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Reaction of the rhenium(l) allenylidene complex [Re{ C=C=CPh,}(CO),(triphos)]OTf (1;
triphos = MeC(CH,PPh,);, OTf = ~0OSO,CF3) with thiophenol, 2-thionaphthol, or allyl
mercaptan gave selectively the a,3-unsaturated thiocarbene complexes [Re{ C(SR)CH=CPh,} -
(CO),(triphos)]OTf (R = Ph (2), a-naphthyl (3), CH,CH=CH, (4)). A reversible reaction was
observed for PhSH in DMSO at 80 °C. Compounds 2 and 3 have been found to react with
sodium alkoxides, yielding the Kkinetic thioallenyl products [Re{C(SR)=C=CPh,}(CO),-
(triphos)] (R = Ph (6a), a-naphthyl (7a)). These equilibrated in room-temperature solution
with the thermodynamic thioalkynyl products [Re{ C=CC(SR)Ph_} (CO),(triphos)] (R = Ph
(6b), a-naphthyl (7b)) to give stationary states (6a/6b, 40/60; 7a/7b, 20/80). Deprotonation
of the thioallyl complex 4 gave the stable allenyl derivative [Re{ C(SCH,CH=CH,)=C=CPhy} -
(CO)(triphos)] (8). Ammonia, aniline, and propargylamine each reacted with 1 to give the
azoniabutadienyl compounds [Re{ C(=NHR)CH=CPh,} (CO),(triphos)]OTf (R = H (9), Ph (10),
CH,C=CH (11)) via N—H bond addition across the C,=Cgs double bond. NMR spectroscopy
showed the y-alkynylammonium complex [Re{ C=CCPh,(NH3)} (CO),(triphos)]OTf (12) to be
a transient intermediate along the reaction of 1 with ammonia. Treatment of 10 or 11 with
sodium methoxide resulted in the selective deprotonation of the nitrogen atom to give the
azabutadienyl compounds [Re{ C(=NR)CH=CPh} (CO),(triphos)] (R = Ph (13), CH,C=CH
(14)). The molecular structure of the azoniabutadienyl complex 11 was determined by a
single-crystal X-ray analysis. The geometry around the rhenium center conforms to a slightly
distorted octahedron, with the polyphosphine sitting on a face of the coordination polyhedron.
In keeping with the azoniabutadienyl structure, the Re—C, bond length is 2.151(7) A, and

the C,—N distance is 1.300(9) A.

Introduction

Transition-metal allenylidenes are receiving increas-
ing attention due to the wealth of their applications to
organometallic chemistry,»2 homogeneous catalysis,3
and the design of new materials.>? Indeed, the M=C=
C=C moiety, with its unsaturated carbon chain and its
alternating array of electrophilic/nucleophilic carbon
sites, makes allenylidene complexes unique organo-
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metallic reagents for use in both fundamental and
applied chemistry, especially in processes whereby the
formation of a C—C or C—heteroatom bond is sought.

The large majority of known allenylidene complexes
contain ruthenium(l1l) and osmium(ll), which are ver-
satile metals but not so much as to represent all the
possible reaction paths of the whole transition-metal
series.! A systematic study of the chemistry of metal
allenylidenes containing other elements than those of
group 8 is therefore highly desirable for an in-depth
understanding of the chemicophysical properties of the
metal—allenylidene moiety and eventually the design
of new allenylidene-based reactions.

In a series of recent papers from this laboratory, it
has been shown that rhenium(l) can be a valid alterna-
tive to group 8 d® metal ions to study the intrinsic
reactivity of the allenylidene ligand.*® This goal was
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achieved by using the square-pyramidal 16e~ [Re(CO),-
(triphos)]* auxiliary to convert various propargyl alcohol
derivatives to allenylidene ligands (triphos = MeC(CH,-
PPhy)3). Two terminal CO groups (nonsterically de-
manding, z-acceptors) and one facial triphosphine (ster-
ically demanding, o-donor) in the metal auxiliary
apparently give rise to an optimum combination of
electronic and steric effects for the stabilization of
cationic rhenium(l) allenylidenes without depressing the
Cs ligand-centered reactivity, which in fact has been
shown to be very rich toward nucleophiles, electrophiles,
and dipolarophiles.5 This paper reports some results
obtained on studying the reactivity of the disubstituted
allenylidene [Re{ C=C=CPh,} (CO),(triphos)]OTf (1; OTf
= ~0OS0,CF3) toward thiols and amines. Many reactions

o O *OTf"
W 1
C C _I
\/ .Ph
Ph,P—Re=C=C=C|
Ph
Ph,P  PPh,

1

were unexplored and have therefore allowed the dis-
covery of unprecedented synthetic paths to a variety of
organometallics, which includes a,8-unsaturated thio-
carbene, thioallenyl, thioalkynyl, azoniabutadienyl, am-
monioalkynyl and azabutadienyl derivatives.

Results and Discussion

Reactions of 1 with Thiols and Thiolates. Com-
plex 1 reacts with either aliphatic or aromatic thiols to
afford o,f-unsaturated thiocarbenes via regioselective
addition of the S—H bond across the allenylidene Cy,—
Cy bond. The reactions with thiophenol, thionaphthol,
and allyl mercaptan were conveniently carried out in
oxygen-free dichloromethane to give [Re{=C(SR)CH=
CPhy} (CO),(triphos)]OTT in excellent yields (R = CgHs
(2), a-naphthyl (3), CH,CH=CH,; (4)) (Scheme 1).

The presence of an a,8-unsaturated thiocarbene ligand
in 2—4 was unambiguously demonstrated by routine IR
and NMR (31P{1H}, 18C{H}, and H) spectra. Further
support was received by elemental analysis, while
DEPT-135 and 2D-NMR experiments (*H,'H-COSY,
1H,'H-NOESY, and 'H—-13C-HMQC) were useful to

determine the time-averaged preferred conformations
in solution. The only IR features deserving comment are
two strong »(CO) bands in the range 1977—1911 cm™1,
typical for o,f-unsaturated rhenium carbenes stabilized
by [Re(CO),(triphos)]*, and a medium-intensity band at
ca. 1550 cm~?! due to the vinyl C=C stretching vibra-
tion.4~7

Relevant spectroscopic parameters for all new com-
pounds are given in Table 1.

The room-temperature 3'P{1H} NMR spectra of 2—4
consist of three multiplets, indicating the magnetic
inequivalence of the two phosphorus atoms trans to the
carbonyl groups. AMX spin systems are rarely observed
for octahedral [Re(CO)y(triphos)L]* fragments (L =
unidentate ligand):® their formation reflects either the
presence of a dissymmetric and bulky L ligand or a
ligand linked to the metal via a multiple bond. In either
case, the ligand cannot freely rotate around the Re—L
axis. The present o,8-unsaturated thiocarbene ligands
conform to these characteristics, as they have no sym-
metry element and are sufficiently bulky to sterically
interact with the phenyl groups on the triphos ligand;
the most important contribution to hindered rotation
should be the presence of a Re—C bond with double-
bond character, however.

In an attempt to determine the energy barrier to
rotation, the thiophenyl carbene 2 was studied by
variable-temperature NMR spectroscopy in DMSO-de.
Increasing the temperature of the probe head to 70 °C
did not appreciably affect the signal at —20.38 ppm
(trans to the thiocarbene), which maintained the pseudo-
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Table 1. H, 13C{H}, and 3'P{'H} NMR Spectral Data and IR Absorptions for the Complexes 2—14 (at Room
Temperature, in CD,Cl,)

T BC{'H} MPLHY § (ppm), J (Hz)
Complex & (ppm), J (Hz) S (ppm), J (Hz)
IR (KBr, cm™)
spn Jort 171 (@ Jue 2.6, 3H, CH; g 292.2 (dt, Jepmans 311, Jepeis 8.2, Re=C) 8, -10.69  Jay 25.4
[Re] =C Ph 2.73 (m, 6H, CH3 yiphos) 196.9 (dt, Jepprans 47.6, Jepeis 7.6, CO) S —19.81 Jax21.0
e=c{ 6.71(d, Jup 6.0, 1H, CH=CPhy) 194.8 (dt, Jepuans 476, Jeress 6.7, €O) Bx-21.49  Jyx 203
H Ph 142-146 (all s, CH=CPh; + C ;5)
140.0 (d, Jcp 4.3, CH=CPhy) V(CO) 1973 (vs),
5 be 39.8 (q, Jep 10.1, CH; iphos) 1915 (vs)

39.2(q, Jep 3.3, CH3-C yiphos)
37.1 (m> CHZ'Pax triphos)
34.5 (m, CHz'Peq triphOS)

V(C=C) 1559 (w)
v(OTH) 1271 (s)

—| OTf
1.70 (q’ JHP 23, 3H, CH? lriphos) 2912 (dta JCP/mm‘ 3 115 J(‘Pci‘s 83, RC:C)

841020 Ju24.0

S 2.30-3.10 (br m, 6H , CHy yiphos) 191.0 (br m, CO) Sv—19.45 Jux252
[Re] =C\ /Ph 6.82 (d, Jyp 5.1, 1H, CH=CPh,) 147.1 (d, Jepyans 4.4, CH=CPhy) x=21.09  Jux22.0
H/C=C\ 140 - 146 (all s, CH=CPh, + C i)
Ph

39.9(q, Jep 10.2, CHs griphos)
39.3(q, Jep 4.4, CH3-C yiphos)

3 37.1 (dm, Jepay 22.2, CH,-Pyy)
34.7 (br m, CH,-Peq riphos)

v(CO) 1977 (vs),
1911 (vs)
v(C=C) 1530 (w)
v(OTt) 1271 (s)

H He [OTf
d\ % e—l

c 1.70 (g, Jip 2.7, 3H, CH yiphos) 291.2 (dt, Jepmans 30.0, Jepeis 7.5, Re=C) 8, =19.53  Jupy 20.8
Hb\c/‘é\HC 2:40-2:85 (brm, 6H, CH: ) 194.7 (dm, Jepgan 42.0, CO) Su—18.68  Jux 24.1
TN 2.61°(dd, Juary 132, Juanc7.2, 1L H,) 14622 (s, CH=CPh,) 5x-977  Jux 208
[Re1=C, 3437 (dd, Juppta 13.2, Jroe 7.2 TH, Hy) 141 - 146 (all s, CH=CPhy + € )
~Cs ™ 4.94°(dq, Jughe 16.5, Jugnave 1.5, THHy)  129.7" (s, CH,) V(CO) 1968 (vs),
Ph 5.137 (dd, Juepie 10.5, Jpeng 1.5, 1H, Hy) 121,17 (s, =CH H,) 1914 (vs)
5.257(ddt, Jueng 16.3, Frcrie 7.2, 50.2" (s, CHHy) V(OTE) 1269 (5)
JHcHabs 1.5, TH, He) 39.6(q, , Jep 10.3, CH; wiphos) v(C=C) not observed
gbe 6.8¢ (brs, H, CH=CPh,) 38.7 (q, Jep 3.9, CH3 C yiphos)
36.9 (d, Jep 22.6, CHo-Pyx wriphos)
34.7 (d, Jep 22.6, CHy-Pe iphos)
33.2 (d, Jep 22.6, CHy-Pe iphos)
Sph 1.43 (br s, 3H, CHj yiphos) 200.9 (s, ReC(SPh)=C=CPh,) 84—531  Jayu 17.8
[Re]— C/\\ 2.20-2.75 (br m, 6H, CHy yiphos) 198.4 (m, CO) Sy —19.01
RN 104.3 (s, ReC(SPh)=C=CPh,)

?—Ph

of 90.0 (d, Jepyans 25.0, ReC(SPh)=C=CPh,)

40.0 (q, Jep 9.8, CH; yiphos)
627! 39.6 (q. Jep 3.7, CH3-C yiphos)

35.6 (d, Jepax 22.0, CHa-Pay iphos)

33.6 (1d, Jepeq 16.0.Jcpax 5.0, CHy-Peg triphos)

V(CO) + v(C=C=C)
1948 (vs), 1888 (vs)



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on May 9, 2002 on http://pubs.acs.org | doi: 10.1021/0m020046w

Addition of E—H Bonds across C,=Cg Bonds

Table 1 (Continued)

Organometallics, Vol. 21, No. 12, 2002 2385

H Be{'H} YP{'H} & (ppm), J (Hz)
Complex 8 (ppm), J (Hz) 3 (ppm), J (H2)
IR (KBr, cm™)
Y 1.48 (br s, 3H, CH; yipnos) 198.4 (m, CO) §a—424 Sy 171
[Re]-C=C—C—SPh
“er 2.20-2.75 (br m, 6H, CHy yiphos) 113.7 (d, Jeppans 13.5, Re-C=C) 8y —20.38
100.2 (dt, Jeppany 34.3, Jepesy 12.5, Re-C=C)
6b<*! 62.5 (s, CPh,SPh) V(C=C) 2083 (m)
40.0 (q, Jep 9.8, CH; yriphos) v(CO) 1948 (vs),
39.6 (q, Jep 3.7, CH3-C yiphos) 1888 (vs)
36.7 (d, Jepay 20.8, CHy-Pyy iohos)
344 (td, Jepeg 15.5, Jepax 7-0, CHaPeg inhos
1.46 (br s, 3H, CH; yios) 199.6 (s, ReC(SNp)=C=CPhy) da—4.75  Jam 17.01
ha 2.15-2.65 (br m, 6H, CHy iphos) 197.5 (m, CO) By ~20.89
RN 106.3 (s, ReC(SNp)=C=CPh,)
\\'cfph 92.1 (d, Jepans 224, ReC(SNp)=C=CPhy)
Ph 39.7(q, Jep 10.1, CH; yiphos)
Tpetl 39.5(q, Jer 3.5, CH3-C iphos)
37.2 (d, Jopax 21.1, CHyPyy giphos)
35.0 (td, Jepeq 15.7.Jcpax 5.8, CHaP g wiphos)
[Re] 141 (q Jup 2.1, 3H, CH; giphos) 197.8 (m, CO) §4-535  Jam L7.1
?.C? 238 (d, Jup 7.5, 2H, CHyPoy inhos) 11,7 (d, Jeppans 14.6, Re-C=C) Sy —18.24
Ph/(;;\Ph 2.20-2.75 (br m, 4H, CHy-Pegriphos)  100.7 (dt, Jepans 33.0, Jepeis 14.7, Re-C=C)
s 82.6 (s, CPh,SNp) v(C=C) 2076 (m)

1.45 (g, Jup 2.7, 3H, CHj yiphos)
2.20-2.75 (br m, 6H, CH} teiphos)
3.43 (psdt, Juama 7.2, Juane 1.0, Juams
1.0, 2H, Hy)
4.92(ddt, Juena 9.9, Juern 2.1,
Jhena 1.0, TH, H,)
5.04 (ddt, Jupma 17.1, Jpne 2.1,
Jupng 1.0, 1H, Hy)
5.92° (ddt, Juarp 17.1, Jarte 9.9, Jhana
7.2, 1H, H))

40.7 (q, Jep 10.3, CHj yiphos)

39.7 (q Jep 4.6, CH3-C gipnos)

35.4 (d, Jepax 22.9, CHy-Pyy riphos)

33.8 (td, Jepeq 14.0, Jopax 5.0, CH-Peg yriphos)

199.0 (d, Jeppans 3.0, Re-C(SR)=C=CPh,)
198.6 (br m, CO)

124.9%8 (s, CH,=CH,H.)

115.5 (s, CH,=CH,H,)

102.0 (s, Re-C(SR)=C=CPh,)
89.8 (dt, Joppass 26.0, Jopes
C(SR)=C=CPh,)

41.2% (s, CHgHy)

40.0 (q, Jcp 10.3, CH giphos)

39.0 (g, Jep 4.7, CH3-C giphos)
36.2 (d, Jepax 21.6, CH-Py triphos)
33.1(td, Jepeq 14.7, Jepax 75, CHa.Peq iphos)

10.0, Re-

V(CO) 1937 (vs),
1872 (vs)

§4-5.29
Su—19.59

Jam 16.8

V(CO) + v(C=C=C)
1942 (vs), 1893 (vs)
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T BCiH] MPLHY § (ppm), J (Hz)
Complex 8 (ppm), J (Hz) 8 (ppm), J (Hz)
IR (KBr, cm™)
//NHz Tort
e~ o 1.58 (q Jip 2.4, 3H, CH yiphos) 249.3 (dt, Jeppans 29.6, Jepeis 12.0, Re-C) 3a-14.11 Jam 21.0
H”CZC o 2.51(d, Jup 8.1, 21, CHy-Pyy iphos) 1971 (A, Jepyrans 42.6, CO) Sy -12.53
2.30-2.70 (br m, 4H, CHy-Peq yiphos) ~ 131.2%(d, Jepyans 10.0, CH=CPhy)
14.0 (br s, 2H, NH;) 81.4%(d, Jepyans 3.0, CH=CPh,) V(NH) 3324 (w),
gcf 39.6 (q, Jep 9.4, CHj iphos) 3178 (m)
39.0 (g, Jep 3.6, CH3C triphos) v(CO) 1959 (vs),
34.7(td, Jereg 145, Jerax 4.7, CHoPeguiphs) 15899 (vs)
32.1(d, Jopax 226, CHaPasipross Jerea3:7) 0=y 4 y(C=N)
1598 (w), 1489 (m)
NHpr 10Tt 1.69 (br s, 3H, CHj iphos) 237.2 (dt, Jeppans 31.7, Jepeis 8.8, ReC) 84 -9.22 (pst) Jam25.7
[Re]-C Ph 2.72 (m, 6H, CH) yiphos) 199.7 (dt, Jeppans 43-3, Jepeis 7.3, CO) OK Sm—11.52 (ps 1) Jax 20.0
H/C=C on 6.15 (d, Jupirans 6.9, 1H, CH=CPhy  198.1 (dt, Jepsrans 46-4, Jepers 7.9, CO) OK 3y —18.06 (ps 1) Jyx 21.4
8.62 (brs, 1H, NH) 138.08 (br s, CH=CPh,)
107 138.5-141.9¢ (all s, CH=CPh, + C i) V(NH) 3328 (m)
40.2 (q, Jep 10.0, CH; yippos) V(CO) 1958 (vs),
39.5(q, Jep 3.9, CH3-C yiphos) 1896 (vs)
37.4 (m, CH-Pyy wiphos) V(C=C) + v(C=N)
35.0 (m, CH:-Peg vipros) 1603 (w), 1491 (m)
31.1m, CHa-Peg i) V(OT) 1265 (5)
NHCHZCECH—l o 1.68 (q, Jup 2.6, 3H, CHS yiphos) 236.5 (dt, Jepsrans 31.1, Jepess 8.1, Re-C) 84 —743 (pst) Jam 25.4
[Re]‘c\/czc iPh 2.25 (t, Jun 2.7, 1H, C=CH) 199.1 (dt, Jepmans 47.6, Jepeis 8.5, CO) S —10.01 (ps 1) Jax 21.3
H Ph 2.65 (m, 6H, CH’ yiphos) 197.8 (dt, Jepirns 45.1, Jepeis 7.9, CO) 8x ~15.45 (ps ) Jux 22.6
321 (td, Jup 5.7, Jun 2.7, 1H, CHy) ~ 138.0-142.0 (all s, CH=CPh; + C iy
6.60 (s, IH, CH=CPh,) 137.2% (s, CH=CPhy) V(NH) 3302 (m)
1% 9.71 (brs, 1H, NH) 76.5 (s, C=CH) V(CO) 1954 (vs),
76.0 (s, C=CH) 1892 (vs)

40.9%(d, Jep2.4, CH,)

40.1 (q, Jep 10.4, CH; iphos)
39.5(q, Jep 3.1, CH3-C yiphos)
37.3 (m, CHy-Pyy riphos)

35.3 (m, CHy-Peq triphos)

31.4 (m, CHy-Peg iphos)

v(C=C) 2072 (m)
v(C=C) + v(C=N)
1609 (w), 1580 (m)
V(OT1) 1265(s)
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'H “c{'H} *P{'H} 5 (ppm), J (Hz)
Complex 8 (ppm), J (Hz) 8 (ppm), J (Hz)
IR (KBr, cm™)
ph JoTt 1.28 (br s, 3H, CH yiphos) 198.0 (m, CO) 84 —6.34 Sy 19.4
[Re]_CEC_CéNm 2.10-2.50 (br m, 6H, CH iphos) 115.6 (d, Jopyans 14.1, Re-C=C) 8 —18.63
Ph 2.61 (brs, 3H, NH;) 101.2 (dt, Jepuans 31.1, Jepeis 14.0, Re-C=C)
69.9 (s, CPh,NH;) V(C=C) 2080 (m)
1204 39.6 (m, CH; yiphos + CH3-C yiphos) V(CO) 1940 (vs),
36.2 (d, Jepax 19.9, CHy-Pyy tiphos)
344 (td, Jepeq 12.9, Jepax 6.7, CHa-Peg tiphos
//NPh
[Re]-C o 1.54 (br s, 3H, CHs iphos) 206.2 (dt, Jeppans 31.0, Jepey 7.5, Re-C) 84 =7.54 (ps ) Jam 16.5
H,C=C’\Ph 2.00-3.10 (br m, 6H, CH iphos) 201.5(m, CO) Sv—8.78 (dd) Jax 16.5
6.23 (d, Jyp 7.2, 1H, CH=CPh,) 119.98 (s, CH=CPh,) Sx —29.47 (dd) Jyx 233
68.7% (s, CH=CPh,)
1345« 39.7(q, Jep 9-3, CH yriphos) V(CO) 1944 (vs),
39.3(q, Jep 3.7, CHa-C yiphos) 1885 (vs)
367 (td, Jereq 18.0, Jeran 7.0, CHoPeguignos) (=) + y(C=N)
331 (m, CHaPaxiphos) 1589 (w), 1520 (m)
NCH,c=CH 163 (q, Jup 2.7, 3H. CH; iphos) 202.5 (m, CO) 8a -6.47 (dd) Jyx 15.0
[Re]-C Ph 2.29 (t, Juy 2.4, 1H, CH,C=CH) 199.9 (dm, Jepyans 34.0, Jepeis 7.9, Re-C) Sn -9.01 (dd) Jax 20.3
H/C=C\Ph 2.82 (d, Jup 8.4, 2H, CHo-Pyy iphes)  144.5% (s, CH=CPhy) 8x -30.12 (dd) Jay 26.3
2.40-2.95 (br m, 6H, CHy-Py yiphos + 87.3% (s, NCIHL,C=CH)
CH,C=CH) 69.1¢ (s, NCH,C=CH) V(CO) 1938 (vs),
140be 6.22 (s, 1H, CH=CPh,) 40.7 (q, Jer 9.5, CHs yiphos) 1878 (vs)

40.5(q, Jep 4.0, CH3-C yighos)
38.7% (m, NCH,C=CH)
37.6% (m, CHa-Peq wiphos)
33.6% (m, CHy-Py iphos)

v(C=C) + v(C=N)
1623 (w), 1467 (m)

a At 253 K. P Bruker ACP200 spectrometer. ¢ Varian VXR300 spectrometer. 9Bruker DRX 500 spectrometer. & 3'P{1H} NMR spectra
exhibit an AMX splitting pattern. f31P{1H} NMR spectra exhibit an AM splitting pattern. 9 Assigned by DEPT-135 experiment. " Assigned
by 13C—1H HETCOR. ' Assigned by H—H COSY. ! These spectra were recorded on the equilibrium mixture of products. ™ The 13C{1H}
NMR spectrum wasecorded at 233 K. Key: s, singlet; d, doublet; t, triplet, g, quartet; m, multiplet; br, broad.
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triplet multiplicity; in contrast, the other two resonances
(trans to CO) significantly broadened. On further in-
crease of the temperature to 80 °C, these two signals
collapsed into the baseline, thus indicating the approach
of a freely rotating thiocarbene ligand (Scheme 2).

Unfortunately, the fast exchange regime of the spec-
trum could not be attained, due to the concomitant
decomposition of the complex to regenerate the parent

allenylidene 1 and free thiophenol. This transformation
was quantitative in a few minutes at 90 °C. However,
when the NMR tube was cooled to 25 °C, the AMX
pattern of 2 was completely restored. To the best of our
knowledge, this is the first reported case of reversible
S—H bond addition to a metal—allenylidene system.
The BC{IH} NMR spectra of the thiocarbenes 2—4
showed the a-carbons of the carbene ligands to have a
doublet of triplets at ca. 290 ppm with coupling con-
stants (J(CPirans) &~ 31, J(CPgs) ~ 8 Hz) typical for
rhenium(l) carbene complexes stabilized by triphos.4~®
In agreement with the magnetic inequivalence of the
two CO groups trans to phosphorus, the spectrum of the
thiophenyl derivative 2 contained two distinct doublets
of triplets (0co 196.9 and 194.8) for the two carbonyl
carbons. The olefinic carbons of the o,5-unsaturated
carbene substituents gave rise to singlets between 147
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and 140 ppm, with the exception of 3, in which the CH=
carbon atom appeared as a doublet (60 147.1) with a
small coupling (J(CPqrans) = 4.4 Hz) to the trans phos-
phorus atom. In the thioallyl carbene 4, an upfield
vinylic pair of singlets (6cn= 129.7, Och,= 121.1) and a
DEPT-135 inverted CH; signal (6 50.2) featured the
allylic substituent on the sulfur atom. 2D-NMR spectra
(*H,'H-COSY, H,'H-NOESY, and H,*C-HMQC) al-
lowed the assignment of the five protons of the SCH,-
CH=CH, group, in which the CH; protons appeared as
a diastereotopic pair at 4.94 and 5.13 ppm. The *H NMR
spectra of 2—4 showed singlets for the CH proton of the
CH=CPh; unit at 6.71 (2) and 6.82 ppm (3), whereas
the corresponding signal of 4 was not observed due to
overlapping with the aromatic proton resonances. How-
ever, the unambiguous identification of this proton at
ca. 6.8 ppm was obtained from a 'H,13C-HMQC NMR
spectrum. 'H,’'H-NOESY experiments did not show any
cross-peak involving the Cz vinyl proton and any
hydrogen from the phenyl substituents at phosphorus.
This evidence, supported by the X-ray structure of an
azoniabutadienyl complex (see below, compound 11),
suggests that the preferred conformation of the thio-
carbene ligand in 2—4 is such as to accommodate the
CH=CPh; group between the two Re—CO vectors away
from the phosphorus atoms.

The addition of thiols to cumulene metal complexes
is a known reaction for vinylidene compounds and gives
either thiocarbenes® or S-bonded thioaldehydes.1° In
contrast, the plain reaction of thiols with allenylidene
complexes has been much less studied: to the best of
our knowledge, this reaction is essentially limited to one
example reported by Esteruelas and co-workers, who
reacted the cationic ruthenium(ll) complex [Ru(CO)-
(PPri3){ C=C=CPhy} (17°>-CsHs)1BF4 (5) with Pr"SH, giv-
ing the a,-unsaturated thiocarbene [Ru(CO)(PPris)-
{C(SPrMCH=CPhy} (#5-CsHs)]BF4 (Scheme 3).112 The
same authors have also reported a cyclization reaction
with pyridine-2-thiol. 110

Like Esteruelas’ ruthenium(ll) derivative, treatment
of 2 and 3 with either sodium methoxide or potassium
tert-butoxide in THF at room temperature resulted in
the selective deprotonation of the CH=CPh, group of
the thioalkoxycarbene to give the kinetic 1-S-thioallenyl
products [Re{ C(SR)=C=CPh} (CO),(triphos)] (R = CsHs
(6a), o-naphthyl (7a)). With time, the thioallenyl com-

(9) Boland-Lussier, B. E.; Hughes, R. P. Organometallics 1982, 1,
635.

(20) Bianchini, C.; Glendenning, L.; Peruzzini, M.; Romerosa, A.;
Zanobini, F. J. Chem. Soc., Chem. Commun. 1994, 2219.

(11) (a) Esteruelas, M. A.; Gomez, A. V.; Lahoz, F. J.; Lopez, A. M;
Onfate, E.; Oro, L. A. Organometallics 1996, 15, 3423. (b) Esteruelas,
M. A.; Lopez, A. M. In Recent Advances in Hydride Chemistry;
Peruzzini, M., Poli, R., Eds.; Elsevier: Amsterdam, 2001; Chapter 7,
pp 213-215.
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pounds partially transformed into the alkynyl deriva-
tives [Re{ C=CC(SR)Phy} (CO),(triphos)] (R = CsHs (6b),
o-naphthyl (7b)) to give stationary states (Scheme 4).
A detailed in situ NMR study has been carried out
for the reaction between the thiophenyl precursor 2 and
KOBuUt. The addition of a saturated THF solution of the
alkoxide to an acetone-dg solution of 2 at room temper-
ature gave selectively the expected allenyl complex 6a.
During the time necessary to record the first 31P{1H}
NMR spectrum only a trace amount (<1%) of the
alkynyl isomer 6b was observed, in fact. On standing
at room temperature, the isomerization of 6a to 6b
slowly took place and, after 2 h at room temperature, a
61/39 ratio between the two compounds was calculated
by NMR integration. This product composition did not
vary over 1 week, which indicates the attainment of a
stationary state. A stationary state was also observed
for the thioallenyl and alkynyl products 7a and 7b,
obtained by reaction of 3 with NaOMe. In this case,
however, a 20/80 product ratio was observed, which
reflects the larger size of the naphthyl substituent. In
the absence of in-depth theoretical studies, it would be
hazardous to propose a mechanism for the present
allenyl—alkynyl isomerization. We can only rule out an
intermolecular process, as both the isomerization rate
and the stationary state composition were independent
of the concentration of the thioallenyl species.
Unambiguous structural identification of the allenyl/
alkynyl isomers in the thermodynamic mixture was
straightforwardly obtained by means of IR and 13C NMR
spectroscopy. As an example, the »!-thioallenyl ligand
in 6a showed signals at 200.9 ppm for Cg, 104.3 ppm
for C,, and 90.0 ppm for C,, while the g-alkynyl isomer
6b was featured by signals at 113.7 ppm for Cg, 100.2
ppm for C,, and 62.5 ppm for C,. Furthermore, the IR
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spectrum of 6b contained a band at 2083 cm™! for the
C=C moiety, while a band at 1888 cm~! was found for
the C=C=C array in 6a.

In an attempt to confirm the allenyl—alkynyl isomer-
ization, the allenylidene complex 1 in THF was reacted
with solid sodium thiophenate at room temperature in
a Schlenk tube (Scheme 4). After workup of the resulting
brown solution, a brownish solid was isolated that 3P
NMR spectroscopy showed to be a 60:40 mixture of 6a
and 6b. An identical product ratio was observed also
when the reaction was performed in a5 mm NMR tube
in acetone-ds at room temperature for 2 h. However,
when the addition of PhSNa was made at —10 °C, only
the thioallenyl complex 6a was initially formed, which
converted to the alkynyl isomer 6b very slowly to give
an 82:18 product ratio after 2 h.

Interestingly, the addition of anhydrous HBF4-OMe,
to the room-temperature thermodynamic mixture of 6a
and 6b, obtained by treatment of 2 with NaOMe, gave
exclusively the allenylidene precursor 1 and free PhSH
(Scheme 5). This result shows that the deprotonation
of the C4 carbon of 2 by the strong base somehow follows
the microscopic reversibility criterion: the added proton
was delivered to the position from which it was ex-
tracted (Cp) to give an unstable 3-mercapto vinylidene.
Ultimately, this intermediate loses PhSH, converting
to 1. The latter reaction path is well-established for
hydroxy vinylidenes and resembles the common mech-
anism through which allenylidene complexes are formed
from propargyl alcohols.’? Consistent with the mecha-
nism proposed in Scheme 5 (broken arrows), both 1 and
free thiophenol were detected by *H NMR spectroscopy
(60 3.34 for the SH proton) at the early stages of the
protonation reaction of 2. On standing at room temper-
ature, the thiophenol resonance disappeared; formed in
its place was the signal of the Cs—H hydrogen of the
o,B-unsaturated thiocarbene 2. The same reaction se-
guence was observed for the naphthyl derivative 3.

The formation of thioallenyl complexes via regio-
selective addition of an anionic nucleophile to the C,
carbon atom is an unprecedented reaction for allen-

(12) Selegue, J. P. Organometallics 1982, 1, 217.
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ylidene metal complexes, which commonly react with
such nucleophiles to give y-alkynyl derivatives. For
example, 1 is selectively converted to the stable y-
alkynyl complexes [Re{C=C—-CPh;R}(CO),(triphos)]
(R = OH, OMe, Me, H) by reaction with OH~, OMe™,
Me™, or H™.5

Unlike 2 and 3, the allylmercapto carbene 4 was
deprotonated by sodium methoxide, yielding only the
allenyl complex [Re{ C(SC3Hs)=C=CPh,} (CO),(triphos)]
(8) (Scheme 6). Solutions of 8 were stable and showed
no allenyl-to-alkynyl isomerization on standing at room
temperature over 1 week or even after heating to 60 °C
for 6 h. Steric effects are probably important for the
stabilization of 8, which actually contains the least
bulky S substituent in the thiols investigated. Proto-
nation of 8 with HOTf at room temperature regenerated
the carbene 4 quantitatively.

Complex 8 is featured by 3C and 'H NMR spectral
data, which agree with the presence of an r!-thio(allyl)-
allenyl ligand. In particular, three 13C resonances at
199.0, 102.0, and 89.8 ppm could unequivocally be
assigned to the Cg, C,, and C, carbon atoms of the
allenyl moiety, while three singlets at 124.9, 115.5, and
41.2 ppm were attributed to the allyl substituent.

Reaction of 1 with Ammonia and Primary
Amines. Ammonia and aromatic or aliphatic primary
amines, exemplified here by aniline and propargyl-
amine, reacted with 1, showing the same regioselectiv-
ity: i.e., N—H bond addition across the C,=Cg double
bond. The products isolated were not the expected
aminocarbenes, however; instead, azoniabutadienyl prod-
ucts were obtained (Scheme 7).

Bubbling gaseous ammonia through a dry CHCl,
solution of 1 at room temperature, followed by elimina-
tion of excess NH3 and solvent under reduced pressure,
gave the o,5-unsaturated azoniabutadienyl complex [Re-
{C(=NHj)CH=CPhy} (CO),(triphos)]OTTf (9) as a brown
solid in excellent yield. Careful dehydration of the
solvent was necessary to avoid the formation of the
y-hydroxyalkynyl complex [Re{C=CCPhy(OH)}(CO),-
(triphos)] by regioselective OH™ attack at C,.5

Monitoring by NMR spectroscopy the reaction be-
tween a CDCl; solution of 1 and ammonia at 0 °C in a
5 mm tube revealed the formation of a Kinetic product
preceding the azoniabutadienyl complex. This inter-
mediate species was the y-ammonioalkynyl complex
[Re{ C=CCPh2(NHz3)} (CO),(triphos)]OTf (12), whose for-
mation apparently involved amine attack at the C, atom
of the allenylidene precursor. Complex 12 was not stable
at 0 °C and transformed slowly into the azoniabutadi-
enyl derivative 9. The conversion was complete in ca. 4
h. All our attempts to isolate pure 12 were unsuccessful,
however, the elimination of the solvent at —40 °C gave
a mixture of 9 and 12, in which the latter compound
was present in a ca. 30% amount.

The structural formulation proposed for 12 relies on
a thorough spectroscopic analysis in CDCl; solution. The
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31P{1H} NMR spectrum showed an AM, pattern with
NMR parameters (0o —6.34, om —18.63, J(PP) = 19.4
Hz) typical of rhenium o-alkynyl complexes of the
general formula [Re{ C=CCPh,R}(CO),(triphos)]®+.56b
Specific structural information was obtained from a
proton NMR spectrum that contained a broad singlet
at 2.61 ppm due to the three ammonium protons of the
NH3; group and from a 13C{*H} NMR spectrum at —40
°C that allowed us to assign the resonances of the C,
(101.2 ppm, J(CPyrans) = 31.1 Hz, J(CPgs) = 14.0 Hz)
and Cg (115.6 ppm, J(CPyrans) = 14.1 Hz) carbon atoms
of the alkynyl moiety.>° Consistent with the presence
of a C=C triple bond in 12 was also an IR stretching
frequency at 2080 cm™1. To the best of our knowledge,
no y-ammonioalkynyl metal complex has ever been
described, although their syntheses have been previ-
ously attempted.2 For example, the reaction of NH3z with
the Rh' allenylidene trans-[Rh{ C=C=CPh,} (O=CMe,)-
(P'Pr3),)]PFs resulted in the simple acetone substitution
by NHj; instead of its addition to the allene ligand.3

Stable azoniabutadienyl complexes were also formed
by reaction of 1 with aniline and propargylamine at
room temperature in CH,Cl; to give [Re{ C(=NHPh)-
CH=CPh_} (CO),(triphos)]OTf (10) and [Re{C(=NH-
CH,C=CH)CH=CPh,}(CO),(triphos)]OTf (11), respec-
tively. With the less basic and more sterically demand-
ing aniline, much longer reaction times were required
to complete the reaction (5 h instead of 1 h with
propargylamine).

NMR monitoring of the reactions between 1 and
aniline or propargylamine did not show any intermedi-
ate species along the transformation into 10 and 11,
respectively. The lack of detected intermediates is
probably due to direct addition of the N—H bond across
the C,=Cg bond in 1 with no preliminary attack at C,,
as a consequence of the larger cone angle of both aniline
and propargylamine as compared to ammonia.

(13) Windmduller, B.; Nurnberg, O.; Wolf, J.; Werner, H. Eur. J.
Inorg. Chem. 1999, 613.

The solid-state structure of 11 as determined by a
single-crystal X-ray analysis consists of [Re{C(=NH-
CH,C=CH)CH=CPh,}(CO);(triphos)]* cations and tri-
flate anions in a 1:1 ratio with no interspersed solvent
molecules. An ORTEP view of the complex cation is
shown in Figure 1, while selected bond distances and
angles are listed in Table 2.

The coordination geometry around the rhenium atom
can be described as a distorted octahedron with three
contiguous coordination positions taken by triphos, two
mutually cis positions taken by two CO groups, and the
last position taken by a carbon atom from an azoniab-
utadienyl ligand. The Re—P2 and Re—P3 distances
involving the two mutually cis P atoms trans to CO
(2.502(2) and 2.486(2) A, respectively) are in agreement
with analogous distances in many rhenium(l) complexes
containing the [Re(CO),(triphos)]* fragment.#6a-d.15 The
Re—P1 distance trans to the o-organyl ligand is signifi-
cantly shorter (2.442(2) A) than the other Re—P separa-
tions, which is consistent with a weaker trans influence
of the azoniabutadienyl ligand as compared to CO. In
keeping with the formulation of these complexes as
azoniabutadienyl derivatives rather than amino-
carbenes, the Re1—C3 distance (2.151(7) A) is typical
for a single bond, while the C3—NL1 distance (1.300(9)
A) is that of a C=N double bond with a positive charge
localized on the nitrogen atom. The single-bond dis-
tances C3—C7 (1.496(10) A) and N1—C4 (1.498(10) A)
and the double-bond distance C7—C8 (1.340(10) A) are
indicative of the absence of any electronic delocalization
in the butadienoid moiety.

In Table 3 are reported the Re—C and Re—Pyrans bond
distances found in 11 and in other rhenium(l) organyl
complexes containing the [Re(CO),(triphos)]™ moiety. An
inspection of this table shows that (i) the Re—C dis-
tances may vary from 1.925 to 2.171 A on going from

(14) Johnson, C. K. ORTEP II; Report ORNL-5138; Oak Ridge
National Laboratory, Oak Ridge, TN, 1976.

(15) Bianchini, C.; Marchi, A.; Martelli, L.; Peruzzini, M.; Romerosa,
A.; Rossi, R.; Vacca, A. Organometallics 1995, 14, 3203.
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Figure 1. ORTEP view of the complex cation of 11, [Re-
{C(=NHCH,C=CH)CH=CPh_} (CO),(triphos)]*. The ellip-
soids are drawn at the 30% probability level. Only the ipso
carbons of the phenyl rings of the triphos ligand are shown
for the sake of clarity.

Table 2. Selected Bond Lengths (A) and Angles
(deg) for the Complex Cation
[Re{ C(=NHCH,C=CH)CH=CPh,}(CO),(triphos)]*
(11)

Re(1)—P(1) 2.442(2) C(2)-0(2) 1.159(8)

Re(1)—P(2) 2.502(2) C(3)-N(1) 1.300(9)

Re(1)—P(3) 2.486(2) C(3)-C(7) 1.496(10)
Re(1)—C(1) 1.925(6) C(4)—-N(1) 1.498(10)
Re(1)—C(2) 1.907(6) C(4)—C(5) 1.462(11)
Re(1)—C(3) 2.151(7) C(5)—C(6) 1.147(14)
C(1)—-0(1) 1.147(8) C(7)-C(8) 1.340(10)

P(1)-Re(1)-P(2)  81.70(6) P(3)—-Re(1)-C(3)  96.9(2)
P(1)-Re(1)-P(3)  85.63(6) C(1)-Re(1)-C(2)  84.6(3)
P(2)-Re(1)-P(3)  86.75(5) C(1)-Re(1)-C(3)  87.0(3)
P(1)-Re(1)-C(1)  90.0(2) C(2)-Re(1)-C(3)  85.2(2)
P(1)-Re(1)-C(2)  99.1(2)  Re(1)-C(3)-N(1) 128.0(5)
P(2)-Re(1)-C(1)  99.3(2) Re(1)-C(3)-C(7) 117.4(4)
P(2)-Re(1)-C(2) 176.0(2) N(1)-C(3)-C(7)  114.5(6)
P(3)-Re(1)-C(1) 172.6(2) N(1)-C(4)-C(5)  111.8(7)
P(3)-Re(1)-C(2)  89.4(2) C(@4)-C(5)-C(6)  176.5(10)
P(1)-Re(1)-C(3) 175.0(2) C(3)-C(7)-C(8)  130.4(6)
P(2)—Re(1)-C(3)  94.2(2)

double to single Re—C bonds and (ii) the Re—P¢rans
distances increase with the double-bond character of the
Re—C bond.

On the basis of the X-ray crystal analysis of the
propargyl amino derivative and the relative spectro-
scopic characteristics in solution, also 9 and 10 can
safely be considered as azoniabutadienyl complexes. In
agreement with the presence of a localized C=N double
bond, the IR spectra of 9—11 exhibited medium-
intensity »(C=N) absorptions in the 1580—1489 cm™!
region. Other IR bands at ca. 3320 and 1600 cm~! were
assigned to »(NH) and v(C=C) of the azoniabutadienyl
ligand, respectively. In the NH, derivative 9, the band
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Table 3. Structural Data for X-ray-Authenticated
[Re(R)(CO).(triphos)]Y Complexes
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at 3324 cm~! was accompanied by a twin absorption at
slightly lower energies (3178 cm~1). The presence of two
IR absorptions in the NH region is typical for the
presence of a stereochemically rigid NH, group; indeed,
a similar IR pattern can be observed in the IR spectrum
of the primary aminocarbene fac,cis-[Ru{ C(NH2)CH>-
Ph} Cl,(PNP)] (v(NH) 3383, 3276 cm~1; PNP = CH3CH,-
CH2N(CH2CH2PPh2)2).16 The 'H and 13C{1H} NMR
spectra were fully consistent with the presence of an
nt(Cy)-azoniabutadienyl ligand in all complexes. In
particular, the proton spectrum of 11 showed a singlet
at 6.60 ppm due to the CH azoniabutadienyl hydrogen,
whereas the analogous hydrogen in 10 appeared as a
doublet at 6.15 ppm (singlet in the H{3P} NMR
spectrum). The NH proton was clearly visible as a broad
singlet at 8.62 ppm in the spectrum of 10 but could not
be identified in the spectra of 9 and 11, likely because
it was masked by the aromatic protons. The 13C{1H}
NMR spectra of 9—11 exhibited well-resolved doublets
of triplets at ca. 240 ppm with a J(CPyrans) Value of ca.
30 Hz and a J(CPgjs) value between 12 and 8 Hz for the
C. carbon atom. These resonances are shielded by ca.
50—60 ppm with respect to the C, resonance of several
rhenium(l) carbenes*® but are in line with the values
reported for the azoniabutadienyl complex [Ru(CO)-
(PPriz){ C(=NHR)CH=CPh,} (#5-CsHs)]BF4 (R = nPr,
Ph).” Interestingly, the 13C chemical shifts of the C,
atoms in 9—11 match perfectly the signal of the unsat-

(16) Bianchini, C.; Masi, D.; Romerosa, A.; Zanobini, F.; Peruzzini,
M.; Organometallics 1999, 18, 2376.
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Scheme 8
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urated acyl carbon atom in [Re{ C(O)CH=CPhy}(CO),-
(triphos)]OTf (6 257.4),52 which indirectly supports the
double-bond character of the C=N bond in the azoni-
abutadienyl complexes.l” Other relevant 3C NMR
resonances are listed in Table 1. Besides uninformative
triphos resonances and those due to the magnetically
inequivalent CO ligands, the only significant 3C{'H}
signals were those relative to the presence of a CH=
CPhy unit in all compounds and of an intact propargylic
chain in 11. NMR discrimination of the two carbonyl
sites in 10 and 11 (well-resolved doublet of triplets at
ca. 199 ppm) was facilitated by the presence of bulky N
substituents in the azoniabutadienyl ligand that ap-
parently hinder the free rotation around the Re—C axis
(vide supra). Consistently, AMX spin systems were
observed in the 31P{1H} spectra at room temperature,
while 9, containing a nonsterically demanding NH>
group, gave an AM; 3P pattern and therefore a single
CO resonance in the 33C{1H} NMR spectrum.

The addition of ammonia and primary amines to
M=C=C moieties to give aminocarbenes is a well-
known reaction path for vinylidene metal com-
plexes.t61819 In principle, the addition of primary
amines to metallacumulenes might give aminocarbene
derivatives as well. However, this has never been
observed, and in fact, the formation of azoniabutadienyl
compounds occurs. Prior to the present studies, the
formation of azoniabutadienyl products by reaction of
primary amines with metal allenylidenes has been
reported only by Esteruelas and co-workers, who ob-
tained [Ru(CO)(PPris}{ C(=NHR)CH=CPhy} (/5-CsHs)|BF,
(R = "Pr, Ph) by treatment of 5 with either aniline or
n-propylamine (Scheme 8).17

Deprotonation of the Azoniabutadienyl Com-
plexes. The deprotonation of 10 and 11 with sodium
methoxide in THF occurs regioselectively at the nitrogen
atom to give the stable azabutadienyl products [Re-
{C(=NR)CH=CPhy}(CO)x(triphos)] (R = Ph (13), CH>-
C=CH (14)) (Scheme 7). Since the related thiocarbenes
2 and 3 (vide supra) are selectively deprotonated at the
CH=CPh,, olefinic group, one may conclude that the
N—H hydrogen in azabutadienyl compounds is more
acidic than the C—H hydrogen.

Azabutadienyl complexes are very rare organometal-
lics. The unique example prior to ours has been recently
prepared by Esteruelas and co-workers applying the
same procedure described in this paper: i.e., deproto-
nation of ruthenium azoniabutadienyl complexes.”

(17) Bernad, D. J.; Esteruelas, M. A.; Lopez, A. M.; Modrego, J.;
Puerta, M. C.; Valerga, P. Organometallics 1999, 18, 4995.

(18) Recent reviews on vinylidene complexes include: (a) Bruce, M.
I. Chem. Rev. 1991, 91, 197. (b) Puerta, M. C.; Valerga, P. Coord. Chem.
Rev. 1999, 1937195, 977. (c) Bruneau, C.; Dixneuf, P. H. Acc. Chem.
Res. 1999, 32, 311.

(19) Gamasa, M. P.; Gimeno, J.; Lastra, E.; Lanfranchi, M.; Tirip-
icchio, A. J. Organomet. Chem. 1992, 430, C39.

(20) Bianchini, C.; Peruzzini, M.; Rossi, R., manuscript in prepara-
tion.
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The unequivocal formulation of 13 and 14 as rhe-
nium(l) azabutadienyl compounds was achieved on the
basis of a sound spectroscopic characterization as well
as elemental analysis data.

The IR spectra of both compounds showed medium-
intensity absorptions at ca. 1500 cm™1! for the »(C=N)
mode and a slightly blue-field-shifted (ca. 1600 cm™1)
r(C=C) band. In agreement with the neutral character
of 13 and 14, the »(CO) stretching frequencies shifted
to lower energy (between 1944 and 1878 cm™) as
compared to the cationic precursors. In the 2C{1H}
NMR spectra, the azabutadienyl C, atoms appeared as
a doublet of triplets at ca. 200 ppm and are therefore
slightly high-field-shifted with respect to the C, reso-
nances in the cationic precursors 10 and 11. The other
13C signals and the *H NMR signals do not deserve any
particular comment; all of them were in line with the
azabutadienyl structure (Table 1).

Both 13 and 14 exhibited fluxional behavior in room-
temperature solutions, where 31P{1H} NMR AM, pat-
terns were observed. The slow-motion regime repre-
sented by AMX spin systems was attained already at
—20 °C.

Concluding Remarks

Like all cationic transition-metal allenylidenes, the
reactivity of 1 is largely controlled by the electrophilic
character of the C, and C, carbon atoms, which are
subjected to nucleophilic attacks by various soft and
hard nucleophiles.! In previous works from this labora-
tory,® it has been reported that anionic oxygen and
carbon nucleophiles (OH—, OMe~, H~, CH3~, NO,CH,™,
etc.), selectively attack 1 at C, to give o-alkynyl com-
plexes, which is in accord with theoretical studies.
Indeed, orbital-controlled nucleophilic attack at alle-
nylidene complexes containing group 8 d® metal ions is
expected to be favored at C,, which contains a higher
percentage of complex LUMO than C, as well as a lower
net charge.>? Electrophilic attack at Cg in 1 has also
been observed to give (vinyl)carbyne derivatives.>

It has been shown in this paper that soft nucleophiles
such as thiolates attack 1 regioselectively at C, to give
kinetic or thermodynamic thioallenyl products, depend-
ing on the sulfur substituent, while neutral nucleophiles
bearing an electrophilic hydrogen (Nu—H) add across
the C,=Cg bond irrespective of the nature of the
nucleophilic atom (N or S). Two new reaction paths for
allenylidene metal complexes have been discovered: the
reversible addition of PhSH across the C,=Cs bond and
the regioselective attack of ammonia at C, to give a
transient ammonioalkynyl complex preceding a ther-
modynamic azoniabutadienyl product.

No specific theoretical study on rhenium(l) allen-
ylidene compounds has been reported, and therefore it
is not possible to validate the present experimental
results through an analysis of the nature and gap of
the HOMO and LUMO. On the other hand, the reactiv-
ity of 1 toward hard and soft anionic nucleophiles as
well as amines and thiols is rather similar to that
exhibited by the ruthenium(l1) complex [Ru(CO)(PPris)-
{C=C=CPhy} (1°-CsHs)]BF4, for which EHT-MO calcu-
lations assign 23% and 31% of the LUMO on the C, and
C, atoms, respectively, and 20% of the HOMO on the
Cs atom.2°
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Addition of E—H Bonds across C,=Cg Bonds

In view of the comparable reactivity, one may suggest
that the ruthenium and rhenium compounds have
similar electronic structures. Similar but not identical,
however, as the two compounds exhibit also distinct
reaction paths: for example, the ruthenium complex
readily reacts with water and primary alcohols, yielding
isolable hydroxy- and alkoxycarbenes,'2 whereas 1 is
fully stable in the presence of either substrate.> An
unfavorable, subtle balance of steric and electronic
effects seems to be responsible for the stability of 1
toward H,O and ROH, since the rhenium(l) allen-
ylidenes [Re{ C=C=CH(Ph)} (CO),(triphos)] 62 and [Re-
{C=C=CH(Me)} (CO),(triphos)]*,* differing from 1 only
in the substituents at the C, atom, are readily trans-
formed into hydroxy- and alkoxyvinylcarbenes [Re-
{C(OR)CH=CH(R')} (CO),(triphos)]™ by reaction with
H,0 (R = H, R' = Ph)82 or MeOH (R = R' = Me).*

Experimental Section

General Procedure. All reactions and manipulations were
routinely performed under a dry nitrogen atmosphere by using
standard Schlenk-tube techniques. Tetrahydrofuran (THF)
was freshly distilled over LiAlH4 n-hexane was stored over
molecular sieves and purged with nitrogen prior to use;
dichloromethane and methanol were purified by distillation
over CaH; before use. All the other reagents and chemicals
were commercial products and, unless otherwise stated, were
used as received without further purification. The ligand 1,1,1-
tris((diphenylphosphino)methyl)ethane (triphos)?* and the com-
plex 1* were prepared as previously reported. Sodium thiophen-
ate and 2-thionaphthate were prepared just prior to use by
treatment of the corresponding thiols with elemental sodium
in THF under vigorous stirring. All reactions and manipula-
tions were routinely performed under a dry nitrogen atmo-
sphere by using standard Schlenk-tube techniques. The solid
complexes were collected on sintered-glass frits and washed
with either light diethyl ether or n-hexane before being dried
under a stream of nitrogen unless otherwise stated. IR spectra
were obtained as KBr pellets using a Nicolet 510P FT-IR
(4000—200 cm™1) spectrophotometer. Deuterated solvents for
NMR measurements (Aldrich and Merck) were dried over
molecular sieves (4 A). H and 3C{!H} NMR spectra were
recorded on Bruker AC200, Varian VXR300, and Bruker
AVANCE DRX500 spectrometers operating at 200.13, 299.94,
and 500.13 MHz (*H) and 50.32, 75.42, and 125.75 MHz (*3C),
respectively. Peak positions are relative to tetramethylsilane
and were calibrated against the residual solvent resonance (*H)
or the deuterated solvent multiplet (*3C). 3C{*H} DEPT-135
NMR experiments were run on the Varian VXR300 spectrom-
eter. 'H,3C-2D HETCOR NMR experiments were recorded on
the Bruker AVANCE DRX 500 spectrometer equipped with a
5 mm triple-resonance probe head for *H detection and inverse
detection of the heteronucleus (inverse correlation mode,
HMQC experiment) with no sample spinning. *H,'H-2D COSY
NMR experiments and *H,'H-2D NOESY NMR experiments
were conducted on the same instrument in the phase-sensitive
TPPI mode in order to discriminate between positive and
negative cross-peaks. 3P{H} NMR spectra were recorded on
the same instruments operating at 81.01, 121.42, and 202.46
MHz, respectively. Chemical shifts were measured relative to
external 85% H3PO,, with downfield values taken as positive.
Elemental analyses (C, H, N, S) were performed at the
University of Ferrara using a Carlo Erba Model 1106 elemen-
tal analyzer.

Synthesis and Characterization of the New Com-
plexes. [Re{C(SPh)CH=CPh,}(CO),(triphos)]OTf (2). A

(21) Hewertson, W.; Watson, H. R. J. Chem. Soc. 1962, 1490.
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solution of 1 (200 mg, 0.17 mmol) in 10 mL of dichloromethane
was treated with thiophenol (86 uL, 0.83 mmol) at room
temperature. The solution was heated to 35 °C with stirring
for 30 min. Then, it was cooled to room temperature and
additionally stirred for 1 h. During this time the color turned
from dark violet to deep red. The solution was concentrated
to ca. 1 mL, and a yellow solid was formed by dropwise addition
of n-hexane (3 mL). The solid was washed with n-hexane (2 x
1 mL) and diethyl ether (1 x 1 mL) and dried in vacuo. Yield:
76%. Anal. Calcd for CssHssF3OsPsReS,: C, 59.31; H, 4.21; S,
4.87. Found C, 59.47; H, 4.23; S, 4.95.

[Re{C(SCioH7)CH=CPh.} (CO),(triphos)]OTf (3). The
thionaphthyl carbene 3 was synthesized by following the above
procedure using 2-thionaphthol (40 mg, 0.25 mmol) in the place
of thiophenol. Workup as above and dropwise addition of
diethyl ether gave a dark brown solid, which was washed with
diethyl ether (2 x 1 mL) and dried in vacuo. Yield: 82%. Anal.
Calcd for CeoHs/F3OsP3ReS,: C, 60.65; H, 4.20; S, 4.68.
Found: C, 60.46; H, 4.19; S, 4.57.

[Re{C(SCH;CH=CH;)CH=CPh_} (CO)(triphos)]OTf (4).
To a solution of 1 (200 mg, 0.17 mmol) in dichloromethane
(10 mL) was added a large excess of allyl mercaptan (100 uL,
1.21 mmol), and the mixture was stirred for 24 h. The color
turned from dark violet to dark red. The solvent was removed
under vacuum, and the crude residue was washed with
n-hexane (2 x 1 mL) and diethyl ether (1 x 1 mL) to afford a
dark orange solid. Yield: 83%. Anal. Calcd for Cs;Hss5F305P3S,-
Re: C, 58.16; H, 4.33; S, 5.00. Found: C, 57.99; H, 4.35; S,
5.12.

[Re{C(SPh)C=CPh,}(CO).(triphos)] (6a) and [Re-
{C=CC(SPh)Ph;}(CO),(triphos)] (6b). Method A. Solid
sodium methoxide (41 mg, 0.75 mmol) was added to a solution
of 2 (200 mg, 0.15 mmol) in 5 mL of THF, and the mixture
was stirred at room temperature for 2 h to afford a pale brown
solution. Evaporation of the solvent gave a gray solid, which
was washed with cold water (1 x 1 mL), cold isopropyl alcohol
(1 x 2 mL), and n-hexane (2 x 1 mL). Yield: 76%. 3P{1H}
NMR analysis gave the following composition of the crude
product: 6a (60%), 6b (40%).

Method B. A slight excess of solid PhSNa (26.5 mg, 0.20
mmol) was added to a stirred solution of 1 (200 mg, 0.17 mmol)
in 10 mL of THF. The mixture was stirred for 30 min while
the color turned from dark violet to brown. Removal of the
solvent under vacuum left a brown solid that was washed with
cold water (2 x 1 mL), cold isopropyl alcohol (1 x 2 mL), and
n-hexane (2 x 1 mL). Yield: 78%. 3'P{*H} NMR analysis gave
the following product composition of the crude product: 6a
(60%), 6b (40%). Anal. Calcd for CesHs40,P3sReS: C, 65.91; H,
4.67; S, 2.74. Found: C, 66.13; H, 4.74; S, 2.81.

[Re{C(SC10H7)C=CPh,} (CO),(triphos)] (7a) and [Re-
{C=CC(SC1oH7)Ph3}(CO),(triphos)] (7b). Method A. Ad-
dition of sodium methoxide (41 mg, 0.75 mmol) to a solution
of 3 (210 mg, 0.15 mmol) in 5 mL of THF and workup as above
gave a mixture of 7a and 7b as a brownish solid. Yield: 72%.
31P{1H} NMR analysis gave the following composition of the
crude product: 7a (20%), 7b (80%).

Method B. A double proportion of NpSNa (62 mg, 0.34
mmol) was added as a solid to a methanol solution (10 mL) of
1 (200 mg, 0.17 mmol). The brown solid which immediately
separated out was was filtered off, washed with n-hexane (2
x 2 mL), and dried under vacuum. Yield: 70%. 3'P{*H} NMR
analysis gave the following composition of the crude product:
7a (22%), 7b (78%). Anal. Calcd for CegHss02P3ReS: C, 67.15;
H, 4.64; S, 2.63. Found: C, 67.32; H, 4.75; S, 2.78.

[Re{ C(SCH,CH=CH2)C=CPhg} (CO),(triphos)] (8). Solid
sodium methoxide (43 mg, 0.80 mmol) was added in small
portions over 3 min periods at room temperature into a stirred
solution of 4 (200 mg, 0.16 mmol) in 10 mL of THF. The
resulting solution, which turned pale brown within 10 min,
was stirred for 2 h before THF was removed under reduced
pressure to leave a brown solid that was washed with cold
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water (1 x 1 mL), cold isopropyl alcohol (1 x 2 mL), and
n-hexane (2 x 1 mL). Yield: 79%. Anal. Calcd for Cs1Hs40,P3-
SRe: C, 69.37; H, 5.15; S, 3.03. Found: C,69.43; H, 5.19; S,
3.08.

Treatment of 8 in dichloromethane-d, with triflic acid (1
equiv) at room temperature gave the parent carbene 4
guantitatively (NMR analysis).

[Re{C(=NH;)CH=CPhj,} (CO),(triphos)]JOTf (9). A5 mm
NMR tube was charged with 1 (80.0 mg, 0.07 mmol) in 0.7
mL of dichloromethane-d,, and then this solution was satu-
rated with gaseous ammonia at 0 °C. Immediately the deep
violet color changed to reddish brown. NMR analysis of the
solution showed the complete transformation of 1 into 9. The
solution was poured into a Schlenk tube, and the solvent was
removed under vacuum to leave a brown powdered material,
which was thoroughly washed with cold ethanol (2 x 2 mL)
and diethyl ether (2 x 1 mL). Yield: 88%. Scaling up the
reaction (160 mg of 1, 10 mL of CH.CI;) gave solid 9 as
described above. Anal. Calcd for CsgHs,FsNOsPsReS: C, 57.93;
H, 4.28; N, 1.15; S, 2.62. Found: C, 57.61; H, 4.34; S, 2.94.

[Re{C(=NHPh)CH=CPh,} (CO),(triphos)]OTf (10). A
solution of 1 (200 mg, 0.17 mmol) in 10 mL of dichloromethane
was treated with aniline (76 uL, 0.83 mmol) at room temper-
ature and stirred for 5 h. During this time, the dark violet
solution turned reddish orange. The solution was concentrated
to ca. 1 mL, and diethyl ether (3 mL) was slowly added to
precipitate a yellow solid, which was washed with diethyl ether
(2 x 1 mL) and dried in vacuo. Yield: 78%. Anal. Calcd for
CesHseFsNOsP3ReS: C, 60.08; H, 4.34; S, 2.47; N, 1.08.
Found: C, 60.14; H, 4.29; S, 2.53; N, 1.16.

[Re{ C(=NHCH,C=CH)CH=CPh_} (CO).(triphos)]OTf
(11). Complex 11 was obtained as a pink solid from the above
procedure by replacing aniline with propargylamine (55 uL,
0.80 mmol) but applying a reaction time of 2 h. The crude
product was recrystallized from a mixture (1/1 v/v) of dichloro-
methane and diethyl ether. Yield: 72%. Anal. Calcd for
Ce2HssF3sNOsPsReS: C, 59.04; H, 4.31; S, 2.54; N, 1.11. Found
C, 59.12; H, 4.40; S, 2.61; N, 1.15.

[Re{C(=NPh)CH=CPh2}(CO)(triphos)] (13). A stirred
THF suspension (5 mL) of 10 (200 mg, 0.15 mmol) was treated
with solid sodium methoxide (42 mg, 0.77 mmol). The solution
was stirred for 2 h at room temperature to give a light yellow
solution. The solvent was then removed under reduced pres-
sure to leave a yellow residue, which was washed with water
(1 x 1 mL), cold isopropyl alcohol (1 x 1 mL), and n-hexane (2
x 1 mL) and dried in vacuo. Yield: 69%. Anal. Calcd for CesHss-
NO;PsRe: C, 66.89; H, 4.82; N, 1.22. Found: C, 66.75; H, 4.71,
N, 1.24.

[Re{ C(=NCH;C=CH)CH=CPh} (CO),(triphos)] (14).
Treatment of 11 (200 mg, 0.16 mmol) with sodium methoxide
and workup as described above gave 14 as a brown micro-
crystalline material. Yield: 68%. Anal. Calcd for Cs;Hs3NO2P3-
Re: C, 65.93; H, 4.81; N, 1.26. Found: C, 66.02; H, 4.85; N,
1.32.

Crystal Structure Determination of [Re{ C(=NHCH,C=
CH)CH=CPh_}(CO) (triphos)] OTf (11). X-ray diffraction
data for 11 were collected at room temperature using a Nonius
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Table 4. Crystal Data for
[Re{C(=NHCH,C=CH)CH=CPh,}(CO),(triphos)]OTf
(11)

formula Ce2Hs4F3NOsP3SRe

mol wt 1261.29

cryst syst monoclinic

space group P2i/a

a, A 13.9846(4)

b, A 26.9678(4)

c, A 16.1664(4)

B, deg 93.131(1)

Vv, A3 6087.8(2)

z 4

Decaicd, g M3 1.376

u, mm~1 2.165

6 range, deg 2.9-27.0

index ranges 0<h=17,0=<k = 34,
-20=<1=20

total no. of rflns 28 090

Rint 0.065

no. of unique rflns 11 228

no. of obsd rflns (I = 20(l)) 8837

R1 (obsd rflns) 0.052

wR2 (all rflns) 0.133

S 1.08

largest diff peaks, e A~3 —1.03,0.98

Kappa CCD diffractometer with graphite-monochromated Mo
Ko radiation and corrected for Lorentz—polarization and
absorption effects. The structure was solved by direct and
Fourier methods and refined using full-matrix least squares
with all non-hydrogen atoms anisotropic and hydrogens in
calculated positions. The triflate anion was disordered and
refined over two positions with occupancies of 0.5. The crystal
data and refinement parameters are summarized in Table 4.
The programs used and sources of scattering factor data are
given in ref 22,
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