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Summary: A totally delocalized tetracarbonylrhenacyclo-
butadiene 2 has been prepared by a ring-opening reaction
of the cyclopropenylium ligand starting from (CO)sRe-
(n'-C4Phy) (1). The green title compound is dynamic, in-
volving a rhenacyclobutadiene~-cyclopropenyl equilibrium.
Treatment of 2 with trimethylamine N-oxide yields a me-
tallafuran system 4. In reactions with diphenylacetylene
or diethylacetylenedicarboxylate tricarbonyl(n’-penta-
phenylcyclopentadienylrhenium (8a) and tricarbonyl-
[n%-1,2-bis(ethoxycarbonyl!)-3,4,5-triphenylcyclo-
pentadienyl]rhenium (6b) are formed, respectively.

Theoretical calculations! suggest that 73-cyclo-
propenylium complexes with d7 or d® ML, or ML, frag-
ments should be susceptible to a symmetry-allowed ring-
opening process. Cyclopropenylium ligands are well-known
in transition-metal chemistry,? but the reaction leading to
a four-membered metallacycle has rarely been observed
in compounds with low-valent transition-metal centers.
Examples are RhCl,(PMe,Ph),(C;Ph;) and [Ir(CO)Cl-
(PMe,),(C4Phy)][BF,).}

Results and Discussion

According to Scheme I we have prepared a penta-
carbonyl(n!-1,2,3-triphenylcyclopropenyl)rhenium com-
pound 14 in 70% yield starting from NaRe(CO); and tri-
phenylcyclopropenylium tetrafluoroborate. Upon UV ir-
radiation 1 can be converted to the dark green tetra-
carbonyl(n?-1,2,3-triphenylpropenetriyl)rhenium complex®
2in 25% yield. Thermally induced loss of CO by refluxing
1 in n-hexane procludes 2 in varying yields together with
an orange tetracarbonyl n*-triphenyloxocyclobutenyl com-
pound 3.

Oxocyclobutenyl complexes!&® are often observed as
byproducts during the synthesis of cyclopropenyl metal
complexes. The formation of 3 probably does not occur
via 2, since 3 has not been detected by treatment of 2 under
1 atm of CO. In a more likely reaction sequence 3 can be
built up by a ring-expansion process via the CO insertion
product (cyclopropenylcarbonyl)tetracarbonylrhenium (see
also Scheme I).

The X-ray structure’ of 2a (Figure 1) revealed that the
four-membered ring is completely planar and has non-
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Figure 1. Crystal structure of (CO),ReC;Ph, (2a). The hydrogen
atoms have been omitted for clarity. Selected interatomic dis-
tances (A) and bond angles (deg): Re-C(1) 2.168 (7), Re-C(2)
2.741 (8), Re—C(3) 2.170 (8), C(4)-Re—C(5) 92.0 (3), C(5)-Re—C(6}
88.6 (4), C(5)-Re-C(7) 92.8 (4), C(1)-Re~C(3) 60.5 (3), Re-C-
(1)-C(2) 98.1 (5), C(1)-C(2)-C(3) 108.2 (7).

crystallographic C,, symmetry. Symmetry related bond
distances are equal within the limits of standard deviations.
The Re-CPh bond lengths are in accord with an antici-
pated bond order of 1.5, expected for a delocalized me-
tallacyclobutadiene unit.!®

The low-temperature *C NMR spectrum of 2 (-50 °C)
is consistent with the X-ray structure. At higher tem-
peratures coalescence is observed for the four-membered
ring system (2a), which is probably the result of rapid
interconversion between 2a and the n3-cyclopropenyl
complex 2b on the NMR time scale. In a similar manner,
all positionally related Cpy,,y resonances are equilibrated
as a result of the suggested dynamic process. In contrast
to this observation a related asymmetrically substituted
rhenacyclobutadiene complex does not show dynamic
behavior.” The axial and equatorial CO groups of 2 do
not exchange, which suggests rigidity of the Re(CO),
framework.

An equilibration process of the three-ring C atoms via
a carbyne/acetylene mechanism seems to be less plausible.
This is supported by the observation that treatment of 2
with di-p-tolylacetylene in CD,Cl, at room temperature
results in formation of a (7°-1,2,3-triphenyl-4,5-di-p-
tolylcyclopentadienyl)tricarbonylrhenium species!® as the
exclusive product. There is no indication of incorporation
of p-tolyl groups in 2. A similar mechanism was observed

(8) (a) Schubert, U.; Ackermann, K.; Rustemeyer, P. J. Organomet.
Chem. 1982, 231, 323. (b) Orpen, A. G.; Brammer, L.; Allen, F. H,;
Kennard, O.; Watson, D. G.; Taylor, R. J. Chem. Soc., Dalton Trans.
1989, S1.

(9) Padolik, L. L,; Gallucei, J.; Wojcicki, A. J. Organomet. Chem. 1990,
338, C1.

(10) (a) Churchill, M. R.; Ziller, J. W.; McCullough, L.; Pedersen, S.
F.; Schrock, R. R. Organometallics 1988, 2, 1046. (b) Churchill, M. R.;
Ziller, J. W. J. Organomet. Chem. 1985, 279, 403. (c) A new methyl
resonance is observed at 2.26 ppm in the 'H NMR spectrum. 3C NMR
sg;ctrum (CD,Cl,) (ppm) 6 193.88 (CO), 108.53, 108.45, 108.09 (Cp), 21.48
(Me).

© 1991 American Chemical Society



Notes Organometallics, Vol. 10, No. 9, 1991 3397

Scheme I
co
oc, Ph
Re—bm\
oc/ Ph
co 22
1 T < 10
co Ph co co
Ph Ph
Ph Ph /
\ D od. h ] ’ oc Ne —
oc 1 e q A v oc | w C\ MesNO /m,,,‘“. ae==C
Re PR ————— Re \@/c-m —_— Re N
- NM =C
o oo od. MesNO oc/ e o oc/ o= Nph
co co o
1 20 4
a - co RCECR ~ Nvey | megno
co} - co,
Ph
co 2 €0 pn
" Ph P R | \ Ph
oc n,, | s ) oc’h,,, *.\\\c — C/
Re : ’ Ph R Re ' ‘
Ph Ph ¢
/
oc/ l Re oc”” | N pn
co 3 oo NMeg 5
—_ pR—
co
6a, RePh
&b, R=COOCEt
co
oc,, Ph 0
Re —
oc/ Ph Ph
co
3
by Schrock and co-workers on a (RO);(R’N)Re(C3R"3) (CO),C4Ph;. The HOMO () is mostly of low-lying rhe-
system.!! nium d character and some out-of-phase p orbital ad-

An EHT calculation!? on Re(C0O),C;H; supports the
qualitative analogy of the = orbitals of 2 to those of a
singlet cyclobutadiene system with four = combinations
in either case.}® The perturbation of the C,H, 7 system
by introduction of a Re(CO), fragment causes significant
energetic separation of the e-orbital set to the extent that
a singlet electronic state should be preferred in Re-
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mixture of the internal C,,,, atom. The LUMO exhibits
exclusively p, character of the a-metallacyclic carbon at-
oms. These metal-attached centers should therefore un-
dergo electrophilic addition reactions.

Treatment of 1 with excess trimethylamine oxide
(MesNO) at room temperature in toluene yields 4 and 5.
We believe that this occurs via formation of 2, followed
by oxygen transfer of a second equivalent of Me;NO to one
of the M—C bonds of the cyclobutadiene unit to produce
a tetracarbonyl-1,2,3-triphenylrhenafuran system (4).*

(14) (a) DeShong, P.; Sidler, D. R.; Rybezynski, P. J.; Slough, G. A,;
Rheingold, A. L. J. Am. Chem. Soc. 1988, 110, 2575. (b) Booth, B. L.;
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Loss of another CO ligand induced by Me;NO eventually
leads to the red trimethylamine complex 5. This com-
pound can be reconverted into 4 under 1 atm CO in hot
toluene. Similar complexes have in most cases been syn-
thesized by metal-mediated coupling of an acyl group with
acetylene ligands.!6

The unusual reactivity of 2 is demonstrated not only by
the ability to insert oxygen into the M-C bond but also by
its cycloaddition behavior, which has already been indi-
cated by the reaction of 2 with di-p-tolylacetylene. Me-
tallacyclobutadiene complexes are known to undergo me-
tathesis®!! with alkyne ligands. In contrast to these ob-
servations treatment of 2 with diphenylacetylene or di-
ethylacetylenedicarboxylate leads exclusively to the for-
mation of Cp derivatives!® tricarbonyl(n®-pentaphenyl-
cyclopentadienyl)rhenium, Ph;C;Re(CO); (6a), or tri-
carbonyl[#?-1,2-bis(ethoxycarbonyl)-3,4,5-triphenyleyclo-
pentadienyl]rhenium, (EtOOC),Ph;C;Re(CO); (6b).

Experimental Section

All manipulations were conducted under an atmosphere of
nitrogen by use of standard Schlenk techniques. Solvents for
preparative purposes were dried by standard methods and distilled
before use. Column chromatography was done in all cases on silica
gel (Merck, Silicagel 60) at 20 °C. Rey(CO),o was purchased from
Johnson Matthey. C;Ph,BF,!” and di-p-tolylacetylene!® were
prepared by literature methods. 'H and *C NMR spectra were
recorded on a Varian Gemini spectrometer at 200 and 50.3 MHz,
respectively. Infrared spectra were obtained on a Bio-Rad FTS45
or Bio-Rad FTS15 spectrometer. Mass spectral analyses were
performed on a Finnigan MAT 8430. Melting points were de-
termined with use of analytically pure samples on a Biichi melting
point apparatus and are uncorrected.

1. Synthesis of Pentacarbonyl(n!-triphenylcyclo-
propenyl)rhenium (1). A solution of Rey(CO),, (2-3 g, 3.0-4.6
mmol) in tetrahydrofuran (200 mL) was reduced by shaking over
sodium amalgam for 2-2.5 h at 0 °C. The amalgam was separated
off and the orange solution of NaRe(CO); transferred to a Schlenk
tube. After it was cooled to -80 °C, the mixture was treated with
equimolar amounts of CsPhsBF, and stirred for 2 h at that tem-
perature. The reaction mixture was slowly warmed up to-10 °C
and then pumped to dryness. The yellow residue was extracted
into hexane, filtered, and crystallized at -80 °C or could be purified
by column chromatography at -20 °C. Elution with toluene/
hexane (1:4) produced 1 in 60-73% yield.

I: IR (hexane) »(CO) {em™) 2121 w, 2019 st, 2005 m, 1981 m;
H NMR (acetone-dg) 5 8.08-6.90 mult (Ph); *C{!H} NMR
(acetone-dg) & 185.41 (CO), 179.67 (CO), 160.95 (C=C), 133.88,
130.79, 128.82, 128.32, 127.87, 127.46, 126.49, 123.26 (Ph), 12.76
(ReC); mp 109-111 °C (dec); EI mass spectrum, 594 [M}*, 566
[M - CO}*, 538 [M - 2C0O]J*, 510 [M - 3COJ*, 482 [M - 4CO]*,
454 [M - 5COJ]*. Anal. Calcd (found) for CoqH,;0sRe: C, 51.91
(52.59); H, 3.00 (2.55); Re 30.87 (31.36).

2. Preparation of Tetracarbonyl(triphenyl-
propenetriyl)rhenium (2). One gram (1.68 mmol) of Re-
(CO)¢C4Ph; (1) was irradiated (mercury high-pressure lamp, 125
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S. F.; Churchill, M. R.; Ziller, J. W. Organometallics 1984, 3, 1574. (c)
Federe, R.; Hinton, J. F.; Korfmacher, W. A.; Freeman, J. P.; Allison, N.
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g%r;::ed was filtered off, washed with ether, and dried in vacuo. Yield,
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W) in 500 mL of hexane at =20 °C for 2 h. The volume of the
green solution was reduced in vacuo to 30 mL and chromato-
graphed over silica (Merck, Silicagel 60) at -20 °C. Elution of
a green band (toluene/hexane 1:10) and recrystallization from
hexane afforded 2 in 25% yield.

2: IR (hexane) #»(CO) 2075 w, 1988 st, 1981 m, 1937 w; 'H NMR
(CDCl,, -50 °C) 8 7.52-6.73 mult (Ph); *C{*H} NMR (CDCl;, -50
°C)  244.34 (ReC), 196.08 (CO), 193.21 (CO), 176.42 (CCC), 146.28,
139.95, 132.57, 131.93, 129.34, 128.76, 128.24, 127.60 (Ph); 13 C{!H}
NMR (CDCl,, 20 °C) § 195.78 (CO), 193.37 (CO), 131.91 br (Ph),
128.97 (Ph); mp 150-152 °C; EI mass spectra, 566 (M]*, 538 [M
- COJ*, 510 [M - 2COJ*, 482 [M - 3COJ*, 454 [M - 4COJ*. Anal.
Caled (found) for CosH,;O,Re: C, 53.25 (53.09); H, 2.72 (2.67);
Re, 32.86 (32.92).

3. Synthesis of 2 and Tetracarbonyl(n’-triphenyloxo-
cyclobutenyl)rhenium (3). Refluxing 1 g (1.68 mmol) of 1 in
60 mL of hexane for ca. 3-4 h resulted in a dark green solution
and an orange precipitate. The solution was decanted and worked
up as described above affording 2 in 40% yield. After the orange
solid was washed with hexane, pure 3 was obtained in 40% yield.
Prolonged reflux (12-16 h) increases the yield of 3 up to 65% and
diminishes that of 2 to 15%.

3: IR (CCl,) »(CO) 2036 st, 1963 m, 1935 m, »(C=0) 1631 m;
'H NMR (CDCly) 4 7.23~7.01 mult (Ph); 3C{*H} NMR (CDCly)
4 197.74 (CO), 194.99 (CO), 175.72 (C=0), 131.34, 130.89, 130.77,
130.10, 129.76, 128.67, 128.40, 127.27 (Ph), 107.22 (CCC), 78.30
(CCC); mp 203-204 °C (dec). Anal. Caled (found) for CogH;505Re:
C, 53.19 (52.59); H, 2.70 (2.55); Re, 31.05 (31.36).

4. Reaction between 1 and Trimethylamine N-Oxide. One
gram (1.68 mmol) of Re(CO);C4Ph; (1) was dissolved in toluene
and treated with excess MegNO (1 g, 13.3 mmol; MeNO-2H,0
can be used instead of the water-free Me;NO) at room temper-
ature. The mixture first turned greenish and after 24 h resulted
in a red solution. The solvent was pumped off in vacuo and the
residue extracted with hexane/toluene (4:1). Column chroma-
tography afforded 4 in traces (hexane/toluene 4:1), while elution
of a red band (toluene/hexane 1:1) yielded 5 in about 70% yield
after recrystallization.

4; TR (hexane) »(CO) 2092 w, 1992 st, 1949 m; *H NMR (CDCl,)
8 7.46-6.83 mult; 3C{'H} NMR (CDCl,) § 241.12 (ReC), 210.84
(C=O0Re), 192.42 (CO), 191.96 (CO), 187.79 (CO), 148.55 (C=
CRe), 151.38, 138.52, 137.41, 132.65, 131.18, 130.15, 128.10, 127.97,
127.71, 126.65, 126.26, 124.64 (Ph); mp 155-157 °C; EI mass
spectra, 582 [M]*, 554 [M - CO]*, 526 [M - 2CO]*, 498 [M -
3COJ*, 470 (M - 4COJ*. Anal. Caled (found) for Cy5H,505Re:
C, 50.99 (51.63); H, 2.53 (2.59); Re, 31.42 (32.01).

5: IR (hexane) »(CO) 2012 st, 1920 st, 1899 st; 'H NMR
(acetone-dg) § 7.48-6.87 mult (Ph, 15 H), 2.82 (Me, 9 H); 1*C{H}
NMR (CDCly) ¢ 258.04 (ReC), 209.42 (C=0Re), 202.12 (CO),
191.49 (CO), 147.51 (ReC=C), 151.24, 139.35, 137.99, 132.14,
131.15, 129.94, 127.96, 127.35, 126.28, 125.90, 125.60 (Ph), 57.32
(Me); mp 152-154 °C; EI mass spectra, 613 [M]*, 585 [M - CO]*,
554 [M - NMe;]*, 557 [M - 2C0OJ*, 526 [M - NMe,, COJ*, 498
[M - NMe,, 2COJ*, 442 (M — NMe;, 4COJ*. Anal. Caled (found)
for C,;Hy, NO,Re: C, 52.69 (52.93); H, 3.45 (3.94); N, 2.28 (2.28);
Re, 30.18 (30.39).

5. Synthesis of Tetracarbonyl-1,2,3-triphenylrhenafuran
(4) from Tricarbonyl(trimethylamino)-1,2,3-triphenyl-
rhenafuran (5) and CO. (CO);NMe;ReC;Ph 0 (5), 0.5 g (0.81
mmol), was dissolved in 60 mL of toluene. Carbon monoxide was
bubbled through the red solution, which was gradually warmed
up to 60 °C. After 30 min the color turned to yellow. Pumping
to dryness yielded 4 quantitatively.

6. Reaction of 2 with Diphenylacetylene. 2, 0.22 g (0.38
mmol), was treated with diphenylacetylene (tolan, 0.09 g, 0.5
mmol) under reflux in hexane (80 mL). After 1.5 h the almost
colorless reaction mixture was allowed to cool to room temperature
while some white precipitate formed. Reduction of the volume
to 40 mL and crystallization at ~80 °C resulted in 0.2 g of 6a (72%
yield) as a white powder.

6a: IR (hexane) »(CO) 2033 st, 1937 st; 'H NMR (CDCly) &
7.34-6.93 mult; *C{'H} NMR (CDCly) é 196.26 (CO), 128,19, 128.40,
131.34, 133.16 (Ph), 107.70 (Cp); EI mass spectra, 715 [M]*, 687
M -CO]*, 659 [M - 2C0O]*, 631 (M - 3CO]*. Anal. Caled (found)
for C4gHps05Re: C, 64.10 (63.76); H, 3.89 (3.52); Re, 26.00 (26.01).
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Table I. Crystallographic Data for 2a

formula C%H1504Re
fw 565.6

cryst syst orthorhombic
space group P2,2,2,

a, 11.404 (2)

b, A 12.411 (2)

c, A 14.499 (2)

V, A3 2052.2 (6)

VA 4

density (caled), g/cm? 1.830

cryst size, mm 0.3 xX04x04

data collecn instrument Siemens R3m/V

radiation Mo Ka (A = 0.71073 A) graphite
monochromated

linear abs coeff, cm™ 60.28

temp, °C -105

scan method 26-6

26 range, deg 2.0-57.0

Foeo 1088

p factor used in weighting  0.003 225

no. of unique data 5753

no. of data with F > 8.0¢(F) 4933

no. of variables 268

R(F)® 471

R,(F)® 7.06

GOF 1.22

°R = T|F, - FJ/ZIF)|. *Ry = [W(F, - F)PV2/[Zw|Fo?12

7. Reaction of 2 with Diethylacetylenedicarboxylate. 2,
0.15 g (0.26 mmol), and 0.1 mL (0.55 mmol) of diethyl-
acetylenedicarboxylate were refluxed in hexane until the green
color disappeared after 2 h. The solvent was pumped off to

dryness and the resulting residue recrystallized from hexane at
-30 °C yielding 6b as pale yellow crystals (73% yield).

6b: IR (hexane) »(CO) 2034 st, 1955 st, 1942 st, 1732 m (C=0);
'H NMR (acetone-dg) & 7.29-7.06 mult (15 H), 4.22 q (7 Hz, 4 H),
1.18 t (7 Hz, 6 H); BC{'H} NMR (acetone-dg) 5 194.56 (CO), 163.75
(C=0), 133.83, 133.38, 130.74, 130.67, 129.74, 129.45, 129.05 (Ph),
111.97, 111.27, 95.99 (Cp), 62.84 (CH,), 14.00 (CHy).

8. Crystallographic Study. Single crystals were grown by
cooling a hexane solution of 2 to -30 °C. A suitable crystal was
sealed in a thin-walled capillary and mounted on a Siemens
R3m/V diffractometer equipped with a low-temperature device.
Pertinent crystallographic data are given in Table I. Cell con-
stants and an orientation matrix for data collection were obtained
from 25 centered reflections in the range 25.0° < 26 < 30.0°.
Systematic absences indicated the space group to be P2,2,2,. The
data were collected at ~105 °C by using 26— scan techniques. Mo
Ka radiation was used. The scan rate varied from 2.00 to
15.00° /min in 26. The Re atom was located after a Patterson
search; all other non-hydrogen atoms were located from difference
Fourier syntheses and refined by full-matrix least-squares
methods. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in idealized positions and refined
isotropically. The final R values were calculated for R(F) = 4.71
and R (F) = 7.06.
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Summary: Extended Huckel and Fenske-Hall MO calcu-
lations have been used to examine the bonding in a series
of thiolato-bridged early-late heterobimetallics. The cal-
culations support the postulate of a weak, dative inter-
action between the electron-rich late metal and the
electron-deficient early metal center. Generally, for Ti
species the interaction is weak o bonding in character,
although for Zr there is an indication of an additional 7
component. When the coordination sphere of the late
metal center is trigonal or square planar, these interac-
tions result in a MS,M’ core folding and an endo —cisoid
conformation of the substituents on the bridging S atoms
is adopted. Alternatively, a endo-transoid conformation
and a planar MS,M’' core is seen when the late metal
center requires a pseudotetrahedral coordination geome-
try. The implications of these results with respect to the
structural and electrochemical properties is considered.

Studies of homogeneous complexes containing both an
early, oxophilic and a late electron-rich metal center have
been spawned by the observation of strong metal-support
interactions (SMSI) in heterogeneous catalyst systems.!

(1) (a) Metal-Support Interactions in Catalysis, Sintering, and Re-
duperawn, Stevenson, S, A., Dumesic, J. A., Baker, R. T. K., Ruckenstein,

, Eds.; Van Nostrand Reinhold Co.: New York, 1987 (b) Strong
Metal-Support Interactions; Baker, R. T. K., Tauster, S. J., Dumesic, J.
A., Eds.; American Chemical Society; Washington, DC, 1986.

One postulate offered to explain the phenomenon of SMSI
is electronic interaction between the disparate metal cen-
ters. Efforts to mimic such interactions have led to the
synthesis and study of a series of homogeneous systems
containing these diverse metal combinations. As part of
our effort in this area, we have previously reported a va-
riety of complexes in which thiolato ligands bridge di-
vergent metal centers. These complexes include species
of the form [Cp,M(u-SR);CuPRg]* (M = Ti, V) (A),23

A
\sfe \R '"S le “

A MaTiV B |
M’ =Cu, Ni

. /\/\/
P-R
s
R

C M= CuNi,Rh D
[Cp;Ti(u-SR),Cu(NCMe),]* and [Cp,Ti(u-SR),);Ni (B),3*

./\/\s+

e ‘S"‘Q\ M

M = Ti, Zr,

(2) Wark, T. A.; Stephan, D. W. Inorg. Chem. 1987, 26, 363.
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