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The η2-alkyne complex [(η5-C5H5)Re(1)Br2], 2, (1 =
BnSC2SBn) reacts with an excess of the dithioalkyne 1 to give
the addition product [(η5-C5H5)ReBr2{η3-(BnS)2C2C(SBn)-
C(SBn)}], 3, displaying a ReC3 ring with an exocyclic double
bond. The molecular structures of the complexes 2 and 3
were determined by single-crystal X-ray diffraction. The
nonplanarity of the ReC3 ring and the largely equal C–C
bond lengths within the ring reveal 3 to be a resonance hy-
brid of an allenylcarbene complex and a folded rhenacyclo-
butene system. DFT calculations show that complex type 3 is

Introduction

Cyclooligomerization reactions promoted by transition-
metal complexes are well established in the synthesis of ring
systems containing alternate single and double bonds.
Within this scheme metallacyclopentadienes generated by
dimerization of alkynes at the metal are widely accepted
central intermediates.[1] In many cases either these metalla-
cyclopentadienes[2] or η4-complexes of cyclobutadienes[3]

are stable enough to be isolated. A third less frequent reac-
tion path, combining two alkynes and a metal, results in
so-called allenylcarbene complexes. Complexes of this type
are discussed as potential intermediates in the polymeriza-
tion of alkynes.[4] In fact, in recent years allenylcarbene
complexes could be isolated with [(C5H5)Ru(PR3)]+ and
[Os(PR3)2Cl2] fragments,[5] which also show alkyne oligo-
merization activity.[6] However, the straightforward forma-
tion of allenylcarbene complexes from alkynes has been
confined so far to terminal alkynes, which is attributed to
the alkyne vinylidene rearrangement in the complex as a
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favorable over the isomeric η4-cyclobutadiene complex 3a
with four thiobenzyl substituents, while the opposite holds
true for the phenyl-substituted derivative. According to cal-
culations on potential intermediates and transition states, the
rate-determining step is the conversion of a bis(alkyne) into
a mixed alkyne/vinylidene complex by 1,2-SBn shift, while
the formation of 3 via the η4-cyclobutadiene complex 3a is
improbable. Allenyl carbene complexes are of great interest
as alkyne polymerization intermediates.

prerequisite for a subsequent [2+2] cycloaddition step. In
the course of our studies with sulfide-substituted alkynes[7]

we observed a cyclodimerization reaction of two internal
dithioalkynes at the [(C5H5)ReBr2] fragment leading to a
folded ReC3 ring skeleton. This finding is surprising be-
cause investigations by Green et al. with the identical metal
complex system but diphenylacetylene showed the forma-
tion of a stable η4-cyclobutadiene complex.[8] This diverse
behavior raises the question, whether the formation of
allenylcarbene complexes is really limited to systems with
alkyne vinylidene rearrangement. In this communication we
try to address this problem by comparing our results with
related systems.

Results and Discussion

Adapting a procedure described by Green,[9] the reaction
of [(η5-C5H5)Re(CO)2Br2] with bis(benzylthio)acetylene (1)
at elevated temperature leads to the formation of the η2-
alkyne complex [(η5-C5H5)Re(1)Br2] (2) in good yield. The
intense green, air-stable complex 2 was characterized by a
13C NMR resonance at δ = 207.5 ppm, which is consistent
with a side-on four-electron donor alkyne complex. In ad-
dition, the identity of 2 is proven by X-ray structure analy-
sis (Figure 1). In general, the structure is similar to related
ReIII alkyne complexes.[9,10] The C1–C2 vector lies parallel
to one of the rhenium bromide bonds leading to signifi-
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cantly different Re–Br distances [Re–Br1 2.575(1) Å, Re–
Br2 2.507(1) Å], the shorter one pointing away from the
ReC1C2 plane. Consequently, the alkyne is coordinated
slightly unsymmetrically [Re–C1 1.930(6) Å, Re–C2
1.971(7) Å] with a noticeably long C1–C2 bond [1.354(2) Å]
indicating conjugation with the sulfur lone pairs.

Figure 1. Molecular structure of 2 with thermal ellipsoids set at
40% probability. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [Å] and angles [°]: Re–C1 1.930(6), Re–C2
1.971(7), C1–C2 1.354(10), Re–Br1 2.575(1), Re–Br2 2.507(1), C1–
C2–S2 138.1(6), C2–C1–S1 142.5(6).

Further reaction of complex 2 with an excess of alkyne
1 in refluxing toluene led to the formation of a new red
compound 3, which was isolated in analytically pure form
by crystallization. Mass spectrometry indicated 3 to be an
addition product of 1 and 2, while the NMR spectroscopic
data of 3 appeared hard to elucidate. Finally, X-ray diffrac-
tion analysis of 3 uncovered a C1-symmetric complex dis-
playing a ReC3 four-atom cycle with an exocyclic C–C
double bond attached to it. The molecular structure of 3 is
depicted in Figure 2 and selected interatomic distances are
listed in Table 1.

Figure 2. Molecular structure of complex 3 with thermal ellipsoids
set at 40% probability. Hydrogen atoms have been omitted for clar-
ity. Selected bond lengths [Å] and angles [°]: Re–Br1 2.5851(3), Re–
Br2 2.5323(3), C1–Re–C3 68.6(1), Re–C1–C2 85.8(4), Re–C1–S1
135.8(1), C1–C2–S2 129.2(2), C3–C2–S2 122.1(2), C1–C2–C3
107.9(2), Re–C3–C4 146.3(2), C2–C3–C4 132.6(2), C3–C4–S3
118.1(2), C3–C4–S4 122.0(2).

Complex 3 could formally be considered as a [2+2] cyclo-
addition product of alkyne 1 with an intermediate vinyl-
idene complex [(η5-C5H5)Br2Re=C=C(SBn)2] (2a) formed
by isomerization of 2 to 2a via 1,2-shift of a benzylthio
moiety. However, the two C–C bonds within the rhenacy-
clobutene ring exhibit very similar lengths (Table 1), typical
for aromatic C–C bonds, and the ring is folded about the
C1–C3 vector by 46.6°.[11] This feature allows a Re–C2 dis-
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Table 1. Selected bond lengths of 3 determined by X-ray structure
determination and corresponding calculated values.

[a] Exp. Calcd.[b] Calcd.[c]

Re–C1 1.980 2.005 1.995
Re–C2 2.324 2.343 2.336
Re–C3 2.101 2.136 2.123
C1–C2 1.415 1.406 1.398
C2–C3 1.433 1.439 1.435
C3–C4 1.321 1.339 1.336
C1–S2 1.671 1.690 1.690
C2–S2 1.768 1.775 1.777

[a] Numbering scheme used for the X-ray structure determination.
[b] Basis set 6-311G(d,p), ECP and 8s7p6d/[6s5p3d] for Re. [c] cc-
pvtz, ECP and 37s33p22d2f1g/[5s5p4d2fg] for Re.

tance of 2.324 Å indicating an unambiguous bonding inter-
action. In addition, the Re–C1 distance of 1.980 Å falls in
the range of Re carbene bonds,[12] while the Re–C3 bond
of 2.101 Å is typical for internal Re–C bonds in η2-allene
complexes.[13] Accordingly, compound 3 is regarded as a η3-
allenyl carbene complex 3A (Scheme 1). Related structures
with Ru and Os exhibit similar metrical parameters,[5] while
the strongest variation applies to the M–C2 bond {2.167 Å
in [Os(PPh3)2Cl2(PhCCHCCHPh)]}. The description of 3
as a η3-allenylcarbene complex is corroborated by the 13C
NMR resonances of the rhenium-bound carbon atoms. The
C1 atom at δ = 242.1 ppm is highly deshielded, which is
typical for carbene complexes.[14] Similar structural motifs
were found in corresponding vinyl carbene complexes.[15]

Scheme 1. Preparation and resonance structures of 3.

However, a contribution of the rhenacyclobutene canoni-
cal form 3B is evident by the short C1–C2 bond indicating
resonance of the metal-bound allene moiety with the car-
bene center and by the long Re–C2 bond. In addition, the
rigorous description of 3 as an allenyl carbene complex is
problematic for geometric reasons, because the π-systems
and hence the terminal substituent planes of an allene
should form an angle of 90°.[16] The planes ReC2C3 (σ-
donation of the allene π-orbital) and C1C2S2 (correspond-
ing substituent plane) form an angle of 40.4° resulting from
the direct C1–Re linkage allowing resonance of the allene
and carbene π-system. Consequently, the rhenacyclobutene
model 3B involves a bent Re–C2 bond[12a] comprising an
orbital of π-symmetry at C2. The angles between the planes
ReS1C2, C1C3S2, and ReC2C4, respectively, implying the
relative direction of the corresponding π-orbitals at C1, C2,
and C3, amount to 39.9° and 39.8°. Obviously, compound
3 represents a compromise between bonding modes 3A
(major) and 3B (minor), in which the coordination struc-
ture is stabilized by resonance. The 13C NMR resonance of
the central C2 atom serves as a spectroscopic indication for
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the significance of resonance form 3B. While in Re η2-allene
complexes chemical shifts around 0 ppm are found for the
metal-bound terminal C atom,[13] δC values between 120
and 160 ppm are typical for the C atom opposite the metal
in rhenacyclobutenes.[11] The corresponding C atom in
[Os(PPh3)2Cl2(PhCCHCCHPh)] was detected at δ =
36.1 ppm, while C2 in 3 resonates at δ = 86.8 ppm. This
relatively low field shift and the longer metal–C2 bond indi-
cate that the contribution of the metallacyclobutene form is
larger in 3 compared with related Ru and Os complexes
described by Kirchner, Jia and others[5].

This perception of the binding forces in 3 is corroborated
by molecular orbital calculations using DFT methods. The
optimized geometry of 3 is in reasonable agreement with
the experimentally determined structure. The important
metrical parameters of the central metallacycle are given in
Table 1 together with the corresponding values derived
from the X-ray structure determination. Important frontier
orbitals are depicted in Figure 3. The HOMO–1 reveals
major contributions from the exocyclic C–C π-bond and
the Re–C π-bond at the C1 carbene center. The HOMO is
mainly centered at Re and the bromide substituents. How-
ever, a bonding interaction between Re and C2 is evident
by an overlap of a metal d-orbital with an orbital of π-
symmetry at C2. The latter is characterized by an anti-
bonding interaction with electron density at S2, which is
mirrored by a conspicuously long C2–S2 distance. A NBO
analysis resulted in occupations for the Re–C bonds of 1.74
(Re–C1), 1.40 (Re–C2), and 1.73 (Re–C3) reflecting sub-
stantial Re–C2 bonding interaction despite the compara-

Figure 3. Frontier Kohn–Sham orbitals of 3: HOMO–1 (left, top
view on ReC3 cycle) and HOMO (right, side view on ReC3 cycle).

Figure 4. Schematic representation (calculated energy vs. reaction coordinate) for the formation of 3Me.
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tively long distance. The Re–C2 bond is composed of an
orbital at C2 with 97.3% p-character and at Re with 79.4%
d-character.

Interestingly, Green et al. observed the formation of the
η4-tetraphenylcyclobutadiene complex 4a by addition of
tolane to [(η5-C5H5)Re(η2-PhC2Ph)Br2].[8] To determine the
reasons for the different behavior of carbon-based and thio-
ether-substituted alkynes we performed DFT calculations
with 3 and the hypothetical phenyl derivative 4 and the re-
spective η4-cyclobutadiene complex isomers 3a and 4a. We
found 3 to be more stable than 3a by ΔH = 13.3 kcal/mol.
In contrast, for the carbon-based alkyne the situation is the
inverse, but the difference of ΔH = 4 kcal/mol between fa-
vorable 4a and its isomer 4 is quite small. Thus, in both
cases the crystallographically characterized isomers are the
thermodynamically stable products. Therefore, kinetic
reasons are unlikely for the different behavior in the ad-
dition reaction. The proven stability of the η4-cyclobutadi-
ene complex 4a raises the question, whether the corre-
sponding isomer 3a with the dithioalkyne is a more likely
intermediate on the reaction path than the vinylidene com-
plex 2a. To shed light on this problem we calculated the
energy profile of possible reaction coordinates with a
slightly reduced model bearing methyl instead of benzyl
substituents at all sulfur atoms. The results are summarized
in Figure 4.

The calculations clearly show that even the formation of
the η4-cyclobutadiene complex 3aMe from 1Me and 2Me is
slightly exothermic, which does not apply to the formation
of the vinylidene complex 2aMe. In addition, the calculated
barrier of 47.6 kcal/mol for an uncatalyzed conversion of
2Me into 2aMe by 1,2-SMe shift renders this step unlikely.
The alternative formation of the bis(alkyne) complex IM1
as an initiating step is likewise considerably endothermic.
However, the additional coordination of the second alkyne
is accompanied by a hapticity change of the C5H5 ligand
from η5 to η2, which may account for the energy rise. Con-
sistently, transfer of one bromide ion to the C5H5 system to
form IM2 with one sp2 center and one noncoordinating
double bond within the C5H5 ring implicates a stabilization
of 3.9 kcal/mol. Related examples of cyclopentadienyl[17]

and cyclopentadiene[18] complexes displaying η2-coordina-
tion are known and usually stabilized in restricted environ-
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ments.[17a,18] The assumed significance of intermediate IM2
(or a similar type of dissociation keeping an ion pair in
toluene) is supported by the fact that stable bis(alkyne)
complexes were isolated by Herrmann et al. in the form
of the cation [(C5Me5)ReBr(MeC2Me)2]+.[19] The calculated
barrier for the subsequent conversion of IM2 to IM3 by
1,2-MeS shift now amounts to 27 kcal/mol being within a
realistic range for the rate-determining step, if the high reac-
tion temperature and the overestimation of barriers due to
the lack of solvent stabilization in the calculation are con-
sidered. Interestingly, in the transition-state structure (Fig-
ure S9) the C5H5 ring is bound in a η5-fashion, indicating
a concerted step. In addition, an experimental example of
a 1,2-migration of a methylsulfanyl moiety was already ob-
served with RuII.[20] Within this scheme the barrier for the
[2+2] cycloaddition in the bis(alkyne) complex IM1 to yield
hypothetical 3aMe falls in a similar range. The feasibility of
the latter step has been shown experimentally at least for
the tolane system. Taking this as a measure, the reaction
path including formation of the bis(alkyne) complex, subse-
quent 1,2-SBn shift and final [C2+ReC] cycloaddition to
yield 3 seems reasonable. According to preliminary results,
the energy profile for the alternative conversion of the η4-
cyclobutadiene complex 3a/3aMe into the product 3/3Me is
quite intricate. This path cannot be ruled out by the calcula-
tions, but there is no indication for markedly lower barriers
on this coordinate so far.

Finally, we sought experimental evidence on the pro-
posed mechanism. The question of a catalytic alkyne/vinyl-
idene rearrangement 2/2a by proton sources has been ad-
dressed by experiments with acids. The addition of catalytic
amounts of HBF4 to the reaction mixture neither resulted
in an acceleration of the reaction nor in an increase of yield.
If complex 2 with the 4e-donor alkyne and complex 2a with
the 2e-donor vinylidene were at equilibrium in boiling tolu-
ene, 2a should be trapped by addition of donor ligands.
However, reaction of the alkyne complex 2 with PPh3 under
respective reaction conditions led to the stoichiometric for-
mation of [Ph3PBn]Br instead of a rhenium vinylidene com-
plex. In addition, 1H NMR experiments with pure 2 did
not indicate any transformation up to 90 °C. In contrast, a
1:1 mixture of 2 and 1 at 80 °C showed consumption of 1
in the course of hours, while only traces of 3 were formed
and the bulk of 2 persisted in solution (Figure S4). Consist-
ently, heating a solution of 1 with only 10 % of 2 resulted
in the complete consumption of 1 yielding an unidentified
mixture of oligomers. Obviously, 2 is an active oligomeriza-
tion catalyst, while complex 3 constitutes the most stable
final rhenium product. Variation of the solvent is somewhat
restricted by the necessarily high reaction temperature. In-
creasing polarity from toluene across fluorobenzene to pro-
pionitrile resulted in moderately improved yields (35, 47,
63%). This observation can be attributed to the stabiliza-
tion of intermediates with high polarity or even ion pairs,
which form by dissociation of one bromide ion from Re.
Within this context it must be pointed out that there is no
experimental confirmation for the ring slippage of the C5H5

ring suggested by the calculations. Finally, cross experi-
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ments with the alkyne complex 2 and tolane (PhC2Ph) lead
to the isolation of 3 as the exclusive C–C coupling product.
This result proved the preliminary substitution of the
acetylene disulfide 1 by tolane. Cross products could not be
isolated.

Conclusions

The alkyne complex [(η5-C5H5)Re(1)Br2] (2) – 1 being
bis(benzylthio)acetylene – reacts with an excess of the alk-
yne 1 at elevated temperatures to give 3, which has a folded
ReC3 ring skeleton. The molecular structure of complex 3
is best rationalized by two resonance forms being primarily
an allenylcarbene complex and with minor contribution a
folded rhenacyclobutene. This perception is corroborated
by results of DFT calculations. In addition, the calculations
show that isomeric η4-cyclobutadiene complexes at the [(η5-
C5H5)ReBr2] fragment are less stable with thioether sub-
stituents, but favorable with aryl groups.

The formation of 3 includes a 1,2-SBn shift. Our calcula-
tions on potential intermediates and respective transition
states indicate high barriers for the observed transforma-
tion. However, in comparison the rearrangement of the η2-
alkyne in a corresponding vinylidene complex needs less en-
ergy in the bis(alkyne) complex [(η5-C5H5)Re(1)2Br2] than
in the mono(alkyne) complex 2. In addition, the dissoci-
ation of one bromide substituent seems to play an impor-
tant role in the stabilization of reaction intermediates. The
calculated energies of transition states for the 1,2-SMe-mi-
gration considered and the alternative [2+2] cycloaddition
yielding a hypothetical η4-cyclobutadiene complex are com-
parable. Therefore, a subsequent rearrangement of a η4-cy-
clobutadiene complex into the final product by 1,2-SBn
shift is improbable.

Allenylcarbene complexes with [Os(PPh3)3Cl2] have been
shown to be excellent precursors for the preparation of os-
mabenzene systems.[5c] Very recently, Jia et al. presented the
first rhenabenzene ring synthesized by a slightly different
strategy.[21] The authors pointed out that donor substitution
at the carbon ring atoms is essential for the stability with
respect to the corresponding rhenium cyclopentadienyl
complexes. In this regard complex 3 seems to be a promis-
ing precursor for the preparation of further rhenabenzene
systems.

Experimental Section
General: All operations were carried out in an atmosphere of dry
argon using Schlenk and glove box techniques. Solvents were dried
by standard methods and freshly distilled prior to use. NMR spec-
tra were recorded with a Bruker Avance 400 or 500 MHz spectrom-
eter. Mass spectra were obtained with a Bruker Reflex IV.

[(η5-C5H5)ReBr2(BnSCCSBn)] (2): A solution of bis(benzylthio)-
acetylene[22] (435 mg, 1.61 mmol) in toluene (5 mL) was added to
a solution of [CpReBr2(CO)2][23] (500 mg, 1.07 mmol) in toluene
(70 mL). The reaction mixture was heated under reflux for 2 h. Af-
ter removal of the solvent the product was recrystallized from
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CH2Cl2/n-hexane. Complex 2 was obtained as a deep green solid
in 67% yield (490 mg). C21H19Br2ReS2 (681.52): calcd. C 37.01, H
2.81, S 9.41; found C 37.00, H 3.21, S 9.36. 1H NMR (400 MHz,
CDCl3): δH = 7.40–7.30 (m, 10 H, Ph-H), 5.69 (s, 5 H, C5H5), 4.93
(s, 4 H, SCH2Ph) ppm. 13C{1H} NMR (101 MHz, CDCl3): δC =
207.5 (C�C), 135.2, 129.1, 129.0, 128.2 (Ph-C), 94.8 (C5H5), 43.4
(SCH2Ph) ppm. MS (MALDI): m/z = 682 [M], 601 [M – Br]+.

[(η5-C5H5)ReBr2{η3-C(SBn)C(SBn)CC(SBn)2}] (3): A solution of
bis(benzylthio)acetylene (1.8 g, 6.67 mmol) in toluene (20 mL) was
added to a solution of [CpReBr2(CO)2] (620 mg, 1.33 mmol) in tol-
uene (40 mL). The reaction mixture was heated under reflux over-
night. The solvent was removed in vacuo and the residue redis-
solved in dichloromethane (10 mL) and precipitated with n-hexane
(50 mL). Complex 3 was obtained as orange red needles from
CH2Cl2/n-hexane (430 mg, 34%). Alternatively 3 was obtained by
refluxing pure 2 (99 mg, 0.15 mmol) and 1 (161 mg, 0.6 mmol) in
toluene (5 mL) for 7 h. Yield after crystallization: 42 mg (30%).
C37H33Br2ReS4 (951.93): calcd. C 46.68, H 3.49; found C 46.60, H
3.48. 1H NMR (400 MHz, CD2Cl2, 300 K): δH = 7.47–7.08 (m, 20
H, Ph-H), 5.11 (br., 1 H, SCHH), 4.97 (s, 5 H, C5H5), 4.40 (d, 2J

= 12 Hz, 1 H, SCHH), 4.33 (m, 3 H, SCHH), 4.17 (m, 2 H,
SCHH), 3.77 (d, 2J = 12 Hz, 1 H, SCHH) ppm. 1H NMR
(500 MHz, C6D5CD3, 363 K): δH = 7.31 (m, 2 H, Ph-H), 7.16–6.85
(m, 18 H, Ph-H), 4.88 (d, 2J = 13.2 Hz, 1 H, SCHH), 4.74 (s, 5 H,
C5H5), 4.61 (d, 2J = 12.0 Hz, 1 H, SCHH), 4.28–4.23 (m, 3 H,
SCHH), 4.09 (d, 2J = 12.9 Hz, 2 H, SCHH), 3.98 (d, 2J = 13.3 Hz,
2 H, SCHH), 3.60 (d, 2J = 13.3 Hz, 1 H, SCHH) ppm. 13C{1H}
NMR (125.76 MHz, CD2Cl2, 300 K): δC = 242.1 (ReC1), 162.3
(ReC3), 138.9–135.5 (4 signals, Ph-Cipso), 128.8–126.2 (12 signals,
Ph-C), 118.9 (C=CSBn2), 91.1 (C5H5), 86.8 (CCC), 41.0, 39.3, 36.2,
35.5 (SCH2Ph) ppm. MS (MALDI): m/z = 950 [M], 871 [M –
Br]+, 861 [M – Bn]+, 780 [M – Br – Bn]+, 689 [M – 2Bn – Br]+,
601 [M – 2Bn – 2Br]+.

Crystal Structure Determination: Single crystals suitable for X-ray
diffraction analysis were coated in perfluoropolyether oil and
mounted on a glass fiber. Diffraction data were collected at T =
153 K for 2 and at T = 173 K for 3 with a Bruker AXS Apex CCD
diffractometer equipped with a rotating anode using graphite-mo-
nochromated Mo-Kα radiation. Data collection, cell refinement,
data reduction and integration as well as absorption correction
were performed with the Bruker AXS program packages SMART,
SAINT, and SADABS. Structure solutions were obtained with
SHELXS[24] by direct methods and were refined with SHELXL[25]

against Fo
2 by using anisotropic thermal parameters for all non-

hydrogen atoms. Hydrogen atoms were included at calculated posi-
tions with fixed thermal parameters.

CCDC-771678 (for 2) and -771679 (for 3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for [(η5-C5H5)ReBr2(BnSC2SBn)] (2): C21H19Br2ReS2,
M = 681.51 gmol–1, green plates, space group Cc, a = 8.4042(12),
b = 21.696(3), c = 11.4504(16) Å, V = 2081.8(5) Å3, β = 94.350(3)°,
ρ = 2.174 gcm–3, μ = 9.879 mm–1, Z = 4, 11840 measured reflec-
tions, 5830 unique reflections (Rint = 0.0518), 4961 observed reflec-
tions [I � 2σ(I)], 235 parameters, R(all) = 0.0467, wR(all) = 0.0682,
GOF = 0.885, largest peak/hole 1.727/–1.040 e– Å–3.

Crystal Data for [(η5-C5H5)ReBr2{η3-(BnS)2C2C(SBn)C(SBn)}] (3):
C37H33Br2ReS4, M = 951.89 gmol–1, brown blocks, space group
P21/c, a = 18.2367(10), b = 18.5086(10), c = 10.8359(6) Å, V =
3504.5(3) Å3, β = 106.632(1)°, ρ = 1.804 gcm–3, μ = 6.012 mm–1, Z

= 4, 23815 measured reflections, 10107 unique reflections (Rint =
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0.0186), 8605 observed reflections [I � 2σ(I)], 397 parameters,
R(all) = 0.0327, wR(all) = 0.0526, GOF = 1.003, largest peak/hole
1.696/–0.712 e– Å–3.

Calculations: Molecular geometries of model complexes were opti-
mized without constraints by DFT using the hybrid B3LYP func-
tional.[26] Frequency calculations were performed to identify all the
stationary points as minima or transition states. Intrinsic reaction
coordinates (IRC)[27] were calculated for the transition states to
confirm that such structures indeed connect two relevant minima.
Rhenium was described by the pseudo-relativistic effective core po-
tential (ECP) of the Stuttgart/Cologne group for 60 core electrons
and a 8s7p6d/[6s5p3d2] basis set for the valence shell.[28] The 6-
311G(d,p) basis set was used for H, C, N, and Br in the calculations
of 3, 3a, 4, and 4a. The smaller 6-31G(d,p) basis set was used for
the same elements in the calculations with the methyl-substituted
model compounds 1Me, 2Me, 2aMe, 3Me, 3aMe and all intermediates
(IM) and transition states (TS). The relative energies stated are zero
point corrected. All calculations were performed with the Gaussian
03 software package.

Supporting Information (see also the footnote on the first page of
this article): Two-dimensional and high-temperature NMR charac-
terization of 3 and reaction mixtures, DFT calculation details and
optimized structures.
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