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Scheme 5. Proposed mechanism.

high yields with up to 90% ee. The mild reaction conditions,
the broad scope of the reaction, and the selective deprotection
of the propargylamine products show the potential synthetic
utility of this method. Further synthetic and mechanistic
investigations of this new asymmetric reaction are currently
underway.

Experimental Section

Typical procedures:

a)3m: CuBr (22 mg, 0.15mmol, 5mol%) was suspended in toluene
(3mL) in a 25-mL Schlenk tube under argon. A solution of 1d (1.049 g,
3.60 mmol, 1.2 equiv), 2a (0.306 g, 3.00 mmol, 1.0 equiv), and n-decane
(0.300 g, 2.11 mmol) as internal standard in toluene (3 mL) was added at
room temperature. The reaction mixture was stirred for 24 h at room
temperature and then for 3 h at 60 °C. Standard workup and purification by
column chromatography (SiO,, pentane/Et,O 98:2) afforded the desired
product as a white solid (1.115 g, 2.83 mmol, 94 %).

b) (—)-3a: CuBr (3.6mg, 0.025 mmol, 5mol%) and (R)-(+)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %) were suspended in toluene (2 mL) in a
10-mL Schlenk tube under argon. After 30 min, a solution of 1a (0.173 g,
0.65 mmol, 1.3 equiv), 2a (0.051 g, 0.50 mmol, 1.0 equiv) and n-decane
(0.050 g, 0.35 mmol) as internal standard in toluene (2 mL) was added at
room temperature. After stirring for 24 h, standard workup and purifica-
tion by column chromatography (SiO,, pentane/Et,0 98:2) yielded 3a as a
colorless oil (0.144 g, 0.39 mmol, 78 %).
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Hydrolytic Activation of C—F Bonds in the Gas
Phase by Intrinsically Unreactive Chromium
Cations™**

Ulf Mazurek, Detlef Schroder, and Helmut Schwarz*

To the best of our knowledge, hydrolytic activation of C—F
bonds in the gas phase has hitherto been unknown.['l More-
over, considering the facts that 1) thermalized chromium
cations are generally unreactive in the gas phase,>* 2) C—F
bonds show a bond-dissociation energy of 105-
110 kcalmol '8! thus being more stable than any other
C—X bond, and 3) hexafluoroacetone is commercially avail-
able in the forms of sesqui- and trihydrates, which means it is
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stable against hydrolysis, one would not expect the contact of
Cr* with hexafluoroacetone and water in the gas phase to
cause any chemical reaction. Nonetheless, in the course of
another study we realized that chemical reactions are indeed
observed, as summarized in Equations (1) - (4).

constitutes a second bifurcation point of the reaction se-
quence. To a lesser extent, CrC;F,OsH,* continues to complex
water molecules [Eq. (3b)]; to a larger extent, however,
partially hydrolyzed Cr'-hexafluoroacetone diadducts, pre-
dominantly CrC¢FyO,H," and CrC¢FsO,,H;;", are formed

[Eq. (4)]. These diadducts are suscep-

tible to further F/OH exchange.”l Addi-

+C4F,0

Cr* 39x10-11 CrCF,O7 0] tional F/OH exchange reactions that
(3.6%) transform the cations CrC;F;O;HT,
acFot 2T recront] =B oo 2N o RoHY () CrGaF;O.H,", and Cr(;fF-305H5+ Show?,
8.8x10-10 >100s"! 15%10- in Equation (3a) in a “diagonal-mode
(37%) (63%) fashion  into  their  congeners
CrCF,0,H,", CrGC;F,O:H,*, and
o o CrC;F,0O¢Hg", respectively, [Eq. (3b)]
CrCyF;05H™ 7;:1;_“ CrCyF;0,H;" 4“:“;1101‘3 CrC;F;05H;" 2::2(312 CrCF,0,H," (32)  could not be proven beyond doubt.
(3.1%) (0.20%) (0.09%) Figure 2 shows the temporal evolution
i_“;gk:g;g;“ of the ion concentrations starting from
o ho CrC;F;0;H*. Three aspects of the com-
CrC,F,0,H,* ﬁ CrC,F,0.H,* - CrC,F,04H" (3b)  plex reaction sequence shall be ad-
(3.9%) (0.07%) dressed in more detail.
FCEO, 4+ HO a) The first three of the hydrolysis
CrC;F,06H," %{;“2“" CrCFgOH,", CrCeF O 0H, [, CrCoF,OgH", CrC FgO6H;" . @ reactions are more efficient than any

Following its formation [Eq.(1)], the monoadduct
CrC;FsO* undergoes F/OH exchange [Eq.(2)] and facile
HF loss, thus forming CrC;F,O,". The short-lived intermedi-
ate CrC;Fs;O,H" cannot be observed directly. A second F/OH
exchange transforms CrC;F,O," into CrC;F;0;H™, and sub-
sequent complexation of water [Eq. (3)] yields CrC;F;0,H;".
At this point, the reaction sequence bifurcates. While com-
plexation of additional water molecules [Eq. (3a)] dominates
the product spectrum, a smaller fraction of ions lose a fourth
molecule of HF prior to further water addition [Eq. (3b)].
Figure 1 shows the temporal evolution of the ion concen-
trations from Cr* through CrC;F,OH,".

While the addition of water to CrC;F;0,H;™ to yield
CrC;F;05Hs" and eventually CrC;F;O¢H;" dominates the
reaction system, CrC;F,OsH," formed from CrC;F,O,H,"
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Figure 1. Complexation of thermalized chromium cations at a hexafluoro-
acetone pressure of 1.0 x 1077 mbar and initial reactions with background
water. For clarity, some data points close to the abscissa as well as side
products were omitted.
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following transformation by at least one

order of magnitude. Furthermore, the
very first C—F bond activation constitutes the rate-limiting
hydrolysis reaction, thus indicating remarkable synergistic
effect: the more C—F bonds that are transformed into C-O
bonds, the more facile the next C—F bond cleavage (up to
n=3).
b) The structures of the observed cations may be governed
either by pure complexation of the chromium cation or by
insertion of the metal ion into one of the bonds of the ligand.
Deliberate decomposition of CrC;F;0;H*, however, implies
that no metal insertion into a C—C or C—F bond has taken
place during the first three C—F bond cleavage steps.[']
Furthermore, CrC;F;0,H;" was found to lose only water in
an analogous experiment, thus supporting the previous
results. We conclude that the C—F bond activation reported
herein does not proceed through the “harpoon” mechanism

A
CrC.F.O,,H
6:,9 1071

3
350 CrC,F,0,

100 150 200 250 300
t/s —

Figure 2. Hydrolysis of CrC;F,O* at a water pressure of 5.0 x 10~ mbar.
As a result of the fast rate of the first hydrolysis steps, the reactions could
only be followed by starting with CrC;F;O;H™. For clarity, some data points
close to the abscissa as well as side products were omitted. Of the partially
hydrolyzed diadducts, only their major representatives CrC¢FyO;H," and
CrC¢FsO,,H,, " are shown.
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postulated for both lanthanoid cations!*: 2l and Ca*.'¥] If the
ligand C;F;O;H is assumed to possess the structure of
trifluoropyruvic acid, one may conclude that 1)the keto
group of hexafluoroacetone remains unchanged, 2) one of the
trifluoromethyl groups is completely hydrolyzed and even-
tually turned into a carboxylic acid group, and 3) both the
newly formed carboxylic acid group and the other (un-
changed) trifluoromethyl group chelate the chromium cation,
whereas the keto group does not interact for steric reasons.
c) Both HF losses from CrC;FsO,H* [Eq.(2)] and
CrC;F;0,H;" [Eq. (3)] may proceed through two alternative
pathways: intramolecularly formed HF may readily dissociate
from the complex in a unimolecular reaction as a result of its
weak coordination or the HF loss may be assisted by an
additional water molecule coordinating to the complex[® !4 13]
in a bimolecular reaction. In an FI-ICR mass spectrometer,
unimolecular dissociations originate from metastable parent
ions, which cannot be detected in general. A bimolecular
reaction, however, cannot proceed with unlimited rate.
Consequently, we postulate that the unobserved cation
CrC;FsO,H" loses HF in an unimolecular reaction. A
bimolecular reaction would have to occur with a reaction
efficiency of 5500% (!) of the collision rate to account for the
observed ion intensities’ temporal evolution. In contrast, the
observed cation CrCF;0,H;" loses HF in a bimolecular
reaction. The rate constants reported in Equations (2) and (3)
were calculated accordingly.

To summarize, we were able to activate the strong C—F
bond by interaction with an intrinsically unreactive cation.
This activation was sufficient to facilitate hydrolysis of the
C—F bond. Most remarkably, considering the relatively
inefficient Cr*-hexafluoroacetone adduct formation, the
even lower reactivity of Cr* towards waterl® is essential for
the reactions reported herein. If the association of water and
Cr* was more efficient, the chromium cations would be
consumed by this reaction and would no longer be available
for activating hexafluoroacetone. A systematic study of
structurally related compounds (e.g., trifluoroacetone) will
be necessary to reveal whether the hitherto single observation
of a cation-assisted hydrolytic C—F bond activation can be
transformed into a general concept.[*’!

Experimental Section

Chemicals: Methane (Linde, 99.95%) and metallic chromium (Balzers,
>99.9 %) were used as purchased. Tap water was used without further
purification. The water was added into a half-micro test tube directly
connected to the gas-inlet system of the mass spectrometer and degassed by
two freeze-pump-thaw cycles. Hexafluoroacetone was liberated from its
sesquihydrate (Merck-Schuchardt, >97 %) by reaction and additional
dehydration with phosphorus pentoxide (P,0,,) by adopting established
procedures.!'6-]

Mass spectrometer: All experiments were performed on a Bruker
Spectrospin  CMS-47X FT-ICR mass spectrometer whose setup and
operation have been described previously®” 2!l as well as pressure measure-
ment in the reaction cell® and both generation and study of chromium
cations.[**l The background pressure in the reaction cell was 2.0 x
10~° mbar. Reaction conditions: 1) adduct formation [Eq. (1)]: methane-
thermalized cations “Cr*, C;F;O pressure 1.0 x 1077 mbar, maximum
reaction time 256s; 2) hydrolysis reactions [Eq.(2)]: CrC;F,O* was
generated by pulsing-in C;F,O to >Cr* and subsequent isolation, effective
water pressure 3.0 x 10~ mbar, maximum reaction time 12 s; 3) complex-
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ation by water [Eq. (3)]: CrC;F,O generated by pulsing-in and isolation as
before, water pressure 5.0 x 10-8 mbar, maximum reaction time 384 s;
4) connectivity of CrC;F;0;H": the ion was generated by pulsing-in C;F;O
to Cr' and subsequent reaction with background water; the ion of interest
was isolated and subjected to a CID experiment!®! in the presence of 7.0 x
10~ mbar of argon.

Analysis of results: Reaction sequences were derived from the temporal
evolution of ion intensities and complementary double-resonance experi-
ments.?* Reaction kinetics were analyzed by using a computer program
that determines rate constants and distribution ratios based on the
experimentally observed temporal evolution of ion intensities, and a
flexible kinetic model.” Unless otherwise noted, the reaction rate
constants are reported as effective bimolecular rate constants in units of
cm®molecules~'s~! whereas reaction efficiencies ¢ in parenthesis are given
as fractions of the measured bimolecular rate constants and the gas-kinetic
collision rates® according to the capture theory.?> 2 The absolute error of
the experimentally determined rate constants is in the range of 30 %,1?]
whereas the relative rates are more precise (10 % ).??) The rate constant
of the formation of the monoadduct formation [Eq. (1)] is thought to be
more imprecise (£40 %) as a result of the rough estimation of the
polarizability of hexafluoroacetone. The effective water pressure is only
one and a half times the background pressure, thus the same wider error
margin is assessed for the reactions shown in Equation (2).
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Imines are of significant importance as intermediates for
the synthesis of various amines and carbonyl compounds. In
general, the synthesis of imines includes amination of a
suitable aldehyde or ketone. A more atom-efficient route is
the direct hydroamination of alkynes.!! This method has the
additional advantage that no water is produced as a by-
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product. Hence, various domino reactions (e.g. direct nucle-
ophilic addition of organometallic reagents) are possible,
which do not work in the presence of water.

The homogeneously catalyzed intermolecular hydroamina-
tion of alkynes is known to proceed in the presence of Hg and
Tl salts,?! alkali metals (Cs),®! Ti, Zr,5! Nd,[ U, and Th{"
complexes. In addition, complexes of late-transition metals
(such as Ru, Pd,®! and Rh!) have been used as catalysts for
this transformation. Clearly, catalysts based on cheap and
easily available titanium and zirconium complexes offer
significant advantages compared to those based on toxic metals
(Hg, T1) or more expensive (U, Th, Ru, Pd, and Rh) complexes.

Recently, important progress in the intermolecular hydro-
amination of alkynes with titanium complexes was made by
Johnson and Bergman!'” and by Doye and co-workers.[
While the former group developed the modified titanium
complex [Cp(ArNH)(py)Ti=NAr] (Cp = cyclopentadienyl,
py = pyridyl) and used it for the reaction of 2,6-dimethylani-
line and diphenylacetylene, the latter group described an
efficient and general method for the hydroamination of
various internal alkynes using dimethyltitanocene as a cata-
lyst. Bytschkov and Doye showed that the turnover frequency
of this catalyst can be enhanced by using microwaves.*l
Kinetic measurements by Bergman['”! and Doyel'l also
established a general mechanism of the dimethyltitanocene-
catalyzed intermolecular hydroamination of alkynes. Surpris-
ingly little attention was paid to the hydroamination of
terminal alkynes using titanium catalysts,'” although the
regioselective, sequential amination and hydroxylation of
compounds that are unsaturated at the terminal position is
one of the most challenging goals for industrial catalysis. Herein
we report the first example of a titanocene-catalyzed anti-
Markovnikov hydroamination of terminal aliphatic alkynes.

Some time ago we started a program on catalytic amination
reactions of olefins and alkynes.'> I Inspired by the work of
Doye and Bergman, we also recently looked for easily
available and stable titanocene complexes. Here, titanocene
alkyne complexes of the type [Cp,Ti(>-Me;SiC=CR)]
(Rosenthal’s catalyst)[¥! appeared to be suited as amination
catalysts.'®] These complexes ([Cp,Ti(7>-Me;SiC=CSiMe;)]
1041 and [Cp,Ti(57°>-Me;SiC=CPh] 2[1*]) are easily synthesized
by reaction of titanocene dichloride with the corresponding
silylated alkyne.

Compared to previously used titanocene precatalysts, the
titanacyclopropene complexes 1 and 2 are safe and stable
under argon at room temperature for many months in
German version. Indeed, hydroamination of internal alkynes
(diphenylacetylene, 1-phenylpropyne) with aniline or fert-
butylamine proceeds in excellent yields in the presence of 1
(81-98% vyield after hydrolysis with HCI, Table 1). As shown
in Table 2, different terminal aliphatic alkynes react with tert-
butylamine with extremely high regioselectivity (>98 %), in
high yields (84-98%), and within a short time (2-24 h), by
using 0.5-2.5 mol % of catalyst 1, to give the imines 4a—e and
5. Although the reactions proceed smoothly with 0.5 mol % of
catalyst, we used 2.5 mol % in general because of the shorter
reaction time.

Pleasingly, only the anti-Markovnikov products were ob-
tained, which is explained by the selective formation of the
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