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Abstract: Protonolysis of the dimethylrhenium(lll) compound Cp*(PMes),Re(CHj3). (3) led to formation of
the highly reactive hydridorhenium methylidene compound [Cp*(PMes),Re(CHy)(H)][OTf] (4), which was
characterized spectroscopically at low temperature. Although 4 decomposed above —30 °C, reactivity studies
performed at low temperature indicated it was in equilibrium with the coordinatively unsaturated
methylrhenium complex [Cp*(PMes).Re(CH3)][OTf] (2). Methylidene complex 4 was found to react with
PMe;s to afford [Cp*(PMes)sRe(CH3)][OTf] (6) and with chloride anion to give Cp*(PMes),Re(Me)ClI (7).
When BAr; anion was added to 4, the thermally stable methylrhenium methylidene complex [Cp*(PMes),-
Re(CH_)(CHa)][BAr{] (8) was isolated upon warming to room temperature. The mechanisms of formation of
both 4 and 8 are discussed in detail, including DFT calculations. The novel carbonyl ligated complex Cp*-
(CO).Re(CH3)OTf (12) was prepared, isolated, and found to not undergo migration reactions to form

methylidene complexes.

Introduction

Surface-bound transition metal methylidenes have been

proposed to be intermediates in the FisehBropsch process?

ligands have been reported since, with metals from groups
6,415-197 20-23 g 24-28 gnd 929-30and methylidene ligands have
been spectroscopically characterized in a variety of thermally

. i i 0
and homogeneous methylidene complexes undergo methyleneUnstable or otherwise nonisolable compleXesS

transfer reaction%.®> Despite the proven and potential utility

of methylidene complexes, detectable methylidenes remain (14) Fryzuk, M. D.; Johnson, S. A.; Rettig, S.J.Am. Chem. So2001, 123

relatively rare. The first stable methylidene complex,Tp
(CH,)CHs, was reported by Schrock in 195 and several
tantalum methylidenes have been isolated since that initial
discovery?~14Isolable complexes bearing terminal methylidene
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Scheme 1. Formation of Methylidene Hydride Complex 4
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Despite the growing number of known methylidene com-
pounds, accessing terminal methylidene complexes which also
bear hydride ligands is particularly difficult. Only two of these

complexes have been isolated to dat&?”#1although others
have been observed in low-temperature N9 and matrix
isolatiorf445> experiments. Reversible-hydrogen migration

equilibria between methylidene hydride and methyl group
species in group 6 complexes were studied extensively by Green

Scheme 2. Synthesis of Cp*(PMes),ReMe; (3)

= =x¥x

CH3MgCl excess PMe3
cr / \PMe3 60% H3C‘/ \,:Me3 23% H3C / \\

esP MezP

3
3 steps from
Rez(CO)1o

5 steps from
Re(CO)10

and co-workers, but these studies were necessarily based omresults

indirect evidencé®4° The first direct observation af-hydrogen

migration from a methyl group to give a bridging methylidene

hydride complex was reported for an osmium cluster by Shapley
and Calvert in 1977, and in 1986 Bercaw and co-workers
described the formation of the isolable terminal methylidene

hydride complex CpsTa(CH)H by a-hydrogen migratioA?50

In the course of studies originally directed toward the

development of new catalysts for-& activation, we sought
to prepare the triflato methylrhenium(lll) complex Cp*(Pie

Re(CH)OTf (1) in hopes of accessing the coordinatively

unsaturated complex [Cp*(PMeRe(CH)][OTf] (2). In analogy

to the Ir(lll) chemistry we have previously reported, we set out

to preparel by protonolysis of Cp*(PMg.Re(CH), (3).51:52
However, surprisingly, treatment & with HOTf resulted in

formation of the thermally sensitive cationic hydridorhenium

methylidene complex [Cp*(PMg:Re(CHy)(H)][OTT] (4), rather

thanl (Scheme 1). Given the extreme scarcity of methylidene
hydride compounds in the literature, our efforts shifted to

understanding the mechanism of formation and reactivi®. of

The results of experimental and theoretical studies addressin

these questions are described in this report.
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Synthesis and Characterization of Cp*(PMeg),ReMe; (3).
The dark red crystalline compound Cp*(PiReCb
was synthesized in five previously reported steps from
Rey(CO)0.2053-56 Treatment of this dichloride complex with
methylmagnesium chloride affordeglin 60% yield (Scheme
2). Further experiments revealed that dimethyl comgleruld
alternatively be synthesized by treatment of the known com-
pound Cp*Re(O)Mg’ with excess trimethylphosphine af78
°C. Although the yield of this reaction is low, this route
represents an abbreviated overall synthesis88 dfom com-
mercially available starting materials.

The ™H NMR spectrum of3 exhibits a singlet resonance at
1.48 ppm arising from the Cp* ligand and a triplet at 0.04 ppm
corresponding to the metal-bound methyl groups. A virtual
triplet resonance at 1.09 ppm indicates two equivalent PMe
ligands, suggesting a trans stereochemistry for this confdlex.
As predicted for such a geometry, tH&{*H} NMR spectrum
of 3 contains a singlet at-35.3 ppm for the two equivalent
phosphine ligands.

9 Dark orange crystals & were obtained by recrystallization

from pentane at-30 °C, and a single-crystal X-ray diffraction
study of these crystals verified the trans stereochemistry of the
compound. An ORTEP diagram 8fis presented in Figure 1,
along with representative bond lengths and angles.

Although not identical, the two ReP bond lengths (2.333(2)/
2.352(2) A) are quite similar and consistent with reported bond
lengths for similar complexé8.The P-Re—P angle (105.00(8)
is somewhat contracted relative to the Re—C angle (141.0(3),
perhaps due to the need to avoid unfavorable steric interactions
between the PMgand the Cp* methyl groups. The R€ bond
distances in3 (2.236(7)/2.266(7) A) are similar to reported
Re(lll)—C(sp) distances in similar complex&$50
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stereochemistry of the trimethylphosphine ligands, deduced from
theH and3'P{H} NMR spectra. However, the complexity of
the NMR spectrum of the mixture dda,b prevented more
definite assignment of the stereochemistry of these complexes.

@ [cis-Cp*(PMes),Re(H)(CHaRIIOT]  5a

| HOTf + )

_.Re_ -
HsC” N\ PM -85°C .
M;3P/ \CH333 [trans-Cp*(PMe3),Re(H)(CH;) ][0T 5b

3

Complex 4. When the mixture oba and5b was warmed to
—60 °C in variable-temperature NMR experiments, clean
formation of both methane and the hydridorhenium methylidene
compound4 was observed (Scheme 3). Compkxould be
formed directly by treatment & with 1 equiv of HOTf at—78
— °C and observation at60 °C, although warmingt to room

) )J @ temperature resulted in decomposition.
Figure 1. ORTEP diagram of one of two identical molecules3dbcated T.he yield of cc_)mpo_undl was de.termmed o be 99% .On the
in the unit cell. Hydrogen atoms are omitted for clarity. Selected bond bagls of th? starting dlmethylrh_emum compouh@etermined
distances (A) and angles (deg): Rel11, 2.236(7); Re1C12, 2.266(7); by integration of4 against an internal standard). Although a
Rel-P1, 2.333(2); RetP2, 2.352(2); PtRel-P2, 105.00(8); C1tRel- CD,Cl, solution of4 could be stored at78 °C for a week in

C12, 141.0(3). Selected analogous bond distances (A) and angles (deg) for, ; e ;
the second molecule o (not pictured): Re2C29, 2.353(8); Re2C30, a sealed NMR tube without decomposition, multiple products

2.273(7); Re2P3, 2.552(2); Re2P4, 2.210(2); P3Re2-P4, 103.47(8); ~ Were observed in ittH and*!P{*H} NMR spectra immediately
C29-Re2-C30, 140.1(3). upon warming to—20 °C.

TheH NMR spectrum of4 at —60 °C exhibits a resonance

@I Formation of Cationic Hydridorhenium Methylidene
l.;

Scheme 3. Formation of Hydridorhenium Methylidene Compound

2 at—7.1 ppm (tt, 1H2J = 8 Hz,2Jyp = 56 Hz, ReH) and a
ot broad resonance at 14.5 ppm, assigned to the rhenium hydride
@ ﬁ and methylidene protons, respectively. The downfield shift of
R|e HOTF, ~60 °C F(Ie e0C the methylidene resonance is diagnostic for this gf8uf?. The
Hsc‘/" N PMes T CCH, . WY XpMe,  -CHs @ broadness of the methylidene proton resonance is likely due to
MesP CHs Me;P CH, hindered rotation around the RE€ bond, as this resonance
3 4 sharpens to reveal splitting into a broad four-line pattern2Q

°C, near the decomposition temperature of the comptéz’

Observation of Initial Protonation Products. Treatment of No decoalescence of this signal is observed-86 °C. The
dimethyl compound with 1 equiv of HOTf at room temper-  stryctural assignment dfis confirmed by3C{H} and DEPT
ature yielded an intractable mixture of products, as did treatment MR spectroscopies. The presence of a resonance at 229.5 ppm
of a dilute solution of3 with HOTf at —78 °C, followed by in the 13C{H} NMR spectrum that is inverted in the DEPT
gradual warming to room temperature. However, wBemas spectrum confirms the presence of a methylidene carbdr§an
treated with HOTf at—90 °C, variable-temperature NMR The31P{H} NMR spectrum, featuring a singlet a28.1 ppm,
spectroscopy conducted-a85 °C (without allowing the sample  indicates that comple# possesses a trans stereochemistry.
to warm) revealed two new rhenium hydride resonances: one The possibility that reversible-hydrogen migration occurs
triplet (Jup = 48 Hz) at—7.87 ppm and one doublet of doublets  in compounds was probed spectroscopically. Surprisingly, spin
(*Jnwe = 43, 18 Hz) at—10.45 ppm. A complicated set of  polarization transfer spectroscopy revealed no evidence of such
multiply split trimethyl phosphine and Cp* resonances was mijgration in compound! on the NMR time scale at50 °C;
observed between 1.55 and 1.97 ppm. THg{'H} NMR irradiation of the hydride resonance df resulted in no
spectrum of this mixture contained a singlet-€82.3 ppm as  attenuation of the methylidene resonance. The results of a
well as a set of coupled doublets-a88.9 €Jep =20 Hz) and  gradient NOESY experiment performed at45 °C were
—52.2 @Jpp= 20 Hz) ppm. Although the presence of a mixture conpsistent with this finding; no EXSY cross-peaks were
of isomers and the extreme thermal instability of these speciesgpserved between the rhenium hydride and methylidene proton
prevented more conclusive characterization, we propose thatresonances in experiments performed with short (400 ms) or
these complexes are geometric isomers of the Re(V) protonationjong (800 ms) mixing times. As the trans stereochemistry of
product [Cp*(PMe).Re(H)(CH),J[OTH] (5a,b) (eq 1). We  complex4 predicts, no NOESY cross-peaks were observed
assume complexesa,b adopt capped four-legged piano stool petween the hydride and methylidene resonances in either
geometries, as have been previously reported in the protonationyOgSY experiment.
of tungsten complexed. The complexes5a and 5b are The deuterated compoueds was prepared and treated with
designated a<is and trans on the basis of the relative HOTf at —78 °C. Observation of the resulting methylidene

(61) Papish, E. T.; Rix, F. C.; Spetseris, N.; Norton, J. R.; Williams, RJ.D. (62) Sanders, J. K. M.; Hunter, B. Klodern NMR spectroscopy: a guide for
Am. Chem. So200Q 122, 12235-12242. chemists2nd ed.; Oxford University Press: Oxford and New York, 1993.
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complex4-d; by 'H NMR at—60 °C indicated no incorporation
of protons into the methylidene or rhenium hydride positions

The 'H NMR spectrum of7 exhibits a singlet at 1.46 ppm
arising from the Cp* ligand, a virtual triplet at 1.20 ppm for

of 4. Furthermore, no deuterium resonances were observed forthe PMg ligands, and a singlet at0.05 ppm assigned to the

the Cp* group of4 by 2H NMR at —60°C (eq 2). When the all
proteo-dimethyl compoun8 was treated with DOTf using the
procedure describe above, eHwas generated and no deute-
rium incorporation was observed ¢

OTi ™

Re +  CDH
HOT X PMes
b
@)
DsC \PMe3 "ot
Me3P/ CD3
3, HOTf | b
o e + CDgH
-78°C A PM63

MesP
not observed

Reactions with NucleophilesThe hydridorhenium methyl-
ene complex was found to react cleanly with the nucleophiles
PMe; and chloride. However, the reactions occurred with

rhenium-bound methyl group. Th&P{1H} NMR spectrum
contains only a singlet at-30.7 ppm, suggesting &ans
stereochemistry for this complex. Unfortunately, NMR spectra
of this reaction mixture became broad at temperatures above
—20 °C, and the methyl chloride compountdcould not be
isolated directly from the mixture (presumably due to the
presence of free triflate anion). However, the identity/ afas
confirmed by independent synthesis. Treatment of Cp*(fMe
Re(CH), with 1.0 equiv of HCI allowed for clean isolation of
methyl chloride compound. The H, 13C{'H}, and3P{H}
NMR spectra of this compound are identical to those observed
when it is accessed directly frorh

Isolation of a Thermally Stable Rhenium Methylidene
Complex. Although warming dilute solutions oft to room
temperature led to formation of complicated mixtures of
products, removal of triflate anion from the reaction mixture
by precipitation allowed for isolation of a thermally stable
methylidene complex. A mixture of dimethyl compou8@nd
NaBAr; was treated with HOTf in methylene chloride -a78

hydrogen rearrangement. The new bonds were formed to the’C, and then warmed slowly to room temperature. This

metal to give cationic methylrhenium complexes, rather than
to the CH group of the hydridorhenium methylidene. Whén
was generated at78 °C in CD,Cl, and treated with PMg
[Cp*(PMe3)sRe(CHy)][OTf] (6) was observed in thtH NMR

spectrum at-60 °C (eq 3).
ot i oTf

PM63 | (3)
H K -60°C Me3P/ \ PMe
MegP/ Fy's MesP °
4 6

The 'H NMR spectrum of6 contains a singlet at 1.69 ppm
arising from the Cp* ligand, a resonance at 1.81 ppm for the
PMe; ligand trans to the metal-bound methyl group, a virtual
triplet at 1.42 ppm assigned to the two equivalent RNgmands
cis to the methyl group, and a triplet of doublets at 0.43 ppm
corresponding to the methyl group bound to rhenium. The
SIp{1IH} NMR spectrum contains a doublet at44.1 ppm
assigned to the PMdigands cis to the methyl group, and a
triplet at —49.7 ppm for the PMgligand trans to the methyl
group. The phosphine addu6tcould not be isolated, as it
decomposed upon warming td®G. The yield for this trapping
reaction was determined to be 67% by integration of ‘tHe
NMR spectrum relative to internal standard.

Compound4 was also found to react cleanly with chloride
anion, and addition of PPNCI (PPN (PhsP)N) to 4 at —78
°C provided Cp*(PMg),ReMeCl (7) in 93% yield (based on
internal standard) (eq 4).

oTf f
| PPNCI |
7K pme,  PPOTT G @
H PM -
Me3P/ \C Ha e Me3P/ \ PMe3
4 7

procedure resulted in the formation of the complex [Cp*(B)Me
Re(CH)(CHa)][BAr¢] (8), which was isolated by recrystalliza-
tion in 42% vyield (eq 5).

. e
| HOTF, NaBAr |
H c/ \ CH,Clp, 42% c —"Re‘\\ ©
3 PMe 212, o H3C” C“PMe
Me3P : Me3p/ CH, °
3 8

The 'H NMR spectrum of8 exhibits a sharp triplet meth-
ylidene proton resonance at 14.39 ppidnb = 20 Hz), and a
triplet at 0.30 ppm3Jup = 18 Hz) indicates the presence of a
rhenium-bound methyl group. X-ray-quality crystals were
isolated by cooling a layered methylene chloride/pentane
solution of 8 to —30 °C. The results of the diffraction study
confirmed the identity of this unexpected product (Figure 2).
The Re-C bond distance for the GHligand (2.06 A) is
significantly shorter than that observed for the methyl ligand
(2.25 A). Additionally, the hydrogen atoms on the methylidene
carbon were located and refined, and found to be perpendicular
to the plane of the Cp* ring.

It was found that treatment of the dimethyl compoundith
[H(OEL,),][BAr¢] at —78 °C in methylene chloride resulted in
formation of 8 upon warming to room temperature, although
the complex was not isolated using this procedure. Additionally,
if concentrated solutions~0.1 M) of the hydridorhenium
methylidene complez (150 mM) were allowed to warm slowly
to room temperature without addition of a BAmion source,
peaks consistent with the formation a triflato methyl methylidene
complex @) were observed in the reaction mixture (eq 6).

Unfortunately, these triflate-containing reactions were not as
clean as the BAsbased reactions, and it was not possible to
isolate9. Interestingly, these concentrated triflate anion reactions
also revealed formation of one new rhenium hydride species,
identified by alH NMR resonance at8.69 ppm (t2Jup = 55
Hz). On the basis of the multiplicity and coupling constant of

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14807
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Table 1. Calculated Bond Lengths and Bond Angles from
Cp(PMe3),Re(CH3)™ (2-calc) and Related Species from DFT
Results and X-ray Crystal Structures of the Corresponding Cp*

Species
Re-Me(H), Re—CH,, Re-P, P-Re-P,  Me(H)-Re-CH,,
A A A deg deg
2-calc 2.14 2.40 104.4 -
3-calc 2.25,2.26 2.37,2.40 107.1 144.1
3 2.235, 2.266 2.33,2.35 105.0 141.0
4-calc  1.67 (H) 1.94 241 104.9 135.0
8-calc 2.24 1.94 2.45 106.5 142.0
8 2.250 2.064 2401 109.5 137.7
e
2%

Figure 2. ORTEP diagram 08. Hydrogens, except for H16 and H17, are J‘;J‘

omitted for clarity. Selected bond distances (A) and angles (deg): Re S

C12, 2.250(5); ReC11, 2.064(6); ReP1, 2.401(2); ReP2, 2.393(1); P+ -

Re—P2, 109.54(5); C14Re—C12, 137.7(3); H16 C11-H17, 108(5); Re- +10.5 ! iy

C11-H16, 118(3); Re-C11-H17, 131(3). S e Sl
J_’_{ o

"ot s 7 -
=X @ 0
e. + Y

/R|e\ BOCLRL Re. __Re._ % 00 s
H‘/ N PMes HasC” / \Eﬁ'zv'e3 y HF:/ \BF}'}AGS i Y 06
el — .

MegP Ch, MesP
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Figure 3. Relative energies (kcal/mol) of calculated structures of CglfPH
Re(CH)™* and related species (see text) with phosphorus (orange) and carbon
this resonance, as well as the overall stoichiometry of the (gray) shown. In the optimized structure calc, the agostic H is shown

conversion of4 to 9, we postulate that this species is the on the Ieft side of thg methyl group positioned in a least-motion sense for
. . . the reaction to forntis-4-calc.
hydridorhenium triflate complex Cp*(PMeRe(H)OTf (10).

DFT Calculations. The computed structures and energies of this species. The CHigand of8-calc was found to be oriented
the rhenium complexes described above have been investigategherpendicular to the plane of the Cp ring, also in agreement
using density functional theory (DFT) and compared with the with the X-ray structure 08.
structural data for3 and 8 to examine the possible reaction The calculated structure of Cp(PhgRe(CH)™ (2-calc)
pathways leading to formation of the methylidene complekes predicts a C-H agostic interaction between the ggroup and
and8. Calculations were performed concurrently with experi- the metal center. Two of the R&€—H bond angles are 116
mental studies, and in several cases, DFT results were used tavhereas the other is 98.8The corresponding ReH distances
help guide the course of the experimental work. The first series are 2.79 and 2.55 A. It was this observation that led us to search

of calculations (complexeg-calc, 3-calc, 4-calc, and 8-calc) for a stable methylidene specig¢safs-4-calc) on the potential
were performed on the Cp analogues of compou®ds, 4, surface, and later, to look for complexin the experimental
and8. The geometric parameters computed for Cp(B)hRe- studies described above. Indeed, the stable structure Cg{#?Me

(CHg)2 (3-calc) are presented in Table 1, along with the Re(CH)H™ (trans-4-calc) was found to lie 7.6 kcal/mol below
experimental values f@ (see Figure 1); reasonable agreement Cp(PMe),Re(CH)™ (2-calc).

between the two is found. The bond distance3-galc are from The possibilities for interconversion betweérand 2 were

0.01 to 0.04 A too long, and the calculated bond angles are aexamined with calculations on a further simplified model, where
few degrees more open than those in the crystal structu8e of the PMeg ligands were replaced with RHyroups (complexes
This is not unexpected, given the hybrid functional used and 2-calc, trans-4-calc, andcis-4-calc). An even stronger €H

the replacement of the Cp* ligand by the simpler Cp group. agostic interaction is apparent in the model methyl cation
Errors of this magnitude are also observed for the calculated Cp(PHs).Re(CH)™ (2-cald) compared to the PMecase
structure of rhenium methylidene complex Cp(RMRe(CHy)- 2-calc. 2-calc has an elongated methyH& bond of 1.17 A
(CHy)* (8-calc), with the exception of the ReCy; bond length, and a short 2.01 A ReH contact with an acute R&C—H angle
which is even shorter in the computation (1.94 A) than in the of 72°. The relative energies for thealc series of compounds,
X-ray structure of8 (2.06 A). An error of roughly 0.1 A is including electronic plus zero-point energy corrections at 0 K
somewhat surprising, as the B3LYP approximation generally from calculated vibrational frequencies, are shown in Figure 3.
does somewhat better than this. However, in agreement withThe relative energies were determined for structures that are
experiment, the computed RE€H; distance of 1.94 A i8-calc all either local minima or true transition states. Other computed
is significantly shorter than the ReCH; distance (2.24 A) in thermochemical energy differences, such as relative free energies
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Figure 4. Relative energies (kcal/mol) of calculated structures of CpgCO)
Re(CHy)* and related species.

at 298 K, differed very little (less than 1 kcal/mol) from the
energies presented in the figure.

Thetrans-hydridorhenium methylidene compléans-4-calc
lies slightly lower (0.6 kcal/mol) in energy than the methyl
specie®-calc. (Recall that for the calculated Cp/PyEpecies
the methylidenetrans-4-calc was 7.5 kcal/mol lower than
2-calc.) We also located a stable cis isomes-4-calc, which
lies 4.6 kcal/mol abov@-calc and 5.2 kcal/mol above the trans
form, trans-4-calc. Two transition states were identified. The
transition structureis-4-calc (TS), which is 10.5 kcal/mol above
the methyl catiorg-calc, leads to the complegis-4-calc. The
second intermediatérans-4-calc(TS), which is at 18.1 kcal/
mol above2-calc, lies along the pathway to the trans species
trans-4-calc. The former transition state resembles a “least
motion” migration of the proton from the agostic methyl proton
to the methylidene structure. The latter structtrans-4-calc-
(TS), actually involves passing the proton underneath the Re
center between the -FRe—P linkage, generating a hydride
ligand in a location trans to the Cp ligand at the bareieroute
to thetrans structure.

Calculations were also performed on the Cp models with
carbonyl-ligated rhenium centers (complex&3-2-calc, CO-
trans-4-calc, and CO-cis-4-calc). As shown in Figure 4, it is
not energetically favorable for the methyl cation in this series,
Cp(CO)Re(CH)™ (CO-2-calc), to undergo hydride migration
to form the hydridorhenium methylidene compleansCp-
(CORRe(CH)H" (CO-trans-4-calc). Instead, we findCO-
trans-4-calcto be 4.1 kcal/mol less stable than the corresponding
methylrhenium comple£O-2-calc, and the cis isomesis-Cp-
(CORRe(CH)H™ (CO-cis-4-calc) is once again higher in

energy, at 12.4 kcal/mol. The calculated transition state conver-

sion toCO-cis-4-calcis at 15.7 kcal/mol, while the correspond-
ing transition state conversion to the trans com&x-trans-
4-calc is even higher, at 25.8 kcal/mol.

The above calculations have dealt with the various possible

pathways between the methylidene complend methyl cation
species2. As noted in eq 1 and Scheme 3, the methylidene
compound4 was observed experimentally upon protonation of
the neutral dimethyl comple8 via the observed protonated
intermediate$a and5b. Here we consider briefly the relative
energies involved when the calculated protonated complex-CpL
Re(CH)H™ (5-calc) eliminates CHto yield the methyl cation

Scheme 4. Formation of Methylrhenium Triflate Complex 12 and

Migration to Acyl Complex 13
5h, RT |
e\~~~
\\/o

| HOTf |
58% oc ‘7R
TfO (|:

e

\*CH3

oTf

__Re\ —o> _.R
oc )/ NSoems 97% oc”/
oC CHj [el0)

11 13

12
CpLoRe(CHy)™ (2-calc). The energy for this process, evaluated
at the respective theoretical minima, is found to be favorable
in both cases-{16.3 kcal/mol for L= PHz species and-17.2
kcal/mol for L = CO species). As discussed above, the
subsequent step to form the methylidene species is favorable
for the phosphine complexans-4-calc but unfavorable for the

CO complexCO-trans-4-calc.

Finally, we note that all of the preceding calculations have
been carried out on singlet potential energy surfaces. We have
examined the lowest-lying triplet state of the coordinatively
unsaturated Cp(PHtRe(CHy)* species2-calc. This state
corresponds to a -6d excitation of the low-spin Re(lll)
complexes described above, leading to Adahfiguration with
two unpaired electrons. The triplet energy is found to be
extremely low, only 6.4 kcal/mol above the ground-state singlet
of 2-calc. In the triplet state, the CHgroup does not behave
in an agostic manner, but rather exhibits normatHCbonds
and Re-C—H bond angles and a RéH distance of no less
than 2.72 A. The energy of the triplet state is actually lower
than that of the transition states for conversiorRafalc’ into
thetrans or cis-methylidene complexesans-4-calc andcis-
4-calc. These results suggest even lower pathways might
possibly be sampled if spirorbit coupling effects could induce
singlet-triplet potential energy curve-crossings, a possibility
that is beyond the scope of the present studies. By contrast, the
triplet state for the carbonylated sped&d-2-calcis quite high
in energy (38 kcal/mol).

Synthesis of Carbonyl ComplexesTo test the calculation-
based predictions about the reactivity of the carbonyl complexes,
we prepared the dicarbonyl compound Cp*(@Ry(CH), (11).
Although this compound has been prepared previously, a
somewhat improved procedure for its synthesis is described
below8963 The dichloride compound Cp*(C@ReCh was
prepared in five steps from commercially available starting
materials according to previously reported procedures. Addition
of 1.2 equiv of dimethylzinc to the dichloride complex afforded
the cis-dimethylrhenium complexl (eq 7).

| (CHa)Zn |

_.-Re__ _— _-Re_
ClI, CO 57% ocC~
CI/ \CO ) OC/

S CH
\CH33

11

@)

Treatment ofl1 with HOTf led to clean formation of the
methyl triflate complex Cp*(CQRe(CH)OTf (12) (Scheme
4). ThelH NMR spectrum ofl2 contains a singlet at 1.14 ppm
assigned to the Cp* methyl groups and a singlet at 0.39 ppm
corresponding to the rhenium-bound methyl ligand. The rhe-

(63) Klahn, A. H.; Manzur, C.; Toro, A.; Moore, M. Organomet. Cheni996
516 51-57.

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14809



ARTICLES

Krumper et al.

Scheme 5. Proposed Mechanism of Formation of 4

HOTf 5a 5b ~ CHyg
-85°C cis trans -60°C
jéz_l ) v -
’7Re\ _,R|e\ — ,,Re\\
Me3P’ CH MesP~ \“PMe H” < PMes
MegP s H/ Nohes MegP CHy
2 cis-4 4

nium-bound methyl carbon exhibits’2C{*H} NMR signal at
—19.41 ppm. As predicted by DFT calculations, no methylidene
species were detected in the reaction mixture.

The dicarbonyl methylrhenium triflate compl&2 was found

proposed mechanisfi0.44-50.656872 The DFT calculation of
a transition state for the direct conversion2e¢alc into 4-calc
(without the intermediacy otis-4-calc) raises the intriguing
possibility that, in this system, theehydrogen migration reaction
from 2 proceeds directly to the trans isonver

The formation o# is a marked departure from the chemistry
of the isoelectronic iridium methyl triflate complex Cp*(Phje
Ir(CH3)OTf reported by our groupt We propose that the
increased electron density afforded the rhenium center by its
additional phosphine ligand allows for the migration chemistry
to occur with complex2.7? It is also possible that the added
steric bulk of the additional phosphine ligand inhibits coordina-
tion by the triflate aniorf* Finally, the stability of4 compared
to its iridium analogue could also be due to a greater propensity
for rhenium to undergo metaligand multiple bonding?

The results of the DFT calculations also support the proposed
mechanism in Scheme 5. As discussed previously, formation

to be moderately unstable in solution at room temperature, andof 2-calc by elimination of CH from 5-calc was found to be
over the course of several hours it was converted cleanly to aexothermic {16.3 kcal/mol for the Pkicomplex species;17.2

new product,13. The 'TH NMR spectrum of13 contained a
singlet at 1.25 ppm corresponding to the Cp* ligand, and a
singlet integrating to three protons at 1.20 ppm for a new methyl
group. Thel3C{*H} NMR spectrum ofLl3was found to contain

no upfield rhenium-methyl groups, but a resonance at 22.25
ppm was assigned to the new acyl methyl group. Finally, the
IR spectrum ofLl3revealed a new stretching frequency at 1385
cmL. On the basis of these data, the structurg3i tentatively
assigned as thg?-acyl complex depicted in Scheme 4.

Discussion

The formation of hydridorhenium methylidene compeis

proposed to occur by the mechanism depicted in Scheme 5.

Protonation of the rhenium dimethyl compleX leads to
formation of the observed rhenium(V) hydride complexad.

The observation of the dialkylrhenium(V) hydride complexes
5a,bis relevant not only to the mechanism of formationdof
but also to G-H activation reactions reported previously by
our group®t52In particular, we have accumulated some evidence
that analogous dialkyl hydrido Ir(V) complexes are reasonable
intermediates in our Ir(lll)-mediated-€H activation reaction&*
The observation of the dialkylrhenium(V) hydride complexes
5a,b provides an additional argument for the intermediacy of
analogous species in our Ir(lll)-mediated—8 activation
reactions.

We propose that reductive elimination of methane from the
complex 5b (which should have mututally cis methyl and
hydride ligands) leads to the formation of the unobserved methyl
cation2, which undergoes-hydrogen migration to form. As
othero-hydrogen migration reactions are known to proceed with
cis stereochemistrd£5-67 we suggest that the unobserved
intermediatecis-4 may be an intermediate on the pathway to
formation of4 (Scheme 5), although the DFT calculations show
complex4 to be the thermodynamically preferred species. As
described in the Introduction, literature precedent supports this

(64) Klei, S. R.; Tilley, T. D.; Bergman, R. Gl. Am. Chem. So200Q 122
1816-1817.

(65) Alias, F. M.; Poveda, M. L.; Sellin, M.; Carmona, E.; Gutierrez-Puebla,
E.; Monge, A.Organometallics1998 17, 4124-4126.

(66) Osborn, V. A.; Parker, C. A.; Winter, M. J. Chem. Soc., Chem. Commun.
1986 1185-1186.

(67) Winter, M. J.Polyhedron1989 8, 1583-1588.
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kcal/mol for the CO ligated species). The subsequent formation
of the transmethylidene specieéis calculated to be energeti-
cally favorable for the PEland PMg complexestfans-4-calc
andtrans-4-calc) but unfavorable for the carbonylated species
CO-trans4-calc. While the calculated thermochemistry is
consistent with the experimental observations, we note the
significant barriers that were calculated for the formation of
either cis or trans forms @f-calc from the methyl catior2-calc.

The reactivity of the hydridorhenium methylidene compound
4 toward trimethylphosphine was initially surprising, as previous
reports of methylidene reactivity led us to expect attack at the
CH, carbon, leading to formation of an ylide compl€x5:48.76.77
In a closely related example, Radzewich and Heinekey observed
that an ylide species was produced upon treatment of a cationic
rhenocene methylidene with P It is possible that in our
system,4 reacts directly with PMgto form an ylide, which
subsequently rearranges to foBn However, Green and co-
workers have shown that such rearrangements proceed via
reversibleo-migration equilibria (i.e., via species analogous to
4),46-48 Gijven this literature precedent and the reactivitydof
with chloride ion, we propose thad and methylrhenium
complex2 exist in rapid equilibrium, and that the coordinatively
unsaturated comple® is more effectively trapped (in a rate-
determining step) by nucleophiles than is the hydridorhenium
methylidene complex® (Scheme 6).

The hypothesis that methyl catich and hydridorhenium
methylidene complex exist in equilibrium is supported both
by the literature precedent mentioned above and by calculations.
As described in the Results section, the Cp/RHalogue o#

(68) Chong, K. S.; Green, M. L. H. Chem. Soc., Chem. Comm(882 991—
993.

(69) Chong, K. S.; Green, M. L. HOrganometallics1982 1, 1586-1590.

(70) Turner, H. W.; Schrock, R. R. Am. Chem. S0d.982 104, 2331-2333.

(71) Fellmann, J. D.; Schrock, R. R.; Traficante, D.@rganometallics1982
1, 481-484.

(72) Turner, H. W.; Schrock, R. R.; Fellmann, J. D.; Holmes, S. Am. Chem.
Soc.1983 105, 4942-4950.

(73) Gerard, H.; Clot, E.; Eisenstein, ®ew. J. Chem1999 23, 495-498.

(74) We thank a reviewer for suggesting this alternative.

(75) Nugent, W. A.; Mayer, J. MMetal—Ligand Multiple Bonds: The Chemistry
of Transition Metal Complexes Containing Oxo, Nitrido, Imido, Alkylidene,
or Alkylidyne LigandsWiley: New York, 1988.

(76) Fryzuk, M. D.; Gao, X. L.; Joshi, K.; Macneil, P. A.; Massey, RJLAm.
Chem. Soc1993 115, 10581-10590.

(77) Crocco, G. L.; Gladysz, J. A. Chem. Soc., Chem. Comm886 1154
1156.
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Scheme 6. Proposed Reversible a-Migration Equilibrium
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was calculated to be approximately 1.0 kcal/mol more stable
than the corresponding analogue2of

Given the proposed reversibtehydrogen migration equi- 2+
librium between2 and 4, we were surprised to observe no < /CHZ\ /
magnetization transfer between the methylidene protons and MegP- —Re\ / \PMe
rhenium-bound hydride resonancedglim the EXSY experiment MeaP Ha ,,Me;
performed on this comple3t®5%.7ANe considered the possibility
that lack of magnetization transfer was due to proton exchange ‘
between the methylidene group4find the Cp* ligand of this -
complex via the formation of a fulvalene intermediate (Scheme ﬁ Q
7).”8 To investigate this possibility, the deuterated compound .
3-ds was prepared and treated with HOTf-a¥8 °C (eq 2). e
The resulting compound-d; showed no scrambling of the n;'éfp/ PMes Meng/ \PMea
labeled methylidene and deuteride resonances with the Cp* X=OTf, 9 X = OTf, 10
ligand. These results indicate that a fulvalene intermediate is X = BAr;, 8 X = BAr, pdt not observed

not involved in the exchange & and 4. Given this finding,
lack of magnetization transfer between the methylidene an
hydride protons o# can be explained if the equilibrium &f
with 4 is rapid on the chemical time scale, but slow on the NMR
time scale at the temperatures accessiblé.

The formation of methylrhenium methylidene complexes in
both the triflate ) and BAr anion systems8) can be
understood in terms of the-hydrogen migration equilibrium
described above. It is proposed that the carbene ligaddofs (81) Herrmann, W. A.; Reiter, B.; Biersack, Bl. Organomet. Chenl975 97,

ili i 245-251.
a,s a .nu<.3|e.0ph|||C trgp fa (SCheme 8)' AIthoth the res_ultllng. (82) Reinking, M. K.; Fanwick, P. E.; Kubiak, C. Angew. Chem., Int. Ed.
dicationic intermediate may look somewhat unusual, dicationic Eng. 1989 28, 1377-1379.

i i ; (83) Brown-Wensley, K. A.; Buchwald, S. L.; Cannizzo, L.; Clawson, L.; Ho,
bimetallic comp_lexes are \_Ne” knOV\ﬁq ngand _eXChang_e S.; Meinhardt, D.; Stille, J. R.; Straus, D.; Grubbs, RRtre Appl. Chem.
between and2 via the resulting bridging carbene intermediate 1983 55, 1733-1744.

(84) Lin, W. B.; Wilson, S. R.; Girolami, G. SI. Am. Chem. S0d.993 115,
3022-3023.

(78) We thank a reviewer for suggesting this explanation for lack of magnetiza- (85) Butts, M. D.; Bergman, R. Grganometallics1994 13, 2668-2676.
tion transfer. (86) Trepanier, S. J.; Sterenberg, B. T.; McDonald, R.; Cowie) Mim. Chem.

(79) This question would be best probed by a deuterium scrambling experiment. Soc.1999 12:L 2613—2614.
However, the nature of the synthesisd(by hydride migration from an (87) Hamilton, D. H.; Shapley, J. F®Organometallics200Q 19, 761—-769.

d results in formation of the observed methylrhenium methylidene
complexes. Bimetallic complexes of bridging methylidene
ligands are well precedented in the literatbfte?*8°

The mechanism depicted in Scheme 8 would also produce
Cp*(PMe3).Re(H)OTf (10) stoichiometrically, and indeedH
and3P{*H} NMR resonances consistent with this complex were
observed in the reaction mixtures containing triflate anion. The

intact methyl group) makes it essentially impossible to obtain selectively (88) DeIIAnna M. M Trepanier, S. J.; McDonald, R.; Cowie, K@rgano-
deuterium-labeled compound. metalhcsZOOl 20 88—-99.

(80) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrysth ed.; (89) Rowsell, B. D.; Trepanier, S. J.; Lam, R.; McDonald, R.; Cowie, M.
Wiley: New York, 1988. OrganometalllcsZOOZ 21, 3228-3237.
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finding that the triflato methyl methylidene compléxwas Using density functional theory approaches, the reaction path-
cleanly formed only under high concentration reaction conditions ways involved in formation of the methylidene complexes
is consistent with this ligand redistribution mechanism, as such and their interconversion with methyl cation compleResere
a mechanism may involve a second-order rate dependence orexamined for both phosphine and carbonyl complexes of Re(lll).
the concentration of rhenium starting material. (The fact that  The formation o4 represents a facile route into an interesting
this reaction produces significant quantities of byproducts structural class, and this compound was found to undergo
precluded its study by rigorous kinetic techniques.) reactions with nucleophiles to form trapped methylrhenium(lil)
The difference in reactivity between the triflate and BAr complexes. These and other observations led to the conclusion
systems is marked. While a rhenium hydride complex is that the a-hydrogen migration that form$ is reversible.
observed in the presence of triflat€0f, no such complex is Interestingly, treatment o8 with HOTf in the presence of
observed when triflate is replaced with BAThe triflate system NaBAr; yields a thermally stable methyl methylidene complex
is somewhat sensitive to concentration effects, while thegBAr (8), presumably via a bridging carbene intermediate. The
system forms the methylrhenium methylidene product over a dicarbonyl methylrhenium triflate complex Cp*(C{Re(CHs)-
wide range of concentrations. These observations can beOTf (12) was prepared and, in accord with predictions from
understood in terms of the more coordinating nature of the calculations, found to not form the analogous hydridorhenium
triflate anion compared to that of BAY It is proposed that methylidene complex. Our findings indicate that the level of
hydridorhenium methylidene complekis in equilibrium not electron density at the metal center has a marked influence on
only with the coordinatively unsaturated methyl cat@nbut the proclivity of these complexes to undergomigration
also with a triflate-trapped complexX, (Scheme 6, above). reactions.
Addition of NaBAr to this system causes precipitation of
NaOTf, and prevents formation df This would be expected
to increase the overall concentration of coordinatively unsatur-  General Procedures.Unless otherwise noted, reactions and ma-
ated rhenium methyl comple®, and lead to more facile nipulations were performed at 22 in an inert atmosphere gN
conversion o# and2 to methyl methylidene compleXby the glovebox, or using standard Schlenk and high-vacuum line techniques.
mechanism depicted in Scheme 8. The absence of any BAr Glassware was dried overnight at 18D before use. All NMR spectra
containing rhenium hydride complexes at room temperature is Were obtained using Bruker AM-400, AMX-400, or DRX-500 MHz
also consistent with the decreased coordination ability of the SPectrometers. Except where noted, all NMR spectra were acquired at
BAr; anion. A coordinatively unsaturated rhenium hydride room temperaturéH NMR spectra were referenced to residual protiated

complex would likelv be highlv reactive. and potentiallv subiect solvent, and chemical shifts are reported in parts per million downfield
p_ y g_ y ' P y ) from tetramethylsilane®'P{*H} NMR spectra were referenced to an
to rapid thermal decomposition.

) . . external standard of 85%3R0, and are reported in parts per million

As predicted by our calculations, no evidencedelnydrogen downfield from this resonance. Chemical shifts it spectra are
migration chemistry was observed in the dicarbonyl methyl- reported relative to external GEl at 0.00 ppm3C{*H} NMR spectra
rhenium complexL2. This observation could be due to any of were referenced to solvent. In cases where assignméig{dH} NMR
the following three distinctive features of the carbonyl system. resonances from the initidfC{*H} NMR spectrum was ambiguous,
First, as predicted by calculations, a higher intrinsic barrier to resonances were assigned using standard DEPT 45, 90, and/or 135 pulse
a-hydrogen migration may exist for conversion of the triflate- Sequences. Infrared (IR) spectra were recorded using samples prepared
dissociated complex derived frof® to its carbene analogue @S KBr pellets, and spectral data are reported in wavenumbers)(cm
than exists for the migration fror to form 5 (both systems Ma;s spectrometrlc (MS) analyses were obtaln_gd at the University of

. - ) California, Berkeley, Mass Spectrometry Facility on VT ProSpec,
were calculated without an explicit counteranion). Second, also ZAB2-E i
. . . Q, or 70-FE mass spectrometers. Elemental analyses were

as predicted by calculations, the thermodynamics of the system

. . o . . performed at the University of California, Berkeley, Microanalytical
involving 12 may favor the cationic methylrhenium species over facility on a Perkin-Elmer 2400 Series Il CHNO/S analyzer.

the isomeric methylidene hydride. Finally, dissociation of triflate Sealed NMR tubes were prepared by attaching the NMR tube directly

anion from10 may be made more difficult than the analogous to a Kontes high-vacuum stopcock via a Cajon Ultra-Torr reducing
dissociation froml due to the relative electron deficiency of union, and then flame-sealing on a vacuum line. Reactions with gases

10. Without triflate dissociationg-hydrogen migration cannot  and low-boiling liquids involved condensation of a calculated pressure

Experimental Section

occur. of gas from a bulb of known volume into the reaction vesset 896
°C. Known-volume bulb vacuum transfers were accomplished with a
Conclusions digital MKS Baratron gauge attached to a high-vacuum line.

In the course of studies directed toward the synthesis of the Mate”"’.‘ls' Unle.ss otherwise nOte.d’ reagents Were.PurC.hased fr.om
commercial suppliers and used without further purification. Celite

methylrhenium catiore, noyel cationic rhemum_ methylidene (Aldrich), silica gel (Merck 60, 236400), and alumina (Brockman I,
CPmp'exeS Were synthesized and characterized. The nOVe'AIdrich) were dried in vacuo at 250C for 48 h. Toluene, pentane,
dimethylrhenium(lll) complex Cp*(PMg,ReMe; (3) was pre- hexanes, methylene chloride, and benzene (Fisher) were passed through
pared and fully characterized. Protonation fwith HOTf a column of activated alumina (type A2, size %232, Purifry Co.)
allowed for observation of the isomeric hydridorhenium(V) prior to use. Diethyl ether and tetrahydrofuran (Fisher) were distilled
products5a,b at —85 °C by 'H NMR spectroscopy. Upon  from purple sodium/benzophenone ketyl undes prior to use.
reductive elimination of methane, the hydridorhenium(lll) Deuterated solvents (Cambridge Isotope Laboratories) were purified
methylidene complex [Cp*(PMg&Re(CH)(H)][OTf] (4) was by vacuum transfer from the appropriate drying agent (NgZPhor

observed and characterized by NMR spectroscopy6 °C. CaHb) and stored over 3-A molecular sieves prior to use. Trimeth-
ylphosphine (Aldrich) was vacuum-transferred from sodium metal prior
(90) Brookhart, M.; Grant, B.: Volpe, A. Porganometallics1992 11, 3920~ to use. M@gSiCl was distilled and stored over 4-A molecular sieves

prior to use. PPNCI was dissolved in benzene, placed over 4-A
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molecular sieves, filtered, and pumped to dryness prior to use, CCI

positive pressure of nitrogen, HOTf was added as a@PDsolution

was dried over 4-A molecular sieves prior to use. The compounds (50 uL, 1.02 M, 0.051 mmol). The tube was flame-sealed and stored

Cp*Re(C0),?° Cp*Re(0O},%° Cp*ReCl,% Cp*Re(0)Ch,* Cp*(PMes)-
ReCb,>* NaBAr,,%° and H(OEL#).BArf, °© were prepared according to
published literature procedures.

Cp*(PMe3).ReMe; (3), Method 1. Cp*(PMe;);ReChL (126 mg,

frozen until the NMR probe was cooled t685 °C. At this time, the
tube was briefly thawed te-130°C in a pentane/liquid nitrogen bath
and quickly transferred into the cooled probe. The reaction mixture
was characterized byd and3P{*H} NMR spectroscopies at85 °C.

0.231 mmol) was dissolved in diethyl ether (4 mL) in a sealable glass Although the presence of a mixture of compounds (including unreacted
reaction vessel to give a dark red solution. Methylmagnesium chloride dimethylrhenium compoung and one broad, probably paramagnetic

was added as a THF solution (0.18 mL, 3.0 M, 0.53 mmol) with stirring.
The reaction vessel was sealed and heated t&€7#0r 12 h. After this
time, the solution color was pale lemon yellow. After cooling to room

species) was observed, the resonances assigned to the protonation
products5a and 5b are listed below!H NMR (CD,Cl,, 500 MHz,
—85°C): 0 1.43-2.41 (m, P(®ls)s + Cs(CHs)s, 5a+ 5b + 3), 1.02

temperature, solvent was removed under reduced pressure, and thébr s, 6H, Re-Els, 5a), —0.15 (br t, 6H, Re-El3, 5b), —7.88 (t, 1H,

yellow residue was extracted with pentane{® mL). The combined

2Jup = 48 Hz, ReH, 5a), —10.45 (dd, 1H2Jup = 43, 18 Hz, ReH,

pentane extracts were passed through a plug of silanized silica gel.5a). 3'P{*H} NMR (CD.Cl,, 203 MHz,—85°C): ¢ —32.3 (s,P(CH3)s,
Crystallization of the resulting orange solution gave dark orange crystals 58), —38.9 (d,2Jpp = 20 Hz, P(CHz)s, 5b), —52.2 (d,%Jpp = 20 Hz,

(68 mg, 60%). Anal. Calcd for fgHzoP,Re: C, 42.93; H, 7.80. Found:
C, 43.22; H, 8.12H NMR (CsDg, 400 MHz): 6 1.48 (s, 15H,
C5(CH3)5), 1.09 (Virtual triplet, 18H, P(G3)3), 0.04 (t, 6H,2J4p = 12
Hz, Re-CHs). 13C{*H} NMR (C¢Ds, 125 MHz): 6 87.0 (t,%Jcp = 3
Hz, C5(CHa)s), 16.2 (six-line pattern, BHs)s), 9.5 (s, G(CHas)3), —26.6
(t, 2cp = 15 Hz, ReCHs). 31P{*H} NMR (CeDs, 162 MHz): 6 —35.3
(s, P(CHg)3). IR (KBr): 2972, 2909, 2817, 2070, 2001, 1426, 1371,
1293, 1274, 949 cnt. MS (El): miz = 504 (M").

Crystallographic Study of Cp*(PMes);ReMe, (3). Data were
collected and interpreted using a SMART CCD area detector with
graphite-monochromated Mo K radiation. Hydrogen atoms were

P(CHs)s, 5b).

Characterization of [Cp*(PMe3).Re(CH,)(H)][OTf] (4) at Low
Temperature in Solution. Cp*(PMes);.ReMe (26 mg, 0.052 mmol)
was dissolved in CECl, (0.5 mL) in an NMR tube fitted with a Cajon
adaptor. The tube was cooled+&8 °C in a dry ice/2-propanol bath.
Against a positive pressure of nitrogen, HOTf was added as £GD
solution (134uL, 0.39 M, 0.052 mmol). The tube was flame-sealed
and stored at-78 °C until the NMR probe was cooled t660 °C. The
pale brown solution of [Cp*(PMg&:Re(CH)(H)][OTT] (4) was char-
acterized by NMR spectroscopy at this temperature. A yield of 99%
was calculated on the basis of internal standard (hexamethylbenzene).

included but not refined. Random errors and thermal motion erased *H NMR (CD,Cl,, 400 MHz,—60 °C): 6 14.51 (br s, 2H, Re-8,),

any sign of localization in the Cp* rings. The rhenium-bound methyl

2.04 (s, 15H, @CH3)s), 1.50 (d, 18H, P(€ls)3), —7.11 (tt, 1H s =

groups were found to be trans-disposed to one another in this piano-8 Hz, 2Jup = 56 Hz, ReH). 3C{*H} NMR (CD.Cl,, 125 MHz, —60
stool complex. Important bond distances and angles are included in °C): 6 229.5 (s, RezH,), 104.6 (sCs(CHz)s), 24.6 (M, PCH3)3), 11.3

Figure 1. Crystallographic data follow: space groBpcg a =
17.4197(4) Ab = 14.6308(3) A,c = 32.8142(3) A,V = 8363.2(2)
A3, Z =16, Dcac = 1.600 g/crd, u(Mo Ka) = 59.62 cnmi?, number of
unique reflections= 8398,R = 2.4%.

Cp*(PMej3).ReMe; (3), Method 2. Cp*ReQ; (95 mg, 0.26 mmol)
was dissolved in a 50/50 mixture of hexane and toluene (15 mL),
forming a dark yellow solution. This solution was cooled-t@8 °C
in a dry ice/2-propanol bath, and M (54 uL, 0.57 mmol) was added
dropwise, resulting in a color change to dark red. A solution of PMe
in hexane/toluene (0.085 M, 10 mL) was immediately transferred into
this solution via cannula, resulting in a color change to yellow/orange.
This solution was stirred at78 °C for 5 h, and then warmed to room
temperature, where it was stirred for 2 h. After this time, the volatile

(s, G(CHs3)s). The CF; carbon of the triflate anion was not observed in
the 13C{*H} spectrum3'P{*H} NMR (CD.Cl,, 162 MHz,—60°C): ¢
—28.1 (s,P(CHa)s). F{*H} NMR (CD.Cl,, 377 MHz, =60 °C): o
—78.9 (OSQCFy3).

Characterization of [Cp*(PMe 3),Re(CD,)(D)][OTf] (4- ds) at Low
Temperature in Solution. Cp*(PMe;),Re(CDy), (25 mg, 0.049 mmol)
was dissolved in CECI, (0.5 mL) in an NMR tube fitted with a Cajon
adaptor. The tube was cooled+’8 °C in a dry ice/2-propanol bath.
Against a positive pressure of nitrogen, HOTf was added as £GD
solution (275uL, 0.18 M, 0.049 mmol). The tube was flame-sealed
and stored at-78 °C until the NMR probe was cooled t660 °C. The
pale brown solution of [Cp*(PMg:Re(CD)(D)][OTf] (4-d3) was
characterized by NMR spectroscopy at this temperatbr&iIMR (CD2-

materials were removed under reduced pressure, and the residue wa€l,, 500 MHz, —60 °C): 6 2.03 (s, 15H, @CHa)s), 1.49 (d, 18H,
dissolved in pentane and passed through a plug of silanized silica gel.P(CHs)3). ?H NMR (CD,Cl,, 76.8 MHz, —60 °C): ¢ 14.50 (s, Re-
Removal of volatile materials under reduced pressure gave an orangeCD,), 7.01 (t, Reb). 3P{H} NMR (CD.Cl,, 162 MHz): 6 —28.4 (s,

oil identical by *H and3'P{*H} NMR spectroscopy to Cp*(PMg-
ReMe prepared by method 1 (30 mg, 23%).
Cp*(PMej3),Re(CDs), (3-ds). Cp*(PMe3),ReChL (150 mg, 0.275

P(CHjy)3).
Characterization of [Cp*(PMe3)sReCHs][OTf] (6) at Low Tem-
perature in Solution. Cp*(PMes);ReMe (16 mg, 0.031 mmol) was

mmol) was dissolved in diethyl ether (5 mL) in a sealable glass reaction dissolved in CRCl, (0.5 mL) in an NMR tube fitted with a Cajon

vessel to give a dark red solution. Methylmagnesium iodigevas
added as an ether solution (0.63 mL, 1.0 M, 0.63 mmol) with stirring.
The reaction vessel was sealed and heated t&€7#br 18 h. After this
time, the solution color was pale lemon yellow. After cooling to room

adaptor. The tube was cooled+&8 °C in a dry ice/2-propanol bath.
Against a positive pressure of nitrogen, HOTf was added as £GD
solution (28uL, 1.1 M, 0.031 mmol). The tube was degassed by three
freeze-pump-thaw cycles, and PM&88 Torr, 6.6 mL known-volume

temperature, solvent was removed under reduced pressure, and theulb, 0.031 mmol) was added by vacuum transfer. The tube was sealed

yellow residue was extracted with pentane{® mL). The combined

and stored at-78 °C until the NMR probe was cooled t640°C. The

pentane extracts were passed through a plug of silanized silica gel.dark yellow solution of [Cp*(PMgsReCH][OTT] (6) was characterized
Crystallization of the resulting orange solution gave dark orange crystals by NMR spectroscopy at this temperature. A yield of 67% was

(118 mg, 85%)*H NMR (C¢Ds, 400 MHz): 6 1.57 (s, 15H, &CHg)s),
1.17 (virtual triplet, 18H, P(B3)s). °H NMR (CsDs, 76.8 MHz): o
—0.04 (s, Re-O3). **P{*H} NMR (CeDs, 162 MHz): 6 —35.0 (s,
P(CHg)g).

Observation of [Cp*(PMe3).Re(H)(CHs),J[OTf] (5a,b) at Low
Temperature in Solution. Cp*(PMe;);ReMe (24 mg, 0.047 mmol)
was dissolved in CECl, (0.5 mL) in an NMR tube fitted with a Cajon
adaptor. The tube was frozen in liquid nitrogenl@6 °C). Against a

calculated on the basis of internal standard (hexamethylbenzene).
Compound6 rapidly decomposed to multiple products upon warming
to room temperaturéH NMR (CD.Cl,, 400 MHz,—40 °C): ¢ 1.81

(m, 9H, P(QH3)3), 1.69 (s, 15H, @CHa)s), 1.42 (virtual triplet, 18H,
P(CHa3)3), 0.43 (td, 3H3Jup = 10, 2 Hz, Re-El3). 13C{*H} NMR (CD--

Cly, 125 MHz, —40 °C): 0 94.6 (s,Cs(CHa)s), 20.7 (t,J = 16 Hz,
P(CHz)3), 16.0 (d,J = 36 Hz, PCHz3)3), 10.7 (s, G(CHg)3), —31.2 (m,
Re-CH3). The CK carbon of the triflate anion was not observed in the
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BC{H} spectrum3P{*H} NMR (CD,Cl,, 162 MHz, —40 °C): 6 31P{1H} NMR (CD.Cly, 162 MHz): 6 —35.4 (s,P(CHs)s). F{'H}

—44.1 (d,Jpp: 32 HZ, P(CH3)3), —49.7 (t,Jpp: 32 HZ,P(CH3)3). NMR (Cchlz, 377 MHZ): o —60.9 (S, 3,5-(0;3)205H3)4B). IR
Characterization of Cp*(PMe3),ReMeCl (7) at Low Temperature (KBr): 2966, 2920, 2072, 2014, 1969, 1611, 1360, 1274, 1139, 947

in Solution. Cp*(PMes);ReMe (5.9 mg, 0.012 mmol) and PPNCI (6.7  ¢m ™™

mg, 0.012 mmol) were dissolved in GOl in an NMR tube fitted Crystallographic Study of [Cp*(PMe 3),Re(CH,)(CH3)][BAr 4 (8).

with a Cajon adaptor. The tube was cooledd8 °C in a dry ice/2- Data were collected using a SMART CCD area detector with graphite-

propanol bath. Against a positive pressure of nitrogen, HOTf was added monochromated Mo ¥ radiation. Hydrogen atoms were included but

as a CRCl, solution (16uL, 0.73 M, 0.012 mmol). The tube was sealed  not refined, except for the hydrogens on C(11), which were located in

and stored at-78 °C until the NMR probe was cooled te40°C. The the difference electron density map and refined with fixed thermal
orange solution of Cp*(PMg:ReMeCl (7) was characterized by NMR  parameters. Random errors and thermal motion erased any sign of
spectroscopy at this temperature. A yield of 93%#avas calculated  |ocalization in the Cp* rings. The ReC bond distance for the GH

on the basis of internal standard (hexamethylbenzene). Upon warmingligand (2.06 A) is significantly shorter than for the methyl ligand (2.25
to room temperature, the resonancesfdrecame broad, presumably  A). Important bond distances and angles are included in Figure 2.
due to the presence of PPNOTT in the reaction mixture. Attempts to Crystallographic data follow: space groBp, a= 12.2338(3) Ab=
isolate7 directly from this reaction mixture were unsuccessful, although 12 .9077(3) Ac = 12.1496(4) Ao = 102.179(19, = 93.149(13, ¥

it was prepared independently, as described belbMNMR (CD,Cly, = 96.009(13, V = 2777.35(11) A Z = 2, Dear. = 1.633 glcr, u(Mo

400 MHz, —40 °C): 6 7.45 (m, 30H, PPNOTf, Rf) 1.46 (s, 15H, Ko) = 62.94 cm?, number of unique reflections 7968,R = 3.7%.

ClCH), 1,20 (0 18K, PIE)), 0.08 (1 3 e =12 H2 RE [CpH(PMea:Re(CH(CHABAT ] (8), Method 2. Cpi(PMe):-

CHa). 3C{'H} NMR (CD,Cl,, 125 MHz, —40 °C): ¢ 133.71 (s,
ReMe (8.7 mg, 0.017 mmol) and [(OBtH][BAr¢] (17.5 mg, 0.017
PPNOTICeHs), 132.05 (M, PPNOT{CeHs), 129.48 (m, PPNOTCeHs), mmol) were placed in an NMR tube fitted with a Cajon adaptor, and

89.59 (SCs(CHs)s), 16.47 (Six-line pattern, R)s), 9.63 (s, G(CHz)s), CD.Cl, (roughly 0.5 mL) was added by vacuum transfer. The tube

— C 31pf 1 _ o .
232;'3 (S"D;\Tg?)'_gi{?H} I’;”\CA:E (CDCl, 162 MHz, =40 °C): 6 was sealed and warmed to room temperature. The crude reaction
2 (s, 0i=31.7 (s,P(CHy)s). mixture displayed resonances identical to those assigned to [Cp*-

Independent Synthesis of Cp*(PMg).ReMeCl (7)_. In the gl_ove- (PMes);Re(CH)(CHs)][BAr ] (8) prepared by method 1 in tHél and
box, Cp*(PMeg).ReMe (280 mg, 0.56 mmol) was dissolved in THF 31p{1H} NMR spectra.

(20 mL) to give a yellow solution, which was transferred to a sealable
glass reaction vessel. Using a vacuum line, the vessel was charged with
gaseous HCI (20.4 mTorr, 505.7 mL known-volume bulb, 0.56 mmol) (
by condensation, resulting in a color change to dark orange. After 1 h
at room temperature, the volatile materials were removed from the
reaction in vacuo, leaving the methylrhenium chloritlas a spectro-
scopically pure dark orange powder (273 mg, 0.52 mmol, 93%). A
concentrated pentane solution of compléxvas cooled to—30 °C,
yielding analytically pure dark orange crystals (212 mg, 0.41 mmol,
73%). Anal. Calcd for GHzeCIP.Re: C, 38.96; H, 6.92. Found: C,

Observation of Triflate Products 9 and 10.Cp*(PMe&).ReMe
21 mg, 0.042 mmol) was dissolved in @Cl, (0.5 mL) in an NMR
tube fitted with a Cajon adaptor. The tube was cooled- 78 °C in a
dry ice/2-propanol bath. Against a positive pressure of nitrogen, HOTf
was added as a GDl, solution (50xL, 0.84 M, 0.042 mmol). The
tube was flame-sealed and stored-ai8 °C until the NMR probe was
cooled to—60 °C. The pale brown solution was characterized'Hy
and 3'P{'H} NMR spectroscopies at this temperature, and found to
contain only [Cp*(PMe).Re(CH)(H)][OTf] (4). The tube was then

38.66; H, 6.611H NMR (CsDs, 500 MHz): & 1.45 (s, 15H, @CHs)s), Warmed to room temperature. After 18 h, it.s content§ were characterized
1.21 (virtual triplet, 18H, P(613)3), 0.14 (t, 3H,%Ju = 14 Hz, Re- again by'H an(.j31P{.1I_—|} NMR spectroscopies. The tr.lflate compoun.ds
CHs). 'H NMR chemical shifts in CBCl, match those reported above 9 and10were |dent|f|ed_|n the reaction mixture (Whlch was otherwise
for synthesis of7 by method 113C{H} NMR (C¢De, 125 MHz): & very clean) on the basis of these spectroscopic data. All attempts to
90.55 (t,%Jcp = 4 Hz, C5(CHa)s), 17.42 (six-line pattern, BHs)s), separate compoundsand10 from each other were unsuccessful. The
10.24 (s, G(CHs)3), —26.3 (t,2Jcp = 19 Hz, Re€Hs). 3P{1H} NMR resonances belonging to the triflato methylrhenium methylidene
(CeDs, 162 MHz): 6 —32.2 (s,P(CHa)3). IR (KBr): 1427, 1371, 1293, compound9 were assigned on the basis of their close similarity to
1272, 1025, 956, 942, 845, those observed for the isolated methylrhenium methylidene compound

8. The remaining resonances in the reaction mixture were assigned to
the hydridorhenium triflate compounti0. 'H NMR (CD,Cl,, 500
MHz): 6 14.43 (t, 2H,%J4e = 20 Hz, Re-Clp, 9), 1.88 (s, 15H,
Cs(CHj3)s, 10), 1.83 1.88 (s, 15H, £CHzs)s, 9), 1.52 (d, 18H, P(El3)s,

10), 1.28 (d, 18H, P(Bl3)3, 9), 0.30 (t, 3H,%3up = 18 Hz, Re-Cl3, 9),

[Cp*(PMe3).Re(CH;)(CH3)][BAT {] (8). Cp*(PMes).ReMe; (61 mg,
0.12 mmol) and NaBAr(161 mg, 0.182 mmol) were dissolved in
CH.ClI; (7 mL) in a Schlenk flask. This yellow solution was cooled to
—78°C in a dry ice/2-propanol bath. HOTf was added as a@H
solution (0.8 mL, 0.15 M, 0.12 mmol) via syringe. The color of the ™ or 311
reaction mixture became dark orange-brown, and the solution was 8.72 (t, 1H,*Jup = 55 Hz, ReH, 10). *P{’H} NMR (CDCl, 162
stirred at—78 °C for 2 h. It was then warmed te-40 °C in a dry MHz): 6 —34.2 (s,P(CHs)s, 9), —38.8 (s,P(CHg)s, 10).
ice/acetonitrile bath, stirred at this temperature for 2 h, and warmed to ~ CisCp*(CO)2Re(CHg)2 (11)* Cp*(CO):ReCh (156 mg, 0.35 mmol)
room temperature. The dark brown solution was filtered through Celite, Was dissolved in toluene (20 mL) in the glovebox. The resulting orange
and volatile materials were removed from the filtrate under reduced solution was cooled te-30°C, and dimethylzinc (384L, 2.0 M, 0.77
pressure. Crystallization of the resultant brown powder from methylene mmol) was added by syringe. After 5.5 h of stirring at room
chloride layered with pentane at30 °C gave dark orange crystals (69  temperature, the solution had turned golden yellow, and an off-white
mg, 42%). Anal. Calcd for gHsoP,ReBRs C, 43.97; H, 3.69. precipitate had formed. At this time the reaction mixture was filtered

Found: C, 43.64; H, 3.5H NMR (CD.Cl,, 400 MHz,—40°C): & through through a plug of neutral Al(lll),which was then washed with
14.39 (t, 2H,2J4p = 20 Hz, Re-&1y), 7.72 (s, 8H, BAY), 7.56 (s, 4H, THF (2 x 7 mL). The volatile materials were removed from the
BArs) 1.85 (s, 15H, QCHa)s), 1.26 (d, 18H, P(El3)s), 0.30 (t, 3H, combined filtrate and washed in vacuo, leavirigas a spectroscopically

3Jup = 18 Hz, Re-G3). 13C{*H} NMR (CD.Cl,, 125 MHz): 6 162.2 and analytically pure light orange microcrystalline solid (82 mg, 57%).
(0, Jcr = 270 Hz, BArCF3), 134.7 (s, BArCoring), 128.8 (q,Jcr = 50 The spectroscopic and analytical data idrare consistent with the
Hz, BAr-C), 117.42 (br s, BAr€par9, 106.0 (sCs(CHs)s), 19.5 (virtual previously reported values for this compound, and are listed below.
triplet, PCHa)3), 10.0 (s, G(CH3)3). The methyl and methylidene carbon  Anal. Calcd for GHH»10:Re: C, 41.26; H, 5.19. Found: C, 41.10; H,
resonances could not be observed3d{'H} or DEPT135 spectra at ~ 5.17.*H NMR (CsDs, 500 MHz): & 1.34 (s, 15H, @CHg)s), 0.76 (s,
room temperature. This is presumably due to fluxional broadening. 6H, Re-GHs). 3C{*H} NMR (CsDg, 125 MHz): ¢ 97.68 (5,Cs(CHa)s),
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9.02 (s, G(CHs)s), —27.88 (s, RezHz). The carbonyl carbon resonance  DFT calculations without concefi.However, as a general rule, we
was not observed. IR (Gi8l): 1985, 1903. uncontract the associated basis sets (originally fit to HF pseudo-orbitals)

Cp*(CO),Re(CH3)OTF (12). Cp*(CORRe(CH), (34.4 mg, 0.083 because they sometimes need the added variational flexibility to adjust
mmol) was dissolved in benzene (5 mL) in the glovebox, forming a 0 the DFT potentiat® The uncontracted basis set has two p-functions
yellow solution. HOTF (12.4 mg, 0.083 mmol) was added as a benzene With very similar exponents; only one of these was retained. An f
solution (1 mL), and the resulting golden orange reaction was Polarization functiong = 0.6) on the metal center (determined from
immediately frozen at-30 °C. Once frozen, the solvent was removed ~Preliminary energy optimizations) completes the set. All ligand species
by Iyophilization in vacuo, leaving an analytically pure tan solid (43 Were described with the 6-31G* basis. Solvent effects were not
mg, 97%). When redissolved, this compound undergoes slow conversion€*Plicitly considered in these calculations.

to 13 (ty2 roughly 1 h at 23°C). As a result!H and *3C{!H} spectra Acknowledgment. Drs. Fred Hollander and Dana Caulder
of 12 contained small quantities df3. Anal. Calcd for GaHisFsOs- at the UCB X-ray diffraction facility (CHEXRAY) are thanked
ReS: C, 31.05; H, 3.35. Found: C, 31.23; H, 3.43.NMR (CeDs, for determination of the crystal structures3#&nd8. Dr. Allen

500 MHz): 6 1.14 (s, 15H, @CHjy)s), 0.39 (s, 3H, Re-83). 3C{H}
NMR (CsDs, 125 MHZ): 6 103.00 (S,Cs(CHs)s), 8.96 (S, G(CHz)s),
—19.41 (s, ReEHg). The carbonyl carbon resonance was not observed.
F{1H} NMR (CsDs, 377 MHz): 6 —76.7 (OSQCF3). IR (CH,Cly):
2038, 1961. IR (KBr): 2014, 1936.

Cp*(CO)Re(OTf)-p?(COCH3z) (13). A solution of Cp*(CO)Re-
(CH3)OTf (31 mg, 0.057 mmol) in €Ds (0.5 mL) was prepared and
allowed to stand at room temperature for 18 h. After that time, a smal
amount of black precipitate had formed. After spectroscopic analysis,  Supporting Information Available: X-ray crystallographic
the reaction was filtered and the solvent was removed in vacuo to give files, in CIF format. This material is available free of charge
an orange solid (18 mg, 58%). Anal. Calcd foys&:1sF:OsReS: C, via the Internet at http://pubs.acs.org.

31.05; H, 3.35. Found: C, 30.81; H, 3.261 NMR (CsDs, 500 MHz):
8 1.25 (s, 15H, @CHa)s), 1.20 (s, 3H, ReCORB;). 13C{H} NMR JAD468877
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thanks the National Science Foundation for a Predoctoral
Fellowship. R.L.M. and P.J.H. acknowledge support from
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ot : P : omaroni, I.; Gomparts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
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