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ABSTRACT: Diiodo Re(I) complexes [Rel,(NO)(PR;),(L)]
(3, L =H,0; 4, L = Hy; R = iPr a, Cy b) were prepared and
found to exhibit in the presence of “hydrosilane/B(C4Fs);” co-
catalytic systems excellent activities and longevities in the
hydrogenation of terminal and internal alkenes. Comprehen-
sive mechanistic studies showed an inverse kinetic isotope
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effect, fast H,/D, scrambling and slow alkene isomerizations pointing to an Osborn type hydrogenation cycle with rate
determining reductive elimination of the alkane. In the catalysts’ activation stage phosphonium borates [R;PH][HB(C(Fs)] (6,
R = iPr a, Cy b) are formed. VT *Si- and "N NMR experiments, and dispersion corrected DFT calculations verified the
following facts: (1) Coordination of the silylium cation to the Oyp atom facilitates nitrosyl bending; (2) The bent nitrosyl
promotes the heterolytic cleavage of the H—H bond and protonation of a phosphine ligand; (3) H, adds in a bifunctional
manner across the Re—N bond. Nitrosyl bending and phosphine loss help to create two vacant sites, thus triggering the high
hydrogenation activities of the formed “superelectrophilic” rhenium centers.

1. INTRODUCTION

The nitrosyl (NO) ligand exhibits noninnocent properties able
to switch its binding to metal centers from the linear (three-
electron donor) to the bent (one-electron donor) binding
mode." The bending of the nitrosyl ligand creates a vacant site
accompanied by a formal 2e” oxidation of the metal center
without the requirement of preceding ligand dissociation.” Such
redox change with NO bending, which was termed “stereo-
chemical control of valence” by Enemark and Feltham,’ gave us
the notion that the NO ligand could be used to generate a
vacant site “on demand” by bending, which for rhenium as a
middle transition element is normally a difficult process, since
rhenium shows a great tendency to establish stable 18 electron
complexes. Moreover, nitrosyl ligands at electron rich metal
centers possess high Lewis basicity at the Oy atom.*
Interaction with Lewis acids could subsequently increase the
metal to NO z-back-donation, which in principle facilitates the
NO bending. With regard to Negishi’'s idea of catalytic
enhancement by formation of “super Lewis acids” or “super-
electrophiles”,® the Lewis acid promoted NO bending together
with a vacant site generated in the catalytic reaction could be
regarded as a “double Lewis acid”. However, following this idea,
it remained challenging to find an appropriate transition metal
nitrosyl system to cooperate with a suitable Lewis acid for
amplification of the “nitrosyl effect” and to bring about efficient
catalyses. It deserves special mentioning that hydrogenations®
ranking highest next to C—C coupling catalyses were up to now
not documented based on the “catalytic nitrosyl effect”.
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Our group has systematically studied rhenium nitrosyl
chemistry, particularly aimed to be applied in reductive
catalyses.” In continuation of attempts to use ligand tuning to
achieve improved catalytic performance, we demonstrated
recently that the use of boron Lewis acids as co-catalysts can
greatly enhance alkene hydrogenations applying trans-diphos-
phine Re(I) bromo hydrides as catalysts comparable to the
performance of platinum group metal complexes.® In these
cases, reversible bromide abstractions assisted by the external
boron Lewis acid were the key activation step. The nitrosyl
ligand, on the other hand, functioned in these systems merely
as a strongly bound ancillary ligand with strong z-acceptor
properties endowing additionally a trans-effect or trans-
influence. Could the NO ligand attribute a still more
sophisticated functional role to improve catalysis? This
question challenged us to explore the ways of how to enforce
NO bending and to utilize it for catalysis.

In this article, we would like to disclose the first example of a
“catalytic nitrosyl effect” triggering efficient hydrogenations of
alkenes. Our explorations were based on systems of trans-
diphosphine diiodo Re(I) mononitrosyl complexes modified by
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reactions with silylium cations as Lewis acids (Scheme 1). This
work was inspired by two underlying facts: (1) The

octahedral geometry of the rhenium center with the weak aqua
ligand trans to the strong NO ligand (Figure 1). Two solvent
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nucleophilicity of metal bound halogens decreases in the
order of F > Cl > Br > I. The weakest nucleophile iodide
exhibits least tendency toward attack from an external Lewis
acid; (2) The silylium species R';Si*” generated in situ from a
R;'SiH/B(C4F;); mixture is one of the strongest oxophiles, as
exemplified by the work of Piers'® and Oestreich'' in
hydrosilylations of carbonyl groups. Comprehensive mecha-
nistic studies were carried out to accomplish eventually silylium
facilitated nitrosyl bending and of phosphine loss as the key
activation steps. Quantum chemical calculations were employed
to establish plausibility for the experimentally derived reaction
pathways.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Re(l) Mono-
nitrosyl Diiodo Complexes. The Re(I) iodo complexes were
prepared either by a one-pot synthesis route starting from
thenium metal or via a Finkelstein type bromide/iodide
exchange reaction, as depicted in Scheme 2. Treatment of Re

Scheme 2. Synthesis of Re(I) Mononitrosyl Diiodo
Complexes
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metal with H,O, followed by reduction with H;PO,/NO in the
presence of NEt,I/HI afforded a crude deep blue Re(II)
iodonitrosyl compound, which was further reacted with excess
of PCyj; in ethanol giving within 15 h at 90 °C a diiodo aqua
Re(I) complex [Rel,(NO)(PCy;),(H,0)] (3b) in 20% overall
yield. The presence of an aqua ligand could be assured by the
appearance of a broad OH absorption at 3566 cm™" in the IR
spectrum and a OH singlet at 5.20 ppm (THF-dg) which
disappeared in the '"H NMR spectrum upon addition of D,O.
The X-ray crystallographic analysis of 3b revealed a pseudo-

4089

Figure 1. Molecular structure of [Rel,(NO)(PCy;),(H,0)] (3b) with
two THF molecules with 50% probability displacement ellipsoids. All
hydrogen atoms were omitted for clarity except for the H,O ligand.
Selected bond lengths (A) and angles (deg): P(1)—Re(1), 2.5389(10);
P(2)—Re(1), 2.5198(10); I(1)—Re(1), 2.7589(3); I(2)—Re(l),
2.7653(2); N(1)—Re(1), 1.7335(34); N(1)—O(1), 1.1994(42);
0(2)—Re(1), 2.1733(24); N(1)—Re(1)—0(2), 178.98(11); P(2)—
Re(1)—P(1), 179.23(3); I(1)—Re(1)-1(2), 169.390(9); O(1)—
N(1)—Re(1), 179.3(3).

THF molecules are fixed in the crystal lattice showing
intermolecular hydrogen bonding to the aqua ligand possessing
protons acidified by coordination of the H,O molecule. The
two iodo ligands are located trans revealing a slight bending
toward the aqua ligand (I1—Rel-I2 169.390(9)°). A
relatively high electron density at the rhenium center, which
is enhanced by the strong 7z donation of the iodide ligands,
causes a low NO IR stretching frequency at 1664 cm™". The
low overall yield of 3b is assumed to be caused by
decomposition of the hydroiodic acid in the reduction step.
To overcome this disadvantage, an alternative Re(II)
bromonitrosyl precursor was employed applying a Finkelstein
type exchange reaction to introduce the iodo ligands.
Treatment of [NEt,],[ReBri(NO)] with excess of Nal in
THF afforded at 90 °C within 24 h a crude deep blue Re(II)
product. Single crystals were obtained from THF/Et,O and X-
ray diffraction revealed a [NEt,][trans-Rel,(NO)(THF)]
structure (see Supporting Information). Treatment of this
crude precursor with excess of PCy; in a mixture of ethanol and
water furnished the formation of pure 3b in an overall yield of
67% (Scheme 2).

We found that the above approach could not be applied to
the PiPr; congener as large amounts of [HPiPr;]I were formed
in the last synthetic step. Therefore, we resorted to another
route using the Re(I) dibromo dihydrogen complex [ReBr,-
(NO)(PiPr;),(7*-H,)] (1a) as a starting material. In THF
solution, the 7”-H, ligand of 1a could be replaced by H,O at 90
°C within § min affording the aqua complex [ReBr,(NO)-
(PiPr;),(H,0)] (2a) in quantitative yield. The IR spectrum
showed a broad v(OH) absorption at 3428 cm™" and a strong
v(NO) band at 1667 cm™". The "H NMR spectrum displayed a
singlet resonance at 5.72 ppm in THF-dg for the aqua ligand.
Like for the iodo analogue, a single-crystal X-ray diffraction
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study of 2a revealed trans alignment of the aqua molecule and
the nitrosyl ligand (see Supporting Information). The trans-
formation from 1la to 2a was reversible. In H, atmosphere, 1a
was recovered instantaneously in quantitative yield from 2a in
benzene solution. The double cis labilization effect of the two
bromides and the trans effect of NO were expected to labilize
the aqua ligand so much that for instance double halogen anion
exchange would become accessible via exchange with the labile
water ligand position. Indeed, treatment of 2a with excess of
Nal in THF afforded within 2 h at room temperature the
diiodo aqua Re(I) congener [Rel,(NO)(PiPr;),(H,0)] (3a) in
94% isolated yield. The IR spectra showed a broad v(OH)
absorption at 3434 cm™'. The NO stretching frequency is
observed at 1674 cm™), which is close to those of 2a and 3b. In
the 'H NMR spectra the aqua ligand appeared as a singlet at
5.43 ppm in THE-dg. The *P{'H}-NMR spectrum exhibited a
singlet at —10.7 ppm shifted relatively high-field.

The aqua ligand in 3ab is labile due to the strong cis
labilization effect of the two iodides. Under 1 bar of H, in
benzene, the aqua ligand could be instantaneously replaced by
*-H, at 23 °C to afford the dihydrogen complexes [Rel,-
(NO)(PR,),(7*H,)] (4, R = iPr a, Cy b,) in 100% in situ yields
(Scheme 3). The *'P{'"H}-NMR spectra displayed a singlet at &

Scheme 3. Reaction of 3 with H, and CO
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3.06 (4a) or —4.94 ppm (4b). The 'H NMR spectra exhibited
triplet signals for the 77>-H, ligand at 0.64 ppm (4a, ZI(HP) =20
Hz, T, = 98 ms, THF-dg) and 0.80 ppm (4b, 2](HP) =21Hz, T,
42 ms, benzene-ds), which are both shifted high-field
compared to those of la and 1b implying a strong electron
shielding effect. The relatively long T, time of 4a,b indicates an
elongated H, ligand approaching a dihydride structure. This
verifies the geometry of 4a,)b bearing cis-aligned H, and NO
ligands. A #7*-H, trans to NO is expected to exhibit a T, time
less than 10 ms corresponding to a classical dihydrogen
character due to the competition between the o*yy and 7%
orbitals for back-bonding. Pure solid 4a,b could be obtained in
74% (4a) and 76% (4b) yield, respectively, from the same
reaction, but required the presence of anhydrous MgSO,, which
helped to trap the liberated H,O and prevented the back-
reaction to 3a,b during solvent evaporation. The IR spectra
showed strong £(NO) absorptions at 1719 (4a) and 1710 cm™
(4b). The reaction course from 3 to 4 can be interpreted in
terms of the initial formation of the 16e intermediate
[Rel,(NO)(PR;),], which is assumed to be stabilized by the
two strong n-donating and strongly cis-labilizing iodides.
Dihydrogen, as a weak o-donor and a good 7-acceptor, places
itself preferentially between I and NO leading to the
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thermodynamically most stable 4ab species. The assumed
kinetic product with H, trans to the nitrosyl could not be
observed by NMR spectroscopy presumably due to the fact that
the 7 acceptor H, is electronically too activated trans to NO.

Interestingly, the reaction of 3a,b or 4a,b with CO allows the
trapping of kinetic products. Treatment of either 3a,b or 4a,b
with 1 bar of CO in benzene-d, at 23 °C afforded
instantaneously the kinetic product [Rel,(PR;),-trans-(NO)-
(CO)] (8, R = iPr a, Cy b) in 100% in situ yield originating
from CO attack between the two iodides of the 16e~
[ReL,(NO)(PR;),] species. The IR spectra showed strong
v(CO) absorptions at unexpectedly high wavenumbers (2082
for 5a’ and 2074 cm™ for Sb’) indicating a high CO
electrophilicity. A singlet resonance at 5§ —16.7 ppm (5a’) or
—26.3 (5b’) was observed in the *'P{'H}-NMR spectra. 5a’,b’
is unstable mainly due to the strong 7-acceptors CO and NO
trans to each other. Therefore, CO attack between iodide and
NO is taking place which is apparently kinetically hindered and
slow, leading to the thermodynamically stable complex
[ReL,(NO)(CO)(PR;),] (5, R =iPr a, Cy b) within 15 h at
23 °C. In comparison with Sa’b’, the *'P{'"H}-NMR signals
were shifted low-field to § —6.5 (5a) and —14.5 ppm (5b) and
the CO stretching frequencies became red-shifted to 1969 (Sa)
and 1970 cm™ (Sb) with respect to the 2(NO) absorption at
1723 cm™ for Sa and 1712 cm™' for Sb. An X-ray diffraction
study of Sb confirmed the molecular structure with two cis-
iodides, and the NO and CO ligands cis positioned (Figure 2).

Figure 2. Molecular structure of [Rel,(NO)(PCy;),(CO)] (5b) with
50% probability displacement ellipsoids. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (deg): P(1)—
Re(1), 2.5343(4); P(2)—Re(1), 2.5384(4); 1(1)—Re(1), 2.81659(13);
I(2)—Re(1), 2.78172(15); N(1)—0O(2), 1.1805(19). P(1)—Re(1)—
P(2), 172.613(13); Re(1)-N(1)—0(2), 173.25(15); I(1)—Re(1)—
1(2), 92.52(1).

The coordination geometry of the kinetic and thermody-
namic product from the reaction of 3ab with H, were
investigated further by modeling Rel,(NO)(PMe,),(7*-H,)
with dispersion corrected DFT. For this purpose the structures
were optimized at TPSS-D3/def2-TZVP level.”~'* Subsequent
single-point calculations with the more accurate B2PLYP-D3"
double hybrid functional and the same basis set yielded the
energy values show in Figure 3 (for further details see the
Experimental Section and Supporting Information). As shown
in Figure 3, the thermodynamic product II reveals a #7>-H,

dx.doi.org/10.1021/ja400135d | J. Am. Chem. Soc. 2013, 135, 4088—4102


http://pubs.acs.org/action/showImage?doi=10.1021/ja400135d&iName=master.img-005.png&w=219&h=140
http://pubs.acs.org/action/showImage?doi=10.1021/ja400135d&iName=master.img-006.jpg&w=125&h=173

Journal of the American Chemical Society

1 II

(18.0 kcal/mol) (0.0 kcal/mol)

Figure 3. Kinetic and thermodynamic coordination isomers of
[Rel,(NO)(PMe,),(n*-H,)] as calculated with B2PLYP-D3/def2-
TZVP//TPSS-D3/def2-TZVP. 1. H-H eclipses I-Re—I axis with
trans-diiodide. II: H—H eclipses P—Re—P axis with cis-diiodide ligands.
All carbon and hydrogen atoms except for the H, ligand are omitted
for clarity.

ligand parallel to the P—Re—P axis with a H—H distance of
1.527 A emphasizing a “compressed” dihydride structure.'® In
comparison, the #7°-H, ligand in the kinetic product I, which
turned out to be a local energy minimum, was found to be
perpendicular to the P—Re—P axis and in-plane with the I—
Re—I axis exhibiting a H—H bond distance of 0.790 A
corresponding to classical dihydrogen ligand. Importantly, the
energy difference between II and I was determined to be 18.0
kcal/mol in favor of II confirming the instability of the
geometry of the two m-acceptors of H, and NO in trans
position."” The Re—H distance of 2.005 A in I indicates
weakness of the H, binding to the rhenium center. In contrast,
the Re—H distance of 1.662 A in II shows strong bonding
between the H atoms and the rhenium. The trans-alignment of
the strong iodo 7-donor and the sm-acceptor NO is preferred
due to the 7 “push-pull” interaction.'®

2.2. Hydrogenation of Alkenes Catalyzed by the “Re(l)
Diiodide/Hydrosilane/B(CgFs);” System. The potential of
3a,b in the catalytic hydrogenation of alkenes was explored. At
90 °C under 10 bar of H,, 3a,b showed reasonable activities in
the hydrogenation of 1-hexene giving a TON of 1.0 X 10*
within 120 min. We reckoned that the catalytic performance of
3ab could still be improved by finding ways to facilitate the
generation of open sites. Indeed, under milder conditions such
as 23 °C, hydrogenation did not occur at all, and this we
attributed to the unavailability of open sites. Therefore, utilizing
the strong oxophilicity of silicon,” "' we envisaged to employ
the hydrosilane and B(C¢Fs); system as a cocatalyst to generate
in situ silylium ions expected to attach to the Oy atoms. These
NO derivatized species were thought to show facile bending at
the N atom with opening of a coordination site.

Indeed, the “Re(I) iodo complex/hydrosilane/B(C¢Fs);”
system was found to exhibit up-to-date the best catalytic
performance in hydrogenations under mild conditions ever
studied before. To compare the efficiency of different catalytic
systems, the prototypic 1-hexene (2.5 mL) hydrogenations
were carried out under 10 bar H, at 23 °C with a substrate-to-
catalyst ratio (S/C) of 10 000. The molar ratio of the rhenium
catalyst and the co-catalyst was set to 1:5 with a 1:1 molar ratio
of hydrosilane and B(C4F;);. The results are listed in Table 1.
The “3a/Et;SiH/B(CgF;);” system revealed a conversion of
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92% within 15 min corresponding to a TON of 9200 and TOF
of 3.7 X 10* h™". Full conversion could be reached after 30 min.
Further increase of the S/C ratio to 40 000 afforded a TON of
2.0 x 10* and a TOF of 2.7 X 10* h™" within 25 min. In
comparison, the two-component systems “3a/Et;SiH” and “3a/
B(CgF;);” proved to be not catalytically active under the same
conditions. Similarly, applying “3b/Et;SiH/B(CFs);” a TON
of 9100 and a TOF of 3.6 x 10* h™" within 15 min were
reached corresponding to a 91% conversion. The longevity of
the current system is dependent on both the kind of the Lewis
acid and of the hydrosilane. With either a “3a/Et;SiH/BPh;” or
a “3a/Et;SiH/AIF;” system, decrease of the catalytic perform-
ance was observed showing low TONSs after S min. The
influence of the hydrosilane on the catalytic performance was
studied using the “3a/B(CgF;);” system.'” In the case of
sterically more congested hydrosilanes, such as Ph;SiH and
iPr;SiH, hydrogenation could not be observed. With the
medium-sized hydrosilane MePh,SiH, a moderate activity with
a TOF of 7750 h™' was seen within 1 h. In the case of the
sterically less hindered Me,PhSiH, which is known to be a
better hydride donor than Et;SiH, improved performance could
be achieved. The “3a/Me,PhSiH/B(C4Fs);” system brought
about a 90% conversion within 7.5 min corresponding to a
TON of 9040 and a TOF of 7.2 X 10* h™". The catalytic system
of “3b/Me,PhSiH/B(C4F;);” was even more efficient affording
a 93% conversion within 6.5 min corresponding to a TOF of
8.6 X 10* h™". Noteworthy is the fact that under 40 bar of H, at
23 °C the hydrogenations of 1-hexene catalyzed by “3ab/
Me,PhSiH/B(C4Fs);” were extremely efficient that over 99%
conversions were achieved within 1 min affording the up-to-
date highest TOFs of up to 6.00 X 10° h™ (entries 42 and 43 in
Table 1).

In general, the catalytic systems of “3ab/Me,PhSiH/
B(CgF;);” were found to be superior to the previously reported
“Re(I) bromo hydride/B(C4F;);” system with respect to both
activity and longevity. Additionally, it should be pointed out
that short induction periods were invariably seen with the
“3a,b/hydrosilane/B(C4F);” systems. In comparison, when the
dihydrogen derivatives 4a,b were tested under the same
conditions, slightly improved catalytic results were obtained.
The “4a/Me,PhSiH/B(C4F;);” system afforded a 97%
conversion within 7 min corresponding to a TON of 9700
and a TOF of 83 X 10* h™'. With the “4b/Me,PhSiH/
B(CgF;),” system, a conversion of 89% was found within 6 min
giving a high TOF of 8.8 X 10* h™Y, and full conversion was
reached within 25 min. Remarkably, induction periods were not
noticeable in the 4a,b cases, which not only verified the initial
formation of 4ab in “3ab/hydrosilane/B(C4Fs); -catalyzed
hydrogenations, but also indicated the negative influence of the
aqua molecule in the generation of catalytically active species.
Differences in the performance of 3a,b and 4a,b became more
apparent when “Et;SiH/B(C4Fs);” was applied as a cocatalyst.
While a reaction time of 15 min was needed for a 92%
conversion based on the “3a/Et;SiH/B(C¢F;);” system, the
same reaction catalyzed by the “4a/Et;SiH/B(C4Fs);” system
afforded a conversion of 96% within 10 min corresponding to a
TON of 9640 and a TOF of 5.8 X 10* h™" showing again no
induction period. Similarly, the hydrogenation of 1-hexene co-
catalyzed by “MePh,SiH/B(C¢F;);” could also be improved
with 4a giving a TOF of 1.3 X 10* h™" within 30 min.

With terminal alkenes, such as 1-octene, an excellent
conversion of 98% was achieved by addition of only 0.0125
mol % of “3a/Me,PhSiH/B(C¢Fs);” at 23 °C requiring a
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Table 1. Hydrogenation of Alkenes Catalyzed by “[Re]/Hydrosilane/B(C¢Fs);” Systems®

x mol% [Re]/ 5x mol% co-cat.

NG x = 0.003-0.066 RPN
10 bar solvent-free

entry alkene (mmol) [Re] co-catalyst temp (°C) T (min) conv (%) TON TOFE (h™")
1 1-hexene (20) 3a - 23 60 - - -
2 1-hexene (20) 3a - 90 120 100 1.0 x 10* 5000
3 1-hexene (20) 3b - 90 70 100 1.0 x 10* 8571
4 1-hexene (20) 3a Et,SiH/B(CF,); 23 15 92 9200 37 x 10*
S 1-hexene (20) 3a Et;SiH/B(C¢Fs)5 23 30 100 1.0 x 10* 2.0 x 10*
6° 1-hexene (40) 3a Et;SiH/B(C¢Fs), 23 25 50 2.0 x 10* 49 x 10*
7 1-hexene (20) 3a Et;SiH 23 20 - - -
8 1-hexene (20) 3a B(C4Fs)5 23 20 - - -
9 1-hexene (20) 3a Et,SiH/BPh, 23 3 s s13 1.0 X 10*
10 1-hexene (20) 3b Et,SiH/BPh, 23 3 6 658 1.3 x 10*
11 1-hexene (20) 3a Et;SiH/AlF, 23 S 25 2478 3.0 x 10*
12 1-hexene (20) 3a iPrySiH/B(CgFs)4 23 60 - - -
13 1-hexene (20) 3a Ph;SiH/B(C¢Fs); 23 40 - - -
14 1-hexene (20) 3a MePh,SiH/B(C,Fs), 23 60 78 7750 7750
15 1-hexene (20) 3a MePh,SiH/B(C,F;), 23 75 90 9040 7.2 % 10*
16 1-hexene (20) 3b MePh,SiH/B(C,F;); 23 65 93 9330 8.6 x 10*
17 L-octene (16) 3a MePh,SiH/B(C,F;), 23 90 98 7812 5208
18 styrene (9) 3a MePh,SiH/B(CF,); 23 20 28 1272 3816
19 1,7-octadiene (7) 3a MePh,SiH/B(CgFs) 90 8 59 4107¢ 3.1 x 10*
20 allylcydohexene (6.5) 3a MePh,SiH/B(C4F;)4 90 900 844 2730 182
21 cyclooctene (8) 3a MePh,SiH/B(CgFs) 23 3 10 402 8036
22 cydooctene (8) 3a MePh,SiH/B(CFs)4 90 3 65 2611 52 x 10*
23 cyclooctene (8) 3b MePh,SiH/B(CgFs) 90 6 38 1540 1.5 x 10*
24 cyclohexene (20) 3a MePh,SiH/B(C4Fs) 23 3 3 312 6250
25 cydohexene (20) 3a MePh,SiH/B(CFs) 90 30 74 7346 1.5 x 10*
26 cyclohexene (20) 3b MePh,SiH/B(C,Fs), 90 20 29 2931 8793
27 1,5-cyclooctadiene (8) 3a MePh,SiH/B(C¢Fs) 90 30 84 6696° 1.3 x 10*
28 1,5-cyclooctadiene (8) 3b MePh,SiH/B(CgFs) 90 10 20 1629 9776
29 1-hexene (20) 4a - 90 110 97 9710 5296
30 1-hexene (20) 4b - 90 65 99 9940 9175
31 1-hexene (20) 4a Et,SiH/B(CFs), 23 10 9% 9640 5.8 x 10*
32 1-hexene (20) 4b Et,SiH/B(C,Fs), 23 12.5 92 9241 44 x 10*
33 1-hexene (20) 4b Et;SiH/B(CgFs), 23 25 100 1.0 x 10* 2.4 % 10*
34 1-hexene (20) 4a Me,PhSiH/B(C,Fs), 23 7 97 9700 83 x 10*
35 I-hexene (20) 4b Me,PhSiH/B(C,F;); 23 6 89 8840 8.8 x 10*
36 1-hexene (20) 4b Me,PhSiH/B(CFs)4 23 25 100 1.0 x 10* 24 x 10*
37 L-hexene (20) 4a Me,PhSiH/B(C,F,); 23 30 66 6652 1.3 x 10*
38 1-octene (16) 4a Me,PhSiH/B(CFs) 23 20 S0 3982 1.2 x 10*
39 styrene (9) 4a Me,PhSiH/B(CFs)4 23 30 42 1893 3786
40 cyclooctene (8) 4a Me,PhSiH/B(CgFs) 23 3 9 32§ 6500
41 cyclooctene (8) 4a Me,PhSiH/B(C4Fs)3 90 4 40 1623 2.4 x 10*
42° 1-hexene (20) 3a Me,PhSiH/B(CFs) 23 1 100 1.0 x 10* 6.0 X 10°
43¢ 1-hexene (20) 3b Me,PhSiH/B(C4F;), 23 1 99 9900 59 x 10°

“Reactions were performed using 0.002 mmol [Re], 0.01 mmol of hydrosilane, 0.01 mmol of Lewis acid under 10 bar H, unless otherwise stated and
monitored by a Buechi Pressflow controller. “A total of 5 mL of 1-hexene with 0.001 mmol 3a. “Based on the consumption of H,, as 2 equiv of H,
was needed for full hydrogenation. “Determined by GC—MS spectroscopy. “Under 40 bar of H,.

reaction time of 90 min. The hydrogenation of styrene also
worked well under the same conditions affording a TON of
1272 within 20 min. In the case of internal alkenes, such as
cyclohexene, cyclooctene (COE), and 1,5-cyclooctadiene
(COD), the hydrogenations at 23 °C showed poorer
performance presumably due to a relative faster deactivation
of the catalysts. For instance, in the hydrogenation of COE
catalyzed by 0.025 mol % of “3a/Me,PhSiH/B(C4F;);”
deactivation of the catalyst occurred within 3 min giving a
TON of 402. Increasing the temperature to 90 °C resulted in
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improved TONs and TOFs. For instance, while the hydro-
genation of cyclohexene catalyzed by the “3a/Me,PhSiH/
B(C4F;);” system afforded a low TON value of 312 at 23 °C,
the same reaction carried out at 90 °C afforded a TON of 7366
and a TOF of 1.5 X 10* h™! within 30 min. It is interesting to
compare the performance of COE with COD as substrates in
hydrogenations under 10 bar of H, at 90 °C. In terms of
activity, the catalysis of COE hydrogenation was found superior
with respect to COD giving a higher TOF of 5.2 X 10* h™!
within 3 min. In terms of longevity of the catalyst, however,
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COD is a better substrate than COE affording a high TON of
6696 within 30 min. This result not only excluded the alkene
coordination step as rate determining, but also suggested the
existence of an active species bearing two vacant sites that could
be more efficiently stabilized by the bidentated ligand COD
than the monodentate COE.

2.3. Mechanistic Studies. 2.3.1. Removal of a PR; Ligand
via Formation of [R;PHI[HB(C,F 5);] for Catalyst Activation. Tt
is interesting to note that after catalytic reactions of Table 1 oils
had formed. To identify the composition of these oils, we
exemplarily scaled up the catalyst loading of “3a/Et;SiH/
B(C¢Fs);” in the hydrogenation of 1-hexene. A precipitate
could be isolated and identified by NMR spectroscopy, which
turned out to be a mixture with the phosphonium borate
[iPrsPH][HB(C¢Fs);] (6a) as the main component. In the 'H
NMR spectra, a doublet of quartet signal was observed at 5.62
ppm CJuy = 4 Hz, 'Jyp = 458 Hz), which was assigned to the
[iPr;PH]" proton. The ''B NMR spectra exhibited a doublet at
—25.4 ppm (Jg; = 92 Hz), which could be attributed to the
[HB(C4F;);)™ anion. The *'P{'H}-NMR spectrum showed a
unique singlet at 43.9 ppm. In the '"F NMR spectra, the
[HB(C4Fs);]~ anion was identified by a set of resonances at
—133.40 (m, 6F, ortho-C¢Fs), —163.54 (t, 'Jcr = 19 Hz, 3F,
para-C¢Fs) and —166.64 ppm (m, 6F, meta-C¢Fs). The
presence of free B(CgF;); was also observed. ESI-MS
spectroscopy confirmed the formation of the [iPr;PH]" cation
(m/z 161.0) and of the [HB(C4F;);]™ anion (m/z 513.0). It is
important to note that the related salt [HPiPr,]I, which could
be distinguished from 6a by its lower solubility in aprotic
solvents, was not formed in the resultant solution. Remarkably,
when the same hydrogenation reaction was terminated by
removing the H, atmosphere shortly after the induction period,
6a was present, as well. The supernatant solution was
additionally examined by *'P NMR spectroscopy indicating
formation of a minor, yet unknown phosphorus-containing
species. By addition of 1-hexene to this solution, hydrogenation
could not be initiated suggesting decomposition of the
catalytically active species. Similar results were obtained with
the catalytic system of “3b/Et;SiH/B(C4Fs);” confirming the
formation of [Cy;,PH][HB(C.F;);] (6b) as the major
phosphorus-containing species after workup of the hydro-
genation catalysis. An X-ray crystallographic study of 6b
confirmed the proposed phosphonium borate structure, as
shown in Figure 4. Examining other active systems, such as
“3a(b)/Me,PhSiH/B(C4F;);” and “4a(b)/MePh,SiH/B-

Figure 4. Molecular structure of [Cy,PH][HB(CF;);] (6b) with 30%
probability displacement ellipsoids. All hydrogen atoms have been
omitted for clarity except for the HB and HP.
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(C¢Fs)3”, the formation of 6a or 6b was also recognized during
and after the hydrogenation experiments.

To establish the pathway to 6 in more detail, various
additional experiments were carried out, as depicted in Scheme
4: (1) The reaction of free PiPr;y or PCy, with B(C4Fs); under

Scheme 4. Investigation on the course of the formation of 6

10 bar H2
— 3ord4 + R3SiH [RsPHIHB(CgF5)al + [Re]
1-hexene
23°C 6
R'; = Et3, Me,Ph
R=iPra,Cyb
10 bar H,
™ RsP ————— [(RsP)CeF4)BF(CsFs)al @
1-hexene
10 bar H, . i
B(CeFs)s —— RsP  + Et3SiH T oxene Mixture without 8 (2
10 bar H;
- _1VbarHy NR (3
1-hexene
) 10 bar H, .
— 3 + R%SIH —/——— NR R"=Ph, iPr (4
1-hexene
with or without H,
— 3 + MePhSH —— > 4 + 6 (5
benzene or THF <10%

10 bar H, in 1-hexene afforded at 23 °C within 10 min the
fluoride migrated product [(RyP)(C¢F,)BF(C4Fs),] (R =iPr,
Cy), which was reported by Stephan et al. to be also accessible
via the direct mixing of PR; (R = iPr, Cy) with B(CFs); in
absence of H, and alkene.*® As 6ab could not be observed
from free phosphine and B(C4Fs);, a mechanism involving
initial dissociation of PR; from rhenium and subsequent
heterolytic splitting of H, by FLPs was excluded.”' (2) In the
absence of 3a, a mixture of PiPry and B(C4F;); reacts with
Et;SiH in pentane under 10 bar of H,. However, 6a was not
formed under these circumstances. (3) In absence of Et;SiH,
the reaction of 3a with B(C¢F;); and H, pressure did not afford
any precipitate. Likewise, the hydrogenation of 1-hexene
catalyzed by 3a,b with no co-catalysts added, did not lead to
formation of 6ab. (4) In the case of an inactive catalytic
system, such as “3a/B(C¢F;);” with either iPrySiH or Ph,SiH,
6a was also not formed. These results implied that the
phosphonium borate was generated in the course of the
catalyst’s activation. (S) The alkene proved to be not an
essential reaction component, since 6a could still be generated
along with the formation of 4a from a mixture of 3a, B(CFs);
and Et;SiH in pentane under 10 bar of H, at ambient
temperature. (6) In the absence of both H, and alkene, the
reaction of 3a with excess of B(CFs); and Me,PhSiH in either
benzene-ds or THE-dg afforded over 85% of 4a and a small
amount of 6a (<10%), as well as an unknown species (<5%)
showing a resonance at 34 ppm in the *'P NMR spectrum. The
n*-H, ligand in 4a must stem from the hydrolysis reaction
between Me,PhSiH and the aqua ligand of 3a. (7) The FLP
type phosphonium borate 6 proved to be inert toward catalysis,
since hydrogenation of 1-hexene was not observed at 90 °C
under 10 bar H, using 0.05 mol % of 6b. All these results
pointed to the formation of 6a,b via intramolecular heterolytic

cleavage of H, ligand by a neighboring phosphine ligand.**
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2.3.2. Deuterium Isotope Studies. Deuterium isotope
kinetics was pursued in the hydrogenation of 1-hexene at 23
°C under 10 bar of H, or D,. In the case of “3a/Me,PhSiH/
B(C4F);” and “3a/Et;SiH/B(C(Fs);” catalytic systems, inverse
KIE values of 0.62 and 0.61 were determined, respectively. This
suggested that the irreversible H—H splitting is not rate
determining.”® Under the catalytic condition applying D,, the
formed phosphonium borate was identified to be the deuterium
derivative [DPiPr;][HB(CFs);] (100%) confirming a hydride
transfer process from hydrosilane to B(C4Fs);. The deuterium
incorporation into the hexane starting from 1-hexene was
examined via ’H NMR revealing two singlets at 2.11 and 1.70
ppm. This confirmed the formation of 1,2-deuterated hexane
expected for Wilkinson or Osborn type hydrogenations.® ™
The reaction thus went regio-specific. In the absence of H,, 1-
hexene could be isomerized with 10 mol % of 3a and 50 mol %
of “Me,PhSiH/B(C4Fs);” leading to (Z/E)-2-hexene in 30%
conversion at 23 °C after 48 h. Apparently this alkene
isomerization is comparatively slow and in no way competitive
with the hydrogenation. A mechanism is suggested to involve a
crucial hydride a-olefin rhenium complex, which via olefin
insertion into a Re—H bond forms a secondary rhenium alkyl
species. f-hydride elimination produces 2-hexene. The hydro-
genation system was also found to be active in H,/D,
scrambling. When the mixture of 3a, Me,PhSiH and B(C¢Fs),
was treated in toluene with H,/D, (550 mbar for each), the
characteristic HD triplet signal at 4.50 ppm (Jip = 44 Hz) was
observed in the "H NMR spectra at 23 °C within 10 min.

2.3.3. VT-®Si NMR Evidence for the Silylium Cation
Induced Nitrosyl Activation. Variable temperature NMR
experiments were carried out in order to further shed light
on the possible intermediates. The **Si NMR spectrum of the
mixture of Et;SiH and B(C(F;); in toluene-dg at —40 °C
showed a new resonance at 6 9.8 ppm, which correlated with a
triplet at 0.97 ppm and a quartet at 0.52 ppm in the 'H NMR
spectrum attributed to the formation of the H transferred
intermediate possessing B—H---Si structures (Figure 5).
Addition of 0.33 equiv of 4a to the mixture at —40 °C revealed
a new singlet at 30.3 ppm in the *°Si NMR implying the
coordination of a silyl cation to a Lewis basic atom.”* The
resonances of the ethyl group of the Re-NO-SiEt; moiety were
observed as a triplet at 0.81 and a quartet at 0.63 ppm, as
confirmed by *Si, 'H correlation spectra. A Si—I bond, which is
supposed to appear at ca. 8.6 ppm in **Si NMR spectrum, was
not observed.”* This again excluded that the activation course
went via silylium induced iodo dissociation. The phosphonium
borate 6a was not formed at this stage as revealed by the
absence of respective signals in both the 'H and the *'P NMR
spectra. The trapped intermediate is unstable at low temper-
ature and after warming to 23 °C it fully evolves into two
species showing in the *’Si NMR spectrum singlets at 29.2 and
34.8 ppm with complete consumption of Et;SiH. In
comparison, when 4a was added to the mixture of Et;SiH/
B(Cg4F;); at 23 °C, one more species was observed showing a
singlet at 44.2 ppm in the **Si NMR spectrum. The *'P NMR
spectrum indicated the formation of 6a along with three other
new species at 60.2, 49.0, and 35.1 ppm. It was noticed that the
singlet at 35.1 ppm was found to correlate with a triplet signal
at 2.44 ppm (H,, ] = 26 Hz) and two multiplets at 2.49 and
1.19 ppm in the "H NMR spectrum. The downfield chemical
shift of H, in comparison to that of 4 and the size of coupling
constant of the triplet signal suggested the presence of a new
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S NMR in toluene-ds ﬂ EtsSiH
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Figure 5. ’Si NMR spectra recorded in toluene-dg. (Top) Mixture of
Et;SiH and B(C¢F); in 1:1 ratio at 233 K. (Middle) After addition of
4a (in a ratio of 1:3 to Et,SiH) into the mixture at 233 K within 10 s.
(Bottom) After warming up to 293 K and immediate measurement.

dihydrogen complex possessing an electron-deficient Re center
coordinated by two phosphine ligands.

2.3.4. °N NMR Evidence for the Silylium Cation Induced
Nitrosyl Activation. "N NMR spectroscopy was utilized to
provide further evidence for the nitrosyl activation pathway, in
particular the facilitation of the nitrosyl bending.** A 98% N-
enriched rhenium diiodo dihydrogen complex [ReL(**NO)-
(PCys),(17*-H,)] (4b-"N) was prepared starting from Re metal
and “NO in a 7% overall yield using the synthetic method
described in Scheme 2. The NO gas was generated from
Na'*NO, via the reaction with FeSO, and H,0.>> The N
NMR spectrum of 4b-">N was recorded in toluene-dg at 23 °C
using CH;NO, as external reference. It revealed a triplet at &
—49.4 ppm (*Jy_p = S Hz) due to coupling with the Re bound
phosphorus ligand. When ca. S equiv. of Me,PhSiH/B(C4F;);
(1:1) were added to the toluene solution of 4b-"*N, the triplet
signal immediately disappeared concomitant with the appear-
ance of two new resonances observed as a doublet at § 105.9
ppm (*’Jy_p = S Hz) and a singlet at 5 90.8 ppm corresponding
to a monophosphine and a phosphine-free species, respectively.
The large downfield chemical shift in the N NMR upon
addition of the cocatalytic system would be in accord with the
reported observation of chemical shift changes when linear
nitrosyls transform into bent ones.*® Together with the *’Si
NMR spectroscopic observations, this is interpreted in terms of
attachment of the silylium cation to the Oyo atom supporting
the NO bending.

2.3.5. DFT Investigation of Silylium Facilitated NO
Bending. Four model systems I, II, I-SiMe; and II-SiMe; (-1
and -2) derived from the complex [Rel,(NO)(PMe,),(n*-H,)]
bearing either trans- or cis-diiodide ligands with or without
SiMe;" Lewis acid attached, were investigated in more detail by
DFT calculations. Their geometries were optimized at TPSS
level'? employing the large Gaussian AO-basis set def2-TZVP"
and the D3 dispersion correction.'* Subsequent single-point
calculations with the double-hybrid functional B2PLYP-D3"
and the same basis set were carried out to yield the energy
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Figure 6. Sketches of local energy minimum structures of five rthenium dihydrogen diiodide systems (with linear and bent nitrosyl ligands Re—N—O
= 135°). I: H—H eclipses I-Re—I axis. II: H-H eclipses P—Re—P axis. I-SiMe,: H—H eclipses I-Re—I axis with Si atom on Oy. II-SiMe;-1: H-H
eclipses P—Re—P axis with Si atom orientated cisoid to H,. II-SiMe;-2: H—H eclipses P—Re—P axis with the Si atom orientated transoid to H,. All
the carbon and hydrogen atoms except for the H, ligand are omitted for clarity.

Table 2. Relative Energies and Geometry Parameters of the Local Minima Obtained upon the Bending of Nitrosyl Ligand

I i I-SiMe, 1I-SiMe;-1 1I-SiMe;-2

Re—N—O (°) 180.0 135.0 178.1 135.0 175.5 134.5 180.0 135.0 120.5 176.6 135.0 120.0
AE (kcal/mol) 0.0 +23.0 0.0 +215 0.0 +14.9 0.0 +8.7 +20.4 0.0 +9.8 26.5
I1-Re—N (deg) 101.7 902 1734 156.9 102.5 963 168.8 155.8 152.5 174.0 176.9 178.0
12—-Re-N (deg) 101.2 1103 92.1 102.0 102.5 109.0 96.8 1023 99.5 91.0 84.5 86.6
Re-N (A) 1.767 1.788 1.777 1.806 1.728 1.763 1.748 1.777 1.777 1.737 1.787 1.787
N-O (A) 1.185 1232 1.183 1.227 1.287 1.339 1.269 1.311 1311 1153 1.306 1.307
H-H (A) 0.790 0.785 1.527 1.494 0.787 0.783 1.560 1512 1.525 1512 1.533 1.483
Re—HI (A) 2,008 2078 1.662 1.657 2,075 2076 1.660 1.656 1.655 1.662 1.668 1.670
Re—H2 (A) 2.006 2.097 1.662 1.657 2076 2.114 1.660 1.657 1.656 1.662 1.671 1.673

values discussed below. These values possess an estimated
accuracy of about 1 —2 kcal/mol. All calculated structures are
calculated to be local energy minima. Selected examples with
linear NO and bent NO at 135° are displayed in Figure 6. The
geometric parameters obtained from the molecules with NO
bending are listed in Table 2. For the type I and II complexes,
relative energies of 23.0 and 21.5 kcal/mol, respectively, were
calculated for the bending of the Re—N—O angle to 135°,
demonstrating that both conformers prefer a linear NO
arrangement and that a considerable energetic demand would
be necessary to achieve even small bending angles. The type I
complex with the H—H axis eclipsing the I-Re—I axis shows a
lower preference for the NO bending than the type II complex
with H—H eclipsing the P—Re—P axis. In both cases, the iodide
ligand cis to the nitrogen atom is slightly bent away from the
NO ligand and the I2—Re—N angle increases along with
bending of the NO ligand. At the same time, the Re—N and
N—O bond distances increase with the bending of the Re—N—
O angle. The enhanced 7-back-donation from the Re center to
NO leads to decreased bond orders.

Upon attachment of the SiMe;" Lewis acid to the nitrosyl
ligand, NO bending was facilitated in the I-SiMe; and II-SiMe;

4095

complexes. For instance, a smaller energy of 14.9 kcal/mol was
required to achieve a bending angle of 135° for I-SiMe; in
comparison to 23.0 kcal/mol for I. Further bending to 130°
resulted in full dissociation of the dihydrogen ligand trans to the
bent NO group. In the case of II-SiMe;, two isomers are
present: II-SiMe;-1 with coordinated silylium cisoid to the
dihydrogen ligand and II-SiMe;-2 with coordinated silylium
transoid to the dihydrogen ligand. Comparing the two
conformers with linear Re—N—O angles, the II-SiMe;-1 is
found to be 7.8 kcal/mol more stable than II-SiMe;-2. Such an
orientational preference of the silylium residue can only be
interpreted in one way - steric repulsion between the H, and
SiMe;" units is much smaller than between the iodo and SiMe;"
moieties. It is worth mentioning that the large energy difference
between I and II (18 kcal/mol) decreased to 9.6 kcal/mol
between I-SiMe; and II-SiMe;-2. This can be explained by the
fact that the trans influence of the nitrosyl ligand, which is the
main cause for the instability of I, is weakened by coordination
of the silylium ion to the Oyo atom. That way the effect that
the Lewis acid facilitates NO bending is more pronounced in
the case of II-SiMe; (-1 and -2). The energies for bending the
Re—N-—O angle to 135° are rather small with only 8.7 kcal/mol
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Scheme 5. Proposed Nitrosyl Activation Pathway and an Osborn-type Catalytic Cycle
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for II-SiMe;-1 and 9.8 kcal/mol for II-SiMe;-2. The angle
between the two iodide ligands in II-SiMe;-1 widens up to
102.3°, which emphasizes the additional potential for
coordination of a ligand. At 135° II-SiMe;-1 could be
calculated to be 8.9 kcal/mol more stable than II-SiMe;-2
The lone pair of the Nyo atom on the bent nitrosyl moiety of
ITI-SiMej;-1 repels the neighboring iodo ligand resulting in a N—
Re—I2 angle of 101.9° and N—Re—Il angle of 155.7°.
Compared to this, repulsion of the dihydrogen ligand by the
lone pair of the Ny atom in the bent II-SiMe;-2 is less
effective showing a reduced N—Re—I2 angle of 84.5°. Further
bending of the Re—N—O angle to 120.5° in II-SiMe;-1
requires 20.4 kcal/mol relative to the linear nitrosyl case.
Similarly, the bond orders of the Re—N and N—O bonds
decrease along with the extent of NO bending.

2.3.6. Proposed Activation Pathway and Catalytic Cycle.
The activation pathway of the rhenium catalysts by the
“hydrosilane/B(C4Fs);” co-catalytic systems is expected to go
along with the generation of phosphonium borate, as depicted
in Scheme 5. It is most likely that in the initiation stage
reversible coordination of the B(C4F;); Lewis acid to the Si—H
bond of the hydrosilane occurs affording an intermediate
bearing hypercon]ugatlve B--H-Si and B—H:--Si resonance
structures.

® ©
RSi—H---B(CeFs)s <—= R'3Si---H—B(CqFs)3

This activates the silicon group for R’;Si* transfer to the
Lewis basic nitrosyl oxygen atom of 4 via the TS-1 transition
state accompanied by full hydride transfer from the hydrosilane
to B(CgF;);. As verified by the DFT calculations, intermediate
I-1 with the Si atom oriented toward the H, is favored over its
isomer I-1” with the Si atom oriented toward the iodo ligand.
Subsequently, nitrosyl bending occurs affording the 16e™
Re(Ill) species I-2, in which the lone pair electron of the
bent nitrosyl moiety is anti to the H, ligand. A vacant site is
expected to be generated forming a seven-coordinate Re(III)
species. However, this is apparently prevented by the cis-
labilizing effect of the two iodides in I-2 promoting the six-
coordinate geometry. In I-2, the Re center is more electron-
deficient turning the #*-H, ligand acidic, or in other words,
highly polarized toward H**-H”."**” The crypto-H" is readily
transferred to the neighboring in-plane cis-phosphorus atom
affording the hydride I3 accompanied by formation of the
phosphomum borate 6.*

The “superelectrophilic” 14e~, Re(Ill) hydride species I-3
serves as the basic catalytic intermediate driving the hydro-
genation cycle along an Osborn-type scheme with alkene before
H, addition.*® ** Importantly, the vacant site in I-3 can open up
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Figure 7. B2PLYP-D3/def2-TZVP calculated AE (kcal/mol) of the structurally optimized model complexes along the catalyst activation course.

on-demand, eventually stabilized by interaction with the lone
pair of the Oy atom. This neighboring group effect provides
protection to the unsaturated species and might account for the
longevity of the catalyst. It should also be emphasized here that
although the pK, value of the bound H, in the intermediate I-2
cannot be determined due to its high instability, the phosphine
ligand is considered to be basic enough (for instance with a
pK,(aq) of 9.70 for PCy,;)*® to abstract a proton from the
polarized H—H ligand supposedly in the transition state of its
elimination. The basicity of PiPr; is slightly weaker than that of
PCy;, but still in the range that the deprotonation can happen.
This higher basicity of PCy; might account for the higher
activity of the catalytic system with 3b due to a more efficient
intramolecular heterolytic H, cleavage and faster phosphine
liberation producing higher concentrations of the I-3 type
species.

Parallel to this, another pathway is proposed based on the
thermodynamically less favored isomer I-2', which can be
derived from either nitrosyl bending of I-1" or isomerization of
I-2. The fact that several singlets in a close chemical shift range
evolved in the *’Si NMR spectra of stoichiometric reactions
with the Et;SiH/B(C4F;); reagent (Figure 4) supports the idea
that structurally related species exist which all bear Re-NO-Si
moieties. I-2' is quite interesting due to the cis-alignment of the
H, ligand and the lone pair of the Ny atom available by
bending. In a similar fashion to the Noyori-Morris type
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catalysts,” H—H heterolytic cleavage of the polarized H, ligand
across the Re—N bond could occur affording the intermediate
I-3'. This step would demonstrate a novel cooperative function
of the bent nitrosyl ligand especially suited for H, catalyzes with
polar reactivity characteristics.’® The N—H moiety in I-3 is
then thought to be deprotonated by a labile cis-positioned
phosphine ligand affording the 14e™ Re(III) hydride I-4’, which
is an isomer of I-3, but more activated due to the lack of
stabilization. I-4' can enter the Osborn-type hydrogenation
cycle, or eventually isomerize to I-3.

2.3.7. DFT Calculations in Support of the Catalyst
Activation Path. To support the proposed activation pathways,
dispersion corrected DFT (B2PLYP-D3/def2-TZVP//TPSS-
D3/def2-TZVP) calculations were carried out. The free energy
profiles connecting the most plausible species are depicted in
Figure 7. Coordination of the SiMe;" moiety to the Oyp atom
of the model PMe; complex is highly exothermic with an
energy of —S1.5 and —59.2 kcal/mol forming I-1(PMe;) and I-
1'(PMe;), respectively (reactants are included as structure I-0
in Figure 7). A bending angle of 135° of the Re—N—O unit
leads to I-2(PMe;) and I-2'(PMe;) positioned at somewhat
elevated energies of 8.7 and 9.8 kcal/mol relative to I-1(PMe;)
and I-1'(PMe;), respectively. Heterolytic cleavage of the H—H
bond by the basic nitrogen atom of I-2(PMe;) would require
an additional energy of 13.2 kcal/mol to form I-3'(PMe,)(cis)
bearing syn-positioned Re—H and N—H bonds at an energy of
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30.8 kcal/mol relative to the reference conformer. The
formation of the alternative isomer possessing trans-Re—H
and N—H bonds is at a slightly lower energy of 28.6 kcal/mol.
The H—H bond cleavage in I-2(PMe,) leads to another isomer
bearing anti-Re—H and N—H bonds at an energy of 10.4 kcal/
mol. However, the transition state for the H—H splitting
process could not be located. The deprotonation of the N—H
bond by a phosphine ligand demands an energy of 9.3 kcal/mol
starting from I-3'(PMe;)(cis). Alternatively, the energy of the
monophosphine isomer I-3(PMe;) with the lone pair on the
Nyo atom trans to the Re—H was calculated to be 39.9 kcal/
mol relative to the start conformer. Since this reaction course is
highly endothermic, it is kinetically not very probable.
Coordination of either olefin or H, to I-4'(PMe;) or I-
3(PMe;) drastically decreases the energy of the newly formed
species, and would therefore render the overall hydrogenation
reaction thermodynamically feasible. The high energy level of
the 14e” hydride I-4'(PMe;) or 1-3(PMe;) with bent NO
ligands also implies that the 16e™ hydride isomers bearing a
linear NO ligand®> might also be involved in the catalytic
cycle.

2.3.8. Exclusion of the Formation of an Initial lodo
Hydride Complex from 4a,b and the Hydrosilane. In an
earlier publication, we discovered the pentacoordinate bromo
complex of the type [ReBr(H)(NO)(PR;),] to show high
activities in the hydrogenation of olefins when boron Lewis
acids were applied as sole co-catalysts.” In contrast to the
bromo case where the bromo hydride could quantitatively be
obtained from the dibromo precursor, the analogous reaction of
the [Rel,(NO)(PCy;),(n*-H,)] (4b) with Et;SiH at 100 °C
afforded only a complex mixture and a large amount of
unreacted 4b. The much lower tendency of the iodo complex
to react with hydrosilanes might be attributed to the fact that
the Si—I bond (about 56 kcal/mol) is of much lower
thermodynamic strength than the Si—H bond (about 76
kcal/mol), while the Si—Br bond (74 kcal/mol) is close in
energy to the Si—H bond.>' Nevertheless, in order to exclude
the pathway involving initial formation of an iodo hydride
complex from 3 and Et;SiH followed by B(C(F;); activation,
the five coordinate iodo hydride 8b was exemplarily prepared
by a route as depicted in Scheme 6. Starting from [ReBr,(H)-

Scheme 6. Synthesis of the Re(I) Iodo Hydride 8b

PCys3 PCy3 PCys
Br., | WBr Nal b, | 7n |
Re. /”Re‘\\ THF N
W [ no TP W e FH Fl’C NO
PCys 82 % PCys 52 % va
H H,0 8b

(NO)(PCyj),],** halide exchange with Nal in THF afforded at
23 °C within 15 h the Re(II) iodo hydride [ReL,(H)(NO)-
(PCys),] (7b) in 82% yield. The IR spectra showed a strong
v(Re—H) absorption at 2006 cm™" and a (NO) absorption at
1684 cm™'. The molecular structure of 7b was established by a
X-ray diffraction study, as depicted in Figure 8. Similar to the
bromo derivative, 7b adopted a pseudo-octahedral geometry
around the rhenium center. The two trans-phosphine ligands
are bending over strongly toward the hydride ligand with a P1—
Rel—P2 angle of 148.40(2)°.

Reduction of 7b with Zn in THF at 23 °C for 15 h afforded a
deep purple solution, from which the five-coordinate Re(I)
iodo hydride complex [Rel(H)(NO)(PCys),] (8b) could be
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Figure 8. Molecular structure of [Rel,(H)(NO)(PCys),] (7b) with
50% probability displacement ellipsoids. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (deg): I(1A)-
Re(1), 2.7520(2); I(2A)-Re(1), 2.7498(3); P(1)—Re(1), 2.4794(6);
P(2)—Re(1), 2.4865(6); N(1A)-O(1A), 1.195(3); P(1)—Re(1)—P(2),
148.40(2); P(1)—Re(1)—I(2A), 105.825(15); P(2)—Re(1)-1(2A),
105.770(16); P(1)—Re(1)—H, 73.4(12); P(2)—Re(1)—H, 75.1(12).

isolated in 52% vyield by extraction with pentane. The IR
spectrum showed a strong v(NO) absorption at 1657 cm™.
The '"H NMR spectrum in benzene-ds exhibited a broad
unresolved triplet at 6 —15.9 ppm for the hydride ligand. The
3P{'H}-NMR spectrum displayed a singlet at § 31.2 ppm.
Finally, the catalytic performance of 8b in the hydrogenation of
1-hexene was tested in the presence of B(C4F;);. At 23 °C
under 10 bar of H,, a TON of 1830 was obtained within 30 min
corresponding to a conversion of 18% and a TOF of 3661 h™",
which is by far not comparable to those TOFs obtained with
the “3b/Et;SiH/B(C(Fs);” system. On the basis of these
experiments, we excluded the formation of iodo hydride
complexes of type 8b in the course of the activation process of
the “3b/Et;SiH/B(C¢F;);” catalytic system.

3. CONCLUSIONS

In this article, the first example of a “catalytic nitrosyl effect”
with activation by NO bending was demonstrated. This
bending generated an open site, which contributed to the
reaction course of highly efficient hydrogenation catalyzes. The
“Re(I) diiodide/hydrosilane/B(C¢Fs);” co-catalytic systems
could be tuned to eventually furnish the most efficient rhenium
catalyst so far known for the hydrogenation of alkenes. Both the
activity and longevity are superior to previously reported
catalytic systems. The remarkable catalytic performance is
boosted by the bending of the ReNOSi moiety assisted by the
in situ attached silylium ions followed by intramolecular
heterolytic dihydrogen cleavage in the catalyst’s activation
course. The coordination of a Lewis acid to NO is vital to
accomplish excellent catalytic performance. DFT calculations
could show this mechanism to be plausible and proof the
importance of the silyl-coordination for the reactions course.
This work demonstrates ways of utilization of middle transition
metals via a tuning of ligand effects to replace platinum group
metals in highly efficient catalytic applications. A new protocol
and strategy to improve the catalytic performance of nitrosyl
transition metal complexes could be established. Further
exploration and exploitation in catalysis of the Lewis acid
induced nitrosyl bending, denoted as the “catalytic nitrosyl
effect”, is currently under investigation in our group.
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4. EXPERIMENTAL SECTION

4.1. General Experimental. All manipulations were carried out
under an atmosphere of dry nitrogen using standard Schlenk
techniques or in a glovebox (M. Braun 150B-G-II) filled with dry
nitrogen. Solvents were freshly distilled under N, by employing
standard procedures and were degassed by freeze—thaw cycles prior to
use. The deuterated solvents were dried with sodium/benzophenone
(toluene-dg, benzene-d,, THF-dg) or P,O; (chlorobenzene-ds) and
hvacuum transferred for storage in Schlenk flasks fitted with Teflon
valves. '"H NMR, BC{'H}-NMR, *P{"H}-NMR, F NMR and "B
NMR data were recorded on a Varian Gemini-300, Varian Mercury
200, or Bruker DRX 500 spectrometers using S mm diameter NMR
tubes equipped with Teflon valves, which allow degassing and further
introduction of gases into the probe. Chemical shifts are expressed in
parts per million (ppm). 'H and “C{'H}-NMR spectra were
referenced to the residual proton or '*C resonances of the deuterated
solvent. All chemical shifts for the 3'P{'H}-NMR data are reported
downfield in ppm relative to external 85% H;PO, at 0.0 ppm. Signal
patterns are reported as follows: s, singlet; d, doublet; t, triplet; m,
multiplet. IR spectra were obtained by using KBr pellets or ATR
methods with a Bio-Rad FTS-45 FTIR spectrometer. Microanalyses
were carried out at the Anorganisch-Chemisches Institut of the
University of Zurich. Complexes 1 were prepared according to
reported procedures.4b B(C¢Fs)s, Na’>NO,, AlF; and diverse alkenes
were purchased from Aldrich and used without further purification. 1-
Hexene, 1-octene, cyclooctene, and 1,5-cyclooctadiene were purified
by distillation.

4.2. General Procedure for Hydrogenation of Alkenes
Catalyzed by the “[Rel/Hydrosilane/B(C¢4Fs);” System. In a 30
mL steel autoclave equipped with a stirring bar, certain amounts of the
substrate alkene (e.g,, 1-hexene, 2.5 mL, 20 mmol; 1-octene, 2.5 mL,
16 mmol; cyclooctene, 1 mL, 8 mmol; 1,5-cyclooctadiene, 1 mL, 8
mmol; cyclohexene, 2 mL, 20 mmol; styrene, 1 mL, 9 mmol; 1,7-
octadiene, 1 mL, 7 mmol), appropriate amount of rhenium catalyst
(3a, 1.5 mg, 0.002 mmol; 3b, 2.0 mg, 0.002 mmol; 4a, 1.6 mg, 0.002
mmol; 4b, 2.1 mg, 0.002 mmol; 7a, 1.1 mg, 0.002 mmol; 7b, 1.6 mg,
0.002 mmol), $ equiv of B(C¢Fs); (5.2 mg, 0.01 mmol) and S equiv of
hydrosilane (Et;SiH, 1.6 uL, 0.01 mmol; Me,PhSiH, 1.6 uL, 0.01
mmol; MePh,SiH, 2.0 L, 0.01 mmol; iPr;SiH, 2.0 uL, 0.01 mmol;
Ph;SiH, 2.6 mg, 0.01 mmol) were mixed. After being flushed with 3.7
bar of H, thrice, the system was charged with 10 bar of H, and kept
stirring at either ambient temperature or 90 °C. The progress of the
reactions was monitored by a Buechi Pressflow Gas Controller and the
conversion of the hydrogenations was calculated based on the
consumption of H, in the system. When 40 bar of H, was employed,
the reaction course was monitored by the decreased pressure of
autoclave. The hydrogenation products were characterized by 'H
NMR spectroscopy in CDCl;. The TONs and TOFs values were
determined based on the consumption of H,.

4.2.1. [ReBr,(NO)(PiPr3),(H,0)] (2a). In a 3 mL Young-NMR-Tube,
1a (70 mg, 0.10 mmol) was mixed with degassed H,O (90 L) and
THF (0.5 mL). The solution was kept at 90 °C for S min resulting in
the formation of an orange solution. *'P NMR spectra indicated the
full conversion of the starting material. The reaction mixture was
cooled to room temperature and filtered through Celite. The solvent
was evaporated and the residue was further washed with pentane (2 X
2 mL), dried in vacuo giving an orange solid: 69 mg; yield, 96%. 2a: IR
(KBr, cm™): v(O—H) 3428 (br), v(C—H) 2963, 2924, 2873, 1460,
¥(NO) 1667. "H NMR (300.08 MHz, THF-dg, ppm): 6 5.72 (s, 2H,
H,0), 3.06 (m, 6H, PCH(CH},),), 1.32—1.38 (m, 36H, PCH(CHj,),).
“C{'H}-NMR (75.47 MHz, THF-dg, ppm): 6 25.6 (t, Jipc) = 10 Hz,
P-CH), 20.0 (s, PCH(CH,),). *'P{"H}-NMR (121.47 MHz, THF-d,,
ppm): 5 —5.9. 'H NMR (300.08 MHz, benzene-ds, ppm): & 4.90
(broad, 2H, H,0), 3.07 (m, 6H, PCH(CH,),), 1.26—1.36 (m, 36H,
PCH(CHj,),). *C{'H}-NMR (75.47 MHz, benzene-dg, ppm): § 25.1
(t Jooy = 10 Hz, P-CH), 200 (s, PCH(CH,),). *'P{'H}-NMR
(121.47 MHz, benzene-ds, ppm): & —4.7. Anal. Calcd for
C,sH,Br,NO,P,Re (713,08): C, 30.26; H, 621; N, 1.96. Found: C,
30.60; H, 6.11; N, 1.72.
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4.2.2. [Rel,(NO)(PiPrs),(H,0)] (3a). In a 20 mL vial in glovebox, 2a
(36 mg, 0.05 mmol) and excess of Nal (105 mg, 0.7 mmol) were
mixed in 3 mL of THF. A yellow-brown solution immediately formed,
and after stirring at room temperature for 2 h, a unique organometallic
species is present in solution as indicated by *'P NMR spectra. The
mixture was filtered through a glass sintered funnel and the filtrate was
dried in vacuo. The residue was extracted with benzene (2 X 2 mL)
and dried in vacuo. The obtained brown solid was washed again with
pentane (2 X 2 mL), dried in vacuo giving a brown solid. Yield: 38 mg,
0.047 mmol, 94%. IR (KBr, cm™'): v(O—H) 3435 (br), v(C—H)
2961, 2926, 2871, 1458, v(NO) 1674. "H NMR (300.08 MHz, THE-
dg, ppm): 6 5.43 (s, 2H, H,0), 3.40 (m, 6H, PCH(CH,),), 1.33—1.43
(m, 36H, PCH(CHj,),). "*C{'"H}-NMR (75.47 MHz, THF-dy, ppm):
527.5 (t, Jioc) = 10 Hz, P-CH), 20.3 (s, PCH(CH),). *'P{'H}-NMR
(121.47 MHz, THF-dg, ppm): & —10.7. Anal. Caled for
C,sHLNO,P,Re (809,05): C, 26.74; H, 5.49; N, 1.73. Found: C,
26.87; H, 5.36; N, 1.65.

4.2.3. [Rel,(NO)(PCy3),(H,0)] (3b). Method 1: In a 100 mL round-
bottom flask, H,O, (S mL, 30%) was added dropwise to Re powder
(1.5 g, 8.0 mmol) at 0 °C. NEt,I (2.5 g, 9.5 mmol) was then added
and the mixture was stirred for 3 h at 90 °C. After that, additional part
of NEt,I (2.5 g, 9.5 mmol) was added, and the mixture was dissolved
in 30 mL of HI (57%) and 3 mL of H;PO, (50%). NO gas was
bubbled through the solution at 110 °C. Twenty hours later, the
reaction mixture was cooled down to room temperature and was
filtered. The collected dark residue was extracted with MeOH (10 X 5
mL) and the solvent was evaporated in vacuo. The obtained residue
was further washed with H,O (S X 10 mL) and diethyl ether (5 X 10
mL), dried in vacuo affording a dark blue solid. Yield: 1.8 g. A mixture
of this crude compound (180 mg) and PCy; (170 mg, 0.61 mmol)
suspended in ethanol (5 mL) was stirred at 90 °C for 15 h. During this
reaction time, a brown precipitate gradually formed. The reaction
mixture was cooled to room temperature and filtered. The residue was
washed with ethanol (2 X 2 mL) and dried in vacuo giving a brown
solid. Yield: 183 mg, 20% (overall). IR (ATR, cm™"): v(O—H) 3566
(br), v(C—H) 2916, 2848, 1444, v(NO) 1644. '"H NMR (300.08
MHz, THF-dg, ppm): § 5.20 (s, 2H, H,0), 3.16 (br, 6H, P-CH),
1.24-2.13 (m, 60H, CH,). BC{*H}-NMR (75.47 MHz, THF-d,,
ppm): & 36.3, 29.1, 27.8, 26.7. *'P{'"H}-NMR (121.47 MHz, THF-dj,
ppm): § —19.1. Anal. Caled for C;Heg,NO,P,Re (1048,89): C,
41.22; H, 6.53; N, 1.34. Found: C, 41.09; H, 6.70; N, 1.39. Method 2:
[NEt,],[ReBrg(NO)] (1.0 g, 1.14 mmol) was treated with excess of
Nal (10.0 g, 7.33 mmol) in 20 mL of THF. The mixture was kept
stirring at 90 °C for 24 h. The resultant deep blue solution was filtered
through a glass sintered funnel to remove NaBr. The collected solution
was dried in vacuo, and further washed with H,O (3 X 5 mL) to afford
a crude Re(II) iodonitrosyl product. Single-crystals were formed from
layered solutions of THF and diethyl ether, and were shown by X-ray
diffraction studies to be the [NEt,][Rel,(NO)(THF)] complex. IR
(ATR, cm™): v(C—H) 2969, 2921, 2852, v(NO) 1734. Anal. Calcd
for C;,H,5I,N,O,Re (926.19): C, 15.56; H, 3.05; N, 3.02. Found: C,
15.29; H, 3.10; N, 3.15. As a matter of fact, purification of the crude
product is not necessary as the impurity could be removed in the
subsequent step. The reaction of the crude Re(II) compound (500
mg) with PCy; (650 mg, 2.32 mmol) in 10 mL of ethanol and 10
drops of H,O afforded at 90 °C within 15 h a brown precipitate, which
was isolated and washed with ethanol (4 X S mL) affording the
compound 3b. Yield: 351 mg, 67% (overall).

4.2.4. [Rel,(NO)(PR;),(1>-H,)] (4, R = iPr a, Cy b). In a 50 mL
Young-Schlenk tube, 3a (34 mg, 0.04 mmol) or 3b (54 mg, 0.05
mmol) was mixed with excess of anhydrous MgSO, in 3 mL of
benzene. The N, atmosphere was replaced with 1.3 bar of H, by using
a freeze—pump—thaw cycle. After warming up to room temperature,
NMR spectroscopy indicated the instantaneous formation of the
hydrogen coordinated rhenium diiodo complex 4a or 4b in 100% in
situ yield. The reaction was kept at room temperature for overnight,
the mixture was filtered through a glass sintered funnel and the filtrate
was dried in vacuo. 4a: 25 mg. Yield: 74%. IR (ATR, cm™): v(C—H)
2960, 2922, 2873, 1456, v(NO) 1719. 'H NMR (300.08 MHyz,
benzene-dg, ppm): & 3.06 (m, 6H, PCH(CH;),), 1.28—1.39 (m, 18H,
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PCH(CH,),), 1.06—1.16 (m, 18H, PCH(CH,),), 0.89 (t, *J(p) = 22
Hz, 2H, H,). '"H NMR (300.08 MHz, THF-dg, ppm): § 3.18 (m, 6H,
PCH(CHs,),), 1.34—1.43 (m, 36H, PCH(CH,),), 0.64 (t, *J(p) = 20
Hz, 2H, H,). BC{'H}-NMR (75.47 MHz, benzene-d,, ppm): & 26.1
(t, Jeecy = 11 Hz,, P-CH), 20.5 (s, PCH(CH,),), 19.8 (s, PCH(CHj),).
3P{'H}-NMR (121.47 MHz, benzene-dg, ppm): & 3.09. Anal. Calcd
for C,H,LNOP,Re (792.51): C, 27.28; H, 5.60; N, 1.77. Found: C,
26.99; H, 5.51; N, 1.72. 4b: 39 mg, 76%. IR (ATR, cm™"): v(C—H)
2926, 2850, 1445, ¥(NO) 1710. '"H NMR (300.08 MHz, benzene-d,,
ppm): § 1.10—3.00 (m, 68H, P(C4H;);, H,). "H NMR (300.08 MHz,
THF-dg, ppm): & 1.31—2.87 (m, 66H, P(CgH,)3), 0.80 (t, Jppp) = 21
Hz, 2H, H,). BC{'H}-NMR (75.47 MHz, benzene-dg, ppm): & 36.5
(t, Joc) = 12 Hz, P=C), 309, 30.3, 27.4, 26.6. *'P{' NMR (121.47
MHz, benzene-ds, ppm): 6 —4.93. Anal. Calcd for CyH,NOP,Re
(1032.89): C, 41.86; H, 6.64; N, 1.36. Found: C, 41.69; H, 6.56; N,
1.30. In comparison, the same reaction carried out in THF-dj afforded
only 48% (4a) or 75% (4b) of the hydrogen coordinated product,
which remained in an equilibrium with the starting material 3a(b) at
room temperature over 72 h.

T1 measurements were carried out at room temperature in
benzene-dg at an NMR field strength of 11.7 T.

4.2.5. [Rel,(NO)(PR3),(CO)] (5, R = iPr a, Cy b). In a 3 mL Young-
NMR-Tube, 3a (17 mg, 0.02 mmol) or 3b (21 mg, 0.02 mmol) was
dissolved in 0.5 mL of benzene. The N, atmosphere was replaced with
1 bar of CO by using a freeze—pump—thaw cycle. After being kept at
room temperature for 15 h, NMR spectroscopy indicated complete
formation of the carbon monoxide coordinated rhenium diiodo
complex Sa or Sb in 100% in situ yield. The mixture was filtered
through a glass sintered funnel and the filtrate was dried in vacuo. The
residue was washed with pentane (2 X 1 mL), dried affording a brown-
yellow solid. Sa: 13 mg, Yield: 79%. IR (ATR, cm™"): v(C—H) 2962,
2932, 2874, 1453, v(CO) 1969, v(NO) 1723. 'H NMR (300.08 MHz,
benzene-dg, ppm): & 3.00 (m, 6H, P-CH), 1.37—1.44 (m, 18 H, CH;),
1.10—1.17 (m, 18 H, CH;). “C{'H}-NMR (7547 MHz, CDCl,,
ppm): & 26.65 (t, Jpcy = 12 Hz, P-CH), 21.05, 19.62. *'P{'H}-NMR
(121.47 MHz, CDCl;, ppm): § —6.54 (s). Anal. Calcd for
CoH,,LNO,P,Re (818.51): C, 27.88; H, 5.17; N, 1.71. Found: C,
27.54; H, 5.05; N, 1.70. 5b: 12 mg, 56%. IR (ATR, cm™): v(C—H)
2919, 2849, 1444, v(CO) 1970, v(NO) 1712. 'H NMR (300.08 MHz,
benzene-dg, ppm): § 1.22—2.92 (m, 66H, P(C¢H;;);). BC{'H}-NMR
(75.47 MHz, CDCl,, ppm): & 37.00 (t, Jpc) = 11 Hz, P-CH), 31.24,
29.85, 27.76, 26.58. *'P{'H}-NMR (121.47 MHz, CDCl,, ppm): §
—14.51 (s). Anal. Calcd for C5,HgI,NO,P,Re (1058.89): C, 41.97; H,
6.28; N, 1.32. Found: C, 42.05; H, 6.55; N, 1.17. When the same
reaction was investigated by NMR and IR within 5 min, formation of
the carbonyl isomer 5’ was observed in quantitative yield. Sa’: IR
(ATR, cm™): v(C—H) 2962, 2930, 2873, 1457, v(CO) 2082, v(NO)
1708. 'H NMR (300.08 MHz, benzene-d,, ppm): § 3.15 (m, 6H, P-
CH), 1.19-126 (m, 36 H, CH,;). *P{'H}-NMR (121.47 MHz,
CDCl,, ppm): § —16.67 (s). 5b’: IR (ATR, cm™): v(C—H) 2924,
2852, 1443, v(CO) 2074, v(NO) 1701. 'H NMR (300.08 MHz,
benzene-dg, ppm): § 1.29—3.21 (m, 66H, P(C¢H;;);). *'P{'"H}-NMR
(121.47 MHz, CDCl,;, ppm): § —26.29 (s).

4.2.6. [R3PHI[HB(C4Fs)s] (6, R = iPr a, Cy b) Formed in the
Catalytic Hydrogenation of 1-Hexene by the “[Re]/Hydrosilane/
B(C4F5);” Reagent. In a 30 mL steel autoclave equipped with a stirring
bar, 3a (4.5 mg, 0.0075 mmol), B(C¢Fs); (10.4 mg, 0.02 mmol) and
Et,SiH (5.0 uL, 0.03 mmol) were dissolved in 2.5 mL 1-hexene. After
charging with 10 bar of H,, hydrogenation occurred and the catalysis
was deliberately terminated by removing the H, atmosphere after 10
min corresponding to an approximate half conversion. Precipitates
were observed in the reaction vessel and separated from the solution,
dried in vacuo. 6a: "H NMR (300.08 MHz, C,DCl, ppm): § 5.62
(dxq, 1H, ¥y = 4 Hz, Jyp = 458 Hz, PH), 2.88 (m, 6H,
PCH(CH,),), 1.37—1.49 (m, 36H, PCH(CH,),). “C{'H}-NMR
(7547 MHz, C;DCl, ppm): § 19.31, 18.79, 17.19, 17.15. *'P{'H}-
NMR (121.47 MHz, CD;Cl, ppm): § 43.9 (s). "B NMR (96.28
MHz, C¢DCl, ppm): § —25.44 (d, YJyz = 92 Hz). °F NMR (282.33
MHz, C,D;Cl, ppm): 8 —133.40 (m, 6F, ortho-C¢Fy), —163.54 (t, Jcx
= 19 Hg, 3F, para-C¢F), —166.64 (m, 6F, meta-C¢Fs). MS (ESI): m/z
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161.0 [iPr;PH]Y, 513.0 [HB(C4F;);]™. This product was invariably
observed in the resultant solution in each 3a or 2a catalyzed
hydrogenation of 1-hexene. Similarly, the formation of 6b was
observed during the hydrogenation courses of the “3b/hydrosilane/
B(C4Fs);” catalytic system. For instance, the hydrogenation of 1-
hexene (3 mL) with 3b (40 mg, 0.04 mmol), Me,PhSiH (16 uL, 0.10
mmol) and B(C¢Fs); (41 mg, 0.08 mmol) under 10 bar of H, afforded
a brown precipitate, from which colorless single crystals of 6b were
obtained from a layered solution of pentane and chlorobenzene. 'H
NMR (300.08 MHz, C;DCl, ppm): & 4.80 (dxq, 1H, *J,y; = 4 Hg,
Yup = 446 Hz, PH), 1.04—2.08 (m, 66H, P(C¢H,;);). C{'H}-NMR
(75.47 MHz, CD,Cl, ppm): § 171.47, 125.52, 46.72, 28.24, 26.70,
15.62. *'P{'"H}-NMR (121.47 MHz, C(D;Cl, ppm): § 32.9 (s). !'B
NMR (96.28 MHz, C¢DCl, ppm): 6§ —27.29 (d, YJz = 69 Hz). F
NMR (282.33 MHz, C,D;Cl, ppm): § —134.16 (m, 6F, ortho-C¢F;),
—164.93 (t, Ycp = 21 Hz, 3F, para-CF;), —167.95 (m, 6F, meta-
C¢Fs). MS (ESI): m/z 2812 [Cy,PH]", 513.0 [HB(CF,);]™. Anal.
Calcd for C;4H;BF P (794.42): C, 54.43, H, 4.44. Found: C, 54.51;
H, 4.40.

4.2.7. Deuterium Isotope Effect of “3/Hydrosilane/B(C4Fs)s"
Catalyzed Hydrogenation of 1-Hexene. In a 30 mL steel autoclave
equipped with a stirring bar, rhenium complex (3a, 1.5 mg, 0.0025
mmol; 3b, 2.0 mg, 0.0025 mmol), B(C4F;); (5.2 mg, 0.01 mmol) and
hydrosilane (Me,PhSiH, 1.6 uL, 0.01 mmol; Et;SiH, 1.6 uL, 0.01
mmol) were dissolved in 2.5 mL of 1-hexene. After being flushed with
3.7 bar of D, thrice, the system was charged with 10 bar of D, and kept
stirring at ambient temperature. After the full conversion was achieved,
the supernatant solution was separated from the precipitate and
further identified by H NMR spectroscopy as purely 1,2-hydro-
genated product. C;H,CHDCH,D: *H NMR (46.06 MHz, toluene,
ppm): § 2.11 (s, —CHD-), 1.70 (s, —CH,D). The precipitate was
isolated and further verified as [DPiPr;][HB(C(F;),]. *'P{"H}-NMR
(121.47 MHz, THF-dg, ppm): § 41.5 (s). ''B NMR (96.28 MHz,
THF-dg, ppm): § —25.11 (d, "Jyyp = 90 Hz).

4.2.8. Hy/D, Scrambling Experiments. In a 3 mL Young-NMR-
tube, 3a (4.5 mg, 0.006 mmol), B(C¢Fs); (10.4 mg, 0.02 mmol) and
Me,PhSiH (3.2 uL, 0.02 mmol) were dissolved in 0.5 mL of toluene-
dg. The nitrogen atmosphere was replaced with 1100 mbar of H, and
D, in a 1:1 ratio using a freeze—pump—thaw cycle. The solution was
kept at 23 °C for 10 min, and was investigated by NMR spectroscopy
showing the formation of HD along with 4a and the phosphonium
borate 6a. "H NMR (199.95 MHz, toluene-dg, ppm, 296 K): & 4.41 (t,
J = 43 Hz, HD), 4.51 (dxq, 1H, %y = 4 Hz, 'Jjp = 458 Hz, P-H).
S'P{'H}-NMR (80.94 MHz, toluene-dg, ppm): § 42.2 (6a), 3.33 (4a).

4.2.9. [Re/2(75NO)(PCy3)2(7]2—H2)] (4b-"°N). First the N-enriched
Re(II) precursor [NEt,],[Re("*NO)Brs] was prepared according to
reported procedure by passing '*NO gas, which was produced from
the reaction of Na'*NO, with FeSO,-7H,0 and H,0. 430 mg of the
Re(II) precursor was obtained from 1 g of Re and 1 g of Na*NO,
which gives a low yield of ca. 10% due to the inefficient reaction of
thenium oxide with generated 'NO. By following the synthetic
procedure described for 3b and 4b, the fully N enriched complex
4b-'SN was prepared in an overall yield of 7%. "N NMR (50.69 MHz,
toluene-dg, ppm): § —49.4 (t, *Jyy = S Hz).

4.2.10. [Rel,(H)(NO)(PCy3),] (7b). In a 3 mL Young-NMR-Tube,
[ReBr,(H)(NO)(PCys),] (65 mg, 0.07 mmol) and excess of Nal (230
mg, 1.53 mmol) were mixed in 2 mL of THF. The mixture was kept
stirring at 23 °C for 15 h to afford a dark-brown solution. The mixture
was filtered through a glass sintered funnel to remove the NaBr
byproduct. The filtrate was dried in vacuo and further extracted with
toluene (3 X 2 mL) and dried to afford the Re(Il) diiodo hydride as a
black-brown solid. Yield: 59 mg, 82%. IR (ATR, cm™"): v(C—H) 2921,
2855, 1437, v(Re—H) 2006, v(NO) 1684. Anal. Calcd for
C3He,[,NOP,Re (1031.89): C, 41.90; H, 6.54; N, 1.36. Found: C,
41.61; H, 6.79; N, 1.26.

4.2.11. [Rel(H)(NO)(PCys),] (8b). In a 20 mL vial in glovebox, 7b
(40 mg, 0.04 mmol) was treated with excess of zinc powder in THF
solution and the mixture was kept stirring at 23 °C (Cautions: reaction
at higher temperatures afforded only a complex mixture) for overnight
to afford a dark-purple solution. The excess of zinc was removed by
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filtration and the filtrate was dried in vacuo. The resulted brown
residue was further extracted with pentane (S X 2 mL) and dried in
vacuo giving a purple solid. Yield: 18 mg, 52%. IR (ATR, cm™): v(C—
H) 2922, 2851, 1442, 1(NO) 1657. '"H NMR (300.08 MHz, benzene-
dg, ppm): 6 1.25-2.79 (m, 66H, P(C4H,,);), —15.92 (br, 1H, Re—H).
BC{'H}-NMR (75.47 MHz, benzene-dg, ppm): § 31.28, 30.66, 28.22,
27.05. ¥P{'H}-NMR (121.47 MHz, benzene-d;, ppm): & 31.2 (s).
Anal. Caled for Cy4H INOP,Re (904.98): C, 47.78; H, 7.46; N, 1.55.
Found: C, 47.51; H, 7.40; N, 1.51.

4.3. Computational Details. All calculations were carried out
with the TURBOMOLE 6.3 suite of programs.®® The structures were
optimized with the meta-GGA functional TPSS'* applying the D3-
dispersion correction with Becke-Johnson damping."* Subsequent
single-point calculations were carried out at the more accurate double-
hybrid density functional B2PLYP-D3 level.'® For both calculations
the large Gaussian-AO basis set def2-TZVP"® and the RI
approximation®* were used. The final level of theory can therefore
be abbreviated as B2PLYP-D3/def2-TZVP//TPSS-D3/def2-TZVP
and has an estimated accuracy of about 1—2 kcal/mol. Further details
can be found in the Supporting Information.

4.4. X-ray Diffraction Analyses. Single-crystal X-ray diffraction
data were collected at 183(2) K on a Xcalibur diffractometer (Agilent
Technologies, Ruby CCD detector) for all compounds using a single
wavelength Enhance X-ray source with MoKa radiation (A= 0.71073
A).3 The selected suitable single crystals were mounted using
polybutene oil on the top of a glass fiber fixed on a goniometer head
and immediately transferred to the diffractometer. Pre-experiment,
data collection, data reduction and analytical absorption corrections>®
were performed with the program suite CrysAlis™.>> The crystal
structures were solved with SHELXS97%° using direct methods. The
structure refinements were performed by full-matrix least-squares on
F? with SHELXL97.>” All programs used during the crystal structure
determination process are included in the WINGX software.*®
PLATON® was used to check the result of the X-ray analyses. For
more details, see the Crystallographic Information files (Supporting
Information). CCDC-907258 (for 2a), CCDC-907259 (for 3b),
CCDC-907260 (for 5b), CCDC-907261 (for 6b), and CCDC-907262
(for 7b) contain the supplementary crystallographic data (excluding
structure factors) for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.
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