 g, 97% over 2steps). 1H NMR (300 MHz, CDCl3) δ = 8.20 – 8.07 (m, 2H,
CHarom), 7.56 – 7.44 (m, 2H, CHarom), 3.48 (ddd, J = 10.5, 10.4 , 4.2, 1H, CHO), 1.92 – 1.77 (m, 1H,
CHaxial c‐Hex), 1.75 – 1.50 (m, 3H), 1.46 (s, 3H, CH3Ph), 1.42 (s, 1H, CHaxial c‐Hex), 1.33 (s, 3H,
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CH3Ph), 1.07 – 0.91 (m, 2H), 0.87 (d, J = 6.5, 3H, CH3CH), 0.78 ppm (d, J = 9.6, 1H, CHequatorial c‐
Hex). CAS 186045‐26‐1.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐(4‐nitrophenyl)propan‐2‐yl)cyclohexyl
2‐nitro‐
propanoate (101). A 50‐mL flask was charged with (1R,2S,5R)‐5‐methyl‐2‐
(2‐(4‐nitrophenyl)propan‐2‐yl)cyclohexanol 100 (1.0 g, 3.6 mmol, 1.00 eq)
to the solid pyridine (0.3 mL, 4 mmol, 1.10 eq) and CHCl3 (4 mL) were added
and the resulting solution was cooled to 0 °C. To the reaction mixture a
precooled solution 2‐bromopropanoyl bromide (0.4 mL, 4 mmol, 1.10 eq) in
CHCl3 (1 mL) was added dropwise over 5 min. After the complete addition the reaction mixture
was warmed to rt using a water bath and stirred for further 48 h at this temperature.
Subsequently, the reaction was further diluted with H2O and extracted with CHCl3. The
combined organic layer were washed with 10% H2SO4 solution, concentrated NaHCO3 solution
and brine, dried over MgSO4, filtered and concentrated at reduced pressure. The resulting oil
was used for the next step without further purification.
NaNO2 (0.48 g, 7.0 mmol, 1.9 eq) and phloroglucinol (0.55 g, 4.4 mmol, 1.2 eq) were suspended
in DMF (5 mL). The α‐bromo ester x was dissolved in DMF (2 mL) and subsequently added to
the reaction mixture. The resulting brownish suspension was stirred at rt for 48 h and was then
poured onto icecold H2O and Et2O. The aqueous phase was extracted with Et2O (3 x). The
combined organic phases were washed with H2O and brine, dried over MgSO4, filtered and
concentrated at reduced pressure. After purification by flash chromatography (SiO2, Hex/Et2O =
10:1) the product was obtained as yellow oil as a mixture of diastereoisomers (dr approx. 1:1)
(432mg, 32% over 2 steps). 1H NMR (700 MHz, CD2Cl2) δ = 8.22 – 8.17 (m, 2H, CHarom), 7.52 –
7.49 (m, 2H, CHarom), 4.97 – 4.91 (m, 1H, CHOR), 4.44 – 4.39 (m, 1H, CHNO2), 2.20 – 2.14 (m,
1H), 1.94 – 1.91 (m, 1H), 1.80 – 1.71 (m, 2H), 1.59 – 1.46 (m, 4H), 1.40 – 1.35 (m, 3H), 1.27 –
1.22 (m, 3H), 1.21 – 1.17 (m, 1H), 1.08 – 0.93 (m, 5H). HRMS (ESI) calcd (m/z) for C19H30N3O6:
[M+ + Na] 401.1683; found: 401.1679.

(1R,2S,5R)‐5‐Methyl‐2‐(2‐(4‐nitrophenyl)propan‐2‐yl)cyclohexyl
3,3,3‐
trifluoro‐2‐methyl‐2‐nitropropanoate (102). (1R,2S,5R)‐5‐methyl‐2‐(2‐(4‐
nitrophenyl)propan‐2‐yl)cyclohexyl 2‐nitropropanoate (200 mg, 0.53 mmol,
1.00 eq) and 2 (218 mg, 0.66 mmol, 1.25 eq) were dissolved in dry CH2Cl2
(2 mL). After addition of the CuBr.S(CH3)2 (21 mg, 0.1 mmol, 0.2 eq) the
reaction mixture was stirred at rt in the absence of light for 5 d. The reaction mixture was
concentrated at reduced pressure and purified by flash chromatography (SiO2, Hex/Et2O = 30:1)
to give the desired product as yellow oil as a mixture of diastereoisomers (dr approx. 5:1)
(71 mg, 30%). 1H NMR (500 MHz, CD2Cl2) δ 8.24 – 8.14 (m, 2H, CHarom), 7.60 – 7.47 (m, 2H,
CHarom), 5.10 (pseudo td, J = 10.6, 4.2, 1H, CHO), 2.23 – 2.15 (m, 1H, CHaxial c‐Hex), 2.04 (bd, 1J =
11.1, 1H, CHaxial c‐Hex), 1.90 (dd, 1J = 19.8, 3.3, 1H, CHaxial c‐Hex), 1.86 – 1.75 (m, 4H), 1.71 (bd,
1J = 13.0, 1H, CHaxial c‐Hex), 1.61 – 1.49 (m, 1H, CHaxial c‐Hex), 1.38 (s, 3H, CH3CPh), 1.32 (s, 3H,
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CH3CPh), 1.21 – 1.09 (m, 2H, CHequatorial c‐Hex), 0.99 – 0.85 ppm (m, 4H); 13C{1H} NMR (126 MHz,
CD2Cl2) δ = 160.9 (s, 1C, CO2R), 158.7 (s, 1C, CAr), 146.4 (s, 1C, CArNO2), 126.9 (s, 2C, CAr), 123.8
(s, 2C, CAr), 121.3 (q, 1JC,F = 284.3, 1C, CF3), 80.8 (s, 1C, CHO), 50.1 (s, 1C, CHCPh), 41.0 (s, 1C,
CMe2Ph), 34.3 (s, 1C, CH2), 31.7 (s, 1C, CH3CPh), 30.1 (s, 1C, CH2), 27.4 (s, 1C, CH2), 26.0 (s, 1C,
CHCH3), 21.7 (s, 1C, CH3CPh), 17.7 (s, 1C, CH3CH), 1.1 ppm (s, 1C, CH3CCF3); 19F NMR (188 MHz,
CDCl3) δ = ‐72.0 (s, CF3, major), ‐72.2 (s, CF3, minor). HRMS (ESI) calcd (m/z) for C14H21F3NO4:
[M+ + Na] 469.1557; found: 469.4558.

8.8.

Trifluoromethylation of Phosphines

Naphthalen‐2‐ylbis(trifluoromethyl)phosphine. To a solution of 1
(316 mg, 1 mmol) and 2‐naphthylphosphine (80 mg, 0.5 mmol) in CH2Cl2
(5 mL) at ‐78 °C was added DBU (0.3 mL, 2 mmol) dropwise. The reaction
mixture war stirred at this temperature for 1 h before it was warmed up to rt over the course of
3 h. The brown solution was concentrated and the residue was subjected to flash column
chromatography (SiO2, pentane/Et2O 1:1) to give the title compound as a clear colorless,
volatile oil (109 mg, 0.37 mmol, 74%). 1H NMR (250 MHz, CD2Cl2/CDCl3): δ = 8.46 (d, JH,P = 14.7,
1H, CHarom), 7.65 – 8.07 ppm (m, 6H, CHarom). 13C{1H} NMR (75 MHz, CD2Cl2/CDCl3): δ = 120.1
(m, CP), 129.4, 129.8, 130.4 (qdq, 1JC,F = 320.5, 1JC,P = 30.3, 3JC,F = 6.1, CF3), 130.6 (CH), 130.6 (d,
JC,P = 9.5, CH), 131.1 (CH), 131.3 (d, JC,P = 6.1, CH), 134.6 (d, JC,P = 15.6, C), 137.1 (C), 142.3 ppm
(d, JC,P = 41.7, C). 19F NMR (282 MHz, CD2Cl2/CDCl3): δ = ‐53.5 ppm (d, 2JF,P = 78.7, CF3). 31P{1H}
NMR (121 MHz, CD2Cl2): δ = 0.7 ppm (sep; 2JP,F = 78.7, P(CF3)2). HRMS (EI) calcd (m/z) for
C12H7F6P: [M+] 296.0184; found: 296.0184.

(R)‐diethyl 2'‐(diphenylphosphino)‐1,1'‐binaphthyl‐2‐ylphosphonate
(120). To a solution of (R)‐2'‐(diphenylphosphino)‐1,1'‐binaphthyl‐2‐yl
trifluoromethanesulfonate (1.85 g, 3.15 mmol) in DMSO (10 mL) were
added diethylphosphonate (HP(O)(OEt)2) (1.21 mL, 9.46 mmol, 3.0 eq),
1,4‐bis(diphenylphosphino)butane (dppb) (135 mg, 0.315 mmol, 0.1 eq),
palladium(II)acetate (70.8 mg, 0.315 mmol, 0.10 eq) and sodiumformiate (HCOONa) (47.2 mg,
0.694 mmol, 0.22 eq). To the mixture (diisopropyl)(ethyl)amine (3.24 mL, 18.92 mmol, 6.0 eq)
was added and the biphasic system was warmed up to 100 °C and stirred at that temperature
for 5 d. The resulting dark red‐brown mixture was cooled down to room temperature and the
volatile components were removed at reduced pressure. The mixture was then diluted with
CH2Cl2 and washed with H2O (2 x 50 mL). The organic layer was dried over NaSO4, filtered and
concentrated at high vacuum. The resulting brown to flash column chromatography (SiO2,
hexanes/EtOAc = 1:1) to yield the title compound 120 as a white powder (903 mg, 1.57 mmol,
50%) after drying overnight at vacuum. Rf = 0.28 (hexanes/EtOAc 1:1). 1H NMR (250 MHz,
CDCl3): δ = 0.92 (t, 3JH,H = 7.1 , 3H, P(O)OCH2CH3), 0.98 (t, 3JH,H = 7.1, 1H, P(O)OCH2CH3), 3.5 – 4.5
(m, 4H, P(O)OCH2CH3), 6.6 – 8.2 ppm (m, CHarom). 13C{1H} NMR (75 MHz, CDCl3): δ = 15.6 (d, 3JC,P
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= 6.5, POCH2CH3), 15.9 (d, 3JC,P = 5.8, POCH2CH3), 61.3 (d, 2JC,P = 6.9, POCH2CH3), 61.4 (d, 2JC,P =
7.4, POCH2CH3), 124 – 145 ppm (m, Carom.); 31P{1H} NMR (121 MHz, CDCl3): δ = –14.8 (s, PPh2),
17.6 ppm (s, P(O)(OEt)2). HRMS (EI) calcd (m/z) for C36H32O3P2: [M+] 574.1827, [M+ ‐ P(O)(OEt)2]
437.1454; found: [M+] 574.1822, [M+ ‐ P(O)(OEt)2] 437.1453.

(R)‐diphenyl(2'‐phosphino‐1,1'‐binaphthyl‐2‐yl)phosphine (114). To a
cooled (‐80 °C, i‐PrOH/cryostat) suspension of lithium aluminum hydride
(LAH) (169 mg, 4.46 mmol, 3.2 eq) in THF (5 mL) was added slowly
trimethylsilylchloride (TMSCl) (0.53 ml, 4.2 mmol, 3.0 eq). The grey
suspension was stirred at –80 °C for 15 min and then at ambient temperature
for 1.5 h. The mixture was then cooled to –40 °C (i‐PrOH/cryostat) and to it was added in large
portions a solution of (R)‐diethyl 2'‐(diphenylphosphino)‐1,1'‐binaphthyl‐2‐ylphosphonate 120
(800 mg, 1.39 mmol, 1.00 eq) in THF (10 mL). The resulting brown reaction mixture was stirred
at –40 °C for 15 min and then at ambient temperature overnight upon which its color changed
to grey again. The mixture was recooled to 0 °C (ice/water bath) and quenched by the slow
addition of degassed H2O (2 mL) (exothermic reaction). After stirring for 30 min, the mixture
was diluted with Et2O (4 mL), treated with degassed NaOH (10% in H2O, 2 mL) and vigorously
stirred for further 15 min until the solids took a white color. Finally, the mixture was treated
with further degassed H2O (4 mL) and the biphasic system was extracted with Et2O (2 x 20 mL).
The combined organic layers were dried over Na2SO4 and filtered under argon to give after
concentration and drying under vacuum, the title compound 114 as an off‐white solid (634 mg,
1.35 mmol, 97%) which was used for the next step without further purification. 1H NMR (300
MHz, CDCl3): δ = 3.51 (dd, 1JP,H = 204.4, 2JH,H = 12.2 , 1H, PH), 3.65 (dd, 1JP,H = 204.3, 2JH,H = 12.2,
1H, PH), 6.7 – 8.1 ppm (m, CHarom). 13C{1H} NMR (75 MHz, CDCl3): δ = 125 – 147 ppm (m, Carom).
31 1
P{ H} NMR (121 MHz, CDCl3): δ = –126.8 (d, JP,P = 13.8, PH2), –14.7 ppm (d, JP,P = 13.8, PPh2);
31
P NMR (121 MHz): δ = ‐126.8 (tdd, 1JP,H = 204.3, JP,P = 13.9, 3JP,H = 5.5, PH2), –14.7 ppm (m,
PPh2).

(R)‐2'‐(Diethoxyphosphoryl)‐1,1'‐binaphthyl‐2‐yl trifluoromethanesul‐
fonate (121). A solution of (R)‐1,1'‐binaphthyl‐2,2'‐diyl bis(trifluoro‐
methanesulfonate) 116 (10.0 g, 18.2 mmol) in DMSO (80 mL) in a
Schlenk flask was degassed by evacuating the system and filling with
argon (5 x). To the clear solution were added, diethylphosphonate
(5.40 mL, 54.6 mmol, 3.0 eq), 1,4‐bis(diphenylphosphino)butane (dppb) (853 mg, 2.00 mmol,
0.11 eq), palladium(II)acetate (408 mg, 1.82 mmol, 0.10 eq.) and sodium formate (124 mg,
1.82 mmol, 0.10 eq). To this orange‐yellow solution was then added (diisopropyl)ethylamine
(18.6 mL, 109 mmol, 6.0 eq) and the biphasic system was heated to 90 °C and stirred overnight
(16 h). The mixture was then cooled to rt and the volatile components were removed under
reduced pressure. The mixture was then diluted with EtOAc and washed twice with H2O, dried
over MgSO4, filtered and evaporated. Flash column chromatography (SiO2, hexanes/EtOAc =
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1:1) of the residue gave a substance that was further purified by dilution in Et 2O and
evaporation under reduced pressure (2 x) to remove solvent residues, yielding the pure title
compound 121 as a clear viscous oil (6.85 g, 12.7 mmol, 70%). Rf = 0.18 (hexanes/EtOAc =1:1).
1
H NMR (500 MHz, CD2Cl2): δ = 0.80 (pseudo t, JH,H = 7.0, 3H, PCH2CH3), 1.14 (pseudo t, JH,H =
7.1, 3H, PCH2CH3.), 3.62 – 3.75 (m, 2H, PCH2CH3), 3.77 – 3.84 (m, 1H, PCH2CH3), 3.87 – 3.95 (m,
1H, PCH2CH3), 7.14 (d, JH,H = 8.5, 1H, CHarom), 7.22 (d, JH,H = 9.0, 1H, CHarom), 7.59 – 7.66 (m, 3H,
CHarom), 8.06 (pseudo t, JH,H = 7.3, 2H, CHarom), 8.16 – 8.24 ppm (m, 3H, CHarom). 13C{1H} NMR
(126 MHz, CD2Cl2): δ = 15.7 (d, 3JC,P = 6.8, POCH2CH3), 16.1 (d, 2JC,P= 6.6, POCH2CH3), 62.0 (d, 2JC,P
= 6.0, POCH2CH3), 62.3 (d, 2JC,P = 5.7, POCH2CH3), 118.5 (q, 1JC,F = 319.9, S(O)2CF3), 119.4, 127.4
(d, JC,P = 1.3), 127.6 (d, JC,P = 40.3), 127.7 (d, JC,P = 0.6), 128.4 (d, JC,P = 0.8), 129.0 (d, JC,P = 9.4),
128.4, 128.6, 128.6, 129.2 (d, JC,P = 5.0), 129.3 (d, JC,P = 14.0), 131.2, 132.4, 133.1 (d, JC,P = 15.3),
134.6 (d, JC,P = 0.8), 135.4 (d, JC,P = 2.5), 136.2 (d, JC,P = 8.7), 145.8 ppm. 19F NMR (282 MHz,
CDCl3): δ = –75.0 ppm (s, S(O)2CF3). 31P{1H} NMR (101 MHz, CDCl3): δ = 16.8 ppm (s, P(O)(OEt)2).
HRMS (EI) calcd (m/z) for C25H22F3O6PS: [M+] 538.0822; found: 538.0823.

(R)‐2'‐Phosphino‐1,1'‐binaphthyl‐2‐yl trifluoromethanesulfonate (118). To a
cooled (–80 °C, i‐PrOH/cryostat) suspension of LiAlH4 (347 mg, 9.13 mmol,
3.1 eq) in THF (9 mL) was added slowly Me3SiCl (1.13 mL, 8.84 mmol, 3.0 eq).
The grey suspension was stirred at –80 °C for 15 min and then at ambient
temperature for 1.5 h. The mixture was then cooled to ‐40 °C
(i‐PrOH/cryostat) and a solution of 121 (1.59 g, 2.95 mmol) in THF (16 mL) was added dropwise.
This mixture was stirred at ‐40 °C for 15 min and then at room temperature overnight upon
which its color changed to green‐grey. The suspension was then cooled to 0 °C (ice/water bath)
and quenched by the slow addition of degassed H2O (4 mL, exothermic reaction). After stirring
for 15 min, the mixture was diluted with Et2O (8 mL), treated with degassed NaOH (10% in H2O,
4 mL) and with further degassed H2O (8 mL). The resulting biphasic system was then extracted
with Et2O (2 x). The combined organic layers were dried over Na2SO4 and filtered under argon
to give, after evaporation in vacuo the title compound 118 as a crude yellow oil (0.857 g,
1.98 mmol, 67%) which was used in the next step without further purification. 1H NMR
(300 MHz, CD2Cl2, 25 °C, TMS): δ = 3.66 (dd, 1JP,H = 205.0, 2JH,H = 12.4, 1H, PH), 3.78 (dd, 1JP,H =
205.2, 2JH,H = 12.5, 1H, PH), 7.13 (d, JH,H = 8.1, 1H, CHarom), 7.23 (d, JH,H = 8.4, 1H, CHarom), 7.31 –
7.37 (m, 1H, CHarom), 7.42 – 7.48 (m, 1H, CHarom), 7.51 – 7.57 (m, 1H, CHarom), 7.62 – 7.67 (m, 2H,
CHarom), 7.81 – 7.85 (m, 1H, CHarom), 7.94 – 8.02 (m, 2H, CHarom), 8.09 (d, JH,H = 8.1, 1H, CHarom),
8.19 ppm (d, JH,H = 9.0, 1H, CHarom). 19F NMR (188 MHz, CD2Cl2): δ = –75.1 ppm (s, S(O)2CF3).
31 1
P{ H}, NMR (101 MHz, CD2Cl2): δ = –127.5 ppm (s, PH2); 31P NMR (101 MHz, CD2Cl2): δ =
‐127.5 ppm (pseudo td, 1JP,H = 205.2, 3JP,H = 5.4, PH2). HRMS (EI) calcd (m/z) for C21H14F3O3PS:
[M+] 434.0348; found: 434.0345.
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(R)‐2'‐(bis(trifluoromethyl)phosphino)‐1,1'‐binaphthyl‐2‐yl
trifluoro‐
methanesulfonate (117). To a suspension of 1 (896 mg, 2.84 mmol, 2.4 eq)
in CH2Cl2 (15 mL) was added via cannula at rt a solution of 118 (505 mg,
1.16 mmol) in CH2Cl2 (20 mL). The mixture was stirred at ambient
temperature for 30 min and then cooled to ‐78 °C, (i‐PrOH/CO2(s)). To this
mixture was added slowly 1,8‐diazabicyclo[5.4.0]undec‐7‐ene (DBU, 347 µl, 2.33 mmol, 2.0 eq),
upon which a darkening of the solution was observed. The solution was stirred at –78 °C for
15 min and then at ambient temperature for 1 h. To the mixture dry silica gel was added and
the solvent was carefully evaporated under reduced pressure. The product adsorbed on SiO2
was then subjected to flash column chromatography (SiO2, hexanes/EtOAc = 20:1) to afford the
title compound 117 as a pale yellow viscous oil (234 mg, 0.410 mmol, 35%). Rf = 0.27
(hexanes/EtOAc 20:1). 1H NMR (500 MHz, CD2Cl2): δ = 7.12 (d, JH,H = 8.4, 1H, CHarom), 7.25 (d,
JH,H = 8.6, 1H, CHarom), 7.43 – 7.48 (m, 2H, CHarom), 7.66 – 7.42 (m, 3H, CHarom), 8.09 – 8.13 (m,
2H, CHarom), 8.19 – 8.28 ppm (m, 3H, CHarom). 13C{1H} NMR (75 MHz, CDCl3): δ = 118.0 (q, 1JC,F =
320.4, S(O)2CF3), 119.2, 126 – 146 ppm (m, Carom). 19F NMR (282 MHz, CDCl3): δ = –75.3 (bq, JF,F
= 1.6, 3F, S(O)2CF3), –52.7 (dq, 2JP,F = 82.6, 4JF,F = 7.6, 3F, PCF3), –52.3 ppm (dq, 2JP,F = 84.9, 4JF,F =
7.1, 3F, PCF3). 31P{1H} NMR (101 MHz, CDCl3): δ = –8.3 ppm (pseudo sept., 2JP,F = 83.2, P(CF3)2).
HRMS (EI) calcd (m/z) for C23H12F9O3PS: [M+] 570.0096; found: 570.0099.

(R)‐(2'‐(Bis(trifluoromethyl)phosphino)‐1,1'‐binaphthyl‐2‐yl)diphenyl‐
phosphine (113). Dichloro‐1,2‐bis(diphenylphosphino)ethane nickel(II)
[Ni(dppe)Cl2] (21.4 mg, 0.041 mmol, 0.1 eq) was dissolved in DMF (4 mL).
To the solution diphenylphosphine (106 µl, 0.608 mmol, 1.5 eq) was added
and subsequently it was warmed to 100 °C and stirred for 1 h. To the
slightly darker mixture was then added via cannula at 100 °C a solution of 117 (231 mg,
0.406 mmol) and DABCO (91 mg, 0.811 mmol, 2.0 eq) in DMF (4 mL). The resulting dark green
solution was stirred at 100 °C for 40 h. The mixture was then cooled to ambient temperature
and all volatile components were removed in vacuo and further evaporated to dryness under
reduced pressure at 80 °C. The crude material thus obtained was dissolved in CH2Cl2 (ca.
10 mL), treated with dry silica gel and slowly evaporated under vacuo. The product adsorbed on
SiO2 was then subjected flash column chromatography (SiO2, hexanes/EtOAc 40:1) to afford the
title compound 113 as a pale‐yellow viscous oil (110 mg, 0.181 mmol, 45%). Rf = 0.37
(hexanes/EtOAc 20:1). 1H NMR (500 MHz, CD2Cl2): δ = 6.78 (d, JH,H = 8.5, 1H, CHarom), 6.99 –
7.04 (m, 4H, CHarom), 7.12 (dd, JH,H = 7.0, 8.0, 2H, CHarom), 7.28 – 7.18 (m, 3H, CHarom), 7.34 – 7.29
(m, 1H, CHarom), 7.40 – 7.34 (m, 3H, CHarom), 7.53 – 7.47 (m, 2H, CHarom), 7.56 (t, JH,H = 7.5, 1H,
CHarom), 7.96 (d, JH,H = 8.2, 1H, CHarom), 7.99 (d, JH,H = 8.2, 1H, CHarom), 8.04 (d, JH,H = 8.5, 1H,
CHarom), 8.13 ppm (s, 2H, CHarom). 19F NMR (188 MHz, CDCl3): δ = –53.2 (dq, 2JF(b),P(1) = 79.2,
4
JF(b),F(a) = 7.3, 3F, P(1)CF(b)3), –50.8 ppm (ddq, 2JF(a),P(1) = 79.2, JF(a),P(2) = 13.8, 4JF(a),F(b) = 7.3, 3F,
P(1)CF(a)3). 31P{1H} NMR (101 MHz, CDCl3): δ = –14.7 (dqq, JP(2),P(1) = 25.1, JP(2),F(a) = 13.8, JP(2),F(b) =
1.4, P(2)Ph2), –8.5 ppm (dqq 2JP(1),F(a,b) = 79.2, 78.9, JP(1),P(2) = 25.1, P(1)(CF3)2). HRMS (EI) calcd
(m/z) for C33H22F3OP2: [M+‐ CF3 + O] 553.1098, 537.1149, [M+ ‐ P(CF3)2 + O] 453.1403, [M+ ‐
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P(CF3)2] 437.1454; found: [M+‐ CF3 + O] 553.1109, [M+ ‐ CF3] 537.1147, [M+ ‐ P(CF3)2 + O]
453.1409, [M+ ‐ P(CF3)2] 437.1444.

cis‐Dichloro‐((R)‐(2'‐(bis(trifluoromethyl)phosphino)‐1,1'‐binaphthyl‐2‐
yl)diphenylphosphine)palladium(II) (122). To a colorless solution of 113
(28.5 mg, 0.047 mmol, 1.1 eq) in CH2Cl2 (2 mL) was added dichloro‐
1,5‐cyclooctadiene palladium(II) ([Pd(COD)Cl2]) (12.3 mg, 0.043 mmol,
1.0 eq). The now yellow solution was stirred for 1 h at rt before the
volatiles were removed under reduced pressure. The residues was washed with Et2O, dissolved
in little CH2Cl2 and layered with hexane, to afford 122 as bright yellow needles (30.8 mg,
0.39 mmol, 92%). X‐ray‐quality single‐crystals were grown from a solution of 122 in CD2Cl2 by
slow diffusion of pentane at rt. 1H NMR (500 MHz, CD2Cl2): δ = 6.55 (d, JH,H = 8.6, 1H, CHarom.),
6.73 – 6.83 (m, 2H, CHarom), 6.92 – 6.98 (m, 1H, CHarom), 7.00 (d, JH,H = 8.7 Hz, 1H, CHarom.), 7.18
(pseudo t, JH,H = 7.7 Hz, 1H, CHarom.), 7.31 – 7.36 (m, 1H, CHarom), 7.39 – 7.45 (m, 1H, CHarom),
7.50 – 7.60 (m, 5H, CHarom), 7.61 – 7.76 (m, 5H, CHarom), 7.93 (dd, JH,H = 9.0, 3.0 Hz, 1H, CHarom.),
8.06 ppm (pseudo t, JH,H = 9.6 Hz, 1H, CHarom.). 19F NMR (188 MHz, CD2Cl2): δ = –50.6 (dq, 2JF,P =
78.3, 4JF,F = 12.5, 3F, PCF(b)3), –43.3 ppm (dq, 2JF,P = 67.2, 4JF,F = 12.5, 3F; PCF(a)3). 31P{1H} NMR (80
MHz, CD2Cl2): δ = 23.9 (d, cis‐JP,P = 4.8, PPh2), 43.6 ppm (qqd 2JP,F(b) = 78.3, 2JP,F(a) = 67.2, JP,P =
4.8, P(CF3)2). HRMS (EI) calcd (m/z) for C33H22F3OP2PdCl2: [M+ ‐ Cl] 748.9820; found: [M+ ‐ Cl]
748.9828. EA calcd (%) for C34H22F6P2Cl2Pd (783.81): C 52.10, H 2.83, F 14.54, P 7.90; found
C 52.03, H 2.95, F 14.62, P 7.91.

(S)‐2‐Diphenoxyphosphino‐1‐[(RC)‐1‐(dimethylamino)ethyl]ferrocene (127).
A 250‐mL Schlenk round bottomed flask was charged with (RC)‐[1‐(dimethyl‐
amino)ethyl]ferrocene (Ugi’s amine) (3.77 g, 14.7 mmol, 1.00 eq) and Et2O
(70 mL), the resulting orange solution was cooled to ‐78 °C. sec‐Buli
(12.4 mL, 1.3 M, 16.1 mmol, 1.10 eq) was added drop wise via syringe over the period of 5 min.
The solution was stirred for 15 min at ‐78 °C before it was warmed up to 0 °C using an ice‐water
bath and stirred for further 1.5 h. The resulting deep red solution was allowed to warm up to rt
and stirred for 1 h, before it was recooled to ‐78 °C. In a second round bottomed Schlenk flask a
solution of PCl3 (1.55 mL, 17.7 mmol, 1.20 eq) in Et2O (10 mL) was prepared and cooled to ‐
78 °C. Lithiated Ugi’s amine was added drop wise to the PCl3‐solution via Teflon‐canula over the
course of 25 min. An immediate color change from yellow to brown was observed. The
brownish suspension was allowed to warm up to rt over night (16 h). The resulting red
suspension was filtered under argon using a Young Filter, the resulting red solution was
concentrated under vacuo to give a red crystalline solid. The solid was suspended in Et 2O
(70 mL) and Et3N (5 mL, 36.0 mmol, 2.45 eq) and cooled to ‐78 °C. In a second Schlenk phenol
(2.77 g, 29.4 mmol, 2.00 eq) was dissolved in Et2O (10 mL) and Et3N (4.5 mL, 32.4 mmol, 2.2 eq).
The resulting clear colorless solution was cooled to ‐78 °C and added to the suspension via
Teflon canula during 15 min. The red suspension turned yellow during the course of the
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addition and formation of more solid material could be observed. After complete addition the
yellow suspension was allowed to warm up to rt over night (16 h). Filtration of the suspension
and washing with additional Et2O gave a clear red solution which was concentrated at vacuo to
give the desired compound as red oil in sufficient purity (6.82 g, 98% over 2 steps). It can be
used in the next step without further purification. 1H NMR (250 MHz, C6D6) δ = 7.53 – 7.44 (m,
2H), 7.39 – 7.30 (m, 1H), 7.23 – 7.12 (m, 4H), 7.04 – 6.80 (m, 3H), 4.91 (s, 1H), 4.35 (qd,
3
JH,H = 6.7, 2JH,P = 1.7, 1H), 4.26 – 4.13 (m, 7H), 2.14 (s, 6H), 1.14 ppm (d, 3JH,H = 6.7, 3H).
31
P NMR (101 MHz, C6D6) δ = 158.9 ppm (s). HRMS (EI) calcd (m/z) for C26H28FeNO2P: [M+]
473.1202; found: 473.1197.

(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dimethylamino)ethyl]‐
ferrocene (123). A 100 mL Schlenk flask was charged with (S)‐2‐
diphenoxyphosphino‐1‐[(RC)‐1‐ (dimethylamino)ethyl]ferrocene 127 (3.93 g,
8.30 mmol, 1.00 eq) and dissolved in Et2O (25 mL). The red solution was
cooled to ‐22 °C, then TMSCF3 (3.3 mL, 22.3 mmol, 2.69 eq) was added followed by CsF
(315 mg, 2.07 mmol, 0.25 eq) to initiate the reaction. The reaction mixture was allowed to
warm up to rt over night (14 h), concentrated at reduced pressure and the residue was
suspended in pentane. After filtration over Celite and washing with additional pentane, the
clear red solution was concentrated and purified by careful flash column chromatography (SiO2,
c
Hex/Et2O/Et3N = 100:3:1.5 to 100:8:3) to give the desired compound as red oil which solidified
upon standing (2.62 g, 74%). 1H NMR (300 MHz, CD2Cl2) δ = 4.59 – 4.55 (m, 1H), 4.54 – 4.50 (m,
2H), 4.25 (s, 5H), 3.98 (qd, 3JH,H = 6.7, 2JH,P = 1.6, 1H), 2.06 (s, 6H), 1.25 ppm (d, 3JH,H = 6.7, 3H).
13
C NMR (75 MHz, CDCl3) δ = 123.0 (qdq, 1JC,F = 322.1, 1JC,P = 29.2, 3JC,F = 4.5), 127.4 (qdq,
1
JC,F = 324.0, 1JC,P = 34.2, 3JC,F = 5.0), 99.6 (dq, JC,P = 26.2, JC,F = 0.8), 72.3 (dq, JC,P = 6.7, JC,F = 1.9),
70.4 – 70.20 (m, 7 C), 70.0 (d, JC,P = 5.9), 57.1 (d, JC,P = 5.0), 38.4 (d, JC,P = 0.5), 6.6 ppm (d,
JC,P = 1.0). 19F NMR (282 MHz, CD2Cl2) δ = ‐51.5 (dq, 2JF,P = 69.7, 4JF,F = 8.9), ‐54.9 ppm (dq,
2
JF,P = 57.2, 4JF,F = 8.9). 31P NMR (121 MHz, CD2Cl2) δ = ‐3.60 ppm (qq, 2JP,F = 70.0 and 57.7).
HRMS (EI) calcd (m/z) for C16H18NF6PFe: [M+] 425.0425; found: 425.0423. EA calcd (%) for
C16H18NF6PFe (425.14): C 45.20, H 4.27, N 3.29, F 26.81, P 7.29; found C 45.38, H 4.34, N 3.28,
F 26.52, P 7.04.

(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dicyclohexylphosphino)ethyl]‐
ferrocene (128). A 20‐mL Schlenk flask was charged with (S)‐2‐bis(trifluoro‐
methyl)phosphino‐1‐[(RC)‐1‐ (dimethylamino)ethyl]ferrocene 123 (2.00 g,
4.70 mmol, 1 eq) and degassed acetic acid (3 mL) was added under argon. To
the resulting deep red solution trifluoroactic acid (0.35 mL, 4.70 mmol, 1 eq) and dicyclohexyl‐
phosphine (1.20 mL, 5.64 mmol, 1.2 eq) were added. The reaction mixture was heated to 90 °C
and stirred for 20 h. After cooling to rt the reaction mixture was dissolved in Et 2O (50 mL) and
washed with sat. NaHCO3‐solution (50 mL) and H2O (50 mL). The organic phase was dried over
MgSO4 and concentrated to give a red oil. Purification by flash column chromatography (SiO2,
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Hex:Et2O = 100:1 to 100:2) gave the desired compound as red crystalline solid (2.24 g, 82%).
Purification by crystallisation from CH2Cl2 and layering with MeOH is also possible. 1H NMR (300
MHz, CD2Cl2) δ = 4.64 – 4.50 (m, 3H), 4.30 (s, 5H), 3.03 (bq, 3JH,H = 7.0, 1H), 1.97 – 0.92 ppm (m,
25H). 19F NMR (282 MHz, CDCl3) δ = ‐51.8 (dqd, 2JF,P = 75.5, 4JF,F = 8.3, JP,F = 4.6), ‐53.3 (ddq,
2
JF,P = 55.7, JP,F = 29.9, 4JF,F = 8.4). 31P NMR (121 MHz, CD2Cl2) δ = 23.74 (bdq, JP,P = 91.3,
JP,F = 29.9), ‐5.81 ppm (dqq, JP,P = 91.3, 2JP,F = 75.5 and 55.7). HRMS (EI) calcd (m/z) for
C26H34F6P2Fe: [M+] 579.1462; found: 579.1457. EA calcd (%) for C26H34F6P2Fe (578.34): C 54.00,
H 5.39, F 19.71, P 10.71; found C 54.28, H 5.97, F 19.46, P 10.66.

(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(diadamantylphosphino)ethyl]‐
ferrocene (129). A 10‐mL Schlenk flask was charged with (S)‐2‐bis‐
(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dimethylamino)ethyl]ferrocene
123
(500 mg, 1.18 mmol, 1.00 eq) and Ad2PH (427 mg, 1.41 mmol, 1.20 eq) and
degassed acetic acid (0.5 mL) were added under argon. To the resulting deep red solution
trifluoroactic acid (87 ul, 1.17 mmol, 1.00 eq) was added. The reaction mixture was heated to
90 °C and stirred for 20 h. After cooling to rt the reaction mixture was dissolved in Et 2O (50 mL)
and washed with sat. NaHCO3‐solution (50 mL) and H2O (50 mL). The organic phase was dried
over MgSO4 and concentrated to give a red oil. Purification by flash column chromatography
(SiO2, cHex/Et2O = 100:0 to 100:3) gave the desired compound as red crystalline along with
traces of Ad2PH. Further purification by repeated crystallisation from CH2Cl2 and layering with
MeOH gave the desired compound as orange crystalline solide (670 mg, 83%). 1H NMR
(300 MHz, CDCl3) δ = 4.65 (s, 1H), 4.25 (s, 1H), 4.14 (s, 6H), 3.41 (q, J = 7.3, 1H), 2.37 – 2.20 (m,
5H), 2.16 – 1.93 (m, 11H), 1.93 ‐1.85 (m, 5H), 1.83 – 1.64 ppm (m, 12H). 19F NMR (282 MHz,
CDCl3) δ = ‐50.9 (dqd, 2JF,P = 75.6, 4JF,F = 8.2, JP,F =6.5), ‐51.4 ppm (ddq, 2JF,P = 50.2, JP,F = 32.0,
4
JF,F = 8.2). 31P NMR (121 MHz, CDCl3) δ = 59.8 (dqq, JP,P = 111.1, JP,F = 31.8 and 6.5), ‐7.3 ppm
(dqq, JP,P = 111.1, 2JP,F = 75.6 and 50.2). HRMS (EI) calcd (m/z) for C34H42F6FeP2: [M+ ‐ CF3]
613.2058; found: 613.2061.

(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(3‐(tert‐butyl)‐1H‐pyrazol‐1‐
yl)ethyl]ferrocene (130). A 10‐mL Schlenk flask was charged with (S)‐2‐
bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dimethylamino)ethyl]ferrocene
123 (242 mg, 0.57 mmol, 1 eq) and and 3‐(tert‐butyl)1H‐pyrazole (106 mg,
0.85 mmol, 1.5 eq). To the solids degassed acetic acid (0.5 mL) was added under argon. To the
resulting deep red solution trifluoroactic acid (44 ul, 0.60 mmol, 1.05 eq) was added. The
reaction mixture was heated to 90 °C and stirred for 14.5 h. After cooling to rt the reaction
mixture was dissolved in Et2O (25 mL) and washed with sat. NaHCO3‐solution (15 mL) and H2O
(10 mL). The organic phase was dried over MgSO4 and concentrated to give a red oil.
Purification by flash column chromatography (SiO2, pentane/Et2O/Et3N = 100:10:1 to
100:15:1.5) gave a first fraction of the starting material (57 mg, 24%) and a second fraction of
the desired product as crystalline solid (195 mg, 67%, 88% based on recovered starting
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material). 1H NMR (300 MHz, CDCl3) δ = 6.94 (d, 3JH,H = 2.3, 1H), 5.95 (d, 3JH,H = 2.3, 1H), 5.58
(qd, 3JH,H = 7.0, 2JH,P = 2.2, 1H), 4.80 (td, JH,H = 2.9, 1.1, 1H), 4.66 (t, JH,H = 2.7, 1H), 4.56 (bs, 1H),
4.32 (s, 5H), 1.85 (d, 3JH,H = 6.9, 3H), 1.26 (s, 9H). 31P NMR (121 MHz, CDCl3) δ = ‐6.10 ppm (qq,
2
JP,F = 76.6 and 71.1). 13C NMR (75 MHz, CDCl3) δ = 161.0 (s), 128.7 (qdq, 1JC,F = 319.9,
1
JC,P = 18.9, 3JC,F = 5.4), 126.7 (qdq, 1JC,F = 322.2, 1JC,P = 21.0, 3JC,F = 5.1), 125.8 (s), 102.0 (s), 96.00
(bdq, JC,P = 33.0, JC,F = 1.0), 73.2 (dq, JC,P = 4.4, JC,F = 1.9), 72.2 (d, JC,P = 1.4), 70.8 – 70.6 (m, 6C),
55.6 (d, JC,P = 7.9), 31.94 (s), 30.6 (s, 3C), 21.70 ppm (s). 19F NMR (282 MHz, CDCl3) δ = ‐50.6 (dq,
2
JF,P = 76.6, 4JF,F = 8.5), ‐56.2 ppm (dq, 2JF,P = 71.1, 4JF,F = 8.6). HRMS (EI) calcd (m/z) for
C21H23N2F6PFe: [M+] 504.0848; found: 504.0847. EA calcd (%) for C21H23N2F6PFe: C 50.02,
H 4.60, N 5.56, F 22.61, P 6.14; found: C 49.86, H 4.78, N 5.27, F 22.31, P 6.28.

(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(3,5‐dimethyl‐1H‐pyrazol‐1‐
yl)ethyl]ferrocene (131). A 10‐mL Schlenk flask was charged with 123
(455 mg, 1.07 mmol, 1 eq) and and 3,5‐dimethyl‐1H‐pyrazole (123 mg,
1.28 mmol, 1.2 eq), degassed acetic acid (1 mL) was added under argon.
To the resulting deep red solution trifluoroacetic acid (80 ul, 1.07 mmol,
1.00 eq) was added. The reaction mixture was heated to 100 °C and stirred for 20 h. After
cooling to rt the reaction mixture was dissolved in Et2O (25 mL) and washed with sat. NaHCO3‐
solution (15 mL) and H2O (10 mL). The organic phase was dried over MgSO4 and concentrated
to give a red oil. Purification by flash column chromatography (SiO2, cHex/Et2O/Et3N = 100:10:1
to 100:20:5) gave the desired product as crystalline solid (446 mg, 87%). 1H NMR (300 MHz,
CDCl3) δ = 5.76 (s, 1H), 5.28 (qd, 3JH,H = 6.7, 2JH,P = 2.0, 1H), 4.59 (btd, JH,H = 1.3, 3.1, 1H), 4.43 (s,
1H), 4.13 (t, JH,H = 2.7, 1H), 4.03 (s, 5H), 2.28 (s, 3H), 2.09 (s, 3H), 1.70 ppm (d, 3JH,H = 6.8, 3H).
13
C NMR (75 MHz, CDCl3) δ = 147.31 (s), 136.56 (s), 129.06 (qdq, 1JC,F = 319.8, 1JC,P = 16.5,
3
JC,F = 5.5), 127.23 (qdq, 1JC,F = 322.0, 1JC,P = 19.4, 3JC,F = 5.2), 105.09 (s, 1H), 97.22 (dq, JC,P = 33.0,
1
JC,F = 1.0), 72.59 (d, JC,P = 6.8), 72.39 (dd, JC,P = 2.0, 4.2), 72.18 (d, JC,P = 1.9), 70.38 (s, 5C), 51.74
(d, JC,P = 8.1), 21.01 (s), 13.63 (s), 10.85 ppm (d, JC,P = 5.6). 19F NMR (282 MHz, CDCl3) δ = ‐50.48
(dq, 2JF,P = 76.7, 4JF,F = 8.5), ‐56.15 ppm (dq, 2JF,P = 72.3, 4JF,F = 8.5). 31P NMR (121 MHz, CDCl3) δ ‐
3.87 ppm (qq, 2JP,F = 76.7 and 72.3). HRMS (EI) calcd (m/z) for C19H19F6FeN2P: [M+] 476.0539;
found: 476.0534.

Bis{(RC)‐1‐[(SP)‐2‐(bis(trifluoromethyl)phosphino)ferrocenyl]ethyl}‐
cyclohexylphosphine (132) A 20‐mL Schlenk flask was charged with
(S)‐2‐bis(trifluoromethyl)phosphino‐1‐[(RC)‐1‐
(dimethylamino)‐
ethyl]ferrocene 123 (2.00 g, 4.70 mmol, 1 eq) and degassed acetic
acid (3 mL) was added under argon. To the resulting deep red solution trifluoroactic acid
(0.35 ml, 4.70 mmol, 1 eq) and cyclohexylphosphine (0.31 mL, 2.30 mmol, 0.49 eq) were added.
The reaction mixture was heated to 95 °C and stirred for 13 h. After cooling to rt the reaction
mixture was dissolved in Et2O (50 mL) and washed with sat. NaHCO3‐solution (50 mL) and H2O
(50 mL). The organic phase was dried over MgSO4 and concentrated to give a red oil.
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Purification by flash column chromatography (SiO2, cHex:Et2O = 100:1 to 100:2) gave the
desired compound as red crystalline solid (1.60 g, 78%). Purification by crystallisation from
CH2Cl2 and layering with MeOH is also possible. 1H NMR (700 MHz, CD2Cl2) δ = 4.53 (bs, 1H),
4.51 (bs, 1H), 4.50 (bt, JH,H = 2.9, 1H), 4.20 (bt, JH,H = 2.6, 1H), 4.17 (t, JH,H = 2.6, 1H), 4.14 (s,
10H), 4.09 (t, JH,H = 2.6, 1H), 3.11 (bq, 3JH,H = 7.2, 1H), 3.02 (bq, 3JH,H = 7.1, 1H), 1.81 – 1.76 (m,
1H), 1.76 – 1.71 (m, 1H), 1.71 – 1.65 (m, 2H), 1.62 (dd, JH,H = 7.3 and 7.3, 3H), 1.60 – 1.54 (m,
2H), 1.51 (dd, JH,H = 7.0, 6.0, 3H), 1.31 – 1.20 (m, 3H), 1.17 – 1.08 ppm (m, 2H). 19F NMR (659
MHz, CD2Cl2) δ = ‐50.8 (dq, 2JF,P = 76.8, 4JF,F = 8.6), ‐51.1 (dqd, 2JF,P = 76.9, 4JF,F = 8.4, JF,P = 2.7), ‐
53.1 (ddq, 2JF,P = 62.7, JF,P = 19.5, 4JF,F = 8.5), ‐53.7 ppm (ddq, 2JF,P = 67.2, JF,P = 14.0, 4JF,F = 8.4).
31
P NMR (283 MHz, CD2Cl2) δ = 26.2 (m), ‐3.4 (m), ‐4.5 ppm (m). HRMS (EI) calcd (m/z) for
C34H35F12P3Fe2: [M+] 877.0532; found: 877.0542. EA calcd (%) for C34H35F12P3Fe2: C 46.60,
H 4.03, F 26.02, P 10.60; found C 46.61, H 4.01, F 26.21, P 10.75.

cis‐Dichloro‐((S)‐2‐bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dicyclohexyl‐
phosphino)ethyl]ferrocene)‐palladium(II), [Pd(II)Cl2(128)], (133). A 5‐mL
round bottomed flask was charged with (S)‐2‐bis(trifluormethyl)phosphino‐
1‐[(RC)‐1‐(dicyclohexylphosphino)ethyl]ferrocene 128 (18.1 mg, 0.031 mmol,
1.05 eq) and PdCl2(COD) (8.4 mg, 0.030 mmol, 1 eq) and CH2Cl2 (1 mL) was
added. The resulting deep red solution was stirred at rt before it was concentrated at reduced
pressure. The solid was washed with Et2O (2 x 5 mL) and the remaining residue was dissolved in
the minimum amount of CH2Cl2 and layered with pentane to give the desired palladium
complex as deep red crystals (21.8 mg, 97%) 1H NMR (500 MHz, CD2Cl2) δ = 4.93 (bs, 1H), 4.91
(bs, 1H), 4.84 (dd, J = 2.5, 3.8, 1H), 4.44 (s, 5H), 3.20 (dq, 3JH,H = 7.2, 2JH,P = 7.2, 1H), 3.13 – 3.00
(m, 1H), 2.41 – 2.30 (m, 1H), 2.30 – 2.21 (m, 1H), 2.18 – 1.85 (m, 9H), 1.82 (bs, 1H), 1.76 – 1.34
(m, 8H), 1.24 – 1.07 ppm (m, 4H). 19F NMR (282 MHz, CD2Cl2) δ = ‐49.1 (dq, 2JF,P = 76.7,
4
JF,F = 7.4), ‐54.2 ppm (dq, 2JF,P = 80.8, 4JF,F = 7.5). 31P NMR (121 MHz, CD2Cl2) δ = 88.7 (s), 50.47
ppm (qq, 2JP,F = 81.3 and 77.2). HRMS (MALDI) calcd (m/z) for C26H34F6P2Cl2FePd: [M+ ‐ Cl]
719.0116; found: 719.0121. EA calcd (%) for C26H34F6P2Cl2FePd: C 41.33, H 4.53, F 15.08, P 8.20;
found C 41.11, H 4.56, F 14.92, P 8.18.

cis‐Dichloro‐((S)‐2‐bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dicyclohexyl‐
phosphino)ethyl]ferrocene)‐platinum(II), [Pt(II)Cl2(128)], (134). To a 10‐mL
round bottomed flask charged with (S)‐2‐bis(trifluormethyl)phosphino‐1‐
[(RC)‐1‐ (dicyclohexylphosphino)ethyl]ferrocene 128 (30.9 mg, 0.053 mmol,
1.05 eq) and PtCl2(COD) (19.0 mg, 0.051 mmol, 1 eq) CH2Cl2 (2 mL) was
added. The resulting deep red solution was stirred at rt before it was concentrated at reduced
pressure. The solid was washed with Et2O (2 x 5 mL) and the remaining residue was dissolved in
the minimum amount of CH2Cl2 and layered with pentane to give the desired palladium
complex 134 as orange‐red crystals (39.4 mg, 92%). 1H NMR (300 MHz, CD2Cl2) δ = 4.92 – 4.86
(m, 2H), 4.79 – 4.75 (m, 1H), 4.42 (s, 5H), 3.50 – 3.31 (m, 1H), 3.30 – 3.04 (m, 1H), 2.81 – 2.62
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(m, 1H), 2.53 – 0.99 ppm (m, 23H). 19F NMR (282 MHz, CD2Cl2) δ = ‐51.6 (dq, 2JF,P = 78.0,
4
JF,F = 7.5), ‐55.8 ppm (dq, 2JF,P = 81.6, 4JF,F = 7.5). 31P NMR (121 MHz, CD2Cl2) δ = 52.5 (dd,
1
JP,Pt = 3129.1, cis‐2JP,P = 16.3), (dqqd, 1JP,Pt = 3996.3, 2JP,F = 81.6 and 78.0, cis‐2JP,P = 16.5). HRMS
(MALDI) calcd (m/z) for C26H34F6P2Cl2FePt: [M+ ‐ Cl] 809.0720; found: 809.0733. EA calcd (%) for
C26H34F6P2Cl2FePt: C 36.99, H 4.06, F 13.50, P 7.34; found C 36.83, H 4.03, F 13.47, P 7.43.

cis‐Dichloro‐((S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(diadamantyl‐
phosphino)ethyl]ferrocene)‐palladium(II), [Pd(II)Cl2(129)], (135). A 10‐mL
round bottomed flask was charged with the (S)‐2‐bis(trifluormethyl)‐
phosphino‐1‐[(RC)‐1‐(diadamantylphosphino)ethyl]ferrocene 129 (153 mg,
0.22 mmol, 1.05 eq) and PdCl2(COD) (61 mg, 0.21 mmol, 1 eq) and CH2Cl2
(5 mL) was added. The resulting deep red solution was stirred for 1 h at rt before it was
concentrated at reduced pressure. The solid was washed with Et2O (2 x 5 mL) and the
remaining residue was dissolved in the minimum amount of CH2Cl2 and layered with pentane to
give the desired palladium complex 135 as deep red crystals (182 mg, 99%). 1H NMR (300 MHz,
CDCl3) δ = 4.95 (bs, 1H), 4.91 (bs, 1H), 4.87 – 4.82 (m, 1H), 4.44 (s, 5H), 3.30 – 3.15 (m, 1H), 2.62
– 2.34 (m, 9H), 2.34 – 2.10 (m, 9H), 2.00 – 1.76 (m, 9H), 1.76 – 1.58 ppm (m, 6H). 19F NMR
(282 MHz, CD2Cl2) δ = ‐46.35 (dq, 2JP,F = 74.9, 4JF,F = 7.9), ‐54.34 ppm (dq, 2JP,F = 77.5, 4JF,F = 7.8).
31
P NMR (121 MHz, CD2Cl2) δ = 111.3 (s), 56.3 ppm (qq, 2JF,P = 77.5 and 74.9). EA calcd (%) for
C34H42F6P2Cl2FePd: C 47.50, H 4.92, Cl 8.25, F 13.26, P 7.20; found: C 47.22, H 4.97, Cl 8.19,
F 13.28, P 7.07.

[W(CO)4(128)] (137). A 10‐mL Schlenk flask was charged with (S)‐2‐bis‐
(trifluoromethyl)phosphino‐1‐[(RC)‐1‐(dicyclohexylphosphino)ethyl]‐
ferrocene 128 (125 mg, 0.22 mmol, 1.00 eq) and W(CO)6 (84 mg,
0.24 mmol, 1.10 eq) and degassed diglyme (3 mL) and THF (0.3 mL) were
added to give an orange suspension. The Schlenk was equipped with a
Liebig air condenser and a water cooled Dimroth condenser on top of it. The reaction mixture
was heated to 160 °C and was refluxed for 5 h. After cooling the reaction mixture was
concentrated at reduced pressure, applied on silica and purified by flash column
chromatography to give the desired complex 137 as a red solid. (143 mg, 76%). 1H NMR
(300 MHz, CD2Cl2) δ = 4.79 (bt, JH,H = 2.4, 2H), 4.67 (bt, JH,H = 2.7, 1H), 4.32 (s, 5H), 3.38 (qd,
3
JH,H = 7.2, 3JH,P = 3.4, 1H), 2.37 – 2.18 (m, 1H), 2.10 – 1.32 (m, 19H), 1.32 – 0.95 (m, 4H), 0.71
ppm (bq, 3JH,H = 12.0, 1H). 19F NMR (282 MHz, CD2Cl2) δ = ‐58.48 (dq, 2JF,P = 70.1, 4JF,F = 9.0),
‐60.11 ppm (dq, 2JF,P = 72.6, 4JF,F = 9.0). 31P NMR (121 MHz, CD2Cl2) δ = 51.79 (dd, 1JP,W = 233.3,
cis‐2JP,P = 17.7), 37.83 ppm (qqd, 2JP,F = 72.6 and 70.1, cis‐2JP,P = 18.0). HRMS (MALDI) calcd (m/z)
for C30H34O4F6P2FeW: [M+ ‐ HCO] 861.1550; found 861.1553. EA calcd (%) for C30H34O4F6P2FeW:
C 41.22, H 3.92, O 7.32, F 13.04, P 7.09; found C 41.33, H 4.05, F 13.28, F 13.19, P 7.05.
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[Pd(diphenylallyl(128)]SbF6, (138). A Schlenk flask was charged
the ligand 128 (56.4 mg, 0.098 mmol, 1.00 eq) and [palladium‐
(µ‐bromo)(ƞ3‐1,3‐(diphenylallyl)]2
(37.0 mg,
0.049 mmol,
0.50 eq) were dissolved in MeOH (10 mL). After stirring for 1 h
at rt the suspension became clear. To the solution NaSbF6
(30.3 mg, 0.117 mmol, 1.2 eq) was added as a solid, affording
immediately a white precipitate. The precipitate was filtrated of over celite and washed with
MeOH (3 x 5 mL). The resulting solution was concentrated at reduced pressure and further
dried under vacuum to give the desired complex1 38 as a deep red solid (91 mg, 84%). In
solution the complex is moderately stable. HRMS (MALDI) calcd (m/z) for C41H47F6FeP2: [M+]
877.1453; found: 877.1458. NMR analysis of selected sections see 6.4.4.

cis‐Dichloro‐((S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(3,5‐dimethyl‐
1H‐pyrazol‐1‐yl)ethyl]ferrocene)‐palladium(II), [Pd(II)Cl2(131)], (139). A 5‐
mL round bottomed flask was charged with ligand 131 (48 mg, 0.10 mmol,
1.05 eq) and PdCl2(COD) (27 mg, 0.096 mmol, 1 eq) and CH2Cl2 (2.5 mL) was
added. The resulting deep red solution was stirred for 1 h at rt before it
was concentrated at reduced pressure. The solid was washed with Et2O (2 x 5 mL) and the
remaining residue was dissolved in the minimum amount of CH2Cl2 and layered with pentane to
give the desired palladium complex 139 as deep red crystals (60.4 mg, 97%). 1H NMR (300 MHz,
CD2Cl2) δ = 7.37 (q, 3JH,H = 7.4, 1H), 5.97 (s, 1H), 5.11 (s, 1H), 4.92 (t, JH,H = 2.7, 1H), 4.79 (s, 1H),
4.63 (s, 5H), 2.50 (s, 3H), 2.30 (s, 3H), 2.18 ppm (d, 3JH,H = 7.4, 3H). 13C NMR (75 MHz, CD2Cl2) δ
151.8 (s), 142.82 (s), 119.6 (qdq, 1JC,F = 320.4, 1JC,P = 94.0, 3JC,F = 3.2,), 118.0 (ddd, 1JC,F = 321.7,
1
JC,P = 68.1, 3JC,F = 1.9), 111.2 (s, 1H), 92.67 (d, JC,P = 21.7), 74.3 (dd, JC,P = 5.2, 9.6), 72.2 (s, 5C),
71.6 (d, JC,P = 8.9), 58.2 (d, JC,P = 3.9), 16.8 (s), 14.1 (s), 13.0 ppm (s). 19F NMR (282 MHz, CD2Cl2)
δ ‐49.0 (dq, 2JF,P = 74.5, 4JF,F = 8.7), ‐58.8 (dq, 2JF,P = 77.9, 4JF,F = 8.7). 31P NMR (121 MHz, CD2Cl2)
δ 32.3 ppm (qq, 2JP,F = 74.4 and 77.7). EA calcd (%) for C19H19N2F6PCl2FePd: C 34.92, H 2.93,
N 4.29, F 17.44, P 4.74; found: C 34.63, H 3.02, N 4.26, F 17.44, P 4.74.

[Pd(II)Cl(132)]BArF24 (140). A 20‐mL Schlenk was charged with
bis{(RC)‐1‐[(SP)‐2‐(bis(trifluoromethyl)phosphino)ferrocenyl]‐
ethyl}cyclohexylphosphine 132(307 mg, 0.34 mmol, 1.05 eq)
and PdCl2(COD)2 (92 mg, 0.32 mmol, 1.00 eq) and CH2Cl2
(5 mL) was added to give a deep red solution. The solution
was stirred for 1 h at rt before KBArF24 (366 mg, 0.41 mmol, 1.26 eq) was added as solid. The
resulting suspension was stirred at rt for 12 h before it was concentrated at vacuo. The
resulting solid was suspended in C6H6 and filtered over a plug of silica the remove
uncoordinated Pigiphos‐CF3. After careful washing with C6H6 the desired complex was washed
down using CH2Cl2. The resulting red solution was concentrated to give the desired complex
140 as a deep red solid (610 mg, 99%). 1H NMR (700 MHz, CD2Cl2) δ = 7.79 – 7.75 (m, 8H), 7.61
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(s, 4H), 5.23 (bs, 1H), 5.22 – 5.19 (m, 2H), 5.15 – 5.12 (m, 2H), 4.88 (bs, 1H), 4.55 (s, 5H), 4.49 (s,
5H), 3.49 (dq, 2JH,P = 13.0, 3JH,H = 6.7, 1H), 3.37 (bs, 1H), 3.31 (dq, 2JH,P = 8.3, 3JH,H = 7.3, 1H), 2.23
(bd, 3JH,H = 12.3, 1H), 2.05 (dd, 3JH,H =13.8, 3JH,P = 7.2, 3H), 2.02 – 1.96 (m, 1H), 1.93 (bd,
JH,H = 12.3, 1H), 1.90 – 1.81 (m, 1H), 1.71 (bt, JH,H = 15.5, 2H), 1.44 (dd, JH,H = 16.2 and 6.8, 3H),
1.36 (qt, JH,H = 13.0 and 3.3, 1H), 1.19 (qt, JH,H = 13.3 and 2.9, 1H), 0.97 (qt, JH,H = 13.2 and 3.4,
1H), 0.29 ppm (bd, JH,H = 9.6, 1H). 19F NMR (659 MHz, CD2Cl2) δ = ‐45.60 (d, 2JF,P = 79.2, 3F,
P(CF3)), ‐51.18 (d, 2JF,P = 81.3, 6F, P(CF3)), ‐53.55 (d, 2JF,P = 84.3, 3F, P(CF3)), ‐62.35 ppm (s, 24F,
ArCF3).31P NMR (283 MHz, CD2Cl2) δ = 88.03 (dd, cis‐2JP,P = 36.6 and 6.3, PCy), 43.64 (dqq,
trans‐2JP,P = 439.0, 2JP,F = 81.3 and 79.2, P(CF3)2), 27.52 ppm (dqqd, trans‐2JP,P = 437.7, 2JP,F = 84.3
and 81.3, cis‐2JP,P = 36.1, P(CF3)2). HRMS (MALDI) calcd (m/z) for C66H47BF36P3ClFe2Pd: [M+]
1049.093; found: 1049.095. EA calcd (%) for C66H47BF36P3ClFe2Pd: C 42.14, H 4.94, Cl 1.88,
F 36.35, P 4.94; found C 42.28, H 4.81, Cl 1.73, F 36.46, P 4.98.

[Pt(II)Cl(132)]BArF24 (141). A 50‐mL Schlenk was charged with
bis{(RC)‐1‐[(SP)‐2‐(bis(trifluoromethyl)phosphino)ferrocenyl]‐
ethyl}cyclohexylphosphine 132 (200 mg, 0.22 mmol, 1.00 eq)
and PtCl2(COD)2 (92 mg, 0.23 mmol, 1.04 eq) and CH2Cl2
(7 mL) was added to give a deep red solution. The solution
was stirred for 1h at rt before KBArF24 (228 mg, 0.25 mmol, 1.15 eq) was added as a solid. The
resulting suspension was stirred at rt for 12 h before it was concentrated at vacuo. The
resulting solid was suspended in C6H6 and filtered over a plug of silica. After careful washing
with C6H6 the complex was washed down using CH2Cl2 the resulting deep red solution was
concentrated to give the disred complex 141 as purple solid (258 mg, 60%). 1H NMR (700 MHz,
CD2Cl2) δ = 7.76 (s, 8H), 7.58 (s, 4H), 5.16 (s, 1H), 5.14 (s, 1H), 5.12 (s, 1H), 5.07 (s, 1H), 5.03 (s,
1H), 4.81 (s, 1H), 4.48 (s, 5H), 4.40 (s, 5H), 3.50 – 3.37 (m, 1H), 3.37 – 3.25 (m, 2H), 2.14 (bd,
J = 9.0, 1H), 2.07 (bdd, J = 12.9, 6.1, 1H), 2.01 – 1.96 (m, 1H), 1.93 (dd, J = 13.8, 7.0, 3H), 1.87 –
1.66 (m, 2H), 1.58 (d, J = 10.8, 1H), 1.53 (d, J = 10.6, 1H), 1.29 (dd, J = 16.1, 6.4, 3H), 1.28 – 1.20
(m, 2H), 1.07 (bq, J = 12.3, 1H), 0.89 – 0.78 (m, 1H), ‐0.02 ppm (q, J = 13.1, 1H). 19F NMR
(659 MHz, CD2Cl2) δ = ‐46.56 (d, 2JF,P = 81.2), ‐51.43 (d, 2JF,P = 82.7), ‐52.06 (d, 2JF,P = 85.9), ‐53.87
(d, 2JF,P = 86.5), ‐62.34 ppm (s). 31P NMR (283 MHz, CD2Cl2) δ = 54.04 (ddd, 1JP,Pt = 2772.0,
cis‐2JP,P = 26.2 and 18.0), 36.85 (ddqq, 1JP,Pt = 2954.8, trans‐2JP,P = 433.0, 2JP,F = 85.9, 2JP,F = 82.7, ),
23.84 ppm (ddqqd, 1JP,Pt = 2820.8, trans‐2JP,P = 436.7, 2JP,F = 86.5, 2JP,F = 81.2, cis‐2JP,P = 24.6).
HRMS (MALDI) calcd (m/z) for C66H47BF36P3ClFe2Pt: [M+] 1106.9793; found: 1106.9772. EA calcd
(%) for C66H47BF36P3ClFe2Pt: C 40.24, H 2.40, Cl 1.80, F 34.72, P 4.72; found C 39.90, H 2.58,
Cl 1.95, F 34.54, P 4.65.

199

Experimental Procedures

8.9.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

Literature
N. A. Yakelis, R. G. Bergman, Organometallics 2005, 24, 3579.
M. Brookhart, B. Grant, A. F. Volpe, Organometallics 1992, 11, 3920.
O. Ort, Organic Syntheses 1987, 65, 203.
D. Drew, J. R. Doyle, Inorganic Syntheses 1990, 28, 346.
J. Chatt, L. M. Vallarino, L. M. Venanzi, Journal of the Chemical Society 1957, 2496.
J. Choudhury, S. Podder, S. Roy, Journal of the American Chemical Society 2005, 127,
6162.
Y. Uozumi, A. Tanahashi, S. Y. Lee, T. Hayashi, The Journal of Organic Chemistry 1993,
58, 1945.
S. Y. Cho, M. Shibasaki, Tetrahedron Letters 1998, 39, 1773.

200

Appendix

9.

Appendix

9.1.

Abbreviations

°
°C
Ad
ah
ah HF
BArF24
Bn
c
CAS
Cy
d
DBH
DCE
DCM
DIPEA, DIEA
DMA
DMAP
DMEU
DMF
DMP
DMP
DMPU
dppe
DSC
EA
Et
FC
GC
h
HFA
HMDS
HMPA
HTIB
Hz
i‐
IBX
Im
L

degree
degree Celsius
Adamantyl
anhydrous
Anhydrous hydrogen fluoride
[(3,5‐(CF3)2C6H3)4B]–,
Benzyl
centi
Chemical abstracts service
Cyclohexyl
days
1,3‐Dibromo‐5,5‐dimethylhydantoin
1,2‐Dichloroethane
Dichloromethane
Huenig's base, N‐Ethyldiisopropylamine
N,N‐Dimethylacetamide
N,N‐Dimethylaminopyridine
N,N‐Dimethylethyleneurea
N,N‐Dimethylformamide
4‐Dimethylaminopyridine
Dess‐Martin periodinane
N,N‐Dimethylpropyleneurea
1,3‐Bis(diphenylphosphino)ethane
Differential scanning calorimetry
Elemental analysis
Ethyl
Flash chromatography
Gas chromatography
hours
Hexafluoroacetone
Hexamethyldisilazane
Hexamethylphosphoric triamide
{Hydroxyl(tosyloxy)‐λ3‐iodo}benzene, Koser's reagent
Hertz
iso‐
o‐Iodoxybenzoic acid
Imidazole
litre
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LDA
m
m
m‐
Me
min
MS
MTBE
n‐
NBS
NMP
NMR
Np
o‐
OAc
p‐
PG
ppm
Ph
pyr
s
s‐
t‐
TBAF
TBAT
TBME
TDAE
Tf
TFA
TFAA
THF
TLC
TMAF
TMEDA
TMS
TMS
Ts
µ

Lithium di‐iso‐propylamide
milli
metre
meta‐
Methyl
minutes
Mass spectrometry
tert‐Butyl methyl ether
Prefix indicating linear alkanes
N‐Bromosuccinimide
N‐Methylpyrrolidone
Nuclear magnetic resonance
Naphthyl
ortho‐
Acetate
para‐
Protecting group
parts per million
Phenyl
Pyridine
seconds
sec‐
tert‐
Tetrabutylammonium fluoride
Tetrabutylammonium difluorotriphenylsilicate
tert‐Butyl methyl ether
Tetrakis(dimethylamino)ethylene
Trifluoromethylsulfonyl, F3CSO2‐
Trifluoroacetic acid
Trifluoroacetic acid anhydride
Tetrahydrofuran
Thin layer chromatography
Tetramethylammonium fluoride
N,N,N',N'‐Tetramethylethylenediamine
Tetramethylsilane
Trimethylsilyl
Tosyl, para‐tolylsulfonyl, p‐tol‐SO2‐
micro
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9.2.

Crystallographic Data and Tables

[Zn(1)2(p‐NO2‐C6H4‐CH2OH)2(H2O)2](NTf2)2

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 28.55
Absorption correction
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

[Zn(1)2(p‐NO2‐C6H4‐CH2OH)2(H2O)2](NTf2)2
C34H20F18I2N4O20S4Zn
1594.01
100(2) K
0.71073 Å
Monoclinic, P2(1)/c
a = 15.523(5) Å
α = 90°.
b = 7.338(3) Å
β = 92.420(7)°.
c = 21.658(8) Å
γ = 90°.
3
2464.7(15) Å
2, 2.148 mg/mm3
2.070 mm‐1
1548
0.17 x 0.15 x 0.03 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans
direct methods
full matrix least‐squares on F2
SHELXTL
1.31 to 28.55°.
‐20≤ h ≤ 20
‐9 ≤ k ≤ 9,
‐28 ≤ l ≤ 28
24439 / 6203 [Rint = 0.1451]
99.0 %
None
Full‐matrix least‐squares on F2
6203 / 72 / 376
1.137
R1 = 0.1259, wR2 = 0.2985
R1 = 0.1792, wR2 = 0.3184
6.475 and ‐2.724 e.Å‐3
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[(2)2H]BArF24

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 29.58
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

[(2)2H]BArF24
C52H33BF30I2O2
1524.39
100(2) K
0.71073 Å
Triclinic, P‐1
a = 11.9031(19) Å
α = 105.089(3)°.
b = 13.486(2) Å
β = 98.224(4)°.
c = 18.779(3) Å
γ = 105.993(4)°.
3
2722.0(8) Å
2, 1.860 mg/mm3
1.300 mm‐1
1484
0.215 x 0.178 x 0.072 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 3 sec, 6 sec
direct methods
full matrix least‐squares on F2
SHELXTL
1.15 to 29.58°.
‐16 ≤ h ≤ 16
‐18 ≤ k ≤ 18
‐26 ≤ l ≤ 26
80099 / 15278 [Rint = 0.0881]
99.9 %
Empirical
0.9122 and 0.7674
Full‐matrix least‐squares on F2
15278 / 0 / 787
1.107
R1 = 0.0603, wR2 = 0.1253
R1 = 0.0740, wR2 = 0.1314
2.162 and ‐1.900 e.Å‐3
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(S)‐(1R,2S,5R)‐5‐methyl‐2‐(2‐phenylpropan‐2‐yl)cyclohexyl 2‐nitro‐3‐phenylpropanoate (96)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 27.11
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

96
C25H31NO4
409.51
100(2) K
0.71073 Å
Monoclinic, P 2(1)
a = 9.1194(13) Å
α = 90°.
b = 10.3550(14) Å
β = 96.231(4)°.
c = 11.6636(16) Å
γ = 90°.
3
1094.9(3) Å
2, 1.242 mg/m3
0.083 mm‐1
440
0.26 x 0.06 x 0.04 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 10 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.76 to 27.11°.
‐11 ≤ h ≤ 11
‐13 ≤ k ≤ 13
‐14 ≤ l ≤ 14
10493 / 4789 [Rint = 0.0646]
99.9 %
Empirical
0.9964 and 0.9786
Full‐matrix least‐squares on F2
4789 / 1 / 274
1.049
R1 = 0.0699, wR2 = 0.1208
R1 = 0.0908, wR2 = 0.1299
0.5(15)
0.300 and ‐0.214 e.Å‐3
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cis‐Dichloro‐((R)‐(2'‐(bis(trifluoromethyl)phosphino)‐1,1'‐binaphthyl‐2‐yl)diphenylphosphine)‐
palladium(II)
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 36.41
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

122
C36H26Cl6F6P2Pd
953.61
100(2) K
0.71073 Å
Orthorhombic, P212121
a = 11.4764(9) Å
α = 90°.
b = 13.7904(11) Å
β = 90°.
c = 23.9828(19) Å
γ = 90°.
3
3795.6(5) Å
4, 1.669 mg/mm3
1.053 mm‐1
1896
0.63 x 0.35 x 0.31 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t(28) = 1 sec, t(55) = 3 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.70 to 36.41°.
‐19 ≤ h ≤ 19
‐23 ≤ k ≤ 22
‐39 ≤ l ≤ 39
150738 / 18446 [Rint = 0.0625]
99.8 %
Empirical
0.7396 and 0.5550
Full‐matrix least‐squares on F2
18446 / 0 / 460
1.025
R1 = 0.0328, wR2 = 0.0824
R1 = 0.0359, wR2 = 0.0842
‐0.003(12)
1.865 and ‐1.162 e.Å‐3
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(S)‐2‐Bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐(dicyclohexylphosphino)ethyl]ferrocene

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 28.34
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

128
C26H34F6FeP2
578.32
200(2) K
0.71073 Å
Orthorhombic, P212121
a = 9.6856(4) Å
α = 90°.
b = 13.0283(6) Å
β = 90°.
c = 21.3638(10) Å
γ = 90°.
3
2695.8(2) Å
4, 1.425 mg/m3
0.733 mm‐1
1200
0.50 x 0.34 x 0.20 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t(28) = 3 sec, t(50) = 8 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.83 to 28.34°.
‐12 ≤ h ≤ 12
‐17 ≤ k ≤ 17
‐28 ≤ l ≤ 28
76789 / 6717 [Rint = 0.0407]
99.9 %
Empirical
0.8691 and 0.7121
Full‐matrix least‐squares on F2
6717 / 0 / 316
1.047
R1 = 0.0257, wR2 = 0.0647
R1 = 0.0268, wR2 = 0.0653
0.005(9)
0.392 and ‐0.155 e.Å‐3
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cis‐Dichloro‐((S)‐2‐bis(trifluormethyl)phosphino‐1‐[(RC)‐1‐
(dicyclohexylphosphino)ethyl]ferrocene)‐palladium(II), [Pd(II)Cl2(128)]
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 36.33
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

133
C26H34Cl2F6FeP2Pd
755.62
100(2) K
0.71073 Å
Monoclinic, P21
a = 9.3147(2) Å
α = 90°.
b = 12.2679(3) Å
β = 102.6100(10)°.
c = 12.7574(3) Å
γ = 90°.
3
1422.65(6) Å
2, 1.764 mg/m3
1.498 mm‐1
760
0.38 x 0.20 x 0.14 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 1 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
2.24 to 36.33°.
‐15 ≤ h ≤ 15
‐20 ≤ k ≤ 20
‐20 ≤ l ≤ 21
41704 / 13512 [Rint = 0.0406]
99.6 %
Empirical
0.8143 and 0.6013
Full‐matrix least‐squares on F2
13512 / 1 / 343
1.031
R1 = 0.0384, wR2 = 0.0920
R1 = 0.0406, wR2 = 0.0933
0.010(12)
2.482 and ‐0.860 e.Å‐3
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cis‐Dichloro‐((S)‐2‐Bis(trifluoromethyl)phosphino‐1‐[(RC)‐1‐(diadamantylphosphino)ethyl]‐
ferrocene)‐palladium(II), [Pd(II)Cl2(129)]
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 27.88
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

135
C34H42F6P2Cl2FePd
859.77
100(2) K
0.71073 Å
Orthorhombic, P212121
a = 12.4850(13) Å
α = 90°.
b = 16.1610(17) Å
β = 90°.
c = 16.3872(18) Å
γ = 90°.
3
3306.4(6) Å
4, 1.727 mg/m3
1.301 mm‐1
1744
0.31 x 0.18 x 0.15 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 2 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
2.05 to 27.88°.
‐16 ≤ h ≤ 16
‐21 ≤ k ≤ 21
‐21 ≤ l ≤ 21
33575 / 7897 [Rint = 0.0452]
100.0 %
Empirical
0.8328 and 0.6855
Full‐matrix least‐squares on F2
7897 / 0 / 415
1.034
R1 = 0.0276, wR2 = 0.0622
R1 = 0.0296, wR2 = 0.0631
0.009(12)
0.716 and ‐0.459 e.Å‐3
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[Ir(COD)(128)]BF4

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 39.39
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

136
C34H46BF10FeIrP2
965.51
100(2) K
0.71073 Å
Orthorhombic, P212121
a = 10.5926(4) Å
α = 90°.
b = 17.5521(7) Å
β = 90°.
c = 18.8920(7) Å
γ = 90°.
3
3512.4(2) Å
4, 1.826 mg/m3
4.367 mm‐1
1912
0.25 x 0.22 x 0.18 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 2 sec, 4 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.58 to 39.39°.
‐18 ≤ h ≤ 18
‐31 ≤ k ≤ 31
‐33 ≤ l ≤ 33
163352 / 20936 [Rint = 0.0544]
100.0 %
Empirical
0.5004 and 0.4081
Full‐matrix least‐squares on F2
20936 / 0 / 442
1.007
R1 = 0.0264, wR2 = 0.0534
R1 = 0.0294, wR2 = 0.0542
‐0.002(2)
3.871 and ‐0.581 e.Å‐3
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[Pd(diphenylallyl)(128)]SbF6

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 27.50
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

138
C41H47F12FeP2PdSb
1113.73
100(2) K
0.71073 Å
Monoclinic, P21
a = 11.952(2) Å
α = 90°.
b = 20.800(4) Å
β = 108.293(5)°.
c = 18.149(3) Å
γ = 90°.
3
4283.9(12) Å
4, 1.727 mg/m3
1.532 mm‐1
2216
0.24 x 0.11 x 0.05 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 3 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.79 to 27.50°.
‐15 ≤ h ≤ 15
‐27 ≤ k ≤ 27
‐23 ≤ l ≤ 23
124155 / 19590 [Rint = 0.0467]
99.6 %
Empirical
0.9315 and 0.7062
Full‐matrix least‐squares on F2
19590 / 175 / 1200
1.058
R1 = 0.0515, wR2 = 0.1209
R1 = 0.0549, wR2 = 0.1233
0.057(18)
2.636 and ‐1.907 e.Å‐3
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cis‐Dichloro‐((S)‐2‐Bis(trifluoromethyl)phosphino‐1‐[(RC)‐1‐(3,5‐dimethyl‐1H‐pyrazol‐1‐yl)‐
ethyl]ferrocene)‐palladium(II), [Pd(II)Cl2(131)], 139
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 25.00
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

139
C38H38Cl4F12Fe2N4P2Pd2
1306.96
100(2) K
0.71073 Å
Monoclinic, P21
a = 8.8257(5) Å
α = 90°.
b = 17.7194(10) Å
β = 92.3450(10)°.
c = 14.4419(8) Å
γ = 90°.
3
2256.6(2) Å
2, 1.923 mg/m3
1.807 mm‐1
1288
0.52 x 0.28 x 0.21 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 3 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.82 to 30.52°.
‐12 ≤ h ≤ 12
‐25 ≤ k ≤ 24
‐20 ≤ l ≤ 20
25436 / 12564 [Rint = 0.0223]
100.0 %
Empirical
0.7028 and 0.4546
Full‐matrix least‐squares on F2
12564 / 1 / 577
1.030
R1 = 0.0262, wR2 = 0.0614
R1 = 0.0272, wR2 = 0.0618
0.049(9)
1.137 and ‐0.423 e.Å‐3
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[Pd(II)Cl(132)]BArF24

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F000
Crystal size
Data collection

Detector distance
Method; exposure time/frame
Solution by
Refinement method
ϴ range for data collection
Limiting indices

Reflections collected / unique
Completeness to ϴ = 27.49
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness‐of‐fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

140
C66H47BClF36Fe2P3Pd
1881.31
100(2) K
0.71073 Å
Orthorhombic, P212121
a = 12.7601(11) Å
α = 90°.
b = 22.1524(19) Å
β = 90°.
c = 25.460(2) Å
γ = 90°.
3
7196.7(11) Å
4, 1.736 mg/m3
0.884 mm‐1
3728
0.384 x 0.212 x 0.156 mm
Siemens SMART PLATFORM
with CCD Detector
Graphite monochromator
50 mm
omega‐scans; t = 1 sec
direct methods
full matrix least‐squares on F2,
SHELXTL
1.60 to 27.49°.
‐16 ≤ h ≤ 16
‐28 ≤ k ≤ 28
‐33 ≤ l ≤ 32
71425 / 16510 [Rint = 0.0911]
100.0 %
Empirical
0.8745 and 0.7278
Full‐matrix least‐squares on F2
16510 / 30 / 1021
1.011
R1 = 0.0519, wR2 = 0.0988
R1 = 0.0719, wR2 = 0.1065
0.010(14)
0.676 and ‐0.454 e.Å‐3
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9.3.
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