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The activation of H2 by transition-metal complexes is an

important step in many chemical processes, and the study ofη2-
H2 complexes has provided valuable insight into the activation
of H-X (X ) H, Si, C) bonds in general.1 Metal-H2 binding is
governed by bothσ-donation from H2 to metal andπ-back-
bonding from metal to H2. The relative strengths of each bonding
component has been quantified theoretically and is dependent on
the electronic nature of the ancillary ligands.1g-i We are currently
interested in synthesizing newextremelyelectrophilic cationic
systems containing mainlyπ-acceptor ligands that enhance
σ-donation from H2 to metal at the expense of back-donation.
Such species increase the acidity of coordinated H2 and potentially
other σ-ligands such as alkanes, thus promoting heterolytic
activation via known deprotonation pathways.1b-d,2 Although
many organometallic Lewis acid fragments are known,3 com-
plexes containing only one donor ligand andfour electron-
withdrawing carbonyls that bind H2 at or near ambient temperature
are unknown. In this paper, we report such a cationic Re
fragment, [Re(CO)4(PR3)][BAr f], that binds and heterolytically
activates H2, as well as coordinates weak bases.

Protonation of the Re(I) methyl complexes [cis-Re(Me)(CO)4-
(PR3)] (R ) Ph (1a),4 Cy (cyclohexyl,1b)5) with [H(OEt2)2]-
[BAr f]6 (BArf ) B[3,5-C6H3(CF3)2]4

-) in Et2O proceed with the
elimination of methane to afford [cis-Re(CO)4(PR3)(OEt2)][BAr f]
(R ) Ph, 98% yield (2a); Cy, 89% yield (2b)).7 These complexes
form even in CH2Cl2 (crystallize on hexane addition) where the
acid is the ether source and are soluble in halogenated solvents
such as CH2Cl2 and C6H5F. Although some Et2O complexes have
been characterized spectroscopically such as [trans-Pt(H)(PiPr3)2-
(OEt2)][BAr f] and [CpRe(NO)(PPh3)(OEt2)][BF4],8 few have been
characterized crystallographically (none for Re). X-ray analysis
of 2a showed Et2O in an octahedral position cis to PPh3 and no
unusual contacts with the BArf anion (Figure 1).9 The Re-O
distance is 2.254(11) Å, and the ether C-O-C angle is 113.9-
(13)°, typical of other M-OEt2 structures.10

The Et2O in 2 is bound strongly in the solid, and the ratio of
BArf/OEt2 did not decrease after exposing the complexes to
vacuum for 12 h. For2a in CD2Cl2 at -73 °C, resonances at
3.53 (q) and 0.98 (t) ppm in the1H NMR spectrum are assigned
to the CH2 and CH3 groups of coordinated Et2O (resonances for
free Et2O at this temperature are 3.34 (q) and 1.08 (t)).8a Upon
warming the CD2Cl2 solution of 2a to room temperature,
dissociation and exchange of the Et2O was observed. However,
the Et2O could not be completely removed by recrystallization
from CH2Cl2/hexanes, and decomposition products formed upon
prolonged dissolution in CH2Cl2. The bound Et2O was easily
displaced in CH2Cl2 solution by more basic ligands such as H2O
or THF.11

To obtain the ether-free derivatives of2, methyl abstraction
from 1 was carried out by reaction with [Ph3C][BAr f]12 in CH2-
Cl2 solution. However, instead of producing coordinatively
unsaturated or agostic complexes, the CH2Cl2 adducts [cis-
Re(CO)4(PR3)(CH2Cl2)][BAr f] (R ) Ph, 81% yield, (3a); Cy, 80%
yield, (3b))13 were formed. They are moderately air stable in
solid and solution, although the coordinated CH2Cl2 is quickly
replaced by adventitious water. CH2Cl2 solutions decompose at
room temperature within days to form chloride-bridged dimers
{[cis-Re(CO)4(PR3)]2(µ-Cl)}{BArf}.14 The fact that the Et2O and
CH2Cl2 complexes are isolable is attributed to the strong elec-
trophilicity of the [Re(CO)4(PR3)]+ fragment. This is in direct
contrast to Heinekey’s analogous bis-phosphine complexes, [mer-
Re(CO)3(PR3)2][BAr f], which are isolated as theagostic com-
pounds in CH2Cl2.15 Furthermore, the importance of a noninter-
acting counterion is reflected by the existence of anion-coordinated
derivatives cis-Re(CO)4(PPh3)(FBF3) and cis-Re(CO)4(PPh3)-
(OTeF5).16
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The bound CH2Cl2 in 3 exchanges rapidly on the NMR time
scale in CD2Cl2 solution at room temperature and is not
distinguishable from free CH2Cl2. However, the coordinated CH2-
Cl2 is readily observed in the13C{1H} NMR spectra in CH2Cl2
solution at-90 °C as singlets at 66.36 ppm for3a and 67.62
ppm for3b. These peaks are shifted downfield from that of free
CH2Cl2 (54.00 ppm) at this temperature and are not present in
the13C NMR spectra at room temperature. In the proton-coupled
13C NMR spectra, the peaks at 66.36 and 66.62 ppm split into
triplets withJCH ) 184.3 and 186.5 Hz for3aand3b, respectively,
confirming that these peaks are indeed due to coordinated
dichloromethane (JCH ) 179.3 Hz for free CH2Cl2 at -90 °C).
These peaks are absent in the analogous NMR experiments
performed in CD2Cl2 at -90 °C as a result of peak broadening
from deuterium coupling. The observations in the13C NMR
spectra are analogous to those reported for [CpRe(NO)(PPh3)(CH2-
Cl2)][BF4].17

Although dichloromethane has been traditionally thought of
as a noncoordinating solvent, the isolation of stable CH2Cl2
complexes has been a recurring theme in recent literature,8a,17,18

particularly for extremely electron-deficient cationic metal centers
with low-interacting anions. From crystallographic evidence,
CH2Cl2 coordinates either monodentate, as in [Cp*Ir(PMe3)(CH3)-
(CH2Cl2)][BAr f]18c and [trans-PtH(PiPr3)2(CH2Cl2)][BAr f],8a or
bidentate, as in [RuH(CO)(PtBu2Me)2(CH2Cl2)][BAr f].18a To
verify the coordination mode in3a, an X-ray structure was
determined (Figure 2),19 and the CH2Cl2 is monodentate. The
M-Cl distance is 2.546(2) Å, somewhat longer than that reported
for η1-CH2Cl2 complexes of Ir (2.462(3) Å)18c and Pt (2.489(4)
Å).8a The Re-Cl distances in related Re(I) and Re(II) chloride
complexes, [ReCl(CNtBu)3(PCy3)2]n, are 2.596(2) and 2.412(5)
Å for n ) 0, 1.20 The C-Cl bond length of the Re-bound chloride
is slightly longer than that of the noncoordinated chloride. The
Re-C distance for CO trans to CH2Cl2 (1.887(6) Å) is signifi-
cantly shorter than that for CO trans to PPh3 (1.966(6) Å).

Despite the lability of CH2Cl2 in 3 in CD2Cl2 solution, no peaks
attributable to the expectedη2-H2 complexes were observed in
1H NMR spectra taken at-80 to 20°C on these solutions under
H2. Similarly, no evidence for N2 binding was seen at 20°C.
However, when solutions of3 in noncoordinating C6D5F were
placed under 3 atm of H2, broad resonances integrating to two
protons were observed in1H NMR spectra (20°C) at-4.69 ppm

for [cis-Re(CO)4(PPh3)(H2)][BAr f] (4a) and-5.12 ppm for the
PCy3 analogue (4b). The resonance for free H2 was broad at 25
°C for both complexes, indicating exchange with coordinated H2.
The addition of H2 was completely reversible. Complex4 could
not be isolated due to loss of H2 and decomposition in C6H5F
solutions. To verify that these resonances were due to H2 rather
than dihydride ligands,3 was reacted with HD in C6D5F, and
JHD values of the resulting upfield triplets were measured to be
33.9 and 33.8 Hz for4a and 4b, respectively. The highJHD

observed for these complexes is consistent with those observed
in other electrophilic cationic M(H2) systems21 and suggests a
short H-H distance (0.87 Å calculated fromJHD

22) and a bonding
picture in which the metal-H2 σ-interaction is enhanced relative
to back-bonding.1f,21a,b

Electrophilic transition metals have been shown to greatly raise
the acidity of η2-coordinated H2.1b,c,2 The pKa values of H2

complexes have been measured over a range of approximately
-3 to +17 for monocationic complexes, and as low as-6 for
dicationic Ru, Os,2a and Fe21b complexes. In nearly all cases,
however, such highly acidic H2 ligands are generated by proto-
nation of a hydride ligand with a strong acid rather than from H2

gasas for4, a crucial distinction. Although the1H NMR signals
for η2-H2 were not observed in CD2Cl2 solutions of4, heterolytic
activation of H2 was evident in CH2Cl2 by protonation of free
diisopropyl ether. WheniPr2O (4-10 equiv) was added to CD2-
Cl2 solutions of3 and placed under H2 atmosphere, complete
conversion to the hydride-bridged dimers{[cis-Re(CO)4(PR3)]2-
(µ-H)}{BArf}23 was observed. This suggests that3 is in
equilibrium with 4 in CH2Cl2 solutions, but the exchange is too
fast on the NMR time scale to observe the M(H2) resonances.
Similar deprotonation of [Cp*Re(CO)(NO)(H2)][BF4] with Et2O
gives a hydride-bridged dimer.24 Unfortunately, the protonation
of Et2O with 3 could not be utilized as an estimation of the acidity
in this study due to ether coordination to form2. The pKa of
iPr2OH+ has not been reported, but the pKa’s of Et2OH+ and Me2-
OH+ in aqueous sulfuric acid are-2.4 and-2.5, respectively.25

Thus, if the pKa of iPr2OH+ is -2.0 to-2.4, the pKa of 4 can be
estimated to be-2, although it is likely to be higher because the
coproduct is a hydride-bridgeddimer.26 In this regard also, [Re-
(H2)(CO)3(PCy3)]+ is moderately acidic but does not protonate
ethers.15

In summary, the [cis-Re(CO)4(PR3)(L)][BAr f] system represent
the first structurally characterized Re diethyl ether and CH2Cl2
complexes and the first H2 adduct of the simple M(CO)4(PR3)
fragment. The heterolytic activation of H2 is particularly interest-
ing in that it may be applicable to reactions in which ionic
hydrogenation of hindered substrates from a metal catalyst and
H2 is desired. Preliminary evidence shows that heterolytic
cleavage of R3Si-H bonds also occurs.
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Figure 2. ORTEP of3a with 50% probability ellipsoids: Re(1)-P(1),
2.500(2) Å; Cl(1)-C(47), 1.817(6) Å; Cl(2)-C(47), 1.716(6) Å; Re-
(1)-Cl(1)-C(47), 112.1(2)°; Cl(1)-C(47)-Cl(2), 112.0(3)°.
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