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This report deals with the deprotonation of [W(5?-alkene)] complexes to the corresponding
1-metallacyclopropene, which can be equally well obtained via hydride addition to the
corresponding [W(n?-alkyne)]. The ancillary ligand supporting the metal is [p-But-calix[4]-
(0)4],4~ which mimics an oxo surface. The [W(7?-2-methyl-2-butene)] complex 2 undergoes
deprotonation to give the corresponding anionic 1-metallacyclopropene species 7. The latter
can be protonated back to 2, alkylated using MeTf to give the corresponding [W(#?-2,3-
dimethyl-2-butene)] complex 3 or metalated at the alkylidene functionality using CISnPhs
to give 8. The one-electron oxidation of 7 led to the homolytic cleavage of the W—C bond
within the 1-metallacyclopropene unit, thus forming a free radical dimerizing to the dinuclear
W-—alkylidene 9. The [W(r?-alkyne)] complexes 12 and 14 produce the 1-metallacyclopropenes
10 and 16, respectively, in the reaction with LiHBEt;. The former undergoes reversible
protonation—deprotonation to the corresponding [W(?-trans-stilbene)] derivative 4, while
alkylation using MeTf occurs at one of the oxygens of the calixarene tetraanion, thus forming
the neutral metallacyclopropene complex 11. In the case of a strained alkene, such as
acenaphthylene (complex 5), the deprotonation occurs with the concomitant, homolytic
cleavage of a W—C bond and the formation of a free radical alkylidene dimerizing to the
ditungsten(V)—dialkylidene species 17, which has been oxidized using [Cp.Fe]™ to the
corresponding diamagnetic form 18. The electronic structure and reactivity pathway of the
1-metallacyclopropene functionality has been analyzed using the DFT (density functional

theory) approach.

Introduction

Some fundamental steps of alkene and alkyne rear-
rangements over a metal—oxo surface!2 can be nicely
modeled by the use of metallacalixarenes.? Despite their
simplicity, such mononuclear complexes maintain some
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of the peculiarities of a metal—oxo surface, namely the
guasi-planar oxo environment for the metal ion and the
bifunctionality of the extended structure.®~7 This latter
property makes available two reaction sites: they are
acidic (metal ion) and basic (oxo group) sites. The
performance of metallacalixarene in driving key reac-
tions such as dinitrogen reduction,* alkylidene forma-
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1-Metallacyclopropene and Alkylidene Complexes

tion from ketones and aldehydes,®> migration reactions,®
and olefin rearrangements is well-documented.” Fol-
lowing our study on the olefin rearrangements’™ over a
tungstacalixarene oxo surface, we focused on the pos-
sibility of discovering a synthetic methodology for
intercepting the 1-metallacyclopropene, which paved the
way to metallaalkylidenes® or other related species.%1¢
This report discusses the general synthesis of alkene
and alkyne complexes of W(IV)—calix[4]arene, which
have been converted into anionic 1-metallacyclopropene
by either deprotonation of the alkene or addition of
hydrides to the alkyne. By the use of suitably substi-
tuted alkenes and alkynes, 1-metallacyclopropenes have
been isolated in stable forms, which do not rearrange
to the corresponding alkylidynes. They have been used
for studying the reactivity toward electrophiles and one-
electron-oxidizing agents. In the former case, the reac-
tion leads to unprecedented substituted alkenes and in
the latter to the formation of dinuclear metallaalkyli-
denes.

Experimental Section

General Procedure. All reactions were carried out under
an atmosphere of purified nitrogen. Solvents were dried and
distilled before use by standard methods. Infrared spectra were
recorded with a Perkin-Elmer FT 1600 spectrophotometer.
NMR spectra were recorded on AC-200 and AC-400 Bruker
spectrometer. The synthesis of [cis-Cl{ p-But-calix[4]-(O)4} W]
was performed as reported in ref 11.

Computational and Methodological Details. The cal-
culations reported in this paper are based on the ADF
(Amsterdam density functional) program package described
elsewhere.'? Its main characteristics are the use of a density
fitting procedure to obtain accurate Coulomb and exchange
potentials in each SCF cycle, the accurate and efficient
numerical integration of the effective one-electron Hamiltonian
matrix elements, and the possibility to freeze core orbitals. The
molecular orbitals were expanded in an uncontracted triple-¢
Slater-type orbital (STO) basis set for all main-group atoms.
For tungsten orbitals, we used a triple-{ STO basis set for 5s
and 5p and for 5d and 6s, as well. As polarization functions,
we used one 6p function for tungsten, one 3d for C and O, and
one 2p for H. The inner-shell cores have been kept frozen. The
LDA exchange correlation potential and energy were used,
together with a Vosko—Wilk—Nusair parametrization'® for
homogeneous electron gas correlation, including Becke’s non-
local correction' to the local exchange expression and Perdew’s
nonlocal correction'® to the local expression of correlation
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energy. First-order Pauli scalar relativistic corrections'® were
added variationally to the total energy. Molecular structures
of all considered complexes were optimized at this nonlocal
(NL) level within Cy, or Cs symmetry constraints.

Synthesis of 1. Cyclohexene (5.77 g, 70.2 mmol) and Na
(0.84 g, 36.7 mmol) were suspended in THF (350 mL) at —50
°C and then degassed (vacuum/N; cycles). [cis-Cl{ p-But-calix-
[4]-(O)4} W]-2.3C7Hsg (20.5 g, 18.4 mmol) was added, and the
reaction mixture was stirred overnight while slowly warming
to room temperature, giving a suspension of a white solid in a
brown-red solution. The solid was filtered off, and THF was
evaporated to dryness to give a brown-orange residue, which
was washed with Et,O (100 mL) and dried in vacuo to give
1-C4H100 (11.04 g, 61%). Anal. Calcd for Cs4H7,0sW: C, 65.85;
H, 7.37. Found: C, 65.89; H, 7.37. *H NMR (CDCl3, 400 MHz,
298 K, ppm): 6 7.11 (s, 8H, Ar H); 4.64 (m, 2H, C¢H1o); 4.35
(d, 4H, 3 = 12.4 Hz, endo-CHy); 4.26 (m, 2H, CsH10); 4.18 (m,
2H, CsH10); 3.46 (m, 4H, Et,0); 3.23 (d, 4H, J = 12.4 Hz, exo-
CHy); 1.61 (m, 2H, CgHao); 1.44 (m, 2H, CsH1o); 1.21 (s, 36H,
BuY) overlapping with 1.19 (m, 6H, Et,0).

Synthesis of 2. [cis-Cl{ p-Bu*-calix[4]-(0)4} W]-2.3C7Hg (12.2
g, 11.2 mmol) and Na (0.504 g, 21.9 mmol) were suspended in
THF (180 mL) at —30 °C, the N, atmosphere was purged, and
finally 2-methyl-2-butene (11.5 g, 163.4 mmol) was added. The
mixture was stirred at —20 °C for 2 days and then allowed to
stand at room temperature, giving a suspension of a white solid
in a dark red solution. The solid was filtered off, volatiles were
evaporated to dryness, toluene (60 mL) was added to the
residue, and then volatiles were evaporated again. The residue
was dissolved in toluene (200 mL), and the solution was
allowed to stand at room temperature for 12 h. A small amount
of red solid was filtered off, and the toluene was evaporated
to give a dry light-brown solid, which was washed with pentane
(80 mL) and dried in vacuo to give 2-:0.5C;Hsg (6.91 g, 65.1%).
Anal. Calcd for Cs,5HesOsW: C, 66.73; H, 7.04. Found: C,
66.33; H, 7.00. *H NMR (CDCl3, 400 MHz, 298 K, ppm): o
7.26—7.09 (m, 2.5H, tol) overlapping with 7.09 (s, 8H, Ar H);
4.36 (d, 4H, J = 12.3 Hz, endo-CHy); 3.41 (q, 1H, J = 7.1 Hz,
CH3C(CH3)C(H)CHz3); 3.25 (d, 3H, J = 7.1 Hz, CH3C(CHg)C-
(H)CHg3); 3.22 (d, 4H, J = 12.3 Hz, ex0-CHy); 3.15 (s, 3H, CH3C-
(CH3)C(H)CHj3); 3.12 (s, 3H, CH3C(CH3)C(H)CHg3); 2.34 (s,
1.5H, tol); 1.21 (s, 36H, BuY). 13C NMR (CDClI3, 100,6 MHz,
298 K, ppm): 6 91.9 (CH3C(CH3)C(H)CHg); 81.2 (CH3C(CHg)-
C(H)CH3s, Jcw = 30.4 Hz).

Synthesis of 3. Method A. 2,3-Dimethyl-2-butene (1.13 g,
13.43 mmol) and Na (0.165 g, 7.19 mmol) were suspended in
THF (110 mL) at —40 °C and then degassed (vacuum/N
cycles). [cis-Cl,W(Calix)]-2.3C;Hg (4.11 g, 3.69 mmol) was
added, and the mixture was stirred overnight, while slowly
warming to room temperature, giving a suspension of a white
solid in a dark red solution. The solid was filtered off, and THF
was evaporated to dryness. Toluene (50 mL) was added to the
residue, and then the volatiles were evaporated again. The
brown solid was dissolved in toluene (100 mL), and the
resulting solution was stirred at room temperature for 4 h.
Some red solid was filtered off, and toluene was evaporated
to dryness to give a brown residue, which was washed with
pentane (50 mL) and dried in vacuo to give 3-CsHi, (1.6 g,
44%). Anal. Calcd for CssH760,W: C, 67.06; H, 7.78. Found:
C, 66.79; H, 7.98. Crystals suitable for an X-ray analysis were
grown from an Et,O solution.

Method B. A toluene (40 mL) solution of MeTf (0.36 g, 2.19
mmol) was added to a solution of 7-0.5C;Hg*0.5CsH1, (2.26 g,
2.29 mmol) in a mixture of THF (80 mL) and dioxane (0.5 mL,
5.87 mmol) at —60 °C and stirred overnight while slowly
warming to room temperature. Volatiles of the resulting red
brown solution were evaporated to dryness, and toluene (120
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mL) was added to give a suspension of a white solid in a red
solution. The solid was filtered off, the toluene was evaporated,
and the residue was washed with pentane (40 mL) and dried
in vacuo to give 3:CsHi2 as a brown solid (1.04 g, 46.1%). Anal.
Calcd for CssH760.W: C, 67.06; H, 7.78. Found: C, 66.97; H,
7.94. 'H NMR (CDCls, 400 MHz, 298 K, ppm): ¢ 7.10 (s, 8H,
Ar H); 4.38 (d, 4H, J = 12.2 Hz, endo-CH,); 3.23 (d, 4H, J =
12.2 Hz, exo-CHy); 3.14 (s, 12H, (CH3),CC(CHj3),); 1.27 (m, 6H,
pent) overlapping with 1.22 (s, 36H, But); 0.88 (m, 6H, pent).
13C NMR (CDCl3, 100.6 MHz, 298 K, ppm): ¢ 88.5 ((CH3).CC-
(CH3)2, JCW =295 HZ); 28.1 ((CH3)2CC(CH3)2)

Synthesis of 4. trans-Stilbene (1.93 g, 10.7 mmol) and 1-
C4H100 (10.6 g, 10.7 mmol) were suspended in toluene (170
mL) and the mixture heated at 60 °C for 10 h to give a dark
red-brown suspension. Some solid was filtered off the warm
mixture. Volatiles were removed in vacuo, and n-pentane (80
mL) was added to the brown residue. The solution was cooled
to —20 °C, yielding 5.62 g (5.33 mmol, 50%) of 4-0.5C;Hs. Anal.
Calcd for Cg15HesO4W: C, 70.01; H, 6.50. Found: C, 69.96; H,
6.80. 'H NMR (CDCls, 400 MHz, 298 K, ppm): 6 7.52 (m, 4H,
Ar H (stilbene)); 7.35 (m, 4H, Ar H (stilbene)); 7.10—7.05 (m,
2.5H, tol) overlapping with 7.05 (s, 8H, Ar H); 6.91 (m, 2H, Ar
H (stilbene)); 4.79 (s, 2H, PACHCHPh); 3.93 (d, 4H, J = 12.3
Hz, endo-CH,); 3.02 (d, 4H, J = 12.3 Hz, exo-CH,); 2.35 (s,
1.5H, tol); 1.17 (s, 36H, But). 3C NMR (CDCls, 100.6 MHz,
298 K, ppm): 6 82.3 (W(PhCHCHPh), Jcw = 27 Hz). The X-ray
structure has been established for this compound, analyzed
as the acetonitrile adduct, from a solution in CDsCN.

Synthesis of 5. Acenaphthylene (1.34 g, 8.79 mmol) and
1-C4H100 (8.01 g, 8.13 mmol) were suspended in THF (220
mL), and the reaction mixture was heated at 60 °C for 1 h.
This brown suspension was filtered, and volatiles of the
resulting brown-red solution were evaporated to dryness,
giving a brown solid which was washed with Et,O (55 mL)
and dried in vacuo to yield 6.86 g (80%) of 5:C4H100. Anal.
Calcd for CeoH700sW: C, 68.31; H, 6.69. Found: C, 68.57; H,
6.70. 'H NMR (CDCls, 400 MHz, 298 K, ppm): d 7.64 (m, 2H,
Ar H (acenaphthylene)); 7.37 (m, 2H, Ar H (acenaphthylene));
7.08 (m, 2H, Ar H (acenaphthylene)); 7.00 (s, 8H, Ar H); 5.67
(s, 2H, CH=CH); 4.04 (d, J = 12.4 Hz, 4H, endo-CH,); 3.47
(m, 4H, Et,0); 3.07 (d, J = 12.4 Hz, 4H, exo-CHy); 1.16 (s, But
overlapping with m, Et;0).

Synthesis of 6. 1-:C4H;00 (6.69 g, 6.79 mmol) was added to
a solution of norbornene (0.63 g, 6.70 mmol) in toluene (170
mL), and the mixture was stirred at 60 °C for 24 h. A small
amount of solid was filtered off from the resulting brown
solution. Volatiles were evaporated to dryness to give a brown
grayish solid, which was washed with n-pentane (50 mL) and
dried in vacuo to yield 3.4 g (52.3%) of 6-:0.5CsH12. Anal. Calcd
for CsssHesOsW: C, 67.01; H, 7.15. Found: C, 67.12; H, 6.99.
1H NMR (C¢Ds, 200 MHz, 298 K, ppm): 6 7.07 (s, 8H, Ar H);
4.83 (s, 2H, CH=CH); 4.65 (d, 4H, J = 12.2 Hz, endo-CH,);
3.47 (s, 2H, CH); 3.21 (d, 4H, J = 12.2 Hz, ex0-CHy); 2.24 (m,
2H, CH,CHy); 1.55 (m, 2H, CH,CHy>); 1.22 (m, 3H, pent); 1.10
(s, 36H, But, overlapping with m, 1H, CH,); 0.87 (m, 3H, pent);
0.76 (m, 1H, CHy). Crystals suitable for an X-ray analysis were
grown from a toluene/pentane solution.

Synthesis of 7. LiBu (3.2 mL, 2.12 N, 6.78 mmol) was
added to a toluene (180 mL) solution of 2:0.5C;Hg (6.75 g, 7.15
mmol) at —70 °C and stirred overnight, while slowly warming
to room temperature. Volatiles of the resulting red-violet
suspension were evaporated to dryness, and the red-violet
residue was washed with n-pentane (80 mL) and then dried
in vacuo to give 7-0.5C;Hg0.5CsH3, (4.84 g, 69.7%). Anal. Calcd
for CssH71LIOJW: C, 66.93; H, 7.25. Found: C, 66.85; H, 7.32.
1H NMR (Pyr-ds, 400 MHz, 298 K, ppm): 6 7.32—7.15 (m,
2.5H, tol) overlapping with 7.24 (s, 8H, Ar H); 5.30 (m, 4H,
endo-CHy) overlapping with 5.23 (br, 3H, CsHy); 3.67—3.17 (br,
6H, CsHg) overlapping with 3.37 (m, 4H, exo-CHy); 2.20 (s,
1.5H, tol); 1.21 (s, 36H, But) overlapping with 1.17 (m, 3H,
pent); 0.80 (m, 3H, pent). *H NMR (Pyr-ds, 400 MHz, 263 K,
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ppm): ¢ 7.32—7.12 (m, 2.5H, tol) overlapping with 7.23 (s,
8H, Ar H); 5.31 (d, 4H, J = 11.4 Hz, endo-CHy); 5.28 (s, 3H,
CH3CC(CH3)2), 3.42 (S, 6H, CH3CC(CH3)2), 3.35 (d, 4H, J =
11.4 Hz, exo-CH,); 2.14 (s, 1.5H, tol); 1.17 (s, 36H, BuY)
overlapping with 1.14 (m, 3H, pent); 0.72 (m, 3H, pent). 3C
NMR (TDF, 100.6 MHz, 253 K, ppm): 6 271.0 (CH3CC(CHy3),,
Jew = 84.4 Hz); 52.4 (CH3CC(CHg)). Crystals suitable for an
X-ray analysis were grown from a THF/diglyme solution.
Reaction of 7-0.5C7Hg*0.5CsH1, with a stoichiometric amount
of PyHCI in toluene at room temperature led to the starting
material 2:0.33C;Hsg, as determined by 'H NMR.

Synthesis of 8. Ph;SnClI (1.38 g, 3.58 mmol) and 7-0.5C;Hs-
0.5CsH12 (3.54 g, 3.59 mmol) were suspended in a mixture of
THF (150 mL) and dioxane (0.8 mL, 9.39 mmol) and stirred
overnight at room temperature. Volatiles of the resulting dark
red solution were evaporated to dryness, and toluene (100 mL)
was added to give a brown suspension, which was stirred for
2 h at room temperature. A white solid was filtered off, and
toluene was removed in vacuo to give a brown product which
was washed with n-pentane (40 mL) and dried in vacuo to give
8:CsHi2 (3.04 g, 64.2%). Anal. Calcd for C;,HgsO4SNW: C,
65.51; H, 6.72. Found: C, 65.55; H, 6.64. *H NMR (CsDs, 400
MHz, 298 K, ppm): ¢ 7.94—7.81 (m, 6H, (CsHs)sSn); 7.13—
7.03 (M, 9H, (CsHs)3Sn); 6.99 (m, 4H, Ar H); 6.96 (m, 4H, Ar
H); 4.50 (d, 4H, J = 12 Hz, endo-CHy); 3.97 (s, 3H, (CHj3),CC-
(CH3)SnPhg, Jusn = 61.6 Hz); 3.63 (s, 3H, (CH3),CC(CHg)-
SnPhs); 3.47 (s, 3H, (CH3),CC(CH3)SnPhg); 3.05 (d, 4H, J =
12 Hz, exo-CHy); 1.25 (m, 6H, pentane); 1.07 (s, 36H, But); 0.87
(m, 6H, pentane). Crystals suitable for an X-ray analysis were
grown from a toluene/pentane solution.

Synthesis of 9. CuCl (0.176 g, 1.778 mmol) was added to a
solution of 7-0.5C7Hs*0.5CsH12 (1.75 g, 1.77 mmol) in THF (100
mL) at room temperature. The reaction mixture was degassed
and saturated with CO (vacuum/CO cycles) and then stirred
overnight at room temperature. The resulting red solution was
separated from a copper metallic mirror and a reddish brown
product. Volatiles were evaporated to dryness, and toluene (80
mL) was added to give a red suspension. A red-orange solid
was filtered off at 70 °C, and toluene was evaporated to give
a light brown solid that was washed with Et,O (40 mL) and
dried in vacuo to yield 0.79 g of 9-C4H100 (45.8%). Anal. Calcd
for C106H142010W2: C, 65.49; H, 7.36. Found: C, 65.05; H, 7.38.
IH NMR (CDCl3, 200 MHz, 298 K, ppm): ¢ 7.09 (s, 8H, Ar H);
5.96 (s, 3H, C(CHj3)); 4.56 (d, 4H, J = 12.7 Hz, endo-CHy,); 3.47
(m, 4H, Et,0); 3.25 (d, 4H, J = 12.7 Hz, exo-CHy); 2.00 (s, 6H,
C(CHs3)y); 1.23—1.16 (m, 6H, Et,O overlapping with s, 36H,
But). 13C NMR (CDCls, 100.6 MHz, 298 K, ppm): ¢ 301.15 (W=
C); 60.42 (W=C(CHgz)C(CHpg),); 29.73 (WC(CH3)C(CHs3),); 27.80
(W=C(CHj).

Synthesis of 10. Method A. LiBu (3.2 mL, 1.85 N, 5.92
mmol) was added to a toluene (240 mL) solution of 4-0.5C;Hs
(6.3 g, 5.97 mmol) at —70 °C and stirred overnight while slowly
warming to room temperature. Volatiles of the resulting red
suspension were evaporated, and the brown reddish residue
was washed with n-pentane (70 mL) and dried in vacuo to give
10-C7Hsg (2.74 g, 41%). Anal. Calcd for CesH71LIOsW: C, 70.52;
H, 6.46. Found: C, 70.66; H, 6.70. *H NMR (CD3CN, 400 MHz,
298 K, ppm) o 7.64 (m, 2H, C14H11); 7.49 (m, ZH, Cl4H11);
7.23—7.07 (m, 5H, C14H1: overlapping with 5H, tol); 7.03 (s,
8H, Ar H), 6.67 (m, 1H, C14H11); 6.59 (m, 1H, C14H11); 4.36 (d,
4H, J = 11.2 Hz, endo-CHy); 2.94 (d, 4H, J = 11.2 Hz, exo-
CHy); 2.32 (s, 3H, tol); 1.14 (s, 36H, But). 3C NMR (CDsCN,
100.6 MHz, 298 K, ppm): 6 253.14 (WCPhCHPh, Jcw = 88
Hz); 72.04 (WCHPhCPh). Crystals suitable for a preliminary
X-ray analysis were grown from a THF/n-heptane solution.
Reaction of 10-C;Hg with a stoichiometric amount of PyHCI
in toluene at room temperature led to the starting material
4-0.5C7Hs, as determined by 'H NMR.

Method B. A solution of LiHBEt; (2.45 mL, 1 N in THF,
2.45 mmol) in THF (40 mL) was added to a suspension of 12-
0.5C7H35°0.5CsH14 (2.95 g, 2.69 mmol) in THF (80 mL) at —50
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°C. The mixture was stirred overnight while slowly warming
to room temperature. The resulting brown reddish solution
was filtered. Volatiles were evaporated to dryness to give a
red solid that was washed with n-hexane (30 mL) and dried
in vacuo to yield 1.97 g of 10-2C4HgO-0.5C¢H14 (60.8%). Anal.
Calcd for CeoHgsLiOsW: C, 68.94; H, 7.21. Found: C, 68.90;
H, 7.33. 'H NMR (CDsCN, 400 MHz, 298 K, ppm): ¢ 7.61 (m,
2H, C14H11); 7.46 (m, 2H, C14H11); 7.23—7.07 (m, 5H, C14H11);
7.01 (s, 8H, Ar H); 6.64 (m, 1H, C14H11); 6.57 (m, 1H, C14H11);
4.36 (d, J = 11.2 Hz, 4H, endo-CHy); 3.64 (m, 8H, THF); 2.94
(d, 3 = 11.2 Hz, 4H, exo-CHy); 1.80 (m, 8H, THF); 1.20 (m,
hex) overlapping with 1.15 (s, 36H, BuY); 0.89 (m, 3H, hexane).
13C NMR (CD3CN, 100.6 MHz, 298 K, ppm): ¢ 253.2 (WCPh-
CHPh, Jcw = 88 Hz); 72 (WCHPhCPh). Crystals suitable for
an X-ray analysis were grown in THF/pentane solution.

Synthesis of 11. MeTf was added, in a 1:1 molar ratio, to
a suspension of 10 in toluene at —60 °C and stirred overnight
while slowly warming to room temperature. A light brown solid
was filtered off. Volatiles were evaporated to dryness and
pentane added. Complex 11 was isolated in low yield as a
microcrystalline red compound and characterized by 1D and
2D NMR experiments. *H NMR (Tol-ds, 400 MHz, 298 K,
ppm): o 8.02 (m, 2H, Ar H (stilbene)); 7.59 (m, 3H, Ar H
(stilbene)); 7.30—6.70 (m, Ar H (stilbene), Ar H (tol)); 4.73 (d,
1H, CH,); 4.44 (d, 1H, CH,); 4.23 (d, 1H, CH,); 3.62 (s, 3H,
calix[4]-(0)3(OCHzs)); 3.48 (d, 1H, CH,); 3.26 (d, 1H, CH,); 3.20
(d, 1H, CH,); 3.04 (d, 1H, CH,); 2.74 (d, 1H, CH,); 1.43 (s, 18H,
But); 0.80 (s, 9H, BuY); 0.74 (s, 9H, But). 3C NMR (Tol-dg, 100.6
MHz, 298 K, ppm): 6 272.21 (WCPhCHPh); 69.42 (calix[4]-
(0)3(OCHa)).

Synthesis of 12. 1-C4H;00 (8.95 g, 9.09 mmol) was added
to a solution of diphenylacetylene (1.62 g, 9.09 mmol) in
toluene (150 mL) at room temperature. The reaction mixture
was irradiated for 17 h with a Xe lamp (540 W/m? at 340 nm).
The toluene of the resulting brown-red suspension was re-
moved in vacuo and added again (150 mL). A small amount of
solid was filtered off, and toluene was evaporated to dryness
to give a brown solid, which was washed with n-hexane (100
mL) and dried in vacuo to give 12:0.5C;Hg-0.5CsH14 (5.89 g,
59.1%). Anal. Calcd for CgssH7304W: C, 70.68; H, 6.71.
Found: C, 70.56 H, 6.53. *H NMR (CgDs, 400 MHz, 298 K,
ppm): & 8.57 (M, 4H, C(CsHs)2); 7.34 (M, 4H, C5(CeHs)2); 7.15
(m, C,(CeHs), overlapping with signal from deuterated solvent);
7.08 (s, 8H, Ar H); 7.05—6.95 (m, 2.5H, tol); 4.80 (d, J = 12.2
Hz, 4H, endo-CHy); 3.19 (d, J = 12.2 Hz, 4H, exo-CHy); 2.11
(s, 1.5H, toluene); 1.23 (m, 4H, hexane); 1.11 (s, 36H, BuY);
0.88 (m, 3H, hexane). 3C NMR (C¢Ds, 100.6 MHz, 298 K,
ppm): 6 189.5 (Cy(CeHs)2). Crystals suitable for an X-ray
analysis were obtained by hexane solutions at room temper-
ature.

Synthesis of 13. 1-C4H;00 (4.54 g, 4.61 mmol) was added
to a solution of 2-butyne (0.69 g, 12.75 mmol) in toluene (180
mL) at —70 °C. The solution was irradiated for 24 h with a Xe
lamp (540 W/m? at 340 nm). The resulting brown reaction
mixture was filtered, and toluene was removed in vacuo. The
pale green residue was taken up and washed in n-hexane (250
mL), collected, and dried in vacuo (3.23 g (77%). Anal. Calcd
for 13'0.5C7H3 (C51_5H5204W): C, 6659, H, 6.73. Found: C,
66.51; H, 6.86. *H NMR (CgsDs, 200 MHz, 298 K, ppm): 9 7.11
(s, 8H, Ar H overlapping with m, tol); 4.65 (d, J = 12.2 Hz,
4H, endo-CHy); 3.26 (s, 6H, (CH3)CC(CHz3)) overlapping with
3.25 (d, J = 12.2 Hz, 4H, exo-CH,); 2.10 (s, 1.5H, tol); 1.12 (s,
36H, But). C NMR (C¢Dg, 52 MHz, 298 K, ppm): ¢ 189.5
((CH3)CC (CHa)).

Synthesis of 14. 1-:C4,HgO (3.13 g, 3.18 mmol) was added
to a solution of 1-phenyl-1-propyne (0.53 g, 4.61 mmol) in
toluene (100 mL) at room temperature. The reaction mix-
ture was stirred at 60 °C for 16 h. Volatiles of the resulting
red suspension were evaporated to dryness. The microcrys-
talline orange residue was washed with n-pentane (35 mL)
and dried in vacuo (2.49 g, 80%). Anal. Calcd for 14-0.5CsH;>
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(Css5Hes04W): C, 67.95; H, 6.78. Found: C, 68.21; H, 6.95.
1H NMR (CeéDs, 400 MHz, 298 K, ppm): ¢ 8.64 (m, 2H,
(CeHs)CC(CH3)), 7.38 (m, 2H, (C5H5)CC(CH3)), 7.20 (m, 1H,
(CeHs)CC(CHg)); 7.09 (s, 8H, Ar H); 4.73 (d, J = 12.4 Hz, 4H,
endo-CHy); 3.49 (s, 3H, (C¢Hs)CC(CHg)); 3.24 (d, J = 124
Hz, 4H, exo-CHy); 1.20 (m, 3H, pent); 1.11 (s, 36H, But); 0.87
(m, 3H, pent). 23C NMR (CsDs, 100.6 MHz, 298 K, ppm): ¢
197.1 ((C5H5)CC(CH3)), 184 ((C5H5)CC(CH3)), 15.4 ((C6H5)-
CC(CHa)).

Synthesis of 15. 1:C4H;00 (5.82 g, 5.91 mmol) was added
to a THF solution of phenylacetylene (0.61 g, 5.95 mmol) at
room temperature, and the mixture was stirred overnight.
Some red-purple solid was filtered off, and volatiles of the
resulting red solution were evaporated to dryness. The brown
residue was washed with n-pentane (65 mL) and dried in vacuo
(2.37 g, 40%). Anal. Calcd for 15-C4HgO (CsgHssOsW): C, 67.06;
H, 6.63. Found: C, 66.94; H, 6.56. *H NMR (C¢Ds, 400 MHz,
298 K, ppm): ¢ 12.43 (br, *H, CsHsCCH); 8.66 (m, 2H, CeHs-
CCH); 7.32 (m, 2H, C¢HsCCH); 7.16 (m, 1H, (Ce¢Hs)CCH
overlapping with signal of the deuterated solvent); 7.09 (s, 8H,
Ar H); 4.77 (d, J = 12.4 Hz, 4H, endo-CHy); 3.52 (m, 4H, THF);
3.22(d, J = 12.4 Hz, 4H, exo-CHy); 1.40 (m, 4H, THF); 1.10 (s,
36H, BuY).

Synthesis of 16. 14-0.5C;Hg'CsHi2 (1 g, 0.941 mmol) was
added to a solution of LIHBEt; (0.98 mL, 1 N in THF, 0.98
mmol) in THF (80 mL) at —60 °C. The mixture was stirred
overnight while slowly warming to room temperature. Vola-
tiles were evaporated to dryness, and the brown reddish
residue was washed with n-pentane (30 mL) and dried in vacuo
(049 g, 40%) Anal. Calcd for 16:-3C;HgO+0.5CsH1» (C67,5Hg;|_-
LiO;W): C, 67.27; H, 7.61. Found: C, 67.33; H, 7.59. 'H NMR
(Pyr-ds, 400 MHz, 298 K, ppm): 6 8.31 (m, 2H, CsHsCC(H)-
CHj3); 7.62 (m, 2H, C¢HsCC(H)CH3); 7.28 (s, 8H, Ar H); 6.76
(m, 1H, CsHsCC(H)CHs); 6.46 (g, J = 5.4 Hz, 1H, CsHsCC(H)-
CHs); 5.26 (d, J = 11.6 Hz, 4H, endo-CH,); 3.64 (m, 12H, THF);
3.48 (d, J = 5.4 Hz, 3H, C¢HsCC(H)CHs3); 3.40 (d, J = 11.6 Hz,
4H, ex0-CHy); 1.61 (m, 12H, THF); 1.21 (s, 36H, But overlap-
ping with m, pentane); 0.80 (m, 3H, pentane). 13C NMR (Pyr-
ds, 700.6 MHz, 298 K, ppm): 6 255 (WCPhC(H)Me). Crystals
for a preliminary X-ray analysis were grown in a THF/TMEDA
solution.

Synthesis of 17. LiBu (3.3 mL, 1.67 N, 5.51 mmol) was
added to a toluene (250 mL) suspension of 5-C4H100 (6.2 g,
5.87 mmol) at —60 °C and stirred overnight while slowly
warming to room temperature. Volatiles of the resulting dark
red solution were evaporated to dryness, and Et,O (210 mL)
was added. The resulting solution was allowed to stand at
room temperature for 1 day. Some solid was filtered off,
volatiles were evaporated again to dryness, and DME (10 mL)
and n-hexane (50 mL) were added to the residue to give a red
microcrystalline suspension, which was isolated and dried in
vacuo (4.0 g, 52.4%). Anal. Calcd for 17-6C4H100,:CeH14
(0142H192Li2020W2): C, 6558, H, 7.44. Found: C, 6564, H, 7.53.
et = 1.59 ug at 298 K. Crystals suitable for an X-ray analysis
were obtained from a THF solution.

Synthesis of 18. [Cp.FeBPhy] (66.4 mg, 0.132 mmol) was
added to a solution of 17-6C4H1002CsH14 (164 mg, 0.126 mmol)
in toluene (60 mL) at —10 °C and stirred overnight at the same
temperature. The reaction mixture was then allowed to return
to room temperature, and dioxane (0.5 mL) was added. The
suspension was stirred for 1 h, and a white solid was filtered
off. Volatiles of the resulting red solution were evaporated to
dryness, and the red residue was washed with pentane (15
mL) to yield 80 mg of 18. 'H NMR (Pyr-ds, 400 MHz, 298 K,
ppm): 6 10.36 (s, 1H, W=CC(H)); 8.50 (m, 1H, Ar H (acenaph-
thylene)); 7.84 (m, 2H, Ar H (acenaphthylene)); 7.40 (m, 9H,
Ar H (calix) overlapping with Ar H (acenaphthylene)); 7.10
(m, 1H, Ar H (acenaphthylene)); 6.85 (m, 1H, Ar H (acenaph-
thylene)); 4.97 (d, J = 12.1 Hz, 4H, endo-CHy); 3.39 (d, J =
12.1 Hz, 4H, exo-CHy); 1.21 (s, 36H, But). *C NMR (Pyr-ds,
100.6 MHz, 298 K, ppm): 6 284.4 (W=CC(H)); 65.9 (W=CC-
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(H)). Crystals suitable for an X-ray analysis were grown in a
toluene/n-heptane solution.

X-ray Crystallography for Complexes 3, 4, 7, 8, 10, 12,
17, and 18. Single crystals suitable for X-ray diffraction were
grown from common organic solvents (Table 1). Data for 8,
10, 17, and 18 were collected on a Mar345 image plate, while
those for 3, 4, 7, and 12 were collected on a Kuma CCD using
Mo Ka radiation. The solutions and refinements were carried
out using the programs SHELX76'" and SHELX93.*® The
details of the X-ray data collection, structure solutions, and
refinements are given in the Supporting Information.®

Results and Discussion

(A) Synthesis and Reactivity. Scheme 1 sum-
marizes the two synthetic methods leading to the
formation of alkene-W(1V)-calix[4]arene complexes. Com-
pounds 1—3 have been obtained by reducing [cis-Clx{ p-
But-calix[4]-(O)4} W] with sodium metal in the presence
of the corresponding olefin. For those alkenes which
cannot be used in the presence of sodium metal for a
variety of reasons, the synthesis of the alkene complex
was performed via a thermally or photochemically
assisted displacement of cyclohexene from complex 1.
With such a procedure complexes 4—6 have been
synthesized. The alkene complexes in Scheme 1 have
been fully characterized, and two of them, 1 and 4, have
been briefly mentioned in a recent report.” The solution
characterization of all of them by 'H NMR spectroscopy
showed the presence of a 4-fold symmetry calixarene
moiety (a single pair of doublets for the bridging
methylenes and a singlet for the But groups), while a
2-fold symmetry is expected on the basis of the solid-
state structure. The [{p-But-calix[4]-(0)4} W] fragment
has two dy, and dy, degenerate bonding orbitals, which
are equally available for the back-bonding to the C=C
unit.” On the basis of our DFT calculations (see below),
the energy barrier between the two isoenergetic posi-
tions at 90° to each other is so low (5.7 kcal mol~1) that
alkene free rotation is possible around the z axis.

The solid-state structures of 3, 4, and 6 have been
determined, though details are given only for 3 and 4
(Figures 1 and 2), the structure of 6 being available in
the Supporting Information. The structural analysis of
4 has been carried out on the solvated form containing
an acetonitrile inside the cavity bonded to the metal.
The most common structural and conformational pa-
rameters are listed in Tables 2 and 5, respectively.
Although the structural parameters support the met-
allacyclopropane formulation, there is a significant
difference between 3 and 4-MeCN, due to the presence
of the acetonitrile at the metal. In the latter case, a
significant shortening of the C—C bond is observed, from
1.476(13) (3) to 1.37(2) A (4). The W—C bond has a quite
strong o character (2.160(4) A (av)). The plane of the
olefin C, unit is nearly perpendicular to the mean O4
plane, the dihedral angles being 90.9(3) and 91.0(5)°,
respectively, for 3 and 4. The O, core shows a significant
dihedral distortion in 3, while it is almost planar in 4.
This results from changes in the conformation of the
calixarene fragment, from an elliptical to a spherical

(17) Sheldrick, G. M. SHELX76, Program for Crystal Structure
Determination; University of Cambridge, Cambridge, England, 1976.

(18) Sheldrick, G.M. SHELXL93, Program for Crystal Structure
Refinement; University of Gottingen, Gottingen, Germany, 1993.

(19) See paragraph at the end of paper regarding the Supporting
Information.

Guillemot et al.

cone shape moving from 3 to 4 (Table 5), as a conse-
guence of the acetonitrile binding at the metal in 4. The
metal behaves in the former case as if it has a cis-
L,MO, coordination environment and a trans environ-
ment, trans-L,MOQy, in the case of 4. In complex 3, the
four W—0 bond lengths appear in pairs with W—01 and
W—03 (1.844(7) A (av)) being much shorter than W—02
and W—04 (2.023(2) A) due to a single d, orbital
available at the metal for the donation from the oxygens
of the calixarene, the other one being involved in 7z back-
donation to the olefin.” In the case of 4, the four W—0
bond distances fall in a rather narrow range (Table 2).

The deprotonation of the W—alkene functionality has
been carried out on 2, which has three methyl substit-
uents at the C=C bond, to prevent any rearrangement
of the 1-metallacyclopropene to the corresponding
alkylidyne.”™ The reaction of 2 with LiBu led to the
1-metallacyclopropene 7 (Scheme 2), which was isolated
in 70% yield. The alkylidene 7, a very stable compound,
was characterized both in solution and in the solid state.
The 'H NMR spectrum shows a 4-fold symmetry calix-
arene skeleton for the reasons outlined above, while the
13C NMR spectrum contains a resonance at 271.0 ppm
for the alkylidene carbon. The solid-state structure of 7
will be reported jointly with that of 10.

Complex 7 is very susceptible to electrophilic attack,
as reported in Scheme 2. The protonation with PyHCI
returns 7 to 3. In this reaction, we cannot exclude the
assistance of one of the oxygens, as the primary site of
the protonation. The alkylation with MeTf occurs at the
alkylidene carbon as well, forming the 2,3-dimethyl-2-
butene—W derivative 3, which was obtained also by the
direct synthesis given in Scheme 1. The metalation with
Ph3SnClI follows the same pathway, leading to the tin
derivative 8, which can be a useful material in trans-
metalation reactions. Its solid-state structure is shown
in Figure 3, while the structural and conformational
parameters are listed in Tables 2 and 5, respectively.
They are not that different from those of the aforemen-
tioned alkene complexes 3 and 4, which we refer to for
a detailed description of the structure.

The anionic 1-metallacyclopropene 7 undergoes one-
electron oxidation by a variety of reagents, the best one
being [CuCl] followed by CO. The reaction proceeds with
the formation of a copper metal mirror and 9. The
formation of 9 suggests the intermediacy of a free-
radical species such as A (Scheme 2), preferentially
undergoing the dimerization rather than causing the
hydrogen abstraction from the solvent. We do not have,
in fact, any evidence of the formation of an alkylidene
coming from the latter route, even in trace amounts.
The removal of one electron from 7 gave a free-radical
type metallacyclopropane undergoing the W—C ho-
molytic cleavage at the most substituted carbon, as
supported by the DFT calculations (see below). The
structure of 9 is fully supported by the analytical and
spectroscopic data (see Experimental Section) and is
quite similar to that of 17, which will be described later
on in this report. A detailed theoretical analysis is given
at the end of this section on the genesis of 9, from one-
electron oxidation of 7.

A different synthetic access to 1-metallacyclopropene,
which can be a versatile organometallic synthon, is
displayed in Scheme 3. The mono(alkyne) derivatives



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009

Table 1. Experimental Data for the X-ray Diffraction Studies on Crystalline Complexes 3, 4, 7, 8, 10, 12, 17, and 18

3 4 7 8 10 12 17 18

formula Cs0HesOsW+ CeoHesD3NOsW Ca9Hes104W+C12H28L106* Ce7H7604SNW+ CeeH79Li0OsW* CsgHg204W:+ Ci28H150L12012W>¢ C112H11808W>+
2C4H100 3C4HgO C4H100 1.5C4H100 0.25C14H10 6C4HgO 5.5C4HgO

a, A 12.399(2) 12.844(2) 17.292(2) 17.748(2) 14.696(3) 12.976(3) 24.546(5) 16.496(3)
b, A 13.129(2) 13.135(2) 17.525(2) 15.923(5) 19.905(4) 19.506(4) 16.626(3) 17.369(3)
¢ A 19.593(2) 17.009(2) 23.440(2) 23.831(3) 23.251(4) 22.733(4) 34.071(5) 21.446(5)
o, deg 98.47(2) 67.35(2) 90 90 90 87.20(2) 90 98.12(2)
B, deg 100.51(2) 74.81(2) 90 109.36(2) 103.79(2) 89.21(2) 91.21 104.73(2)
v, deg 116.52(2) 81.47(2) 90 90 90 73.29(2) 90 100.72(2)
V, A3 2709.5(10) 2552.1(1) 7103.3(13) 6354(2) 6605(2) 5504(2) 5723(2)
Z 2 2 4 4 4 4 4 2
fw 1061.1 1050.0 1389.5 1322.0 1270.3 1051.5 2694.8 2356.4
space group P~1 (No. 2) P~1 (No. 2) P2;2,2; (No. 18) P21/n (No. 14) P21/n (No. 14) P71 (No. 2) P21/c (No. 14) P71 (No. 2)
t, °C —130 —73 —130 —130 —130 22 —130 —130
A, A 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69
Pealed, § M3 1.301 1.371 1.299 1.382 1.277 1.269 1.288 1.368
u,cm~1 22.21 23.56 17.17 22.88 18.35 21.84 17.49 21.12
transmissn coeff 0.981—-1.000 0.994—-1.000 0.996—1.000 0.939—-1.000 0.981—-1.000 0.988—1.000 0.983 0.967—1.000
R1ab 0.069 0.059 0.041 [0.055] 0.064 0.064 0.060 0.063 0.048
wWR2¢ 0.180 0.163 0.104 [0.135] 0.144 0.162 0.139 0.140 0.132
GOF 1.049 1.075 1.105 1.156 1.100 1.163 1.080 1.049
N(obsd)d 8263 7118 13118 9189 9523 8737 12 119 18 760
N(indep)® 9287 10 396 13728 12 787 14 013 14 537 22 164 23 153
N(refinement)f 8913 9904 13 447 9189 9523 8737 12 119 18 760
no. of variables 580 589 783 690 732 1100 1575 1354

a Calculated on the unique observed data having | > 20(1) for 3, 4, 7, 10, 12, 17, and 18; | > 30(l) for 8.  Values in brackets refer to the “inverted” structure. ¢ Calculated on the unique data
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with 1 > 0 for 3, 4, and 7, with | > 20(l) for 10, 12, 17, and 18, and with 1 > 30(1) for 8. 9 N(obsd) is the total number of the independent reflections having | > 20(l) for 3, 4, 7, 10, 12, 17, and
18 and | > 30(l) for 8. ¢ N(indep) is the number of independent reflections. f N(refinement) is the number of reflections used in the refinement having | > 0 for 3, 4, and 7, |1 > 20(1) for 10, 12,
17, and 18, and | > 30(l) for 8.
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Figure 1. ORTEP drawing of complex 3 (50% probability
ellipsoids). For the disordered atoms only the A position is
given.
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of W(IV)—calix[4]arene are easily accessible through the
thermal displacement of cyclohexene from 1 using the
appropriate acetylenes. The reaction led to complexes
12—15. The proposed 3-metallacyclopropene has been
confirmed from the spectroscopic and the X-ray data.
The 'H NMR data reveal a cone conformation of the
calixarene with a 4-fold symmetry, for which the expla-
nation is similar to that given for the W-—alkene
complexes.

The addition of the hydride to 12 via the reaction of
LiHBELt; led to the 1-metallacyclopropene 10,219 which
has been reported to form from the deprotonation of the
stilbene complex 4. The structure of 10, which was not
available at that time,”® is now reported here. The
structure of the metallacyclopropenes 7, 10, and 12 are
shown in Figures 4—6, respectively, while that of 16 is
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Figure 2. ORTEP drawing of complex 4 (50% probability
ellipsoids). For the disordered atoms only the A position is
given.

Table 2. Selected Bond Distances (A) and Angles
(deg) for Complexes 3, 4, and 8

3 4 8

W(1)—C(45) 2.156(9)  2.178(1) 2.150(14)
[2.146(18)]2  [2.163(18)]
W(1)—C(46) 2.154(8)  2.190(16) 2.168(18)
[2.14(2)] [2.164(18)]
W(1)—0(1) 1.835(6)  1.941(5) 1.938(7)
W(1)—0(2) 2.022(5)  1.908(5) 1.921(6)
W(1)—0(3) 1.850(5)  1.946(6) 1.926(7)
W(1)—0(4) 2.025(6)  1.910(5) 1.925(5)
C(45)—C(46) 1.476(13) 1.37(2) 1.47(3)
[1.41(3)] [1.46(2)]
Sn—C(45) 2171
[2.238(18)]
C(45)-W(1)-C(46) 40.1(3)  38.5(8) 39.5(7)
[36.5(5)] [39.9(6)]
W(1)—C(45)—C(46) 69.9(5)  72.2(8) 70.7(8)
[70.5(15)] [70.3(10)]
W(1)—C(46)—C(45) 70.1(4)  71.3(8) 69.4(8)
[71.0(12)] [70.2(10)]

2 The values in brackets refer to the disordered B position.

Table 3. Selected Bond Distances (A) and Angles
(deg) for Complexes 7, 10, and 12

12
7 10 A B
W(1)—C(45) 2.169(6) 2.174(6) 2.031(14) 2.046(11)
W(1)—C(46) 1.916(5) 1.912(6) 2.039(12) 2.039(13)
W(1)-0(1) 1.966(4) 1.924(5) 1.879(9) 1.828(9)
W(1)-0(2) 2.021(3) 1.931(4) 1.982(8) 2.022(9)
W(1)—0(3) 1.960(4) 1.961(5) 1.852(9) 1.862(9)
W(1)-0(4) 2.011(3) 2.054(4) 1.978(9) 1.979(9)
C(45)—C(46) 1.428(7) 1.438(10) 1.326(19) 1.28(2)

C(45)-W(1)-C(46) 40.3(2) 40.6(2) 38.0(5)  36.6(6)
W(1)—C(45)—C(46) 60.3(3) 59.9(3)  71.3(8)  71.4(8)
W(1)-C(46)—C(45) 79.4(3) 79.6(4)  70.6(8)  72.0(9)

reported in the Supporting Information. The bond
lengths (Table 3) within the metallacyclopropene units
support the proposed bonding sequence. In all struc-
tures, the W—C single bonds are longer than 2.0 A,
though there is a significant difference between the
metal binding to sp® (complexes 7 and 10) or sp? carbons
(complex 12). The W—C46 bond distances in 7 and 10,
1.916(5) and 1.912(6) A, respectively, are in agreement
with the presence of the 1-metallacyclopropene func-
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Table 4. Selected Bond Distances (A) and Angles
(deg) for Complexes 17 and 18

17

18

A B

A B

W(1)—0(1)
W(1)—-0(2)
W(1)-0(3)
W(1)—0(4)
W(1)—C(45)
C(45)—C(46)
C(45)—C(49)
C(46)—C(47)
C(46)A—C(46)B

W(1)—C(45)—C(49)
W(1)—C(45)—C(46)
C(46)—C(45)—C(49)
C(45)—C(46)—C(47)
C(45)A—C(46)A—C(46)B
C(47)A—C(46)A—C(46)B
C(46)A—C(46)B—C(45)B
C(46)A—C(46)B—C(47)B

1.927(8) 1.943(7)
2.014(7) 2.023(7)
1.934(7) 1.952(7)
1.942(7) 1.925(7)
1.918(10) 1.903(10)
1.585(14) 1.575(14)
1.459(14) 1.475(15)
1.509(14) 1.551(16)
1.532(15)

127.48) 128.0(7)
125.6(7) 126.4(7)
107.0(8) 105.5(8)
103.1(8) 103.9(8)
112.9(8)
114.9(9)
113.8(9)
114.7(8)

1.856(4) 1.850(4)
1.962(4) 1.982(3)
1.849(4) 1.848(4)
1.983(4) 1.982(3)
1.921(5) 1.914(5)
1.557(8) 1.555(7)
1.473(7) 1.472(7)
1.533(7) 1.523(6)
1.551(5)

125.8(4) 126.9(4)
125.3(4) 125.0(3)
108.1(4) 107.8(4)
102.6(4) 102.8(4)
113.4(4)
114.2(4)
112.5(4)
115.4(4)

Table 5. Comparison of Relevant Conformational
Parameters within the [W(calixarene)] Units for
Complexes 3, 4, and 8

3 4 8

(a) Distances (A) of Atoms from the O4 Mean Plane
0(1) —0.133(5) 0.024(6) 0.010(5)
0(2) 0.107(4) —0.024(6) 0.016(6)
(0]())] —0.125(5) 0.027(6) 0.010(5)
0o(4) 0.125(5) —0.027(6) 0.010(5)
W 0.380(1) 0.273(1) 0.394(1)

(b) Dihedral Angles (deg) between Planar Moieties?
EAA 138.2(2) 118.1(2) 119.4(2)
EAB 113.6(2) 117.7(2) 128.7(2)
EAC 142.0(2) 122.9(2) 121.0(2)
EAD 115.0(2) 122.8(2) 128.1(2)
AAC 100.2(2) 118.9(2) 119.6(3)
BAD 131.4(3) 119.5(2) 103.2(3)

(c) Contact Distances (A) between para C

Atoms of Opposite Aromatic Rings
9.701(10) 8.127(13)
7.262(13) 8.067(12)

C(4)---C(17)
C(10)---C(24)

7.955(16)
8.793(14)

tionality. The C45—C46 bond length varies from 1.43
A (av) in 7 and 10 to ca. 1.30 A in 12 (see Table 3).
Although the lithium cation is interacting at a rather
short distance (2.541(13) A) with one of the carbons of
the C, unit in 10, this did not affect the structural
parameters mentioned above (Table 3). The presence of
a lithium cation bridging one of the oxygens of the
calixarene and one of the carbons of the C, unit strongly
affects the conformation of the overall structure. The
planarity of the O4 core is completely removed in 10
(Table 6). The macrocycle assumes a nearly half-
flattened conformation, where the A ring is pushed
outward with respect to the cavity, thus being roughly
parallel to the reference plane (Table 6). This conforma-
tion leads the A ring to form a dihedral angle of 23.2-
(2)° with the C47---C52 phenyl ring. In complexes 7 and
12 the O4 set has a planar (7) or slightly tetrahedral
distorted arrangement (10). The plane of the MC,
fragment is perpendicular to the O4 core both in 7 and
12 (dihedral angle 91.1(2)° in 7 and 92.3(4)° in 12). The
distances of the metals out of the O4 plane are practi-
cally the same in the two complexes (0.369(1) A in 7
and 0.391(1) A in 12). The W—0 bond lengths appear
in pairs, with two short and two long distances (Table
3) in both compounds.?® The structural analysis reported
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Figure 3. ORTEP drawing of complex 8 (50% probability
ellipsoids). For the disordered atoms only the A position is
given.

Scheme 2
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here can serve to make the comparison between the two
isomeric metallacyclopropenes, namely 7 and 12. Ad-
ditional data supporting the 1-metallacyclopropene
structure of 7 and 10 are (i) the pronounced high-
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Figure 4. ORTEP drawing of the anion complex 7 (50%
probability ellipsoids). For the disordered atoms only the
A position is given.

Scheme 3
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frequency 3C NMR chemical shift of the monosubsti-
tuted carbon, 271.0 and 253.1 ppm, respectively, for 7
and 10, typical of alkylidene-like carbons and (ii) the
large dihedral angles between the W1—-C45—C46 and
C45—C47—-C48 or C45—-C47—N planes, 90.0(4) and
45.80°, respectively, for 7 and 10, which are not in
agreement with a “vinyl” formulation.2

There is a distinctive behavioral difference between
10 (Scheme 3) and 7 (Scheme 2) in the reaction with
MeTf, which in the former case led to the alkylation of
the calixarene oxygen rather than to the methylation
of the 1-metallacyclopropene. The protonation of 10, in
contrast, proceeds as in the case of 7, thus generating
the trans-stilbene derivative 4. The assistance of the
oxygen as a primary site of the protonation can be
invoked,37 so that the protonation of the anionic 1-met-

(20) A structural curiosity in the case of 12 is the self-assembling
of the monomeric units in a zigzag chain, issued from the complexation
of one of the phenyl groups of Ph,C; by the calix[4]arene cavity at an
adjacent monomeric unit (see the Supporting Information).

Guillemot et al.

C60

Figure 5. ORTEP drawing of complex 10 (50% probability
ellipsoids).

Figure 6. ORTEP drawing of molecule A of complex 12
(50% probability ellipsoids). For the disordered atoms only
the A position is given.

allacyclopropene would occur via the proton transfer
from the oxygen to the carbon, as supported by the DFT
calculations. The solid-state structure of 10, showing the
lithium cation bridging O4 and C46 (see Figure 5), is a
quite plausible structural model for the protonation of
the carbon functionalities in metallacalixarene chem-
istry assisted by the oxygen donor atoms.

The regiochemistry of the reaction of nonsymmetric
alkyne complexes with hydrides is exemplified in the
reaction of 14 with LiHBEt3, which leads to 16. In other
cases as well, the nucleophilic attack seems to occur at
the carbon of the alkyne bearing the most electron-
donating substituent. Both compounds 10 and 16 have
a 13C NMR resonance for the alkylidene carbon at ca.
250 ppm and a cone conformation of the ligand, as
revealed by the 'H NMR. The acenaphthylene complex,>
when submitted to the deprotonation reaction, revealed
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Table 6. Comparison of Relevant Conformational Parameters within the [W(calixarene)] Units for
Complexes 7, 10, 12, 17, and 18

12 17 18
7 10 A A B A B

(a) Distances (A) of Atoms from the O, Mean Plane
0O(1) —0.019(4) —0.338(4) —0.082(8) —0.112(8) —0.038(7) —0.025(7) —0.109(4) —0.119(4)
0O(2) 0.019(4) 0.301(4) 0.084(8) 0.146(9) 0.037(7) 0.024(7) 0.110(4) 0.118(4)
0O(3) —0.019(4) —0.276(4) —0.123(9) —0.102(8) —0.036(7) —0.030(7) —0.109(4) —0.117(4)
O(4) 0.020(4) 0.312(4) 0.083(8) 0.101(8) 0.037(7) 0.024(7) 0.108(4) 0.118(4)
w 0.369(1) 0.446(1) 0.391(1) 0.432(2) 0.243(1) 0.258(1) 0.374(2) 0.363(1)

(b) Dihedral Angles (deg) between Planar Moieties?
EAA 126.9(1) 161.2(2) 127.2(3) 136.8(4) 132.5(3) 124.4(2) 130.5(1) 137.0(1)
EAB 115.6(1) 118.2(2) 123.0(3) 120.0(3) 119.6(3) 124.2(3) 120.7(1) 120.6(1)
EAC 129.0(1) 117.1(2) 134.0(3) 131.8(3) 125.4(3) 120.5(3) 132.0(1) 128.3(2)
EAD 118.5(1) 120.2(2) 120.3(3) 114.5(4) 121.2(2) 124.8(3) 117.9(1) 115.9(2)
AnC 104.2(2) 98.4(2) 98.7(4) 91.5(5) 102.1(4) 115.1(4) 97.5(2) 94.6(2)
BAD 125.8(2) 121.4(2) 116.6(4) 125.5(4) 119.2(4) 111.0(4) 121.3(1) 123.5(2)

(c) Contact Distances (A) between para C Atoms of Opposite Aromatic Rings

C(4)---C(17) 8.782(8) 9.231(11) 8.91(2) 9.23(2) 8.842(17) 8.253(20) 9.000(8) 9.153(9)
C(10)---C(24) 7.634(7) 7.946(10) 8.082(19) 7.54(2) 8.020(18) 8.449(17) 7.866(7) 7.748(6)

a E (reference plane) refers to the least-squares mean plane defined by the C(7), C(14), C(21), and C(28) bridging methylenic carbons.

Scheme 4

se

—H" = LiBu
/W\ -H* TN
[e) O/ \O o] —» O 7 \>0

g o
5 B
m 1 wj 20
o 0 o 0
0,40 0,40
S eILVININS o LX)

W
\Er CpoFe” \%
7NN, 7NN,
o7 5o LI o7 5o LI

T A

18
the consequence on the stability of the 1-metallacyclo-
propene as a function of the substituent at the olefin
functionality, mainly in terms of steric constraints.

A particular instability is associated with the forma-
tion of a 1-metallacyclopropene fused with a C5 ring.
As a matter of fact, the deprotonation of 5 led to the
formation of 17, via the intermediacy of B. It can
probably be admitted that B originates from the ho-
molytic cleavage of the W—C single bond of the 1-met-
allacyclopropene. The dimerization of B would lead to
the dinuclear W(V) paramagnetic bis(alkylidene) shown
in Scheme 4. Complex 17 undergoes either a one- or a
two-electron oxidation. In the latter case the reaction,
carried out using either CuCl or Cp,FeBPhy, led to the
formation of the diamagnetic derivative 18. The 1H and
13C NMR spectra of 18 (see Experimental Section) did
not show any peculiarity or major difference with
respect to the other W—alkylidene derivatives.”® Both
complexes 17 and 18 have been structurally character-
ized, and a picture of their structures is shown in
Figures7 and 8, respectively. They are structurally very
similar, at least in the oxidation state of the metal and
the presence of two lithium countercations binding at

Figure 7. ORTEP drawing of complex 17 (50% probability
ellipsoids). For the disordered atoms only the A and B
positions are given. The THF molecules bonded to the
lithium cations are omitted for clarity.

the oxygens of the calixarene in 17. The structural
parameters in Table 4 support the connectivity given
in Scheme 4, with C46(A)—C46(B) distances of 1.532-
(15) and 1.551(5) A in 17 and 18, respectively. The
average value of W—C45, 1.916(12) A, shows the pres-
ence of a metalla-alkylidene functionality. The W—C45
vector is nearly parallel to the normal to the O4 core
(dihedral angles 3.1(4)° (4.3(3)°) and 2.6(2)° (0.6(1)°) for
17 and 18, respectively), which shows significant tet-
rahedral distortions. Tungsten is displaced from this
plane toward the C45 carbon. The geometry of the
coordination polyhedron (Table 4) as well as the ellipti-
cal cone section of the macrocycle (Table 6) are in good
agreement with those found in 3 and 12. The mutual
orientation of the two molecules in a dimer leads the
two independent O4 cores to be nearly perpendicular to
each other (dihedral angles 91.9(4) and 97.5(1)° for 17
and 18, respectively).

The 1-metallacyclopropene anions in Schemes 2—4
are isomers of metallaalkylidyne anions, which they
rearrange to when the substituents at the two carbons
of the C=C double bonds are protons. Such related
species are similar in their behavior toward oxidizing
agents. Their dimerization can be achieved by one-
electron oxidation. In the case of alkylidynes, their
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Figure 8. ORTEP drawing of complex 18 (50% probability ellipsoids). For the disordered atoms only the A and B positions

are given.

dimerization led to the formation of u,5?:2-acetylene,’”@
while in Scheme 2 we afforded the formation of a
dinuclear bis(alkylidene). The alternative synthesis of
the latter compounds passes through the deprotonation
of strained olefins, which undergo spontaneous evolution
to dinuclear alkylidenes.

(B) Theoretical Analysis: Density Functional
Investigation of the 1-Metallacyclopropenes. Den-
sity functional calculations were performed to gain a
better understanding of the electronic structure of the
alkene, vinyl, and alkyne complexes supported by the
tungsten calixarene fragment (3, 7, and 12, respectively)
and to elucidate their reactivity patterns. All of the
tungsten calixarene complexes have been simplified by
replacing the four But groups of calixarene ligand and
the organic groups of the alkene, vinyl, or alkyne
moieties with hydrogen atoms to reduce the computa-
tional effort. The considered molecules, which are only
slightly different from the actual complexes, will be
called hereafter as 3*, 7*, and 12*, respectively. DFT
calculations including nonlocal correction to the exchange-
correlation potential have been shown to describe
adequately the geometry of organometallic compounds.?!

The main geometric parameters of the optimized
structures for 3*, 7*, and 12* are reported in Table 7
and compared with the experimental data, using the
numbering scheme of Figures 1, 4, and 6. The optimized

(21) (a) Ziegler, T. Chem. Rev 1991, 91, 651. (b) Reviews in
Computational Chemistry; Lipkowitz, K. B., Boyd, D. B., Eds.; VCH:
New York, 1990—1999; Vols. 1-13.

geometries are in good agreement with the experimental
X-ray data; bond distances agree within 0.02—0.03 A,
while the largest deviation of bond angles is about 6°.
In particular, the geometry calculated for 7 reproduces
the 1-metallacyclopropene feature of this compound
with one W—C bond shorter than the other and a rather
long C—C bond. A DFT calculation has been recently
performed on a [Cp(CO);Re(;2-CHCHS,)] complex, with
the same spectroscopic and geometric characteristics of
7 and 10, and a subsequent natural orbital analysis
(NBO) strongly supported the 1-metallacyclopropene
nature of this species.%

The energy barrier for the rotation of the ethylene,
vinyl, and acetylene moieties around the metal—ligand
axis was estimated by performing geometry optimiza-
tions under C,, symmetry constraints on 3*, 7*, and 12*,
with the organic fragment rotated by 45° with respect
to the O(1)—W—-0(3) and O(2)—W—-0(4) planes. Small
energy barriers were found (5.7, 1.8, and 7.3 kcal mol 1,
respectively), which suggest free rotation above 100 K.
This is in agreement with the 1H NMR of 3, 7, and 12,
indicating an apparent C4, symmetry of the calixarene
moiety.

The electron-rich anionic 1-metallacyclopropenes eas-
ily undergo reactions with electrophiles. Both charge
and orbital frontier factors may determine the regio-
chemistry of the electrophilic attack, and charge effects
are expected to prevail when hard electrophiles, such
as H™ and Me™*, are employed. The results of Mulliken
population analysis on the optimized geometry of 7*



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on November 3, 2000 on http://pubs.acs.org | doi: 10.1021/0m0006155

1-Metallacyclopropene and Alkylidene Complexes

Organometallics, Vol. 19, No. 24, 2000 5229

Table 7. Main Geometrical Parameters Calculated for the Model Complexes 3*, 7*, and 12* Compared with
the Experimental Values for 3, 7, and 12

theor X-ray

3* Ve 12* 3 7 12B
W(1)—C(45) 2.138 2.169 2.047 2.156(9) 2.169(6) 2.046(11)
W(1)—C(46) 2.138 1.896 2.047 2.154(8) 1.916(5) 2.039(13)
W(1)—0(2) (av) 1.875 1.960 1.873 1.843(6) 1.963(4) 1.845(9)
W(1)—0(2) 1.875 2.064 2.046 2.022(5) 2.021(3) 2.022(9)
W(1)—0(4) 2.037 2.056 2.046 2.025(6) 2.011(3) 1.979(9)
C(45)—C(46) 2.037 1.433 1.305 1.476(13) 1.428(7) 1.28(2)
C(45)—W(1)—C(46) 39.8 40.6 37.8 40.1(3) 40.3(2) 36.6(6)
O(1)—W(1)—0(3) 148.4 155.3 144.9 147.9(2) 157.1(2) 145.9(4)
0(2)—W(1)—0(4) 162.5 160.4 163.7 165.0(2) 160.0(1) 162.2(4)
W(1)—0(1)—C(1) (av) 149.6 142.7 151.9 150.1(5) 134.7(3) 149.0(9)
W(1)—0(2)—C(13) 117.6 117.9 116.4 116.7(5) 122.5(3) 121.1(9)
W(1)—0(4)—C(27) 117.6 119.0 116.4 117.2(5) 125.4(3) 120.2(8)

Figure 9. Optimized structure of the oxygen-protonated
1-metallacyclopropene C.

show that the four oxygen atoms of calixarene bear the
highest negative charges (—0.83/—0.87), while the mono-
substituted carbon atom of the metallacyclopropene ring
(C') bears a slightly lower negative charge (—0.54). At
the same time, an analysis of the frontier orbitals shows
that 7* has a high-lying isolated HOMO which is mainly
localized on the C' atom (41%). Therefore, the incoming
electrophiles may attack either one of the calixarene
oxygens on the basis of charge factors or the vinyl C’
atom on the basis of both charge and frontier factors.
Moreover, although the negative charge on the calix-
arene oxygens is higher than that on the vinyl C' atom,
the difference is quite small (less than 0.30) and could
be easily affected by the substituents (Me or Ph) which
are present in actual complexes such as 7 and 10.
Although, due to the larger size and the lower sym-
metry, we could not perform any calculations on these
substituted complexes, some trends can be foreseen on
the basis of qualitative considerations. For instance, in
7, where the vinyl moiety takes three electron-donating
methyl groups, we expect a higher negative charge on
the vinyl C' atom so that both charge and frontier orbital
factors would preferentially direct the electrophilic
attack to the C' atom, in agreement with the experi-
mental evidence. On the other hand, in 10, where the
vinyl moiety takes two phenyl groups, we expect the
charges of the oxygen and C' atoms to be close to those
calculated for 7* with a higher charge on the oxygen
atoms, so that this complex would preferentially un-
dergo the electrophilic attack at one of the calixarene

Figure 10. Optimized structure of the oxidized #*-vinyl
radical A.

oxygens. This is in agreement with the regiochemistry
of the alkylation of 10 but not with the regiochemistry
of the protonation which is directed at the vinyl C' atom.
However, the regiochemistrry of the protonation may
be determined by the high mobility of the proton that
could easily migrate from the oxygen to the C' atom
giving the thermodynamically most stable product,
which is expected to be the olefin complex.

To clarify this point, we have compared the energies
of the two products resulting from the proton attack on
the vinyl C' atom or on one of the calixarene oxygens
(the one bearing the highest negative charge) of 7*. The
former product is simply the ethylene complex 3*, which
has already been theoretically characterized. The latter
product is the neutral oxygen-protonated metallacyclo-
propene C (Figure 9), for which a full geometry optimi-
zation under Cs symmetry constraints has been per-
formed. The C'-protonated ethylene complex has been
calculated to be 46 kcal mol~* more stable that the
O-protonated 1-metallacyclopropene, thus supporting
our hypothesis.

We finally considered the one-electron oxidation of the
1-metallacyclopropene 7 leading to the dimeric species
9. An analysis of the frontier orbitals of 7* (see above)
has shown the presence of a high-lying isolated HOMO,
which is mainly localized on the C' atom. The removal
of one electron from 7* is therefore expected to lead to
a C'-centered radical, as confirmed by a single-point
DFT calculation of 7** using the optimized geometry
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of 7*, which shows that the singly occupied molecular
orbital (SOMO) is mainly localized on the vinyl C' atom
(61%) and gives a low vertical ionization energy, 71 kcal
mol~1. A first geometry optimization of 7** leads to a
slightly relaxed structure with elongated W—C bond
lengths. However, a lower energy minimum (by 7 kcal
mol~1) was found for a structure with the W—C bond at
the most substituted carbon homolytically cleaved, thus
corresponding to an n'-vinyl radical (Figure 10). This
result supports the mechanism proposed in Scheme 2
based on the intermediacy of the free radical species A.
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