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Abstract: The present report deals with the multistep migratory insertion of carbon monoxide and isocyanides into
the metat-carbon bonds of the ZrtRragment anchored to a tetroxo matrix, defined by the dimethoxycalix[4]arene
dianion jp-But-calix[4]-(OMe)(O);]2~. The relevant differences between the two fragmemBy-calix[4]-(OMe),-
(0)22r]?* and [CpZr]%" are experimentally proven and theoretically interpreted. Unlike those foZ[%p deriv-

atives, the reaction of CO witlp{But-calix[4]-(OMe)(0)ZrR;] [R = Me, 1; CH,Ph,2; p-MeCsH4, 3] proceedsia

1
a two-step migration directly to the correspondirfgmetal-bonded-ketonep-But-calix[4]-(OMe),(O).Zr{ n?>-C(R;)O]

(R = Me, 4; CH,Ph, 5; p-MeCgHy4, 6). The Zr—C functionality in4—6 maintains its inserting capability in the
reaction with ketones,e., PhCO, leading to the diolate derivativp-But-calix[4]-(OMe)(0),Zr{ OC(R,)C(Ph)0} |

(8, R = p-MeGgHy,), or with BUNC, forming [p-But-calix[4]-(OMe)(0),Zr{ OC(Me&,)C(CNBU)N(Bu)}] (7). The

reaction of1—3 with BUNC proceeds through two different pathways, depending on the temperature and the R
substituent at the metal. The first one leads to #emetal-bonded imine gBut-calix[4]-(OMe)(O)Zr{ 5>
NBUWC(R)}] [ R = Me, 12 CH.Ph, 13|, which inserts two additional molecules of BIC to give a
metalladiazacyclopentang-But-calix[4]-(OMe)(O),Zr{ N(Bu)C(Me;) C(CNBU)N(Bu)}] (14). The second pathway

led, at low temperature, to the big-iminoacyls p-Bui-calix[4]-(OMe)(O)Zr{#%-N(Bu)=C(R)} 2] [R = Me, 15;
p-MeCsH,, 16], which at 60°C couple to the corresponding enediamido ligandpB[i-calix[4]-(OMe)(O),Zr-
{N(BU)C(RF=C(R)N(BU)}] [R = Me, 17; p-MeC¢H,4, 18]. The coupling ofl5 and 16 showed first order kinetics

in both cases and allowed the calculation of the corresponding activation parameters. The most significant differences
between |p-But-calix[4]-(OMe)(0),Zr]?* and [CpZr]?" have been interpreted on the basis of the frontier orbital

sets of the two fragments.

Introduction thus creating the possibility of having functionalizable sites at
. . . the metal. An additional advantage is the potential of using
Calix[4]arenes exemplify,at the molecular level, the chemi- the calix[4]arene bridging methylene and the' Buoups as

cal environment that an organometallic fragment is supposed . -
. . spectroscopic probes for revealing the symmetry of the fragment
to experience when anchored to solid state supports, such as

oxides or zeolites. Although the anchoring groups in calix- attached to the tran3|.t|on metal. . .

[nlarene are methylene-bridged phenoxo anions, the role of N order to emphasize the peculiar role of calix[4]arene as a
calix[njarene as an ancillary ligand is different from that played SUPPOrting ligané > compared to cyclopentadienyl and phenoxo
by the same number of monomeric phenoxo moieties. This is anions, we chose the ZC bond for its versatility and poten-
easily understood for the following reasons: (i) the calix[4]- tidl in organic synthes?s’ and focused on one of the most
arene provides a nearly planar oxo surface for anchoring the Useful, and as it turned out peculiar, reactions, namely the mi-
metal; (ii) the charge provided by the;@oiety can be adjusted ~ dratory insertion Qf cgrbon monoxide and |socyapﬁjé$ere|n, .
from —4 to —2 via partial methylation of the phenoxo groups, We report the kinetically and structurally defined stepwise
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insertion processes occurring on the dialkyl derivatives shown exaCH;,), 1.68 (s, 6H, Me), 1.27 (s,18H, Bu1.11 (s, 9H, BY,

below:

R R

N, /s

Zr,
7
MeO O/ \}O Me

[p-Bu'-calix[4]-(OMe) (0),ZrR,]

These reactions proceeih metal-assisted €C bond forma-
tion and lead to a variety of carbemetal-bonded fragments
supported by the unusual tetraoxo [calix[4]-(OM@&)2]%~
dianion in a quasi-planar arrangement. A preliminary report
on this subject appeared receritlyfExtended Hakel calcula-
tions have been performed with the purpose of rationalizing
the major differences between the pZp %" and the [calix[4]-
(OMe)(0),Zr)2" fragments in driving migratory insertion
reactions.

Experimental Section

All operations were carried out under an atmosphere of purified
nitrogen. All solvents were purified by standard methods and freshly
distilled prior to use. NMR spectra were recorded on 200-AC and 400-
DPX Bruker instruments. The synthesedlef3 are described in detail
elsewheré. The content of solvent of crystallization has been checked

overlapping with 1.13 (s, 9H, Bu Anal. Calcd for4, CsgHgsOsZr:

C, 71.40; H, 7.83. Found: C, 71.15; H, 8.16. The product is thermally
stable in GDs (14 h, 65°C) but slowly decomposes when exposed to
solar light.

Synthesis of 5. Compound (5.56 g, 5.86 mmol) was dissolved in
benzene (200 mL), and the;ldtmosphere was replaced with CO. The
mixture was stirred at room temperature for 30 min and became
colorless. Volatiles were then removiedvacug and hexane (50 mL)
was added to the residue. The flask was kept2® °C for 14 h, and
the white5-(CsHe)1.5 was collected and drieith vacuo(4.2 g, 65.5%).

IH NMR (CeDs, 298 K): 6 7.63 (m, 4H, ArH(PhCH)), 7.24-7.15
(m, ArH), 6.90 (m, 2H, ArH(PhCHh)), 6.82 (s, 2H, ArH), 6.79 (s, 2H,
ArH), 4.45 (s, 3H, MeO), 4.22 (d] = 12.4 Hz, 4H,endoCH,), 4.03

(s, 3H, MeO), 3.65 (dJ = 13 Hz, 2H, PhEly), 3.47 (d,J = 13 Hz,
2H, PhH,), 3.19 (d,J = 12.4 Hz, 2H,excCH,), overlapping with
3.18 (d,J = 12.4 Hz, 2H,exoCH,), 1.44 (s, 18H, BY, 0.74 (s, 9H,
BuY), overlapping with 0.72 (s, 9H, Bu *H NMR (CD.Cl,, 298 K):

0 7.51 (m, 4H, ArH(PhCH)), 7.40 (s, 9H, @), 7.20 (m, 4H, ArH-
(PhCH)), 7.05 (s, 4H, ArH), 6.98 (s, 4H, ArH), 6.88 (m, 2H, ArH-
(PhCH)), 4.70 (s, 3H, MeO), 4.36 (s, 3H, MeO), 4.15 @= 12.4
Hz, 2H,endoCHy,), overlapping with 4.13 (d) = 12.4 Hz, 2H,endo
CH;), 3.31 (s, 4H, Ph#l,), 3.28 (d,J = 12.4 Hz, 2H,exoCHy), 3.22

(d, J = 12.4 Hz, 2H,ex0CH;,), 1.27 (s,18H, BY, 1.11 (s, 9H, BY,
overlapping with 1.10 (s, 9H, Bu Anal. Calcd for5+(CeHe)1s,
CroHs:0sZr: C, 76.88; H, 7.47. Found: C, 76.86; H, 7.66. Crystals
suitable for X-ray analysis were obtained by cooling a saturated solution
of 5in hexane/benzened 7:1) to—25°C. The product is thermally
stable in GDs (14 h, 65°C) but slowly decomposes when exposed to
solar light. When a proton source is preseptBjut-calix[4]-(OMe)-

by thermal treatment of the sample followed by a gas chromatography (0)2Z{ OCH(CHPh)},] is easily formed.

analysis.
Synthesis of 4. Complex1-CgHs (5.29 g, 6.06 mmol) was suspended
in benzene (150 mL), and the,Nvas replaced with CO at room

Synthesis of 6. An ampule containin@ (0.955 g, 1.01 mmol) was
suspended in toluene (160 mL). The flask was saturated with CO.
At 15 °C and at a pressure of 1.002 atm, the ampule was broken;

temperature. The mixture became colorless in a few minutes. After 1 24.7 mL (1.04 mmol) of CO were absorbed during the reaction

h, volatiles were removeith vacuoand hexane (50 mL) was added to
the residue. The flask was kept-a25 °C for 14 h, and then the white
4 was collected at-20 °C and driedin vacuo (4.18 g, 83.7%).'H
NMR (CeDs, 298 K): 0 = 7.25 (d,J = 2.5 Hz, 2H, ArH), 7.21 (dJ

= 2.5 Hz, 2H, ArH), 6.89 (s, 2H, ArH), 6.81 (s, 2H, ArH), 4.45 @,
= 12.5 Hz, 2H,endoCH,), overlapping with 4.43 (s, 3H, MeO),
overlapping with 4.42 (dJ = 12.5 Hz, 2H,endeCH,), 4.20 (s, 3H,
MeO), 3.27 (dJ = 12.5 Hz, 2H,exoCHy), 3.15 (d,J = 12.5 Hz, 2H,
exoCHy), 2.11 (s, 6H, Me), 1.45 (s, 18H, Bu0.77 (s, 9H, BY,
overlapping with 0.74 (s, 9H, Bu H NMR (CD.Cly, 298 K): § 7.14
(d,J = 2.5 Hz, 2H, ArH), 7.12 (dJ = 2.5 Hz, 2H, ArH), 7.08 (s, 2H,
ArH), 7.04 (s, 2H, ArH), 4.66 (s, 3H, MeO), 4.62 (s, 3H, MeO), 4.41
(d, J = 12.4 Hz, 2H,endeCH,), 4.35 (d,J = 12.4 Hz, 2H,ende
CHy), 3.41 (d,J = 12.4 Hz, 2H,exoCH,), 3.35 (d,J = 12.4 Hz, 2H,

(6) (@) Negishi, E.-I.; Takahashi, Acc. Chem. Resl994 27, 124~
130 and references therein. (b) Erker, G.; PfaffCRganometallics1993
12, 1921-1926. (c) Reetz, M. T. I@rganometallics in SynthesiSchlosser,

M., Ed.; Wiley: New York, 1994; Chapter 3. (d) Negishi, E.-l. In
Comprehensee Organic Synthesi®aquette, L. A., Ed.; Pergamon: Oxford,
1991; Vol. 5, p 1163. (e) Schore, N. E.@omprehense Organic Synthesis
Paquette, L. A., Ed.; Pergamon: Oxford, 1991; Vol. 5, p 1037. (f) Buchwald,
S. L.; Nielsen, R. BChem. Re. 1988 88, 1047-1058. (g) Cardin, D. J.;
Lappert, M. F.; Raston, C. [Chemistry of Organozirconium and Hafnium
CompoundsWiley: New York, 1986.

(7) Coates, G. W.; Waymouth, R. M. Bomprehensie Organometallic
Chemistry 1] Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;
Pergamon: Oxford, 1995; Vol. 12, Chapter 12.1. Ryan, E. Ldmpre-
hensbe Organometallic Chemistry ;llIAbel, E. W., Stone, F. G. A,
Wilkinson, G., Eds.; Pergamon: Oxford, 1995; Vol. 4, Chapter 9. Jordan,
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(complete in 5 min). The glass was filtered off, and the volatiles were
removedn vacua n-Hexane was added to the residue, and the resulting
solution was kept at-24 °C overnight. Compoun@ precipitated as

a light yellow powder, which was collected and driedvacuo (0.44

g, 45%). *H NMR (CeDs, 298 K): 6 = 7.96 (d,J = 8.2 Hz, 4H,
ArH), 7.18 (d, 4H, ArH), overlapping with 7.15 (s, 4H, ArH), 6.79 (s,
4H, ArH), 4.47 (s, 3H, MeO), overlapping with 4.43 (d, 4eihdo
CH,), 4.32 (s, 3H, MeO), 3.15 (d = 12.4 Hz, 4H,exoCH,), 2.17 (s,

6H, CHg), 1.39 (s, 18H, BY, 0.75 (s, 9H, BY, 0.68 (s, 9H, BY). Anal.
Calcd for 6, CeH720sZr: C, 75.03; H, 7.43. Found: C, 74.99; H,
7.78.

Synthesis of 7. BUNC (0.61 g, 7.34 mmol) was added at room
temperature to a solution ¢f (2.95 g, 3.57 mmol) in toluene (100
mL), and the resulting yellow solution was stirred for 7 h. Volatiles
were removedn vacuountil near dryness, and hexane (40 mL) was
added to the residue. The flask was kept for 2 days 24 °C; the
pale yellow7-C;Hg-(CgH14)05 Was then collected and dried vacuo
(1.2 g, 30%). *H NMR (CD.Cl,, 298 K): 6 = 7.35-7.0 (m, 13H,
ArH, C7Hg), 4.46 (s, 6H, MeO), 4.37 (d) = 12.4 Hz, 1H, CH),
overlapping with 4.34 (dJ = 12.4 Hz, 1H, CH), 4.25 (d,J = 12.8
Hz, 1H, CH), overlapping with 4.23 (d] = 12.8 Hz, 1H, CH), 3.42-

3.3 (m, 4H, CH), 2.38 (s, 3H, GHg), 1.56 (s, 3H, Me), 1.54 (s, 9H,
BuY), 1.46 (s, 3H, Me), 1.32 (s, 9H, Buoverlapping with 1.31 (s,
13H, Bu), 1.29 (s, 9H, BY, 1.18 (s, 18H, BY, 0.93 (m, 3H, hexane).
IR: (Nujol mull) 1973, 1952 cm! (s); (toluene solution) 1958 crh
(s). Anal. Calcd for7-CsHg*(CeH14)05, CegHo7OsN2Zr: C, 73.62; H,
8.68; N, 2.49. Found: C, 73.37; H, 8.83; N, 2.30.

Synthesis of 8. Compound3 (5.46 g, 5.76 mmol) was dissolved in
benzene (150 mL), and the;ldtmosphere was replaced with CO. The
mixture was stirred overnight in the dark to give a light yellow solution.
CO was then replaced withJNand a solution of PICO (1.04 g, 5.70
mmol) in benzene (150 mL) added dropwise at room temperature, under
stirring, to the reaction mixture. Volatiles were removiedvacuq
n-hexane was added to the residue, and the resulting solution was kept
at —24 °C overnight. It was then frozen (liquidJNand allowed to
warm to room temperature. After 48 (CgH14)05(CeHe)o.s precipitated
as a white powder, which was collected and diiedacuo (4.11 g,
58%). IH NMR (CD,Cly, 298 K): & 7.64 (m, 4H, ArH), 7.43 (dJ =
9.1 Hz, 4H, ArH), 7.36 (s, 3H, benzene), 7.17 (m, 6H, ArH), 7.09 (s,
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4H, ArH), 6.97 (s, 4H, ArH), overlapping with 6.95 (d,= 9.1 Hz,
4H, ArH), 4.29 (d,J = 12,6 Hz, 4H,endoCH,), 3.90 (s, 6H, MeO),
3.25 (d,J = 12.6 Hz, 4H,exoCH;,), 2.25 (s, 6H, CH), 1.27 (brd,
22H, BU, hexane), 1.10 (s, 18H, Bu0.89 (m, 3H, hexane). Anal.

Found: C, 75.82; H, 8.20; N, 1.13. The symmetry of the spectrum
does not change on lowering the temperature to 183 K (broadening
only was observed). Crystals suitable for X-ray analysis were obtained
at 9°C from a toluene solution saturated at room temperature. The

Calcd for 8'(C5H14)0,5‘(C5H6)0,5, CgngzOeZl’: C, 7744, H, 7.47.
Found: C, 77.39; H, 7.47.

Synthesis of 9. (PhxCO (0.40 g, 2.2 mmol) was added at room
temperature to a solution df3 (1.11g, 1.08 mmol) in toluene (100
mL). A sample of the solutionc. 1 mL) was evaporated to dryness
in vacuqg and the residue was taken up isDg. The'H NMR spectrum

product is thermally stable (12 h, 5%&), is decomposed in solution
by the action of solar light, and reacts further with'BG to give a
complex mixture of products.

Synthesis of 14. A solution of BUNC (1.45 g, 17.5 mmol) in
benzene (65 mL) was added dropwise at room temperature to a
suspension ol-CsHs (4.57 g, 5.23 mmol) in benzene (80 mL), and

of the resulting solution showed the presence of a few extra peaks withthe resulting yellow solution was stirred for 2 h. Volatiles were

respect to that of the isolated produét=€ 7.7 (m, 4H), 7.3-7.05 (m),
overlapping with toluene and product peaks, 3.51 (s, 2H), 3.40 (s, 2H),
1.34 (s, 9H)). The same signals were observed for the reactitB of
with PhCOCOPh, leading t&@1. Volatiles were removeéh vacuq
hexane was added to the residue, and the whiellected and dried
in vacuo (0.40 g, 33%). 'H NMR (C¢Ds, 298 K): 6 7.96 (m, 8H,
ArH, Ph), 7.26 (s, 4H, ArH), 7.09 (m, 8H, ArH, Ph), 6.98 (m, 4H,
ArH, Ph), 6.84 (s, 4H, ArH), 4.50 (d] = 12.4 Hz, 4H,endoCH,),
3.95 (s, 6H, MeO), 3.22 (dl = 12.4 Hz, 4H,exoCH,), 1.45 (s, 18H,
BuY), 0.80 (s, 18H, B). Anal. Calcd for9, C;;H7s06Zr: C, 76.49;
H, 6.95. Found: C, 76.32; H, 7.24.

Synthesis of 11. A solution of PhCOCOPh (0.37 g, 1.8 mmol) in
toluene (35 mL) was added at room temperature to a solution of
5(CsHe)1.5(1.90 g, 1.74 mmol) in toluene (100 mL), yielding a greenish
solution. Volatiles were removeith vacug n-hexane (40 mL) was
added to the residue, and the resulting solution was kept2t
°C for 2 days. Complexl1-(C¢His)15 precipitated as an orange
powder, which was collected and driéu vacuo (1.5 g, 78%). *H
NMR (CgDg, 298 K): 6 8.02 (m, 4H, ArH, Ph), 7.267.0 (m, 10H,
ArH), 6.78 (s, 4H, ArH), 4.40 (dJ = 12.5 Hz, 4H,endoCH,), 3.96
(s, 6H, MeO), 3.14 (d, 4HJ) = 12.5 Hz,exoCHy), 1.45 (s, 18H,
Bu), 1.23 (m, 12H, hexane), 0.88 (m, 9H, hexane), 0.72 (s, 181, Bu
Anal. Calcd for 11‘(C6H14)1,5, CeoHgdOsZr: C, 74.95; H, 8.11.
Found: C, 75.35; H, 7.73. Comple¥l is also obtained through the
reaction of 4 and 13 with PhCOCOPh, as shown byH NMR
spectroscopy.

Synthesis of 12. A solution of BUNC (0.74 g, 8.9 mmol) in toluene
(50 mL) was added dropwise, at room temperature, to a solution of
1-CgHs (7.85 g, 8.98 mmol) in toluene (200 mL), to give a yellow
solution. After 2 h, volatiles were removénl vacuoand hexane (50
mL) was added to the residue. The flask was kept 2 day24t°C;
the pale yellowl2 was then collected and dridd vacuo (5.06 g,
64.0%). *H NMR (CeDs, 298 K): 6 7.21 (s, 4H, ArH), 6.79 (s, 4H,
ArH), 4.43 (d,J = 12.4 Hz, 4H,endoCH,), 4.08 (s, 6H, MeO), 3.15
(d, J = 12.4 Hz, 4H,exoCHy), 2.14 (s, 6H, Me), 1.74 (s, 9H, NBuy
1.45 (s, 18H, BY), 0.86 (s, 18H, Bl). Anal. Calcd forl2, CssH7s04
NZr: C, 72.39; H, 8.37; N, 1.59. Found: C, 72.37; H, 8.58; N, 1.50.
The product is thermally stable (12 h, 8&) but is decomposed in
solution by solar light.

Synthesis of 13. BUNC (0.38 g, 4.6 mmol) was added at room
temperature to a solution & (4.51 g, 4.75 mmol) in toluene (250
mL). After 2 h, a sample of the solutiord 1 mL) was evaporated
to drynessin vacuoand the residue was taken up iR3s. TheH
NMR of the resulting solution showed the presence of the starting
material together with a small amount of the final product. The IR

spectrum of the toluene reaction solution (taken at the same time)

coincided with the sum of the IR spectra in toluen€aind free Bl
NC. After 3 days, volatiles were removéd vacuoandn-hexane (50
mL) was added to the residue. The flask was kept 14-h2°C; the
yellow 13 was then collected and dried vacuo(2.63 g, 53.5%)H
NMR (CeDs, 298 K): 6 7.77 (m, 4H, ArH(PhCH)), 7.24 (s, 4H, ArH),
7.14 (m, 4H, ArH(PhCH)), 7.00 (m, 2H, ArH(PhCH)), 6.75 (s, 4H,
ArH), 4.26 (d,J = 12.4 Hz, 4H,endeCH,), 3.82 (d,J = 15.2 Hz, 2H,
PhCH,), 3.73 (s, 6H, MeO), 3.68 (dl = 15.2 Hz, 2H, Ph€El,), 3.08
(d,J=12.4 Hz, 4H.exoCH,), 1.77 (s, 9H, NBY, 1.45 (s, 18H, BY),
0.86 (s, 18H, BY).H NMR (CD:Cl,, 298 K): ¢ 7.64 (m, 4H, ArH-
(PhCH)), 7.14-7.04 (m, 10H, ArH), 6.77 (s, 4H, ArH), 4.20 (d,=
12.4 Hz, 4HendeCHy), 4.02 (s, 6H, MeO), 3.67 (d,= 15.3 Hz, 2H,
PhQH,), 3.51 (d,J = 15.3 Hz, 2H, PhEl,), 3.16 (d,J = 12.4 Hz, 4H,
exoCHy), 1.70 (s, 9H, NB#Y), 1.35 (s, 18H, BY, 0.96 (s, 18H, BY.
Anal. Calcd for 13, CesHgi:O4NZr: C, 75.68; H, 7.91; N, 1.36.

removedin vacug and hexane (50 mL) was added to the residue.
Yellow 14-C¢Hg was then collected and dried vacuo (3.5 g, 59%).
H NMR (CgDs, 298 K): 6 7.37—-7.30 (m, 4H, ArH), 6.98-6.89 (m,
4H, ArH), 5.30 (d,J = 12.4 Hz, 1H, CH), 4.93 (d,J = 12.0 Hz, 1H,
CHy), 4.74 (dJ = 12.4 Hz, 1H, CH), 4.64 (d,J = 12.0 Hz, 1H, CH),
4.37 (s, 3H, MeO), 4.01 (s, 3H, MeO), 348.26 (m, 4H, CH), 1.71
(s, 3H, Me), 1.63 (s, 3H, Me), 1.60 (s, 9H, BuL.52 (s, 9H, Bi), 1.48
(s, 9H, BU), 1.43 (s, 9H, BY, 1.24 (s, 9H, BY, 0.78 (s, 18H, Bi). H
NMR (CD,Cl,, 298 K): 6 7.37 (s, 6H, GHe), 7.08-6.98 (m, 8H,
ArH), 4.98 (d,J = 12.4 Hz, 1H, CH), 4.64 (d,J = 12.0 Hz, 1H,
CHy), 4.53 (s, 3H, MeO), overlapping with 4.48 (@= 12.4 Hz, 1H,
CH,), 4.42 (d,J = 12.0 Hz, 1H, CH), 4.35 (s, 3H, MeO), 3.32 (d
= 12.0 Hz, 1H, CH), 3.25 (d, 1H, CH), overlapping with 3.23 (d,
1H, CH,), 3.05 (d,J = 12.0 Hz, 1H, CH), 1.70 (s, 3H, Me), 1.64 (s,
3H, Me), 1.50 (s, 9H, BY, 1.47 (s, 9H, BY), 1.39 (s, 9H, Bi), 1.28 (s,
9H, BU), 1.26 (s, 9H, BY, 1.19 (s, 9H, BY, 1.17 (s, 9H, BY. IR:
(Nujol mull) 1965 cn1? (s). Anal. Calcd forl4-CgHg, CsoHg70OsN3-
Zr: C, 73.75; H, 8.70; N, 3.74. Found: C, 73.10; H, 8.55; N, 3.39.
Crystals suitable for X-ray analysis were obtained from ,CH
hexane solutions kept at20 °C. The same product can be obtained
by adding 2 equiv (or an excess) of B to a solution ofL.2in toluene
or GDe. It is thermally labile (decomposition visible aft8 h at 60
°C in CgDg).

Synthesis of 15. A solution of BUNC (0.38 g, 4.6 mmol) in toluene
(50 mL) was added dropwise to a solutionle€sHs (2.0 g, 2.3 mmol)
in toluene (100 mL) at-80 °C. The colorless solution was stirred
overnight, while the temperature slowly increased-®°C. Volatiles
were then removeth vacuq andn-hexane (40 mL) was added to the
residue. The flask was kept for 1 day-a24 °C; the whitel5 was
then collected and drieh vacuo (1.80 g, 81.8%).H NMR (CgDe,
298 K): 6 7.31 (d,J = 2.4 Hz, 2H, ArH), 7.29 (dJ = 2.4 Hz, 2H,
ArH), 6.97 (d,J = 2.4 Hz, 2H, ArH), 6.93 (dJ = 2.4 Hz, 2H, ArH),
4,72 (d,J=11.8 Hz, 2H,endeCH,), 4.40 (d,J = 11.8 Hz, 2H,endo
CH,), 4.12 (s, 6H, MeO), 3.42 (d, 2lxoCHy), overlapping with 3.35
(d, 2H, exaCHy), 2.49 (s, 6H, Me), 1.48 (s, 18H, Bu1.20 (s, 18H,
BuY), 0.93 (s, 18H, BY). H NMR (CD,Cl,, 298 K): ¢ 6.94-6.89 (m,
8H, ArH), 4.41 (d,J = 11.8 Hz, 2HendeCH,), overlapping with 4.34
(s, 6H, MeO), 4.21 (d) = 11.8 Hz, 2H,endeCHy), 3.12 (d, 2Hexo
CHy), overlapping with 3.10 (d, 2HexaCHy), 2.77 (s, 6H, Me), 1.42
(s, 18H, BU), 1.21 (s, 18H, BY, 1.10 (s, 18H, BY). IR: (Nujol mull)
1585.1 cn* (m). Anal. Calcd forl5, CsgHgN2OsZr: C, 72.38; H,
8.59; N, 2.91. Found: C, 71.90; H, 8.84; N, 2.78. Crystals suitable
for X-ray analysis were obtained &t25 °C from a saturated solution
in toluene/THF €a. 3:1). The product does not react with excess Bu
NC; it is thermally labile both in solution and in the solid state, evolving
to the coupled productide infra).

Synthesis of 16. A solution of BUNC (0.49 g, 5.9 mmol) in toluene
(25 mL) was added dropwise to a solution32.76 g, 2.91 mmol) in
toluene (100 mL) at—80 °C. The colorless solution was stirred
overnight, while the temperature slowly increased to room temperature.
Volatiles were then removed vacug andn-hexane (50 mL) was added
to the residue. The flask was kept 1 day-@4 °C; the whitel6-C;Hg
was then collected and driéd vacuo(1.50 g, 42.7%).*H NMR (CsDe,
298 K): 0 7.42 (d,J = 2.3 Hz, 2H, ArH), 7.37 (dJ = 2.3 Hz, 2H,
ArH), 7.15-6.94 (m, ArH), 4.89 (dJ = 11.9 Hz, 2H,endeCH,), 4.72
(d,J=11.9 Hz, 2H,endeCH,), 3.98 (s, 6H, MeO), 3.42 (d, 4H,=
11.9 Hz,exoCH,), 2.11 (s, 9H, Me, @Hs), 1.49 (s, 18H, BY), 1.35 (s,
18H, BU), 0.89 (s, 18H, Bi). H NMR (C¢Dg, 298 K): 4 7.60 (d,J
= 8.0 Hz, 4H,p-MeCsHa), 7.36 (s, 4H, ArH), 6.86 (s, 4H, ArH), 6.79
(d,J= 8.0 Hz, 4H,p-MeCsH,), 4.84 (d,J = 12.4 Hz, 4H,endcCH,),
3.64 (s, 6H, MeO), 3.37 (d, 4H, = 12.4 Hz,exoCHy), 1.97 (s, 6H,
Me), 1.48 (s, 36H, BY), 0.94 (s, 18H, Bi). Anal. Calcd forl6-C7Hs,
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Table 1. Experimental Data for the X-ray Diffraction Studies on Crystalline Compléx&s8—15, and17

Giannini et al.

compound 5 13 14 15 17
formula GiH7205Zr:2.5GHs  CesHgiNO4Zr-C7Hs  CegHoiN3O4Zr-2CH,Cl*0.5GH14  CsgHgoN204aZr-2CHg  CsgHooN204Zr-CeHe
cryst color colorless colorless pale yellow colorless yellow
a(A) 14.292(3) 18.835(3) 13.691(3) 22.126(3) 13.887(4)

b (A) 19.206(4) 24.950(4) 20.022(4) 18.562(2) 15.317(5)
c(A) 12.927(4) 27.151(4) 13.384(3) 17.847(2) 14.973(2)
o (deg) 107.61(2) 90 93.62(2) 90 90

S (deg) 105.00(2) 96.37(1) 105.08(2) 114.99(2) 110.69(2)
y (deg) 88.25(2) 90 104.44(2) 90 90

V (A3 3262.4(15) 12680.4(34) 3398.3(14) 6643.6(18) 2979.5(14)
z 2 8 2

fw 1171.7 1123.7 1258.6 1146.8 1048.7
space group P1 (No. 2) P2i/c (No. 14) P1(No. 2) C2/c (No. 15) P2:/m(No. 11)
T(°C) 22 —140 —140 —140 22

A (A) 1.541 78 1.541 78 1.541 78 1.541 78 0.710 69
Pealcd (@ €NT) 1.193 1.177 1.230 1.146 1.169
u(cm) 17.55 17.77 31.71 17.06 2.24

trans coeff 0.8121.000 0.535-1.000 0.726-1.000 0.6471.000 0.609-1.000
unique total data 8526 (NO) 22129 12693 5327 5469
unique obsd data 3495 10381 (NO) 5412 (NO) 3713 (NO) 4605 (NO)
Ra 0.069 0.066 0.070 0.058 0.060

wR2> 0.203 0.161 0.167 0.139 0.166

GOF 1.106 1.082 1.118 1.063 1.001

aR = Y|AF|/S|F,| calculated on the unique observed data [20(1)]. ® WR2 = [T w|AF?|/Sw|F?3]*? calculated on the unique observed data
for 13—15and17 and on the unique total data fér ¢ GOF = [ W|AF?%/(NO — NV)]¥2 where NO= number of observed and N¥ number of

variables.

Cr7HogN204Zr: C, 76.63; H, 8.18; N, 2.32. Found: C, 76.31; H, 8.49;
N, 1.93. The product is thermally labile and evolves to the coupled
product18.

Synthesis of 17. Solid 15 (1.18 g) was kept at 60C in a sealed
ampule for 6 days. The solid turned ocre. The reaction was then
complete, as shown B4 NMR. *H NMR (C¢Dg, 298 K): 6 7.35 (s,
4H, ArH), 6.92 (s, 4H, ArH), 4.58 (dJ = 12.2 Hz, 4H,endeCH,),
3.52 (s, 6H, MeO), 3.36 (d, 4H, = 12.2 Hz,exaCH,), 2.10 (s, 6H,
Me), 1.48 (s, 18H, B, 1.46 (s, 18H, BY), 0.81 (s, 18H, Bi). *H
NMR (CD,,Cl,, 298 K): 6 7.02 (s, 4H, ArH), 6.98 (s, 4H, ArH),
4.31 (d,J = 12.2 Hz, 4H,endoCH,), 3.87 (s, 6H, MeO), 3.17 (d,
J=12.2 Hz, 4H,exoCH,), 2.34 (s, 6H, Me), 1.41 (s, 18H, Bul.25
(s, 18H, BU), 1.12 (s, 18H, Bl). Anal. Calcd forl6, CsgHgOsNZr:

C, 72.38; H, 8.59; N, 2.91. Found: C, 72.27; H, 8.80; N, 2.69. In
the low-temperature limit, £, symmetric spectrum, although very
broad, was obtained!H NMR (CD.Cl,, 183 K): 6 6.97 (ArH), 6.87
(ArH), 4.50 (d, CH), 3.97 (s, MeO), 3.81 (d, CHi 3.56 (s, MeO),
3.19 (d, CH), 3.05 (d, CH), 2.26 (s, Me), 1.30 (s, By 1.15 (s, BY,
1.05 (s, BY, 1.00 (s, BY. Crystals suitable for X-ray analysis

difference Fourier maps and introduced in the subsequent refinements
as fixed atom contributions with isotropld values fixed at 0.08 A

For complexi4, refinement was done by full-matrix least-squares first
isotropically and then anisotropically for all non-H atoms except for
some disordered carbon atoms. Some troubles were encountered in
refining the structure because thlg parameters for some Bgroups

and for the CHCI, molecule of crystallization reached rather high
values. The best fit was obtained considering the -©380 methyl
carbons of one calixarene Bgroup distributed over two positions A
(75%) and B (25%) corresponding to different conformations of the
butyl group. For compleg5, refinement was done by full-matrix least-
squares first isotropically and then anisotropically for all non-H atoms
of the complex molecule. The X-ray analysis revealed the presence
of two toluene molecules of crystallization G666 and C7%:-C74,

the former as a guest. Both of them were affected by severe disorder,
the guest molecule being disordered about the 2-fold axis running
through the complex molecule, the other one being disordered around
a crystallographic center of symmetry. For complek the number

of molecules in the unit celld = 2) required the molecules to possess

were obtained at room temperature from a supersaturated benzenean imposed crystallographin symmetry in the centrosymmetiR2,/m

solution.
X-ray Crystallography for 5, 13—15, and 17 Crystal data and

space group. The structure was then solved in this space group with
the heavy-atom method. The Fourier map calculated with the contribu-

details associated with data collection are listed in Tables 1 and S1 tion of the zirconium atom showed the calixarene ligand to be consistent

(Supporting Information). Data for all complexes were collected on a
single crystal (Rigaku AFC6S) at 295 K férand17 and at 133 K for
13—-15. Structure solutions were based on the observed reflections [
> 20(1)]. The refinements were carried out using the observed
reflections forl3—15and17 and on the unique total reflections for

with the presence of the crystallographic mirror implying, by contrast,
a statistical distribution of the NC—C—N fragment about the mirror
plane running through the N1 and N2 atoms.

The final difference maps showed no unusual feature, with residual
peaks of 0.34, 1.50, 0.77, 0.66, and 0.59 &for 5, 13—15, and17,

The structures were solved by the heavy-atom method starting from arespectively, located along the direction of-ZD bonds. See the

three-dimensional Patterson mépRefinements were done by full-
matrix minimization of the functiorp W(AF?)2.1! In the last stage of
refinement, the weighting scheme= 1/[0*(F?) + (aP)?] (P = (F¢?

+ 2F2)/3] was applied witha resulting in the value of 0.0781, 0.0954,
0.0779, 0.0561, and 0.1263 fby 13, 14, 15, and17, respectively. For
complex 5, refinement was carried out first isotropically and then
anisotropically for all non-H atoms. The O5, C48, and C49 atoms of
the dibenzyl ketone moiety and the G886 benzene solvent molecule
of crystallization were found to be statistically distributed over two
positions (A and B), anisotropically refined with site occupation factors
of 0.6 and 0.4, respectively. For compl&3, refinement was done by
full-matrix least-squares first isotropically and then anisotropically for
all of the non-H atoms. All hydrogen atoms were located from

(10) Sheldrick, G. M.SHELX76: Program for Crystal Structure De-
termination University of Cambridge: Cambridge, U.K., 1976.

(11) Sheldrick, GSHELXL92: Program for Crystal Structure Refine-
ment University of Gdtingen: Gitingen, Germany, 1992.

Supporting Information for additional details.

Results

Synthesis and Reactivity. This paper concerns a variety of
C—C bond formation reactions assisted by zirconium bonded
to a dianionic tetraoxo macrocyclic liganice., [p-But-calix[4]-
(OMe)(0),Zr]2*, hereafter abbreviated as [calix[4]-(OMe)
(O)ZZI’]2+.

Zr
-7
MeO o/ \FOMe

[p~Bu’-calix[4]-(0Me)z(O)ZZr]z*



Reactbity on a Calix[4]arene Oxo Surface
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The starting materials of this study are the dialkyl and diaryl
derivatives, [calix[4]-(OMe)O),ZrR;], whose syntheses and
main properties have been reported elsewfeuch dialkyl

and diaryl derivatives undergo a sequential series of insertion

reactions occurring with the formation ofC bonds and giving

J. Am. Chem. Soc., Vol. 119, No. 41, 19913

explained by the sequence shown in Scheme 1. The insertion
of BUINC on 4 produces a carbenoid metallacycle which then
adds the pseudocarbene!BG.* The proposed structure for

7 matches all of the analytical and spectroscopic data and is, in
addition, supported by the X-ray analysis on the analogous
compoundl4 (vide infra) derived from the insertion of BNC

into the n%imine derivativel2. The reaction ofy-ketone
species with a free ketone to form a—C-coupled diolate,
although it is an easy reaction, usually produces a mixture
containing the three possible diolate forr@s;10, derived from

the following: (i) the expected cross-coupling reacti8n(ii)

the coupling between two incoming ketones, with the contem-
porary displacement of the previousif-coordinated ketone

9; (iii) the coupling between two originally?>-metal-bonded
ketoneslO. The obtention of such a mixture requires that the
n?>-metal-bonded ketone is replaced at an early stage by an
incoming ketone, thus both reacting species}§ZR.CO)] and
[Zr(%-R',CO)] can produce the observed mixture. In a single
case, we were able to isolate the mixed diolato f@nR =
p-MeCgsH,) as the unique compound. Significant proof of the
displacement of thej2-metal-bonded ketone is found in the
reaction of4 and5 with PhCOCOPh to givdl In this case,

the displacement is followed by a two-electron internal reductive
coupling leading to a €C double bond.

We should emphasize at this stage two results having rare
precedents in the literature: (i) the reactivity of the metal
carbon bond in thep?metal-bonded ketoned—6 toward
inserting group$? a reaction which can be of synthetic utility;
(i) the potential use of4—6 as a source of zirconium(ll) in
displacement reactions with appropriate substrates.

In the absence of an excessive driving force derived, as in
the case of CO, from the oxophilicity of the metal, the reaction

organic fragments that remain bonded to the calix[4]arene- With BUNC allowed us to better single out almost all of the
zirconium moiety. Scheme 1 displays the migratory insertion Steps of the migratory insertion of the isocyanide into the @r

of carbon monoxide into the ZC bonds inl—3 and the further
migratory aptitude of the resulting ZC functionalities to
ketones and isocyanides.

The reaction ofLl—3 with CO was carried out in benzene at

bonds, as shown in Scheme 2.

The reaction ofLl—3 with BUNC exemplifies the migratory
aptitude of the alkyl and aryl groups bonded to zirconium. A
complete range of migratory insertion pathways have been

room temperature under 1 atm pressure and was completed irobserved as a function of the temperature and the nature of R,
afew minutes. Regardless of the R substituent and the reactiorthough only forl were we able to select a specific pathway

conditions, thep?-ketones were the only products detected in

using exclusively temperature as the controlling factor.

solution and then isolated as solids. They have been character- The reaction ofl and 2 with BUNC at room temperature

ized by the conventional analytical methods, including the X-ray

analysis orb (vide infra). The formation of they?>-ketonest—6
probably occursia the intermediacy of am?-acyl, followed
by the migration of the second alkyl group to thé-acyl

carbon? Such a migration is greatly enhanced by the carbenium

ion nature of they?-acyl1? This corresponds to a low-energy

vacantr* co-accepting orbital. In the present case, unlike when

the [ZrRy] fragment is bonded to the cyclopentadienyl ligand,
we were unable to detect thg-acyl intermediate.
The higher lability of the Z+C bond can be associated to

the unprecedented, in this kind of complex, six-coordination of
the metal (usually it is tetrahedral) and on the topology of the
[ZrO4] fragment. The metal, in such a hemisandwich structure,
has, in fact, an open face where it assists the organic transfor-

mations of the incoming substrates.

The n2-metal-bonded ketone4—6 maintain some of the
migratory insertion properties typical of the metahkrbon
o-bond!® Although no reaction with CO was observddgacts
smoothly with 2 mol of BINC. The formation of7 can be

(12) (a) Fanwick, P. E.; Kobriger, L. M.; McMullen, A. K.; Rothwell, 1.
P. J. Am. Chem. Socl986 108 8095. (b) Arnold, J.; Tilley, T. D.;
Rheingold, A. L.J. Am. Chem. Sod986 108 5355. (c) Tatsumi, K.;
Nakamura, A.; Hofmann, P.; Stauffert, P.; HoffmannJRAmM. Chem. Soc.
1985 107, 4440. (d) Martin, B. D.; Matchett, S. A.; Norton, J. R.; Anderson,
O. P.J. Am. Chem. S0d.985 107, 7952.

using a 1:1 Zr/BINC molar ratio led to they2-imine complexes
12 and 13 via the intermediacy of the corresponding-
iminoacyl#815 The migration of the second alkyl group to the
n?-iminoacyl carbon was inferred fdrand2 via the isolation
of the corresponding?-imine, while for 3 the corresponding
imine occurs with other products (see below). The metal
carbon bond inl12 is still reactive in migration insertion
reactions, similar to those observed for themetal-bonded
ketones id—6. The reaction ofl2 with an excess of BNC
or, more simply, the reaction dfwith 3 mol of BUNC at room
temperature led td4. This reaction implies the preliminary
insertion of an isocyanide into the ZC bond of the Zr imine

(13) (@) Smuck, S.; Erker, G.; Kotila, S. Organomet. Chenl995
502 75-86. (b) Bendix, M.; Grehl, M.; Fialich, K.; Erker, G.Organo-
metallics1994 13, 3366-3369. (c) Erker, G.; Mena, M.; Kger, C.; Noe,
R. Organometallics1991, 10, 1201. (d) Erker, G.; Dorf, U.; Czisch, P.;
Petersen, J. LOrganometallicsl 986 5, 668. Erker, G.; Czisch, P.; Schlund,
R.; Angermund, K.; Krger, C.Angew. Chem.Int. Ed. Engl. 1986 15,
364.

(14) (a) Valero, C.; Grehl, M.; Wingberihie, D.; Kloppenburg, L.;
Carpenetti, D.; Erker, G.; PetersenQrganometallics1994 13, 415. (b)
Scott, M. J.; Lippard, S. J. Am. Chem. S0d997, 119, 3411. (c) Ruiz, J.;
Vivanco, M.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, COrganometallics
1993 12, 1811-1822 and references therein.

(15) Chamberlain, L. R.; Durfee, L. D.; Fanwick, P. E.; Kobriger, L.;
Latesky, S. L.; McMullen, A. K.; Rothwell, I. P.; Folting, K.; Huffman, J.
C.; Streib, W. E.; Wang, RJ. Am. Chem. S0d.987, 109 390-402.
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12 to form the carbenoid intermediate, which then adds an
additional mole of isocyanide to give4.4 Attempts to insert
a ketone into the zirconiumcarbono bond of the iminel2

Giannini et al.

reported in the Experimental Section. The X-ray analysis has
been performed on the prototype of each class, narbel3—
15, and17.

(&) NMR Analysis. The NMR structural studies have mainly
focused on the possibility of stressing a solid statelution
structural relationship and on the attempt to use parts of the
calix[4]arene, namely, the methylenes, the methyls from the
methoxy, or thep-Bu' groups, as spectroscopic probes for
inspecting the symmetry and the bonding mode of the organo-
metallic fragments bound to the lower rim of the calix. A
guideline in this context will be discovering that we can shape
the calix[4]arene cavity using the changes in the coordination
number of the metal. In Table 2 the chemical shifts of the
various fragments of the calix[4]arene skeleton are listed
according to the organic moiety bonded to the metal on the
open face of the molecule, dedicated to the metal-assisted
reactivity. The chemical shift patterns for BuMeO, and
bridging methylenes reveal the symmetry of the metallix-
[4]arene moiety as a function of the fragment attached to the
metal: (i) 2 singlets (BY), 1 pair of doublets¥ CH,), 1 singlet
(MeO) for a Cy, symmetry; (ii) 2 singlets (BY, 2 pairs of
doublets ¢CHy,), 1 singlet (MeO) for aC, symmetry; (iii) 3
singlets (BY, 2 pairs of doublets{CHy), 1 or 2 singlets (MeO)
for a Cs symmetry; (iv) 4 singlets (Bl 4 pairs of doublets
(>CHy), 2 singlets (MeO) for &1 symmetry. For7 and14—

16, the symmetry of the spectra coincides with that revealed
by the X-ray analysis. For complexés-6, 8—11, 17, and18,

the symmetry observed in solution is slightly higher than the
crystallographic one and corresponds to an “idealized structure”.
The discrepancy can be ascribed to the absence in solution of
solid state effects and to a modest degree of fluxionality. On

resulted, instead, in the displacement of the imine by the ketone,the other hand, complexe2 and 13 show an apparers,

as a consequence of the high oxophilicity of zirconium. The
resultingn?-metal-bonded ketone readily inserts an additional
molecule of ketone, thus forming the-C-coupled produc®.
The proposed displacement of thémetal-bonded imin€ in

12 and 13 is supported by the identification of the free imine
and by the reaction of3 with PhCOCOPh, leading, as fdr
and5, to11. These results suggest the possible synthetic utility
of 12 and 13 as a source of the [calix[4]-(OM&Y),Zr]°
fragment, formally containing a zirconium(ll), more available
than4 and 5, not containing strongly bonded oxygen donor
atoms.

The competitive pathway that has been singled out at low
temperature fofl and3 (see the Experimental Section) shows
the preferential migration of the second alkyl group to an
incoming BUNC,'® to give the bisy?-iminoacyls 15 and 16.
Regardless of the Zr/BNC stoichiometric ratio, the reaction
proceedsia pathway b at low temperature farand 3, while
for 2, which is unreactive at low temperature, the only
compound formed at room temperatureg pathway a, isl3.

For the p-tolyl substituent, pathway b is preferred, since we
observe only very limited formation of thg-imine even under
forced conditions. Gentle heating (8Q) induces the intramo-
lecular coupling’ of the two#2-iminoacy! derivativesl5 and
16to the corresponding enediamido completgand18. The

rate, the mechanism, and the theoretical treatment of such an

intramolecular coupling of thg2-iminoacyls15 and 16 will be
discussed in the next section.
Structural Studies. Details of the synthesis and character-

ization of all of the compounds listed in Schemes 1 and 2 are

(16) (a) Durfee, L. D.; Hill, J. E.; Kerschner, J. L.; Fanwick, P. E;
Rothwell, I. P.Inorg. Chem1989 28, 3095-6. (b) Durfee, L. D.; Fanwick,
P. E.; Rothwell, I. P. Folting, K.; Huffmann, J. @. Am. Chem. S0d.987,
109 4720-2.

(17) Chamberlain, L. R.; Durfee, L. D.; Fanwick, P. E.; Kobriger, L.
M.; Latesky, S. L.; McMullen, A. K.; Steffey, B. D.; Rothwell, I. P.; Folting,
K.; Huffman, J. CJ. Am. Chem. Sod.987, 109, 6068-6076.

symmetry (which is impossible for any conformation reasonably
accessible by these complexes), revealing an extreme fluxion-
ality that cannot be “frozen” even at low temperature (193 K).
(b) X-ray Analysis. Complex5 (Figure 1) crystallizes with
2.5 molecules of benzene, one of them hosted in the calix[4]-
arene cavity. Complex3 (Figure 2) crystallizes with one
molecule of toluene out of the cavity. In the unit cell B3,
there are two crystallographically independent molecules (A and
B), which have very close parameters. The values referred to
molecule B are given in Table 3, but not mentioned in the text.
Complex14 (Figure 3) crystallizes with CkCl, andn-hexane
in the 1:2:0.5 molar ratio, and one of the &, molecules is
hosted in the calix[4]arene cavity. Complé% (Figure 4)
crystallizes with 2 molecules of toluene, one of them hosted in
the calix[4]arene cavity. CompleX7 (Figure 5) crystallizes
with 1 molecule of benzene as a guest. For reasons of
conciseness and clarity, the overall structures have been
examined according to common and noncommon fragments.
(i) The Calix[4]arenezirconium Moiety. In all of the
complexess, 13—15, and 17 (Figures -5 and Tables 3 and
4), the hexacoordination of the metal and the differences in the
Zr—0 bond distances and angles greatly distort thedde from
the planarity, typical of the cone conformation of the calix[4]-
arene. In particular, the rather shortZd1 and Zr-0O3 bond
distances along with the wide bond angles that are close to
linear, Zr-0O1—C1 and Zr-03—C10 reveal a ZrO multiple
bond1517.18while zirconium interacts with O2 and O4 via a
normal single bond. The calixarene ligand assumes a slightly
flattened cone conformation with the opposite A and C rings
pushed outward and the opposite B and D rings toward the
cavity of the macrocycle, as indicated by the dihedral angles
they form with the “reference plane” through the methylene

(18) Latesky, S. L.; McMullen, A. K.; Niccolai, G. P.; Rothwell, I. P.
Organometallics1985 4, 902.
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Table 2. Chemical Shifts ofLl—18 in CsDg at 298 K

cmpd Bu MeO exoCH; endeCH; ACH; J(Hz) sym
1 1.46,0.77 3.69 3.18 4.46 1.28 12.5 Cy
2 1.45,0.70 3.37 3.24 4.46 1.22 125 Co,
3 1.44,0.84 3.35 3.19 4.60 1.41 12.5 Cy
4 1.45,0.74,0.77 4.43, 4.20 3.15, 3.27 4.42,4.45 (1.22) 12.5 Cs
5 1.44,0.72,0.74 4.45, 4.03 3.19,3.18 4.22 1.03 12.4 Cs
6 1.39, 0.75, 0.68 4.47,4.32 3.15 4.43 1.32 12.4 Cs
7 1.44,0.69, 1.46,0.73 4.11,4.0 ~3.4-3.2 4.4-4.6 ~1.2 ~12.5 C
8 1.10,1.27 3.90 3.25 4.29 1.04 12.6 Ca
9 1.45,0.80 3.95 3.22 4.50 1.28 12.4 Cu
11 1.45,0.72 3.96 3.14 4.40 1.26 12.5 Co
12 1.45,0.86 4.08 3.15 4.43 1.28 12.4 Cu
13 1.45,0.86 3.73 3.08 4.26 1.18 12.4 Ca
14 1.48,0.78, 1.43 4.37,4.01 3.48.26 4.64,4.93,4.74,5.3 2.3 12.0,12.4 C
15 1.48,0.93 4.12 3.35,3.42 4.40,4.72 (1.27) 11.8 C
16 1.49,0.89 3.98 3.42 4.72,4.89 143 11.9 C;
17 1.48,0.81 3.52 3.36 4.58 1.22 12.2 Cx
18 1.48,0.94 3.64 3.37 4.84 1.47 12.4 Co

Table 3. Selected Bond Distances (A) and Angles (deg) for
Complexess and13

Complex5
Zr1-01 1.966(6) Zrt+O5A 2.084(11)
Zr1-02 2.323(8) zZrtC4a7 2.210(12)
Zr1-03 1.966(6) OS5A-C47 1.32(2)
Zr1—04 2.314(7)

O5A-Zr1-C47  35.5(4) Zr+-04-C27  118.2(5)
02-7r1-04 153.1(3) Zr+-O5A—C47  77.5(8)
01-7r1-03 120.2(3) Zr+-05B-C47  77.4(9)
Zr1-01-C1 171.6(6) Zr+-C47-05B  69.4(9)
Zr1-02-C13  119.3(6) Zr-C47-05A  67.0(7)
Zr1-03-C20  159.0(6)

Complex13
molecule A molecule B
Zr1-01 1.967(6) 1.960(6)
Figure 1. A SCHAKAL view of complex5. Disorder has been omitted Zr1—02 2.355(5) 2.339(5)
for clarity. Zr1-03 2.020(5) 2.026(5)
Zr1-04 2.466(6) 2.527(6)
Zr1-N1 2.048(7) 2.043(7)
Zr1-C51 2.261(8) 2.281(8)
N1-C47 1.482(12) 1.467(11)
N1-C51 1.434(11) 1.425(9)
N1-Zr1-C51 38.5(3) 38.0(3)
02-7Zr1-04 150.3(2) 150.1(2)
01-7r1-03 120.4(2) 120.2(2)
Zr1-01-C1 174.6(5) 173.9(5)
Zr1-02-C13 115.0(4) 114.6(4)
Zr1-03—-C20 162.0(5) 163.0(5)
Zr1—-04-C27 110.2(4) 109.5(4)
Zr1-N1-C51 78.8(4) 80.1(4)
C47—N1-C51 127.5(7) 127.5(7)
Zr1—C51-N1 62.7(4) 61.9(4)

interaction. The guest molecule is oriented nearly parallel to
Figure 2. A SCHAKAL view of molecule A of complexi3. the B and D rings (dihedral angles 19.9(6) and 18%(6)
respectively) and perpendicular to the A and C rings (dihedral
carbon atoms C7, C14, C21, and C28 (Scheme 3, Table 5a)-ang|es 87.0(5) and 87.6(6)respectively). The hostguest
The e"lpt|CaI section of the CaVity is indicated by the distances interactions could be interpreted in terms of :@H interac-
between oppositep-carbon atoms (Table 5b). The most tionsl® occurring between the protons of the methyl groups of
pronounced ellipticity of the cavity is observed for complex tne host and the guest aromatic ring, as is inferred from the
13, as evidenced by the short G124 distance [5.740(10) following distances: C34-C75, 3.82(3) A; H342-C75, 2.70
A] and the high B\D angle (Table 5). As already observed in A; c35--C73, 3.92(3) A; H352-C73, 2.69 A; C42-C75,
similar case$, solvent inclusion is impossible in such an 3.73(3) A; H422--C75, 2.58 A; C43-C73, 3.80(4) A;
elliptical cavity, and in fact, compleX3 is the only one to H432--C73, 2.67 A.

crystallize without a guest molecule. Complex 14. One CHClI, solvent molecule is hosted in the
(ii) The Guest Solvent. Complex 5.The C72--C76 guest  gjixarene cavity. It is oriented nearly parallel to the B and D
benzene molecule enters the cavity of the complex molecule rings (dihedral angles 22.4(7) and 25.2(Fespectively) and

with its C71:--C74 axis along the molecular axis, as indi- yarpendicular to the A and C rings (dihedral angles 88.1(7) and
cated by the value of the ZFC71:--C74 angle (173.3(8). The

Zr--+C71 distance of 5.03(2) A rules out any possible- #t (19) Andreetti, G. D.; Ugozzoli, F. In ref 1b, pp 8822.
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Table 4. Selected Bond Distances (A) and Angles (deg) for

c57 CSAC{ ce7 £84/0ce1 Complexesl4, 15, and17
c51 O f
X: CE0 Complex14
, SN0 C66 Zr1-01 2.014(7) NtC51 1.488(13)
o/%gg E\a\o Zr1—-02 2.373(6) N2C52 1.443(11)
€58 c6e Zr1-03 2.025(8) N3-C53 1.227(14)
Zr1—04 2.364(5) C5%C52 1.526(16)
Zr1—N1 2.154(9) C52C53 1.324(15)
Zr1—N2 2.159(9)
e N1—-2Zr1—N2 82.1(3) Zrt-N2—C52 83.3(5)
A N 02-7Zr1-04 146.2(3) C53N3—C64 130.0(10)
A Q 01-7r1-03 95.3(3) N3-C53-C52 175.5(11)
Zr1-01-C1 178.3(6) Zr+03-C20 171.0(6)
G JReAS © Zr1—-02-C13  121.6(5) N+C51-C52 100.0(8)
o j‘N O Zr1-04-C27  122.1(5) N2 C52-C51 117.5(8)
012®/ QYE\C;DM Zr1-N1-C51  107.1(6) C5%C52-C53  120.4(9)
¢ © N2—-C52-C53  121.6(10)
g0
Figure 3. A SCHAKAL view of complex 14. Disorder has been Zr1—01 2.05(21?4”;ple>(125r1—052 2.259(6)
omitted for clarity. Zr1-02 2.450(5) NEC52 1.271(8)
Zr1—N1 2.249(4)
N1-Zr1—C52 32.7(2) Zr+02-C13  120.0(3)
01-7r1-01' @ 91.9(1) Zrt-N1—C52 74.0(3)
02-72r1-02 143.8(1) Zrt-C52-N1 73.2(3)
Zr1—01-C1 169.4(4)
Complex17
Zr1—01 2.031(5) ZrtN2 2.097(7)
Zr1—02 2.401(3) NC55 1.507(9)
Zr1—03 2.037(4) N2C56 1.450(15)
Zr1—N1 2.104(7) C55C56 1.385(13)
N1-Zr1—N2 80.4(3) Zr+03-C20  173.1(4)
02-7r1—02'v  146.2(1) Zrt-N1-C55 90.3(4)
01-7r1-03 94.5(2) Zrt-N2—C56 89.5(6)
Zr1—-01—C1 174.4(4) N2C56-C55  118.6(9)
Zr1—-02—-C13 120.7(2)

Scheme 3
Figure 4. A SCHAKAL view of complex 15. Prime denotes a
transformation of-x, y, 0.5— z Disorder has been omitted for clarity.

2 Prime denotes a transformation-ek, y, 0.5— z ° Prime denotes
a transformation ok, 0.5—y, z

Figure 5. A SCHAKAL view of complex 17. Prime denotes a

transformation ok, 0.5 — y, z. Disorder has been omitted for clarity.

86.0(5Y, respectively), so as to orientate the hydrogen atoms

toward the center of the B and D rings (GT-L68, 3.397(12)
A; CT2---C68, 3.520(16) A; H682-CT1, 2.45 A; CT2--H681,

2.57 A; CT1 and CT2 refer to the centroids of the B and D the value of the Z¢-C71:--C74 angle (178.8(7).

rings, respectively).

C35

around the 2-fold axis. The disorder prevents any sound
discussion on the nature of interactions with calixarene. The
mean plane through the disordered positions forms dihedral
angles of 18.7(F)with the symmetry-related B and D rings.
Complex 17. The C7%--C76 guest benzene molecule lying
on the mirror plane enters the cavity aligning the €174
axis along the molecular axis of the complex, as indicated by
The
molecule is perpendicular from symmetry requirements to the

Complex 15. The macrocycle shows an elliptical cone A and C rings and nearly parallel to the B and D rings (dihedral
conformation more symmetric than those observed for com- angle 19.9(5)). The host-guest interactions are of the same
plexes5 and 13 (Table 5 and above). The toluene molecule kind as those observed in compl&x the shortest contacts
enters the cavity not aligning its molecular axis with that of the involving the C34 methyl carbon of the host and the C74,
complex, resulting in a statistical distribution of the molecule C75 carbon atoms of the guest are €3874, 3.989(9) A;
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Table 5. Comparison of Selected Dihedral Angles for Comple&e$3—15, and17
(a) Dihedral Angles (deg) between Planar Moieties

5 12 14 15 17
EAA 140.7(2) 139.4(2) [138.8(2)] 138.5(2) 145.4(2) 139.3(1)
EAB 110.2(2) 100.1(2) [97.5(2)] 110.6(2) 108.6(2) 109.9(1)
EAC 130.5(2) 136.3(2) [138.1(2)] 142.1(2) 145.4(2) 141.6(1)
EAD 108.2(2) 94.1(3) [95.4(2)] 108.7(2) 108.6(2) 109.9(1)
AAC 91.2(2) 95.8(3) [96.9(3)] 100.6(3) 110.8(2) 100.9(1)
BAD 141.6(3) 165.8(2) [167.1(2)] 140.7(3) 142.7(2) 140.2(2)

(b) Contact Distances (A) betwegrCarbon Atoms of Opposite Aromatic Rirfgs

5 13 14 15 17
C4---C17 9.294(12) 9.652(11) 9.472(15) 9.835(10) 9.508(8)
C10--C24 7.096(12) 5.740(10) 7.154(12) 7.044(10) 7.171(7)

aTheE reference plane refers to the least-squares mean plane defined by the C7, C14, C21, and C28 bridging methylenfc\atesnis
square brackets refer to molecule Bn complex15, C17 and C24 should be read 'G¢hd C10, respectively (the prime= —x, y, 0.5— 2). In
complex17, C24 should be read C1¢he prime=x, 0.5—, 2).

H341:--C74, 3.05 A; C34-C75, 3.753(9) A; and H341:C75, The discussion will essentially focus on the kinetic study and

2.81 A. The Zr--C71 distance is 4.947(8) A (ZrH71, on the mechanistic and theoretical interpretation of some aspects

4.02 A). of the migratory insertion of carbon monoxide (see the formation
(iii) The Organic Fragment Bonded to Zirconium. Com- of n?-metal-bonded ketones in Scheme 1) and isocyanides (see

plex 5. In spite of the disorder involving the O5 oxygen atom, the formation ofy?-metal bonded imines;?iminoacyls, and

the values of the Z+O5 and Zr~C47 bond distances are their coupling in Scheme 2) into the Z€ bonds of complexes
consistent with an asymmetn@-C,O interaction of the dibenzyl  1-3.

ketone to zirconium [Z+O5A, 2.084(11) A; Z+0O5B, 2.119- The Kinetic Study of the p?-Iminoacyl Coupling. As far

(17) A; Zr—C47, 2.210(12) A]. The O5C47 bond distance  as the mechanistic interpretation of th&iminoacyl coupling
(O5A—C47, 1.32(2) A; O5B-C47, 1.24(2) A) due to the reaction is concerned, we refer, as a guideline, to the funda-

molecular disorder does not have a correct estimation. mental work by RothweR?
Complex 13. The n%-bonded imine shows an asymmetric ~ The rates of conversion 015 and 16 into 17 and 18,
bonding mode to the metal, the ZN1 and Z~—C51 bond respectively, were obtained blH NMR measurements, as

distances being 2.048(7) [2.043(7)] and 2.261(8) [2.281(8)] A, reported in the Supporting Information. The intramolecular
respectively. The N+C51 bond distance [1.434(11) A] is, as coupling followed first-order kinetics in both cases. The
expected, consistent with a single bdfel. activation parameters\H* (kJ mot-1), E, (kJ mol-1)] obtained
Complex 14. The parameters listed in Table 4 support the from the kinetic measurements are, respectively, £05 109
structure drawn fol4, and rule out any interaction of the metal & 2 for complex15 and 113+ 8, 116+ 8 for complex16.
with the cumulene C52C53—-N3 moiety. The organic frag- Although in our compounds we are dealing with a pseudo-
ment acts as an enediamido ligand. The Zr, N1, C51, C52, octahedral coordination of the metal, this does not seem to have
and N2 five-membered chelate ring assumes an envelopea significant impact on the energy pathway of the coupling.
conformation with the N2 atom protruding by 1.049(8) A from Our parameters are, in fact, very close to those of Rothwell, as
the plane through Zr, N1, C51, and C52. is our mechanistic interpretatiomide infra).2°
Complex 15. The twoz?-iminoacyl groups are?-bonded Theoretical Interpretation of the Migratory Insertion
to zirconium, in atrans arrangement, as is found in the few Reaction of CO and RNC. Extended Hukel calculation3!??
cases of bigy-iminoacyls reported thus far, with very close have been performed with the aim of understanding the major
Zr—C and ZrN bond distances [ZFEN1, 2.249(4) A; Zrt+ differences which exist between the [Zp)?* and the [calix-
C52, 2.259(6) A]. The N+C52 bond distance [1.271(8) A]is  [4]-(OMe)(O):Zr]*" fragments in driving the migratory inser-
in agreement with a double bo/dl. tion of carbon monoxide and isocyanides into the metarbon
Complex 17. The enediamid¥ ligand forms a metallacycle ~ bonds of the [Zrg functionality. To this purpose, we examine
which is nearly planar and forms a dihedral angle of 318(3) in detail, emphasizing the major differences between CO and
with the reference plane. The complex possesses a crystallo-RNC, the following items: (i) the formation of thg*-metal-
graphically imposedh symmetry with the mirror plane running ~ Ponded acyl and its conversion #8-ketone; (ii) the formation
through Zr, O1, 03, N1, and C51. This requires a statistical Of thez*-bonded iminoacyl and either its transformationyf
distribution of the N2 and C54C61 atoms over two positions ~ imine or its reductive coupling to the enediamido.

about the mirror plane. The [calix[4]-(OMe)(0).Zr]?* fragment has already been
considered from a theoretical point of viéwand its frontier
Discussion orbitals are depicted in Figure 6, where we report, for

. ) . comparison, the five metal-based empty orbitals of J&p?"

All reactions displayed in Schem_es 1 an_d 2 bglong to four Thpe two lowest frontier orbitals of [E‘gér]ﬂ (la ari%zll)b)
general classes, namely: (i) the migratory insertion of carbon 56 the same symmetry properties of those of the [calix[4]-
monoxide or 'SOCYa”'des into azr_ne_failkyl bond_W|th_ f‘he (OMe)(0),Zr)?". However, while the former fragment has only
consequent formation af-acyl ory -|rr;|noacyl fur;c_tpnalltles; another low-lying empty orbital (pavailable for bonding with
(i) the alkyl-faryl- migration to arv*-acyl or y*iminoacyl additional ligands, the latter fragment has two1bs), and
metal-bonded moiety, leading to the correspondjfigetone s has important consequences on its chemical behavior.

or n%imine; (iii) the intramolecular coupling of tway?- 20 Durt 1
i FR ; . (i ; ; ; 20) Durfee, L. D.; McMullen, A. K.; Rothwell, 1. PJ. Am. Chem. Soc.
iminoacyls to an enediamido ligand; (iv) the migratory insertion 1088 110, 1463-1467 and references therein.

of ketones and isocygn!des into the-@ bond of 7>-metal- (21) Hoffmann, R.: Lipscomb, W. NJ. Chem. Phys1962 36, 2179.
bonded ketones and imines. (22) Hoffmann, RJ. Chem. Phys1963 39, 1397.
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Figure 7. Total energy profiles for the CO approach toward [calix-
[4](OMe)(0)ZrMe;] and [CpZrMe,], and the CNMe approach to

Figure 6. Frontier orbitals of the [calix[4](OMefO),Zr]?* fragment
(left), compared with the [GZr]?" fragment (right).

Scheme 4 [calix[4](OMe),(O).ZrMe,).
S Scheme 5
Me Me
O' / OI Me
o’m\.Zr_\\\Me O,I"‘Zr"“Me
07 Me 07 Me
O\ O\
Me Me
A B D E
First, these four low-lying d-orbitals can accommodate up to Me Me
eight electrons, and this is fully exploited in the lpiiminoacyl 00\ ¢
compoundsl5 and16. This behavior is at variance with that /""Zr"‘"\g
of [Cp2Zr]?" which can accommodate a maximum of six o7 Me
electrons without violating the effective atomic number (EAN) o,
rule. Moreover, while in [CgZr]2" all of the three low-lying Me
frontier orbitals lie in the symmetry plane bisecting the-Cp F

Zr—Cp angle x2); in [calix[4]-(OMe),(O),Zr]>" only two out
of the four lowest-lying orbitals are coplanar, thus favoring a in the third approach we independently relaxed the angles of
facial over a meridional structure when such a fragment is bound the two Me groups and of CO. It was discovered that pathway
to three additional ligands. A is by far energetically more favorable thBnandC (with a

In the hexacoordinate [calix[4]-(OM#&D),ZrR,] compounds,  parrier of onlyca. 0.2 eVus 2.2 and 2.4 eV, respectively). The
1-3, the two alkyl groups lie in thgzplane. Only two of the  total energy profile for approach is compared in Figure 7
low-lying d-orbitals are used, notably dand 1B (dy) which —jith that for the approach of CO toward [&5R] (for which
interact, respectively, with the in-phase and out-of-phase 5 c.jike approach is known to be the most favoraBfs).We
combinations of the twe orbitals of the alkyl groups, leaving  gae that the energy barrier for [calix[4]-(OMED).ZrMe;] is
as LUMO the 1h(dx,) orbital. Its spatial extension suggests slightly lower than for [CpZrR;], with the corresponding
that the most favorable approach of the CO offBlinucleo-  ,ocqordinated CO complex always lower in energy. This

philic species oceurs along a line in .tlxe p'a”.e forming an suggests a more electrophilic character of the [calix[4]-(OMe)
angle of approximately £5with thez-axis. We first simulated (O)Zr]?* vs[CpsZr]2*, in agreement with the Mulliken charges

the initial stages of the CO attack by performing extended . : .
Hickel calculations on the [calix[4]-(OMg(0),ZrMes]-+-CO calculated on the '2|rcon|um atonr2.1 §nd+1.5, rgspectlvgly).
We then considered the hypothetiogd-acyl intermediate

system with different CO to metal distances, from 5.0 to 2.5 A, ' ) : ’
along three possible directioni®, a line in thexzplane forming ~ [C@liX[4]-(OMe)(0).Zr(57°-MeCO)(Me)] in the three possible

an angle of approximately 45ith the zaxis, a line in theyz
plane bisecting the MeZr—Me angle, and a line in thgzplane

perpendicular to the z-axis, respectively,B, andC in Scheme

4. For the first two approaches, we relaxed the-Me—Me
angle at each point along the attack pathway; for the secondwith the#? planar moiety lying in the equatorial plane, the only
approach, we also relaxed the dihedral angle betweendvte
Me and O-Zr—0 planes and the angular position of CO, while showing that the O-inside structukeis more stable bga. 0.2

idealized structures), E, andF), and in a plausibley-acyl
geometry,G, as shown in Scheme 5.

Previous calculatiort&® on the analogous [GEr(7?>-MeCO)-
(Me)] species have taken into account only structibesdE

experimentally observed for these bis-cyclopentadienyl systems,
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eV. In those calculations, thg!'-acyl geometryG was also

J. Am. Chem. Soc., Vol. 119, No. 41, 19919

the intermediacy of [calix[4]-(OMe]O),Zr(72-MeN=CMe)-

proposed as an intermediate in the isomerization pathway (Me)], for which four hypothetical forms corresponding to those

betweenD andE and was calculated to be less stable tban
by ca 0.4 eV. In our calculations on [calix[4]-(OMgD),Zr-
(7>-MeCO)(Me)], we fixed the Zr-C(methyl), Zr-C(acyl), and

of the 2-acyl (see Scheme 5) have been considered. In our
calculations, we kept the ZiC(methyl), Z.-C(iminoacyl), and
C—N distances and the C(iminoacyIN—C and C-C(iminoa-

C—O0 distances (2.30, 2.21, and 1.29 A, respectively) and the cyl)—N angles fixed with the values taken from the X-ray

C(acyly-O—C angle (120) and optimized the Z2C—0O and
the C(methyly-Zr—C(acyl) anglesec andf in Scheme 5. The
results have shown that the most stable structuFe sith the

n? planar moiety lying perpendicular to tyeplane. Moreover,
when we constrained the acyl moiety to lie in the equatorial
plane, we found the;: geometryG more stable than thg?
geometriesD or E (ca. 1 eV higher thanC). Note that the
most stable structurié found in these calculations has the same
geometry experimentally observed in the X-ray analysis for the
n?-iminoacyl moieties in the big?-iminoacyl complexts. The
different geometries calculated for [calix[4]-(OMED)Zr (%
MeCO)(Me)] and [CpZr(2-MeCO)(Me)] can be rationalized
in terms of plausible interactions between the frontier orbitals
of each metal fragment and the acetyl moiety. For the,{Cp
Zr]?* fragment, only orbitals in the equatorial plane are
available, thus ruling out nonplanar structures such,aghile

for [calix[4]-(OMe),(O),Zr]?" there are vacant low-energy
orbitals lying on both the perpendicular symmetry planes,

structure of the big-iminoacyl complex15 and optimized
the Zr—C—N and the C(methytZr—C(iminoacyl) angles,
analogous tax andf in Scheme 5. The results have shown
that the most stable structure is again that with gRglanar
moiety lying perpendicular to thez plane (C-like). A
comparison of the orbital energies and Mulliken charges of
[calix[4]-(OMe)x(O)Zr(172-MeCO)(Me)] and [calix[4]-(OMey
(0)2Zr(y>-MeN=CMe)(Me)] aids in the explanation of the
different behavior of the [ZrR functionality toward the
migratory insertion of carbon monoxide and isocyanides. We
found ther* co orbital in then?-acyl species slightly lower than
the m*cn orbital in the p2-iminoacyl (—10.2 »s —9.9 eV,
respectively) and a much higher charge on the acyl carbon than
on the iminoacyl one€0.67 vs +0.26 eV, respectively). The
higher electrophilicity of the acyl carbon could explain the more
facile migration of the second alkyl group to th&acyl, leading

to thern?-ketone as the only observed product. FoiNBL, the
lower electrophilicity of the iminoacyl carbon opens the possi-

suggesting that species with three additional ligands are notbility of observing the migratory insertion of BUC into the

stable in a meridional geometry (such@sor E).

A comparison of the orbital energies of [calix[4]-(OMe)
(0)2Zr(n*>-MeCO)(Me)] and [CpZr(172-MeCO)(Me)] aids in the
explanation of the fast migration, in the former hypothetical
species, of the second alkyl leading to tjfeketone complex.
Hoffmann and co-workers have shown that the reactivity of such
ann?-coordinated acyl can be described in terms of a “carbe-

second metatcarbon bond to give the big~iminoacyl com-
plex, before an intramolecular migration of the alkyl group to
then2-iminoacyl carbon takes place to give ghimine species.

We finally turned our attention to the intramolecular-C
coupling of the two coordinated;%-iminoacyl ligands in
complexedl5and16, leading to the formation of the enediamido
complexesl7 and18. A complete theoretical analysis of this

nium-type” character and is determined by the presence of a reaction has not been performed, due to the high number of

low-lying LUMO, essentially consisting of the*co perpen-
dicular to the acyl plan&©232 Such an empty low-lyingt* co
makes the acyl carbon strongly electrophilic, thus favoring a
second migration which leads to thé-ketone. We found that
the* co orbital is lower in energy for the bis-methoxycalixarene
complex than for the bis-cyclopentadienyl orelQ.2vs —9.3
eV) so that it should undergo more easily the migration of the
second alkyl group having carbanion character. This could
therefore explain why, unlike for [GErR;], it was impossible
to isolate the [calix[4]-(OMeg)O).Zr(12-MeCO)(Me)] interme-
diate. Moreover, in the calculated most stable strudtre co
points toward the Me substituent, while for the JZf system,
7* co is perpendicular to the plane containing the Me group.
The investigation on the migratory insertion of isocyanide
into the same ZrC bonds led us to stress the major differences
both with CO and with the [GZr]?" fragment. The initial

stages of the isocyanide attack have been simulated as bes

fore, by performing calculations on the [calix[4]-(OMe)
(O)ZrMe;]---CNMe system varying the carbd@iiMe)-to-
metal distance along a line in thxe plane forming an angle of
approximately 45with thez-axis (anA-like approach), relaxing
the R-Zr—R angle, the dihedral angle between the MeZrMe
and OZrO planes and the CNMe angular position. The total

energy profiles are reported in Figure 7 and show an energy

barrier higher than that for the CO attack (0.4 eV instead of 0.2
eV), probably due to the higher steric hindrance of the
isocyanide species.

Also in the migratory insertion of MeNC, we should invoke

(23) (a) Tatsumi, K.; Nakamura, A.; Hoffmann, Grganometallics1 985
4, 404. (b) Tatsumi, K.; Nakamura, A.; Hofmann, P.; Hoffmann, R.; Moloy,
K. G.; Marks, T. J.J. Am. Chem. S0d.986 108 4467.

geometrical parameters which should be simultaneously con-
sidered to take into account all of the possible degrees of
freedom of the twaj2-iminoacyl groups during their coupling.
However, a few qualitative conclusions can be drawn on the
basis of a previous theoretical study on the intramolecular
coupling of twon?-acyl groups in organoactinide compounds
[CpM(52-RCOY] (M = Th, U). Indeed, such a stu#ff has
shown that the energy of the o orbitals is an important factor

in determining the barrier to €C bond coupling. A similar
argument can be reasonably applied to the coupling ofifivo
iminoacyl groups. Therefore, the relatively high energy of the
ar* cn Orbital leads to a significant barrier to the-C coupling

and makes possible the isolation of the hfsiminoacyls, at
least at low temperature.

Acknowledgment. This paper is dedicated to Prof. Dieter
eebach on the occasion of his 60th birthday. We thank the
Fonds National Suisse de la Recherche Scientifiqgue (FNS, Bern,
Switzerland, grant no. 20-46'590.96), CIBA-GEIGY SA (Basel,
Switzerland), and Fondation Herbette (University of Lausanne,
N.R.) for financial support.

Supporting Information Available: X-ray crystallography
and kinetic measurements, ORTEP drawings, tables giving
crystal data and details of the structure determination, atomic
coordinates, anisotropic thermal parameters, bond lengths, bond
angles fors, 13—15, and17; table of activation parameters for
15and 16 (44 pages). See any current page for ordering and
Internet access instructions.

JAQ708225



