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Summary: The first examples of Pb-containing cyclic
polysulfides, 1,2,3,4,5-tetrathiaplumbolanes (RIR2-
PbS,: 2 (R! = Tbt, R? = Tip), 3 (R! = Tbt, R% = Ttm),
and 4 (R! = R? = Tip); Tbt = 2,4,6-tris[bis(trimethylsi-
lyDmethyl]phenyl, Tip = 2,4,6-triisopropylphenyl, and
Ttm = 2,4,6-tris[(trimethylsilyl)methyl]phenyl), were
synthesized and isolated as stable crystalline compounds
by sulfurization of the corresponding kinetically stabi-
lized diarylplumbylenes Tbt(Tip)Pb: (6), Tbt(Ttm)Pb:
(7), and TipoPb: (10). The molecular structures of the
novel lead-containing metallacycles 2 and 4 were deter-
mined by X-ray crystallographic analysis.

In contrast to the wide chemistry of the transition-
metal polychalcogenido complexes,! cyclic polychalco-
genides containing a main-group element had been
unknown until we recently succeeded in the synthesis
of novel tetrachalcogenolanes containing a group 14
element, Tbt(Ar)MY, (1: M = Si, Ge, Sn; Y =S, Se; Ar
= mesityl, 2,4,6-triisopropylphenyl (Tip)),2 by taking
advantage of a new steric protection group, 2,4,6-tris-
[bis(trimethylsilyl)methyl]phenyl (noted as Tbt hereaf-
ter).3

Furthermore, we have found that these overcrowded
. cyclic polychalcogenides are good precursors of stable
group 14 element—chalcogen double-bond compounds,

® Abstract published in Advance ACS Abstracts, June 15, 1995.

(1) Reviews of polychalcogenido complexes: (a) Draganjac, M.;
Rauchfuss, T. B. Angew. Chem., Int. Ed. Engl. 1988, 24, 742. (b) Miiller,
A.; Diemann, E. Adv. Inorg. Chem. 1987, 31, 89. (c) Ansari, M. A,; Ibers,
J. A. Coord. Chem. Rev. 1990, 100, 223. (d) Kolis, J. W. Coord. Chem.
Rev. 1990, 105, 195.
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Tht(Ar)M=Y.* Here, we present the synthesis of novel
Pb-containing cyclic tetrasulfides, 1,2,3,4,5-tetrathia-
plumbolanes (R'R?PbS,: 2 (R! = Tht, R? = Tip), 3 (R!
= Tbt, R2 = Ttm), and 4 (R! = R? = Tip); Ttm = 2,4,6-
tris{(trimethylsilyl)methyllphenyl), the heaviest conge-
ner of tetrathiolanes containing a group 14 element,
together with their crystallographic structure analysis.

We employed kinetically stabilized diarylplumby-
lenes® as starting materials for the preparation of the
lead-containing cyclic polysulfides 2—4. Ligand ex-

(2) (a) Tokitoh, N.; Suzuki, H.; Matsumoto, T.; Matsuhashi, Y.;
Okazaki, R.; Goto, M. J. Am. Chem. Soc. 1991, 113, 7047. (b) Tokitoh,
N.; Matsuhashi, Y.; Okazaki, R. Tetrahedron Lett. 1991, 32, 6151. (¢)
Tokitoh, N.; Matsumoto, T.; Okazaki, R. Tetrahedron Lett. 1992, 33,
2531. (d) Matsuhashi, Y.; Tokitoh, N.; Okazaki, R.; Goto, M.; Nagase,
S. Organometallics 1998, 12, 1351. (e) Matsumoto, T.; Tokitoh, N.;
Okazaki, R.; Goto, M. Organometallics 1995, 14, 1008. Although cyclic
polysulfides containing silicon and germanium were prepared by
Steudel et al., they are reportedly stable only below —20 °C. See:
Albertsen, J.; Steudel, R. Phosphorus, Sulfur, Silicon Relat. Elem.
1992, 65, 165, Steudel, R. In The Chemistry of Inorganic Ring Systems;
Steudel, R., Ed.; Elsevier: Amsterdam, 1992; p 233.
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change of bis[bis(trimethylsilyl)aminoJplumbylene (5)72
by sequential nucleophilic substitution with TbtLi and
R2Li (R? = Tip, Ttm) in ether at —78 °C afforded the
overcrowded diarylplumbylenes 6 and 7, respectively.
Plumbylenes 6 and 7 were found to be stable in solution
even at room temperature, showing a characteristic
purple color. They were readily trapped with methyl
iodide at room temperature to afford the corresponding
iodoplumbanes 8 and 9° in 43 and 33% yields, respec-
tively.1® In 207Pb NMR, characteristic signals for 6 and
7 were observed as singlets in an extremely downfield
region (dpy, (in toluene-ds relative to external MesPb)
+8888 for 6 and +8873 for 7), which were unambigu-
ously attributable to those for base-free monomeric
plumbylenes.!!

The successful formation and the promising reactivity
of the kinetically stabilized diarylplumbylenes 6 and 7
prompted us to examine their sulfurization with el-
emental sulfur, which was reported to be a useful

(3) We have recently found that the Tbt group is a useful steric
protection group for the kinetic stabilization of a variety of highly
reactive chemical species containing heavier typical elements: (a)
Tokitoh, N.; Saito, M.; Okazaki, R. J. Am. Chem. Soc. 1993, 115, 2065.
(b) Tokitoh, N.; Matsuhashi, Y.; Okazaki, R. J. Chem. Soc., Chem.
Commun. 1998, 407. (¢) Tokitoh, N.; Suzuki, H.; Okazaki, R.; Ogawa,
K. J. Am. Chem. Soc. 1998, 115, 10428, See also refs 2 and 4.

(4) (a) Tokitoh, N.; Matsumoto, T.; Manmaru, K.; Okazaki, R. J. Am.
Chem. Soc. 1998, 115, 8855. (b) Matsuhashi, Y.; Tokitoh, N.; Okazaki,
R. Organometallics 1998, 12, 2573. (¢) Suzuki, H.; Tokitoh, N.; Nagase,
S.; Okazaki, R. J. Am. Chem. Soc. 1994, 116, 11578. (d) Matsumoto,
T.; Tokitoh, N.; Okazaki, R. Angew. Chem., Int. Ed. Engl. 1994, 33,
2316.

(5) Although Lappert et al. have already described the stable
overcrowded dialkylplumbylene [(Me3Si):CH],Pb:,% most of the other
stable plumbylenes reported so far are restricted to the examples
thermodynamically stabilized by the heteroatom-containing substit-
uents.” As for the aryl-substituted counterparts, there have been no
stable plumbylenes except for the only isolable example, bis[2,4,6-tris-
(trifluoromethyl)phenyliplumbylene, stabilized by the intramolecular
coordination of the fluorine atoms of its four o-trifluoromethyl
groups.®

(6) Cotton, J. D.; Davidson, P. J.; Lappert, M. F. J. Chem. Soc.,
Dalton Trans. 1976, 2275.

(7) (a) Harris, D. H.; Lappert, M. F. J. Chem. Soc., Chem. Commun.
1974, 895. (b) Gynane, M. J. S,; Harris, D. H.; Lappert, M. F.; Power,
P. P,; Riviere, P.; Riviere-Baudet, M. J. Chem. Soc., Dalton Trans.
1977, 2004. (c) Fjeldberg, T.; Hope. H.; Lappert, M. F.; Power, P. P,;
Thorne, A. J. J. Chem. Soc., Chem. Commun. 1983, 639. (d) Cetinkaya,
B.; Gumriik¢it, I.; Lappert, M. F.; Atwood, J. L.; Rogers, R. D.;
Zaworotko, M. J. J. Am. Chem. Soc. 1980, 102, 2088, (e) Hitchcock, P.
B.; Lappert, M. F.; Samways, B. J.; Weinberg, E. L. J. Chem. Soc.,
Chem. Commun. 1983, 1492.

(8) Brooker, S.; Buijink, J. -K.; Edelmann, F. T. Organometallics
1991, 10, 25.
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synthetic method for the lower homologues of tetrachal-
cogenolanes 1 containing a group 14 element.?242 Thus,
treatment of 6 and 7 with an excess amount of elemen-
tal sulfur gave the corresponding tetrathiaplumbolanes
2 and 38 as stable orange crystals in 68 and 52% yield,
respectively.? On the other hand, the reaction of the
less hindered plumbylene TipePb: (10)12 with sulfur in
ether at —40 °C afforded the expected tetrathiaplum-
bolane 4 (20%)° together with byproducts having two
plumbylene units, i.e. 1,3,2,4-dithiadiplumbetane 11
(13%) and 1,3,4,2,5-trithiadiplumbolane 12 (14%),° sug-
gesting that the Tip group is less effective for steric
protection than the Tbt group. All tetrathiaplum-
bolanes 2—4 here obtained were found to be stable
toward air and moisture and could be purified by HPLC
followed by silica gel chromatography. In 207Pb NMR
the tetrathiaplumbolanes 2—4 showed singlet signals
at 313.9, 311.6, and 288.6 ppm (relative to external Mes-
Pb in CDCls), which are reasonably assigned to those
for tetravalent lead compounds.

The tetrathiaplumbolanes 2—4 should be noted as the
first examples of Pb-containing cyclic polysulfides, and
the molecular structures of 2 and 4 were finally deter-
mined by X-ray crystallographic analysis.!® The con-

(9) All the new organolead compounds here obtained showed
satisfactory spectral and analytical data, which are described in the
supporting information together with the experimetal details for their
preparation. In the following the preparation of diarylplumbylene 6
and its reaction with elemental sulfur are described as representative
examples. Preparation of 6: To an ether solution (200 mL) of [(Mes-
Si)eN1oPb (5), synthesized from PbCl; (1.39 g, 5.0 mmol) and lithium
hexamethyldisilazide (10.0 mmol) according to the reported method,™
was added at —40 °C an ether suspension (50 mL) of ThtLi, prepared
by the treatment of ThtBr (3.16 g, 5.0 mmol) with ¢-BuLi (1.60 M
pentane solution, 6.6 mL, 10.5 mmol) at —40 °C, by means of a transfer
tube. To the resulting red-brown suspension was added, after gradual
warming to —25 °C, 'an ether suspension (50 mL) of TipLi (prepared
from TipBr (1.28 mL, 5.0 mmol) as in the case of TbtLi) to give the
dark purple solution of Tbt(Tip)Pb: (8). Reaction of 6 with elemental
sulfur: To the ether solution of 6 thus prepared was added 3.85 g (15.0
mmol as Sg) of elemental sulfur in portions at room temperature.
Immediately after the addition of sulfur the reaction mixture turned
yellow, and it was stirred for 10 min. After the filtration of insoluble
materials with Celite, the filtrate was concentrated under reduced
pressure to afford a brown oil, which was purified by GPLC followed
by column chromatography (SiOy/hexane) to give 3.69 g (68%) of 2 as
orange crystals. 2: mp 189192 °C dec; 'H NMR (CDCl;, 500 MHz) 6
0.01 (s, 18H), 0.02 (s, 18H), 0.03 (s, 18H), 1.19 (d, J = 6.9 Hz, 6H),
1.23 (d, J = 6.5 Hz, 12H), 1.32 (s, 1H), 1.66 (s, “Jppn = 13.1 Hz, 1H),
1.71 (s, *Jppy = 14.7 Hz, 1H), 2.83 (sept, J = 6.9 Hz, 1H), 3.28 (sept,
J = 6.5 Hz, 2H), 6.48 (s, *Jppu = 65.6 Hz, 1H), 6.59 (s, *Jp,y = 64.8 Hz,
1H), 7.16 (s, *Jpsn = 55.6 Hz, 2H); 18C NMR (CDCl;, 125 MHz) 6 0.8
(q), 1.3 (q), 1.6 (q), 24.0 (q), 25.9 (q), 30.5 (d), 32.1 (d), 32.7 (d), 34.3
(d), 39.5 (d, %Jppc = 70.6 Hz), 124.1 (d, Jp,c = 89.7 Hz), 128.8 (d, *Jpyc
= 87.8 Hz), 145.2 (s, *Jppc = 20.7 Hz), 149.6 (s), 149.8 (s), 150.7 (s,
4Jpc = 19.5 Hz), 152.4 (s, 2Jpc = 89.7 Hz), 165.2 (s, WJpc = 368.6
Hz), 167.6 (s, 'Jppc = 307.6 Hz); 27Pb NMR (CDCl3, 56.4 MHz) ¢ 313.9;
high-resolution FABMS m/z caled for CyoHgs?%8PbS,Sis 1091.3760, found
1091.3604 (MH*). Anal. Caled for C4pHg,PbSSis: C, 46.23; H, 7.57; S,
11.76. Found: C, 46.25; H, 7.70; S, 12.14.

(10) Among the carbene analogues of heavier group 14 elements, a
plumbylene is most difficult to trap, since it easily polymerizes
accompanying disproportionation. Attempted reaction of the Lappert
plumbylene [(Me;Si);CHI,Pb: with methyl iodide gave no expected
insertion product but resulted in the formation of Pbl,.7 The successful
isolation of the insertion products 8 and 9 in the present reactions is
in sharp contrast to the case of the Lappert plumbylene.

(11) dpy, of {(Me3Si);CHIoPb: (in benzene-ds) was reportedly +9110
relative to external Me,Pb: Wrackmeyer, B.; Horchler, K.; Zhou, H
Spetctrochim. Acta 1990, 46A, 809. 27Pb NMR resonances of the
heteroatom-substituted plumbylenes appear in a rather upfield
region (Opy, +4916 for [(MesSi)eN1:Pb: (in benzene-ds) and +4260 for
‘BuNSiMe:N(‘Bu)Pb: (in toluene-ds)). (a) Wrackmeyer, B. J. Magn.
Reson. 1985, 61, 536. (b) Stader, C.; Wrackmeyer, B. J. Magn. Reson.
1987, 72, 544. For the 207Pb NMR resonance of bis(2,4,6-tris(trifluo-
romethyl)phenyllplumbylene, see ref 8.

(12) We have recently reported the formation and several reactions
of bis(2,4,6-triisopropylphenyl)plumbylene (10), which was found to be
stable only below —40 °C: Shibata, K.; Tokitoh, N.; Okazaki, R.
Tetrahedron Lett. 1993, 34, 1495,
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Figure 1. ORTEP drawing of Tbt(Tip)PbS; (2) with
thermal ellipsoid plot (30% probability). Selected bond
lengths (A) and angles (deg): Pb(1)-S(1), 2.553(4); Pb(1)—
S(4), 2.564(5); Pb(1)—C(1), 2.28(1); Pb(1)—C(10), 2.29(1);
S(1)—S(2), 2.058(8); S(2)—S(3), 2.011(9); S(3)—S(4), 2.020-
(7); S(1)—Pb(1)—-S(4), 92.7(2); S(1)-Pb(1)—C(1), 122.2(3);
S(1)-Pb(1)-C(10), 97.5(3); S(4)—Ph(1)—C(1), 97.7(3); S(4)—
Pb(1)-C(10), 120.5(4); C(1)—Ph(1)—C(10), 123.6(5); Pb(1)—
S(1)-8(2), 99.6(2); S(1)—S(2)—S(3), 103.5(3); S(2)—-S(3)—
S(4), 102.4(3); Ph(1)—S(4)—S(3), 100.7(3).

formations of their tetrathiaplumbolane rings have
almost half-chair geometry in contrast to the previously
reported tetrachalcogenolanes 1 containing a group 14
element, the MS; rings of which were all found to have
highly distorted half-chair (i.e., nearly envelope) con-
formations.>!5

In Figure 1 is shown an ORTEP drawing of 2 together
with some selected bond lengths and angles. The
central two sulfur atoms, S(2) and S(3), in the PbS, ring
lie at almost equal distances (0.60 A for S(2) and 0.63
A for S(3)) on both sides of the plane that contains the
central lead atom and the two coordinated sulfur atoms

Organometallics, Vol. 14, No. 7, 1995 3123

S(1) and S(4).!! Since the bond lengths between the
central lead atom and the surrounding four atoms (two
ipso carbons and two sulfur atoms in a-positions) are
longer than those for the other group 14 element
analogues of tetrathiolanes 1, the conformation of the
tetrathiaplumbolane ring is considered to be less af-
fected by the bulky substituents than those of the other
group 14 element analogues. It is quite interesting that
the borderline for such noticeable conformational change
lies between the tin and lead systems.

Since the plumbylenes and tetrathiaplumbolanes here
obtained are potentially good precursors for the syn-
thesis of plumbanethiones, a novel class of lead—sulfur
double-bond compounds, as in the cases of other group
14 element analogues,* investigation on their further
transformation is currently in progress.
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(13) Crystal data for 2;: C,2Hg;PbS,Sig, M; = 1091.06, triclinic, space
group P1,a = 11.653(6) A, b = 24.207(4) A, ¢ = 10.690(2) A, a = 98.26-
(1)°, p = 107.39(2)°, y = 79.54(2)°, V = 2817(3) A3 Z=29 D =1.286
gem™, u = 33.10 em™!, R (Ry) = 0.056 (0.053). Crystal data for 4:
CapH46PbSy, M, = 742.13, orthorhombic, space group Pna2,, a = 22.875-
(6)A,b=1426(1)A, ¢ =10.351(T) A, a = = y = 90°, V = 3377(6) A3,
Z=4,D.=1460gcm 3 u=>5289cm™ ', R (Ry) = 0.048 (0.049). The
intensity data were collected on a Rigaku AFC5R diffractometer with
graphite-monochromated Mo Ka radiation (A = 0.710 69 A). The
structures were solved by direct methods with SHELXS-86." All non-
hydrogen atoms were refined anisotropically. The final cycle of full-
matrix least-squares refinement was based on 4211 (2) and 2139 (4)
observed reflections (I > 3.000(I)) and 478 (2) and 315 (4) variable
parameters, respectively. Full details for the crystallographic analysis
of 2 and 4 are described in the supporting information.

(14) Sheldrick, G. M. SHELXS-86; University of Gottingen: Got-
tingen, Germany, 1986.

(15) The central two sulfur atoms in the MS, ring of the analogous
tetrathiolanes containing a group 14 element, Tbt(Ar)MS, (1; M = Si,
Ge, Sn), are considerably apart from their M—S(1)-S(4) planes (0.21
and 1.02 A for 1a (M = Si, Ar = Mes), 0.26 and 0.99 A for 1b (M = Ge,
Ar = Mes), and 0.31 and 0.93 A for 1¢ (M = Sn, Ar = Mes)).

(16) Also in the case of 4 the central two sulfur atoms S(2) and S(3)
in the PbS; ring lie at about the same distances (0.59 A for S(2) and
0.68 A for S(3)) from the Pb(1)—S(1)-S(4) plane.
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Summary: [Rugus-ampy)«CO)1sl (1; Hampy = 2-amino-
6-methylpyridine), the first neutral hexanuclear carbonyl
cluster complex consisting of two closed trimetal units
connected by only one metal—metal bond (X-ray struc-
ture), has been prepared by (a) reaction of the cationic
precursor [Rug(us-ampy)(CO)1o]* (2) with aqueous NaOH,
(b) reaction of complex 2 with the anion [Rus(us-ampy)-
(CO)qo]~, and (c) zinc reduction of complex 2.

Recent reviews on structural and bonding aspects of
metal cluster chemistryl2? report examples for 22 dif-
ferent structural types corresponding to hexanuclear
carbonyl cluster compounds, the most representative
ones being those consisting of two closed metal triangles
connected by six (octahedron (A), bicapped tetrahedron
(B)), five (capped square pyramid (C), edge-sharing bi-
tetrahedron (D)), four (basal edge-bridged square pyra-
mid (E), bi-semicapped square (F)), three (trigonal prism
(G), rhombic raft (H)), or two (bi-edge-bridged square
(I)) metal—metal bonds (Chart 1).! However, only one
carbonyl cluster compound corresponding to the sim-
plest structure depicted in Chart 1 (J), consisting of two
metal triangles connected to each other by only one
metal—metal bond, has been reported so far, namely,
the mixed-metal anionic cluster [ResIra(u-H)o(CO)g22~ .2
We now describe different synthetic approaches to the
first neutral carbonyl compound of type J, the ruthe-
nium complex [Rug(us-ampy)e(CO)15) (1, Chart 2; Hampy
= 2-amino-6-methylpyridine), as well as its X-ray
structure. Rational approaches to the preparation of
high-nuclearity cluster compounds are now being ac-
tively investigated.

The hexanuclear compound 1 was made during the
course of a reactivity study of the cationic precursor

* E-mail: JAC@DWARF1.QUIMICA.UNIOVLES.

@ Abstract published in Advance ACS Abstracts, June 15, 1995.

(1) Mingos, D. M. P.; May, A. S. In The Chemistry of Metal Cluster
Complexes; Shriver, D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH: New
York, 1990; Chapter 2, p 11.

(2) (a) Mingos, D. M. P.; Wales, D. J. Introduction to Cluster
Chemistry; Prentice-Hall International: Englewood Cliffs, NJ, 1990.
(b) Farrar, D. H.; Goudsmit, R. J. In Metal Clusters; Moskovits, M.,
Ed.; Wiley: New York, 1986; Chapter 3, p 29.

(3) Beringhelli, T; Ciani, G.; D’Alfonso, G.; Garlaschelli, L.; Moret,
M.; Sironi, A. J. Chem. Soc., Dalton Trans. 1992, 1865.

(4) For a review on the types of reactions that have been useful in
preparing cluster complexes in a rational and systematic way, see:
Adams, R. D. In The Chemistry of Metal Cluster Complexes; Shriver,
D.F, Kaesz, H. D., Adams, R. D, Eds.; VCH: New York, 1990; Chapter
3, p 121.
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[Rus(us-ampy)CO)10l[BF4] (2; Chart 2).5 This compound
is the only non-hydridic 48-electron cationic cluster
compound reported to date and was expected to have
an enhanced reactivity toward nucleophilic reagents due
to its cationic nature.

Complex 2 reacts with an excess of aqueous NaOH
in 1,2-dichloroethane (2 is unstable in donor solvents
such as alcohols, THF, or acetone) to give a mixture of
the known [Rus(u-H)(u3-ampy)(CO)]® (8; Chart 2) and
complex 1.7 A possible mechanism for this transforma-
tion is sketched in Scheme 1. It involves the nucleo-
philic attack of the hydroxide anion on a coordinated
CO ligand of complex 2 to give an unstable hydroxy-
carbonyl derivative which rapidly releases COg, render-
ing 8.8 Before all complex 2 has been consumed,

(5) Cabeza, J. A.; del Rio, I.; Llamazares, A.; Riera, V.; Garcia-
Granda, S.; Van der Maelen, J. F. Inorg. Chem. 1995, 34, 1620.

(6) Andreu, P. L.; Cabeza, J. A.; Riera, V.; Jeannin, Y.; Miguel, D.
J. Chem. Soc., Dalton Trans. 1990, 2201.

© 1995 American Chemical Society
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Scheme 1
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complex 3 deprotonates with more OH™ to give the
anionic derivative [Rus(us-ampy)(CO)s]~ (4).° Finally,
complex 4 reacts with the remaining complex 2 to give
CO and the hexanuclear cluster 1.

This reaction sequence is supported by the fact that
the reaction of complex 2 with complex 4 does yield the
expected hexanuclear cluster 1.1 It is interesting to
point out that complexes 2 and 8 are insoluble in water
and that no anionic complex 4 was formed (IR evidence)
when a 1,2-dichloroethane solution of the neutral hy-
drido complex 8 was treated with an aqueous solution
of NaOH unless [Et,N][BF,] was added to the mixture.
This confirms that the [BF4]~ anion is necessary to
promote the phase transfer of the OH™ groups from the
aqueous to the organic phase. It should also be noted
that, in the reaction of complex 2 with aqueous NaOH,
the organic phase contains initially only 1 equiv of the
[BF4]~ anion; therefore, only 1 equiv of OH™ anion can
be transferred to the organic phase. This and the
observation of 1 and 8 (but not 2 and 4) in the product
mixture imply that at least !/ equiv of OH™ reacts with
complex 2 to give 3; the remaining OH~ reacts with 3
to form the anion 4, which finally couples with the
unreacted 2 to give 1.

The dimeric structure of the 94-electron cluster 1
(Figure 1) suggested that it could also be prepared by a

(7) Aqueous NaOH (0.2 mL, 10 M) was added to a solution of
complex 2 (100 mg, 0.129 mmol) in 1,2-dichloroethane (20 mL). The
color changed from dark red to brown. After it was stirred for 20 min,
the solution was concentrated in vacuo to ca. 2 mL and chromato-
graphed in a short column (10 x 3 ¢m) of neutral alumina (activity
IV). Elution with hexane—dichloromethane (3:1) afforded two bands.
The second band (orange) contained complex 3 (IR, 'H NMR).6 The
first band (brown), which partially decomposed within the column to
give 3, afforded complex 1 as a very dark brown, nearly black, solid
(16 mg, 24%). Anal. Found: C, 32.42; H, 1.23; N, 5.31. Caled for Cso-
Hi14N.O1sRug: C, 32.25; H, 1.37; N, 5.48. IR (CH:Cly), v(CO): 2079 (w),
2061 (s), 2039 (vs), 1996 (s, br), 1975 (sh), 1853 (w, br) cm~1, 'H NMR
(CDClg): 7.81(t,J =7.8Hz, 1 H),6.79 (d, J = 7.8 Hz, 1 H), 6.40 (d,
J=17.8Hz,1H), 4.34 (s, br, 1 H, NH), 2.77 (s, 3 H, Me) ppm. 13C{!H}
NMR (CD,Cly). 240.7, 218.3, 203.1, 202.8, 202.4, 197.9, 196.8, 196.6,
188.1 (CO ligands), 174.9, 160.4, 138.9, 120.3, 111.2, 30.0 (ampy ligand)

pm.

(8) The nucleophilic attack of OH~ groups on coordinated CO ligands
is well documented. See, for example: Schatz, W.; Neumann, H.-P.;
Nuber, B.; Kanellakopolus B.; Ziegler, M. L. Chem. Ber. 1991, 124
453.

(9) (a) The deprotonation of neutral hydrido carbonyl cluster com-
plexes with alcoholic solutions of KOH to give anionie derivatives has
been reported. See, for example: Barner-Thorsen, C.; Hardcastle, K.
1.; Rosenberg, E.; Siegel, J.; Manotti-Lanfredi, A. M.; Tiripicchio, A.;
Tiripicchio-Camellini, M. Inorg. Chem. 1981, 20, 4306. (b) Complex 4
(PPN salt), as the analogous [PPNJ[Rug(us-anpyXCO)l (Hanpy =
2-anilinopyridine), can also be made by reaction of its neutral precursor
(3) with [PPNI[BH,]. See: Lugan, N.; Laurent, F.; Lavigne, G;
Newcomb, T. P.; Liimata, E. W.; Bonnet, J.-J. J. Am. Chem. Soc. 1990,
112, 8607.

(10) Equivalent amounts (0.076 mmol) of [Rus(uz-ampy)CO ) [BF,]
(2) and [PPN][Rus(us-ampy)}CO)s] (4)®® were dissolved in 1,2-dichlo-
roethane (10 mL) to give a dark brown solution which was worked up
as in ref 7 to give complex 1 in 32% yield.
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Figure 1. (a) Molecular structure of complex 1 viewed
along the pseudo-2-fold axis. Relevant bond distances (A):
Ru(1)—Ru(2), 2.734(4); Ru(1)-Ru(3), 2.778(4); Ru(2)—Ru-
(3), 2.732(4); Ru(4)—Ru(5), 2.726(4); Ru(4)—~Ru(6), 2.7717-
(4); Ru(5)—Ru(B), 2.726(4); Ru(1)—-Ru(4), 2.855(4); N(1)-
Ru(1), 2.18(2); N(1)—Ru(2), 2.10(2); N(2)—-Ru(3), 2.21(2);
N(3)-Ru(4), 2.18(2); N(3)—Ru(5), 2.09(2); N(4)—Ru(#6), 2.22-
(2). (b) Projection in the metal frame main plane, showing
the cis configuration of the two Rug triangles. The two ampy
ligands have been omitted for clarity.

1-electron reduction reaction of the cationic complex 2,
since this should lead to the 49-electron radical [Rus-
(us-ampy)(CO)1p] which would lose CO and undergo
dimerization to give 1. In fact, complex 1 was also made
by reacting complex 2 with zinc dust in 1,2-dichloro-
ethane.!l So far, we have been unable to prepare com-
plex 1 by chemical oxidation of the anionic complex 4.

The synthetic methods reported herein are signifi-
cantly different from that used in the preparation of
[ResIrs(u-H)o(CO)22]?~, the only previously known hexa-
nuclear carbonyl cluster of type J, which involves
treatment of [Reg(u-H)o(CO)s] with [Ir(CO)4]~ to give
[ResIrH(u-H)XCO);2]"; subsequently, this trinuclear ad-
duct releases CO and H; and undergoes dimerization,
rendering the hexanuclear dianion.?

As the analytical and spectroscopic data of complex
17 were insufficient to unequivocally assign a structure,
an X-ray diffraction study was carried out.'? The solid-
state molecular structure of compound 1 is shown in
Figure 1. The metal frame consists of two Rus trian-
gular units linked by one Ru—Ru bond. The intertri-
angle Ru(1)—Ru(4) bond is appreciably longer than the
average value of the remaining metal—-metal bonds

(11) A mixture of complex 2 (50 mg, 0.065 mmol) and zinc dust (0.3

g) in 1,2-dichloroethane (15 mL) was stirred at reflux temperature for

45 min. The solids were filtered off, and the brown solution was worked
up as in ref 7 to give complex 1 in 30% yield.
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(2.855(4) vs 2.744(4) A), as previously observed in the
rhenium non-carbonyl cluster [Reg(u-Cl)s(u-HYCHo-
SiMes)y] (intertriangle Re—Re distance 2.993(1) Avsan
average intratriangle distance of 2.405(1) A).13 In 1, the
two triangles are almost coplanar (maximum deviation
from the mean plane of the six atoms 0.37 A). The
idealized molecular symmetry is Co, with the pseudo
2-fold axis bisecting the Ru(1)—Ru(4) bond and parallel
to the plane defined by the two triangles. The two Ru;
triangles adopt a cis configuration with respect to the
Ru(1)—-Ru(4) bond, as shown in Figure 1. In this aspect,
the molecular geometry is different from that of the
rhenium cluster previously mentioned,!® where the two
coplanar Re; triangles conform to the geometry shown
for structure J in Chart 1 and that of the anionic cluster
[ResIra(u-H)o(CO)22]>~, where the two Reglr triangles
adopt a staggered trans configuration.? Two CO ligands
asymmetrically bridge two Ru—Ru bonds (Ru(1)—C(12)
= 1.95(4), Ru(2)-C(12) = 2.56(3) A; Ru(4)—C(42) = 1.99-
(3), Ru(5)—C(42) = 2.57(3) A), while the remaining CO
ligands are all terminally bound. The two ampy ligands
bind to the two triangles on opposite sites and contribute
five electrons each to the cluster. In both ligands, the
two N—Ru bond distances associated with the bridging
amido moiety are appreciably different (N(1)-Ru(1) =
2.18(2), N(1)-Ru(2) = 2.10(2) A; N(3)-Ru(4) = 2.18(2),
N(3)-Ru(5) = 2.09(2) A). All N-Ru bond distances fall

(12) (a) Crystal and selected refinement data for 1: CzoH14N4O5-
Rus, M, = 1324.87, monoclinic, space group P2y/c, a = 13.192(7) A, b
=20.32(1) A, ¢ = 17.876(4) A, § = 107.64(3)°, V = 4567(4) A3, Z = 4,
D. =1.927 g ecm~3, F(000) = 2520, u(Mo Ka) = 20.02 ¢cm~, 2.5 < § <
25°, final R1 value (on F, I > 24(l)) = 0.077, wR2 (on F?, all data) =
0.281 for 7661 unique reflections. Data were collected at room
temperature on an Enraf-Nonius CAD-4 diffractometer, equipped with
a graphite monochromator (Mo Ka radiation, 4 = 0.710 69 R), by the
w—20 scan method. The structure was solved by direct methodsi2
followed by difference Fourier syntheses and subsequent least-squares
refinement on F? using SHELX93.12¢ All non-H atoms were treated
anisotropically. The H atoms were added in calculated positions and
refined riding on their respective C atoms. Residual electron density
(<1.00 e A-3) was found in the proximity of the molecules, indicating
the presence of a disordered solvent. A detailed analysis of the crystal
packing also revealed small cavities among the molecules in cor-
respondence with the residual peaks. However, neither the nature nor
the amount of this solvent could be unambiguously determined. The
impossibility of locating and refining the solvent is partially responsible
for the not quite satisfactory refinement result. (b) Walker, N.; Stuart,
D. Acta Crystallogr. 1983, A39, 158. (¢) Sheldrick, G. M. SHELX93,
Program for Crystal Structure Determination; University of Géttin-
gen: Gottingen, Germany, 1993.

(13) Mertis, K.; Edwards, P. G.; Wilkinson, G.; Malik, K. M. A;;
Hursthouse, M. B. J. Chem. Soc., Dalton Trans. 1981, 705.
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within the range observed for other Ru;%!¢ and Rug!®
clusters containing the ampy ligand in the same coor-
dination mode.

The observation of nine carbonyl resonances in the
solution 3C NMR spectrum of complex 17 supports
either a static C; structure, as in the solid state, or free
rotation around the Ru(1)—Ru(4) bond. However, the
X-ray diffraction study reveals that the proximity of the
semibridging carbonyl ligands impedes such rotation.
The proximity of these ligands may also account for
their high 3C NMR chemical shift (240.7 ppm).

In conclusion, this communication reports the syn-
thesis of a hexanuclear ruthenium cluster complex of
a novel structural type using three different synthetic
methods: (a) the reaction of a cluster cation with
aqueous NaOH, (b) the reaction of a cluster anion with
a cluster cation,'® and (c) the reduction of a cluster
cation. These methods have never been used before for
the synthesis of high-nuclearity clusters, and it is
anticipated that they will be useful to many other
cluster chemists. Further studies on the reactivity of
the cationic complex 2 are in progress.
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(14) See, for example: (a) Andreu, P, L.; Cabeza, J. A.; Riera, V,;
Bois, C.; Jeannin, Y. J. Chem. Soc., Dalton Trans. 1990, 3347. (b)
Cabeza, J. A.; Garcia-Granda, S.; Llamazares, A.; Riera, V.; Van der
Maelen, J. F. Organometallics 1993, 12, 157. (c) Briard, P.; Cabeza, J.
A,; Llamazares, A.; Ouahab, L.; Riera, V. Organometallics 1998, 12,
1006. (d) Cabeza, J. A,; Ferndandez-Colinas, J. M.; Llamazares, A.;
Riera, V.; Garcia-Granda, S.; Van der Maelen, J. F. Organometallics
1994, 13, 4352.

(15) Cabeza, J. A.; Ferndndez-Colinas, J. M.; Garcia-Granda, S.;
Llamazares, A.; Lépez-Ortiz, F.; Riera, V.; Van der Maelen, J. F.
Organometallics 1994, 13, 426.

(16) Treatment of anionic clusters with cationic mononuclear com-
plexes has been used for the synthesis of “large” clusters. See, for
example: (a) Reference 4. (b) Voss, E. J.; Stern, C. L.; Shriver, D. W.
Inorg. Chem. 1994, 33, 1087 and references therein. (c) Lewis, J.; Li,
C.-K.; Al-Mandhary, M. R. A ; Raithby, P. R. J. Chem. Soc., Dalton
Trans. 1998, 1915 and references therein. (d) Evans, J.; Stroud, P.
M.; Webster, M. J. Chem. Soc., Dalton Trans. 1991, 2027.
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Hydroboration of Alkynes with Pinacolborane Catalyzed
by HZxrCp:Cl
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Summary: Pinacolborane (1.05 equiv) hydroborates both
terminal and internal alkynes, in the presence of 5 mol
% zirconocene chloride hydride (HZrCpzCl) at 25 °C, in
excellent yields and with excellent regio- and stereose-
lectivity. Without HZrCpgCl and under otherwise iden-
tical conditions, hydroboration proceeds to an extent of
only 2—20%.

Catecholborane (CBH),! like other dioxaborolane or
dioxaborinane? hydrides, is a sluggish hydroborating
reagent, requiring elevated temperatures to assure an
adequate rate of hydroboration of alkynes and alkenes.
In 1985 Minnig and No6th reported that Rh(PPh;3);Cl
catalyzes hydroboration of alkenes with CBH at ambient
temperature and in the process different chemo- and
regioselectivity was observed.? Mechanistically, an
oxidative-addition/reductive-elimination mechanism was
postulated.? In 1987 the rhodium-catalyzed hydrobo-
ration of acetylene by borazine was reported.’ In 1988
the enantioselective version of this reaction was re-
ported,® and in the same year diastereoselective studies
with this reagent system were initiated.” In 1992
organolanthanides were reported to catalyze hydrobo-
ration of alkenes with CBH.2 A different mechanism
was presented. Metal-catalyzed hydroboration of alkynes
or alkenes with other dioxaborolane or dioxaborinane
hydrides apparently has not been investigated.? How-
ever, in many instances the preferred boronic ester is
pinacol since these esters are stable to aqueous workup
and chromatography.l? Pinacol boronates can be pre-
pared by hydroboration with HBBrysSMe;, followed by
hydrolysis and esterification of the boronic ester with
pinacol, or by transesterification.!! However, HBBr; is
quite Lewis acidic and may not be compatible with acid-
sensitive groups. Recently, Knochel reported the prepa-
ration and reactivity of pinacolborane (PBH; 1).12 Hy-

® Abstract published in Advance ACS Abstracts, June 1, 1995.

(1) (a) Brown, H. C.; Gupta, S. K. J. Am. Chem. Soc. 1975, 97, 5249.
(b) Ibid. 1972, 94, 4370.

(2) (a) Woods, W. G.; Strong, P. L. J. Am. Chem. Soc. 1966, 88, 4667.
(b) Fish, R. H. J. Am. Chem. Soc. 1968, 90, 4435.

(3) Ménnig, D.; N6th, H. Angew. Chem., Int. Ed. Engl. 1985, 25,
878.

(4) The oxidative-addition product with Wilkinson's catalyst was
isolated: Kono, H.; Ito, K. Chem. Lett. 1975, 1095.

(5) Lynch, A. T.; Sneddon, L. G. J. Am. Chem. Soc. 1987, 109, 5867.

(6) Burgess, K.; Ohlmeyer, M. J. J. Org. Chem. 1988, 53, 5178.

(7) Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J. Am. Chem. Soc. 1988,
110, 6917.

(8) Harrison, K. N.; Marks, T. J. J. Am. Chem. Soc. 1992, 114, 9220.

(9) For a review, see: Burgess, K.; Ohlmeyer, M. J. Chem. Rev. 1991,
91, 1179.

(10) For a review of the chemistry of organoboranes, see: (a)
Matteson, D. S. In The Chemistry of the Metal-Carbon Bond; Hartley,
F. R, Ed.; Wiley: Chichester, UK., 1987; Vol 4, p 307. (b) Pelter, A.;
Smith, K.; Brown, H. C. Borane Reagents. In Best Synthetic Methods;
Katritzky, A. R., Meth-Cohn, O., Rees, C. W, Eds.; Academic Press:
London, 1988.

(11) Brown, H. C.; Bhat, N. G.; Somayaji, V. Organometallics 1983,
2, 1311.

(12) Tucker, C. E.; Davidson, J.; Knochel, P. J. Org. Chem. 1992,
57, 3482.
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Table 1. Hydroboration of Alkynes with PBH in
the Presence of HZrCp;Cl®

entry product ratic®

no. Ry R 3:4:5:6 yield® (%)
1 2a CH3(CHg)s— H 98:2:0:0 93.1
2 2b Cl(CHg)s- H 96.8:2.4:0:0.8 94.3
3 2c¢ MesSi— H 90.3:2.2:3.2:4.3 86.7
4 2d cyclopentyl H 97.5.0.7:0:1.8 93.7
5 2e MegC- H 100:0:0:0 95.2
6 2f Ph- H 97.2:0.8:0.7:0.9 74.7
7 2g Ph(CHy)s~ H 98.3:1.7:0:0 87.2
8 2h i-Pr- CH;— 96.9:2.2:0:0.9 93.8
9 2i MesC- CH;~- 100:0:0:0 91.5

10 2j Et-— Et—  100:0:0:0 92.6

11 2k (EtO)CH- H 81.9:10.8:7.3:0 82.2

12 21 MeOCHz~- H 95.0:2.5:2.5:0 86.8

13 2m MesSiC=CCHy;— H 96.3:2.5:0.8:0.4 81.5

@ For general experimental conditions, see ref 14. » Determined
by GC on a 30 m methylsilicone column and by integration of the
corresponding methyl peaks in the 400 MHz 1H NMR spectra.
¢ Isolated yields.

droboration of alkynes under Knochel’s conditions
requires 2 equiv of PBH. In the course of our studies
on the reactions of borazirconocenes, we observed very
facile boron migrations (apparently involving PBH) that
suggested zirconium-mediated catalysis.!® In this com-
munication we present our results on HZrCp,Cl-
catalyzed hydroboration of alkynes with PBH.14
When 1-octyne (1 equiv) was added to a solution of
PBH (2 M, 1.05 equiv, CH3Clp) containing 5 mol %
HZrCpsCl, an orange color developed over time (2 h)
that slowly disappeared. After the mixture was stirred
for 24 h at 25 °C, aqueous workup afforded 3a (Table 1,
entry 1) in 93% yield as essentially pure material.!® (The
same reaction without HZrCp<Cl afforded 3a in 2% yield
when PBH prepared in situ was used or in 20% yield
when PBH distilled and isolated was utilized in the
hydroboration.) The sequence is outlined in Scheme 1.
In addition to the desired alkenylboronates 3, other
products were detected. The products of anti addition,
4, were produced in small quantities. Indeed, syn

(13) Pereira, S.; Srebnik, M. Unpublished results.

(14) For other catalytic reactions involving zirconium, see: (a)
Negishi, E.; Takahashi, T. Acc. Chem. Res. 1994, 27, 124. (b) Dzhemi-
lev, U. M,; Vostrikova, O. S.; Ibragimov, A. G. Russ. Chem. Rev. (Engl.
Transl.) 1988, 55, 66.

(15) General experimental procedure for the hydroboration
of alkynes by pinacolborane in the presence of HZrCp:Cl: A 2
mL round-bottom flask equipped with a side arm and stirring bar is
charged with alkyne (0.5 mmol) and CH,Cl; (0.25 mL), under an inert
atmosphere, and cooled to 0 °C. Pinacolborane (0.525 mmol, 0.067 g)
is then added dropwise via a syringe. After the mixture is stirred for
1 min, the reaction mixture is transferred by a double-ended needle
to another 2 mL flask, immersed in an ice bath, containing Cp:ZrHC1
(0.025 mmol, 6.5 mg). After this mixture is warmed to ambient
temperature, stirring is continued for 16 h, at which point the reaction
is quenched with H,0 (0.5 mL). The mixture is extracted with ether
(2 x 5 mL), washed with water (3 x 5 mL), dried with anhydrous
MgS0, (0.5 g), filtered, and analyzed by GC. Isolation of products is
achieved by removing volatile matter under reduced pressure followed
by chromatography on a silica gel column if necessary.

© 1995 American Chemical Society
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Scheme 1. Hydroboration of Alkynes with PBH

Catalyzed by HZrCp:Cl
O
Cp,ZrHCI (5 mol %
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selectivity in the present case is among the best
observed for hydroboration!6 and is comparable to the
results obtained with the uncatalyzed reaction.!? Re-
gioisomers 5 were occasionally observed, but in negli-
gible quantities. The exception is 5k (7.3%). This may
be due to coordination of the hydroborating reagent with
the oxygen atoms of the acetal.!” Nevertheless, the
results indicate that the reaction is compatible with
acid-sensitive functional groups. Hydrogenation prod-
ucts 6 were sometimes detected, but generally in very
small amounts.!® Certainly, the lack of side products
demonstrates the benefits associated with PBH over
catechol, which often is accompanied by side products.!®
The reaction works well for a variety of alkynes, both
terminal and internal. Of importance is that only a
slight excess of PBH is required. The results are
summarized in Table 1.

Zirconocene dichloride was ineffective as a hydrobo-
ration catalyst and, indeed, appeared to retard the
reaction.?® Cole has demonstrated that vinyl groups
from 1-alkenylzirconocene chlorides readily transfer to

(16) For a review, see: Zaidlewicz, M. In Comprehensive Organo-
metallic Chemistry; Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds.:
Pergamon Press: Oxford, U.K., 1982; Vol. 7, p 161.

(17) (a) Brown, H. C.; Unni, M. K. J. Am. Chem. Soc. 1968, 90, 2902.
For additional examples of directive effects in hydroboration, see: (b)
Still, W. C.; Barrish, J. C. J. Am. Chem. Soc. 1983, 105, 2489. (c)
Harada, T.; Matsuda, Y.; Wada, I.; Uchimura, J.; Oku, A. J. Chem.
Soc. Chem. Commun. 1990, 21.

(18) Compounds 6 presumably arise from hydrolysis of the corre-
sponding gem-borazirconocene alkanes: (a)Zheng, B.; Srebnik, M. J.
Organomet. Chem. 1994, 474, 49. (b) Deloux, L.; Skrzypczak-Jankun,
E.; Cheesman, B. V,; Sabat, M.; Srebnik, M. J. Am. Chem. Soc. 1994,
116, 10302.

(19) (a) For a discussion of the side reactions that occur in transition-
metal-catalyzed hydroborations, see ref 9, p 1181, (b) Hydroboration
of 2a with 1.1 equiv of catecholborane in the presence of 5 mol %
HZrCp,Cl, using our general experimental procedure, gave products
3-8 in the ratio of 94.0:3.4:2.6:0, in 92% yield. Thus, syn selectivity is
not as good as with PBH. Catecholboronates are water-sensitive and
partially decompose on column chromatography. For the above reasons,
PBH seems to be the reagent of choice in this reaction.

(20) Teuben has recently demonstrated that other zirconocene
compounds, i.e., CpeZrMe,, are not effective catalysts in the hydrobo-
ration of alkenes with CBH: Bijpost, E. A.; Duchateau, R.; Teuben, J.
H. J. Mol. Catal. 1995, 95, 121.
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Scheme 2, Proposed Cycle for
HZrCp:Cl-Catalyzed Hydroboration of Alkynes
with Pinacolborane

@ Ko
] >=(

H 2Cp,Cl

R S o
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B-chlorocatecholborane.2! !B NMR of an equimolar
mixture of zirconocene dichloride and PBH in CH,Cl;
showed no change in the chemical shift or multiplicity
of PBH over the course of 24 h.22 PBH, therefore, does
not reduce zirconocene chloride under our conditions.
Mechanistically, these observations are consistent with
initial hydrozirconation of the alkyne to give a transient
alkenylzirconocene chloride. Vinyl and hydride ex-
change then occur to give the product and regenerate
HZrCp:Cl in a manner not uniike the mechanism of
lanthanide-catalyzed hydroboration of alkenes with
catecholborane proposed by Marks.” A proposed cycle
is outlined in Scheme 2.2

In conclusion, pinacolborane may be used in stoichio-
metric quantities to hydroborate alkynes at 25 °C by
the novel use of HZrCp,Cl as a catalyst. syn selectivity
and regioselectivity are excellent. This intriguing ca-
talysis is being further developed in our laboratories on
related and other systems.
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Toledo for a teaching fellowship. We thank Dr. Dean
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Supporting Information Available: Text giving general
experimental details and figures giving 'H NMR and 3C NMR
spectra for pinacolboronates 3a—m (34 pages). Ordering
information is given on any current masthead page.
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(21) Cole, T. E.; Quintanilla, R.; Rodewald, S. Organometallics 1991,
10, 3711.

(22) Catecholborane: !B NMR (CD;Cl, 128.3 MHz) 6 27.9(d, J =
175 Hz) (cf. ref 12).

(23) Indeed, hydrozirconation of the alkyne with 5 mol % HZrCp,-
Cl followed by hydroboration with PBH yielded results identical with
those obtained by using the protocol described in the general experi-
mental procedure, in support of the contention that hydrozirconation
is the first step.
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Summary: Tridentate-linked amido—cyclopentadienyl
ligands CsMeSiMesNCHR with a neutral donor site
R (R = CH;OMe, CH;NMe;, CH=CHj,) have been
synthesized and coordinated at tetravalent titanium and
zirconium centers. The molecular structure of Zr(n’q':
n1-CsMe SiMesNCH>CHsNMes)Cls (4b) was determined
by a single-crystal X-ray structural analysis, revealing
an unusual trigonal-bipyramidal zirconium center with
the CH,CH3:NMe;z moiety interacting with the zirconium
center.

Bent metallocenes of early transition metals and
lanthanides have led to the impressive recent develop-
ment of homogeneous a-olefin polymerization catalysts.
They contain an electronically and sterically constrained
coordination sphere around the metal that restricts the
substrate reactivity within the wedge created by the two
cyclopentadienyl ligands.! Although mono(cyclopenta-
dienyl)—transition-metal complexes can accommodate,
in addition to one cyclopentadienyl ligand, as many as
six ligands, a less crowded ligand sphere is commonly
observed which should lead to potentially higher reac-
tivity toward a-olefins.2 For instance, the linked amido—
cyclopentadienyl ligands introduced by Bercaw and
Shapiro®* have provided scandium complexes ((#5:5}-
CsMeySiMeaNCMes)ScR) with significantly enhanced

* Current address: BASF AG, ZKP, D-67056 Ludwigshafen, Ger-
many.
® Abstract published in Advance ACS Abstracts, June 1, 1995.

(1) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729.

(2) Syndiospecific styrene polymerization catalysts: (a)Ishihara, N.;
Kuramoto, M.; Uoi, M. Macromolecules 1988, 21, 3356. (b) Chien, J.
C. W.; Salajka, Z. J. Polym. Sci., Part A 1991, 29, 1243. (c) Pellecchia,
C.; Longo, P.; Proto, A.; Zambelli, A. Makromol. Chem., Rapid
Commun. 1992, 13, 265. (d) Kucht, A.; Kucht, H,; Barry, S.; Chien, J.
C. W.; Rausch, M. D. Organometallics 1993, 12, 3075. (e) Ready, T.
E.; Day, R. O.; Chien, J. C. W.; Rausch, M. D. Macromolecules 19983,
26, 5822. Olefin polymerization: (f) Quyoum, R.; Wang, Q.; Tudoret,
M.-d.; Baird, M. C. J. Am. Chem. Soc. 1994, 116, 6435. (g) Pellecchia,
C.; Immirzi, A.; Grassi, A.; Zambelli, A. Organometallics 1993, 12,
4473. (h) Chernega, A. N.; Gémez, R.; Green, M. L. H. J. Chem. Soc.,
Chem. Commun. 1993, 1415. (i) Ricci, G.; Italia, S.; Giarusso, A.; Porri,
L. J. Organomet. Chem. 1993, 451, 67. Alkyl cations: (j) Crowther,
D. J.; Jordan, R. F.; Baenzigner, N. C.; Verma, A. Organometallics
1990, 9, 2574.

(3) (a) Shapiro, P. J.; Bunel, E.; Schaefer, W. P.; Bercaw, J. E.
Organometallics 1990, 9, 867. (b) Piers, W. E.; Shapiro, P. J.; Bunel,
E. E.; Bercaw, J. E. Synlett 1990, 2, 74. (c) Shapiro, P. J.; Cotter, W.
D.; Schaefer, W. P.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc.
1994, 116, 4632. (d) Schaefer, W. P.; Cotter, W. D.; Bercaw, J. E. Acta
Crystallogr., Sect. C 1993, 49, 1489.

(4) (a) Okuda, J. Chem. Ber. 1990, 123, 1649. (b) Hughes, A. K;;
Meetsma, A.; Teuben, J. H. Organometallics 1993, 12, 1936. (c) Okuda,
J.; Schattenmann, F. J.; Wocadlo, S.; Massa, W. Organometallics 1995,
14, 789. (d) Canich, J. A. (Exxon Chemical Co.), U.S. Patent 5,026,-
798, 1991. (e) Stevens, J. C.; Timmers, F. J.; Rosen, G. W.; Knight, G.
W.; Lai, S. Y. (Dow Chemical Co.), European Patent Application, EP
0 416 815 A2, 1991. (f) Stevens, J. C. Metcon 93, Houston, May 26—
28, 1993; p 157. (g) Woo, T. K.; Fan, L.; Ziegler, T. Organometallics
1994, 13, 2252. (h) Herrmann, W. A.; Morawietz, M. J. A. J.
Organomet. Chem. 1994, 482, 169.
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Lewis acidity as compared to ansa-metallocenes. They
represent the first examples of homogeneous single-
component living a-olefin polymerization catalysts.3a—¢
In order to better control the coordinative unsaturation
in such strongly electrophilic metal complexes, we
envisaged a ligand system in which a side chain with a
weak neutral additional donor site is appended to the
anchoring amido—cyclopentadienyl ligand framework.?
The use of such a semilabile ligand system may result
in a reactivity pattern where the side chain can either
interact with or expose the metal center.® We report
here that a linked amido—cyclopentadienyl ligand with
an additional pendant neutral coordination site such as
OMe, NMes, or C=C may act as a novel type of flexible
tridentate ligand’ for tetravalent titanium and zirco-
nium centers.

In analogy to the procedure for the synthesis of
CsMe HSiMe,NHCMes,3¢ the reaction of chlorodimeth-
yl(tetramethylcyclopentadienyl)silane with the substi-
tuted lithium amides Li(NHCH:R) (R = CH:OMe,
CH3NMe,;, CH=CHj;) straightforwardly gave the new
ligand precursors 1 in excellent yields as distillable oils.®
Double deprotonation of analytically pure 1 with 2 equiv
of n-butyllithium in hexane quantitatively yielded color-
less solids of the dilithium “salts” Lis[CsMesSiMes-
NCH:R] (2). Reaction of 2a,b with TiCl3(THF)3; in THF
followed by oxidation with PbCly? afforded the titanium
complexes 3a,b in good yields as slightly air-sensitive,
hexane-soluble, orange crystals.l® 'H and 13C NMR
spectra of 3a,b recorded at ambient temperature re-
vealed that the molecules possess a mirror plane. In

(5) For related bidentate amino- and imido-functionalized cyclopen-
tadienyl ligands, see: (a) Clark, T. J.; Nile, T. A;; McPhail, D.; McPhail,
A. T. Polyhedron 1989, 8, 1804. (b) Wang, T. F.; Lee, T. Y.; Wen, Y.
S.; Liu, L. K. J. Organomet. Chem. 1991, 403, 353. (c) Wang, T. F;
Wen, Y. S. J. Organomet. Chem. 1992, 439, 155. (d) Wang, T. F.; Lee,
T.Y.; Chou, J. W.; Ong, C. W. J. Organomet. Chem. 1992, 423, 31. (e)
Jutzi, P.; Kristen, M. O.; Dahlhaus, J.; Neumann, B.; Stammler, H.-
G. Organometallics 1993, 12, 2980. (f) van der Hende, J. R.; Hitchcock,
P. B.; Lappert, M. F.; Nile, T. A. J. Organomet. Chem. 1994, 472, 79.
(g) Antonelli, D. M.; Green, M. L. H.; Mountford, P. J. J. Organomet.
Chem. 1992, 438, C4. (h) Flores, J. C.; Chien, J. C. W.; Rausch, M. D.
Organometallics 1994, 13, 4140. (i) Jutzi, P.; Kleimeier, J. J. Orga-
nomet. Chem. 1995, 486, 287. (j) Herrmann, W. A.; Morawietz, M. J.
A.; Priermeier, T.; Mashima, K. J. Organomet. Chem. 1998, 486, 291.

(6) For a brief review on chelating cyclopentadienyl ligands, see:
Okuda, J. Comments Inorg. Chem. 1994, 16, 185.

(7) During the course of this work, very similar tridentate cyclo-
pentadienyl ligands appeared in the literature: (a) Fryzuk, M. D.; Mao,
S. 8. H,; Zaworotko, M. J.; MacGillivray, L. R. J. Am. Chem. Soc. 1993,
115,5336. (b) Fryzuk, M. D.; Mao, S. S. H.; Duval, P. B,; Rettig, S. J.
Polyhedron 1998, 14, 11. (c) Mu, Y.; Piers, W. E.; MacGillivray, L. R.;
Zaworotko, M. J. Polyhedron 19985, 14, 1.

(8) (CsMesH)SiMea(NHCH:CH:NMez) (1b): yellow oil; 78% yield;
bp 80 °C/10-2 Torr. Anal. Caled for CysHgoN2Si: C, 67.60; H, 11.35;
N, 10.51. Found: C, 67.34; H, 11.55; N, 10.40.

(9) Luinstra, G. A.; Teuben, J. H. J. Chem. Soc., Chem. Commun.
1990, 1470.
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particular, the CH2CH; link gives rise to two tripletlike
AA'XX’ signals in the 'H NMR spectrum. These data
do not allow one to distinguish whether the additional
donor site in the side chain is rigidly coordinated in a
symmetrical fashion, does not interact at all with the
metal center, or is involved in a fluxional coordination
(on the NMR time scale). On the basis of the temper-
ature dependence of the NMR spectra, we presently
favor the last possibility for 3a,b.!!

The syntheses of the zirconium derivatives 4a,b were
performed by reacting 2 with ZrCl,(THF); in toluene,
resulting in the isolation of toluene-soluble, colorless
crystals in good yields.!? 'H and 3C NMR spectroscopic
data again show the same basic feature as for the
titanium complexes, 3a,b, thus not unambiguously
proving the coordination mode.!? A single-crystal X-ray
structural analysis of the NMeg-functionalized 4b re-
vealed, however, that the side chain is in fact coordi-
nated.!* The coordination sphere of the linked amido—

(10) Ti(n5:n1:n1-CsMe, SiMeaNCH,CHyNMe,)Cl, (83b): 57% yield; mp
142 °C; 'H NMR (CgDg, 25 °C) 6 0.34 (s, 6 H, SiCHj), 2.06 (s, 6 H, ring
CHj), 2.14 (s, 6 H, ring CHjy), 2.31 (s, 6 H, N(CH3)o), 2.61 (“t”, 2 H,
CH:NMey), 3.49 (“t", 2 H, SiNCHy); 3C{'H} NMR (CgDg, 25 °C) 6 2.2
(SiCHj), 13.2, 15.9 (ring CHj), 47.1 (N(CHj3)y), 53.4 (SiNCHp), 60.7 (CHo-
NMe), 105.3 (ring C attached to SiMey), 136.7, 137.6 (ring C). Anal.
Caled for C15H2sClN2SiTi: C, 47.00; H, 7.36; N, 7.31. Found: C, 47.00;
H, 7.32; N, 6.83.

(11) In the unsubstituted analog Ti(5%:n':7!-CsH,SiMe;NCH CHy-
NMe,)Cl; the ligand is tridentate according to a preliminary X-ray
crystal structural analysis.??

(12) Zr(yP:ntipt-CsMeSiMesNCH;CH;NMe;)Cl; (4b): colorless crys-
tals from toluene; 65% yield; mp 125 °C; 'H NMR (CsDs, 25 °C) 0 0.36
(s, 6 H, SiCHj3), 2.09 (s, 6 H, ring CHj3), 2.12 (s, 6 H, ring CHj), 2.35 (s,
6 H, N(CH3)z), 2.52 (“t”, 2 H, CH;NMey), 2.92 (“t”, 2 H, SiNCHb); 13C-
{TH} NMR (C¢Dsg, 25 °C) & 2.3 (SiCHjy), 12.2, 14.4 (ring CH3), 46.9
(SiNCH3;), 47.3 (N(CHj)z), 62.3 (CH;NMey), 102.2 (ring C attached to
SiMey), 129.1, 131.3 (ring C). Anal. Caled for C;sH2sCIN,SiZr: C,
42.23; H, 6.62; N, 6.57. Found: C, 43.19; H, 6.08; N, 6.16.

(13) Tetravalent zirconium complexes containing the linked amido—
cyclopentadienyl ligand may have a three-legged piano-stool structure
or may coordinate another two-electron ligand.4f

(14) Crystal data for 4b: colorless cubes, CmHZgCllNzSin, M. =
426.60, monoclinic, space group P2//n, a = 8.456(1) = 13.699(1)
A, c="16.686(1) A, f = 96.59(1)°, V = 1920.1(3) A3, Z = 4, Degiea =
1.476 g cm™3, F(OOO) = 880. Data in the range 2 < 20 < 24° were
collected at 293(2) K using Mo Ka radiation on a Siemens P4
diffractometer. The structure was solved by direct methods and refined
by full-matrix least-squares techniques against all #2 data. GOF =
1.067, wR2 = 0.0751 for all 3021 reflections, and R = 0.0273 for 2623
observed reflections with 7 > 2a(]).

cyclopentadienyl moiety in 4b can be considerd to be
derived from the monomeric (5°:7!-CsMe SiMe;NCMe3)-
ZrClp.4-f As in all scandium and group 4 complexes
containing the CsR’;SiMeosNCMe; ligand system,3* the
amido nitrogen atom is planar as a result of the strong
p-—d, bonding. The dimethylamino function of the side
chain interacts with the 14-electron zirconium center
to create a distorted trigonal bipyramid with the CsMey
and the NMe; groups occupying the apical positions. It
is noteworthy that mono(cyclopentadienyl)—metal com-
plexes with this configuration are extremely scarce.!5:18

Treatment of the dichlorides 3a,b with 2 equiv of
methylmagnesium chloride gave quantitative yields of
yellow, hexane-soluble dimethyl complexes 5a,b, re-
spectively. The resonance for both of the titanium
methyl groups in 5b is recorded in the !H NMR
spectrum as a singlet at 6 0.33 and in the C NMR
spectrum as a quartet at 6 48.8 with 1J(C,H) = 118 Hz.!7
The 'H NOESY spectra (CgDg, 25 °C, tmix = 2.0 8) of
both Ba and 8b showed that NOE is absent between
the TiMe signal and the OMe and NMe: groups,
indicating that the side chain is not coordinated at the
titanium center.!® The reaction of the zirconium dichlo-
rides 4a,b also smoothly afforded the dimethyl com-
plexes 6a,b as hexane-soluble, colorless crystals.!” In
contrast to the titanium complexes 5a,b, the zirconium
complexes retain the intramolecular coordination in

(15) Kubacek, P.; Hoffmann, R.; Havlas, Z. Organometallics 1982,
1, 180. Despite the large number of half-sandwich complexes of the
general type (CsRs)ML, -, X, (see: Poli, R. Chem. Rev. 1991, 91, 509),
there is only a small amount of indirect evidence for trigonal-
bipyramidal configuration; e.g.: Abugideiri, F.; Gordon, J. C.; Poli, R.;
Owens-Waltermire, B. E.; Rheingold, A. L. Organometallics 1998, 12,
1575. We thank Professor R. Poli for kindly providing us with this
information.

(16) Liu, A. H.; Murray, R. C.; Dewan, J. C.; Santarsiero, B. D,;
Schrock, R. R. J. Am. Chem. Soc. 1987, 109, 4282.

(17) TitnP:n':n'-CsMe,SiMeNCHoCHyNMeg)Me; (5b): 43% yield; mp
45 °C. Anal. Caled for Ci7HyNoSiTi: 59.62; H, 10.01; N, 8.18,
Found: C, 59.83; H, 9.75; N, 8.30. Zr(n%n:n'-CsMe,SiMe,NCH,CH,-
NMe,)Me; (8b): off-white microcrystals; 55% yield; mp 58 °C. Anal.
Caled for Ci7H34N.SiZr: C, 52.93; H, 8.88; N, 7.26. Found: C, 52.55;
H, 8.76; N, 7.13.

(18) As one possible consequence of the noncoordination of the side
chain, the dimethyl complexes 5a,b show modest activity for ring-
opening polymerization of e-caprolactone as well as for the syndiospe-
cific polystyrene formation upon activation with methylaluminoxane.
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Figure 1. ORTEP view of the molecular structure of 4b.
Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for the sake of clarity.
Selected bond distances (A) and angles (deg): Zr—N1,
2.077(2); Zr—N2, 2.491(2); Zr—Cl(av), 2.450(1); Zr—-C10,
2.443(3); Zr—C11, 2.501(3); Zr—C12, 2.629(3); Si—Nl,
1.724(3); Cl11-Zr—Cl2, 109.60(3); N1-Zr—-N2, 70.69(9); Si—
N1-Zr, 108.9(1); C1-N1-Zr, 125.5(2); Si—N1-C1, 125.2-
(2).

solution, as deduced from the room-temperature NOE-
SY spectra for 6a,b. There is clearly an NOE between
the proton signals for ZrMe; and both OMe and NMes.

Since a rigid coordination of the NMe; group will
prevent nitrogen inversion, the nonequivalence of the
NMe; groups in the planar chiral derivative M{n%:n%:
7*-C5(CMe;3)HsSiMesNCH2CHoNMez}Clz would directly
reveal the presence of the intramolecular coordination
of the NMe; function (eq 1). Thus, the titanium complex

o oS,
/

clpM—y —_— crooM—y
o o (J ()
v
N Me

Me/ Me
M = T1(7b), Zr (8b)

7b shows one signal for both of the NMe; groups and
for the zirconium analog 8b two distinct resonances are
recorded.!® In agreement with the data found for 3—6,
a fluxional coordination is found in 7b, whereas a fairly
rigid intramolecular coordination exists in 8b.

In order to utilize the chelate effect to examine the
possible intramolecular C=C bond coordination at a d°
metal center,?’ we also attempted to coordinate the allyl
substituted ligands 1l¢ at titanium and zirconium,
following the above described procedures. The titanium
derivative 3¢ could be isolated as a brown powder that
lacks any direct evidence for a rigid coordination of the
allyl group.?! Quite unexpectedly, the reaction of ZrCl,-
(THF); with 2c¢ resulted in the formation of the Cs-
symmetric zirconocene derivative Zr(z5:17!-CsMe,SiMes-
NCH;CH=CH_); (9) as highly hexane-soluble, beige
crystals. At this time, we account for our failure to
obtain the homolog of 8¢ as due to the high solubility
of the lithium salt 2¢ in toluene.?? The high concentra-
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tion of 2¢ relative to ZrCly(THF): in the reaction mixture
apparently resulted in the predominant formation of the
metallocene derivative. We are continuing to utilize
such flexible polydentate ligand systems in the context
of designing coordination spheres that may support
highly electrophilic early-metal centers.
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(19) Ti(n5:91:n1-Cs(CMe3)HaSiMe,NCH;CH;NMe;}Cl; (7b): orange-
red oil; TH NMR (CgDe, 25 °C) 6 0.27 (br s, 6 H, SiCHas), 1.34 (s, 9 H,
C(CHa)y), 1.90 (s, 6 H, N(CHs)z), 2.34 (m, 2 H, CH;NMey), 4.14 (m, 2
H, CH,NSI), 6.23 (m, 1 H, ring H), 6.26 (m, 1 H, ring H), 6.85 (m, 1 H,
ring H); 3C{'H} NMR (Cg¢Ds, 25 °C) 6 —-2.4, ~1.5 (S8iCHj), 30.9
(C(CHs)s), 33.6 (C(CHjy)s), 45.6 (N(CHs)z), 55.4 (SiNCHy), 60.0 (CH;-
NMey), 111.0 (s, ring C attached to SiMey), 120.8, 125.1, 126.2, 153.3
(s, ring C); E1 MS m/z 383 (25%, M+ + H), 382 (50%, M* — CHj3). Zr-
(7P:p1:nt-C5(CMes)H3SiMe,NCHy,CH;NMe;)Clp (8b): white crystals; 'H
NMR (CgDg, 25 °C) 6 0.19, 0.25 (s, 3 H, SiCHjy), 1.47 (s, 9 H, C(CHa)s),
2.08, 2.55 (s, 3 H, N(CHjy)y), 1.89, 3.20 (m, 1 H, CHeNMey,), 2.82, 2.90
(m, 1 H, CH,NSi), 6.04 (m, 1 H, ring H), 6.30 (m, 1 H, ring H), 7.03
(m, 1 H, ring H); 3C{'H} NMR (C¢Ds, 25 °C) 6 —3.3, —2.0 (SiCH3),
31.4 (C(CH3)3), 33.3 (C(CHs)z), 44.9, 48.7 (N(CHj3)p), 47.3 (SiNCHy), 62.6
(CH2NMey), 107.0 (s, ring C attached to SiMey), 115.6, 118.1, 126.4,
146.9 (s, ring C); EI MS m/z 426 (24%, M* + H), 424 (18%, M* — CHs),
368 (38%, M* — C;Hs), 366 (13%, M~ — C3HgN), 58 (100%, CsHgN™*).
Anal. Caled for Ci5H2sNoCloSiZr: C, 42.23; H, 6.62; N, 6.57. Found:
C, 44.28; H, 7.17; N, 6.72.

(20) Okuda, J.; du Plooy, K. E.; Toscano, P. J. J. Organomet. Chem.,
in press.

(21) Ti(5:'-CsMe,SiMe,NCH,CH=CH>)Cl; (5¢): dark brown pow-
der; 54% yield; mp 88 °C. Anal. Calcd for C;4Hp3CLNSITi: C, 47.74;
H, 6.58; N, 4.00. Found: C, 47.40; H, 6.44; N, 4.10.

(22) The same difficulty was encountered during the synthesis of
the unsubstituted analogs of 3a,b. However, reaction of Ti(#5-CsHa-
SiMeoCl)Cl; (Ciruelos, S.; Cuenca, T.; Gomez-Sal, P.; Manzanero, A.;
Royo, P. Organometallics 1995, 14, 177) with 1.33 equiv of LINCH3R)
led to the desired compounds. Okuda, J.; Rose, U.; du Plooy, K. E.;
Kang, H.-C.; Massa, W., unpublished results.
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Summary: Reduction of (7°:n!-CsMesSiMesNR)TiCly
with "BulLi in the presence of various 1,3-dienes yields
(n®:n!1-CsMe SiMe;NR)Ti(diene) complexes. The diene
coordination mode (7, formally Ti(Il), or metallacyclic,
formally Ti(IV)) and the activity for olefin polymerization
(which can be very high) are highly sensitive to the
identity of R.

The recent development of “constrained geometry”
catalysts has had a major impact on homogeneous olefin
polymerization technologies! and necessitates a better
understanding of basic organo-group 4 metal chemistry
with 7%:71-CsMe,SiMesNR ancillary ligation.2® Multi-
hapto ligands such as 1,3-dienes, which engage in a
variety of bonding modes, offer a direct probe of (Cs-
Me;SiMe2NR)M steric and electronic requirements which
can then be compared to and contrasted with those of
more conventional group 4 Cp.M and CpM metal—diene
ligand arrays.#5 We communicate here the synthesis
and unusual structural characteristics and diversities,
as well as high olefin polymerization activities, of the
first series of (CsMesSiMe;NR)Ti(diene) complexes.

(CsMeSiMe;NR)Ti(diene) complexes are readily syn-
thesized by reduction of the (C;MesSiMesNR)TiCly
precursors (1) with 2 equiv of *Buli in the presence of
dienes in refluxing hexane (eq 1).57 Isolated yields of
the dark purple complexes range from 20 to 97% after
optional recrystallization from hexane.” As indicated

® Abstract published in Advance ACS Abstracts, June 1, 1995.

(1) (a) Plast. Technol. 1992, 25 (Sept). (b) Chem. Bus. 1992, 15 (Oct).
(¢) Mod. Plast. 1992, 20 (Nov). (d) Plast. Week 1992, 4 (Dec). (e) Mod.
Plast. 1993, 57 (Jan). (f) Chemicalweek 1995, 8 (Feb).

(2) (a) Woo, T. K.; Fan, L.; Ziegler. T. Organometallics 1994, 13,
432. (b) Woo, T. K; Fan, L.; Ziegler. T, Organometallics 1994, 13, 2252.

(3) For studies in group 3, see: (a) Shapiro, P. J.; Cotter, W. D;
Schaefer, W. P.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem. Soc. 1994,
116, 4623—4640 and references therein. (b) Coughlin, E. B.; Shapiro,
P. J.; Bercaw, J. E. Polym. Prepr. 1992, 33, 1226—-1227.

(4) (a) Erker, G.; Kriiger, C.; Miiller, G. Adv. Organomet. Chem.
1988, 24, 1 and rererences therein. (b) Yasuda, H.; Tatsumi, K;
Nakamura, A. Acc. Chem. Res. 1985, 18, 120 and references therein.

(5) For some recent examples, see: (a) Yamamoto, H.; Yasuda, H.;
Tatsumi, K.; Lee, K.; Nakamura, A.; Chen, J.; Kai, Y.; Kasai, N.
Organometallics 1989, 8, 105. (b) Blenkers, J.; Hessen, B.; van Boihuis,
F.; Wagner, A. J.; Teuben, J. H. Organometallics 1987, 6, 459. (c)
Kriiger, C.; Miiller, G.; Erker, G.; Dorf, U.; Engel, K. Organometallics
1985, 4, 215. (d) Erker, G.; Berg, K.; Kriiger, C.; Miiller, G.; Anger-
mund, K.; Benn, R.; Schroth, G. Angew. Chem., Int. Ed. Engl. 1984,
23, 455. (e) Erker, G.; Wicher, J.; Engel, K.; Kriiger, C. Chem. Ber.
1982, 115, 3300. (D) Dorf, U.; Engel, K.; Erker, G. Organometallics 1983,
2, 462.

(6) The dienes (Aldrich) were used as mixtures of isomers. 2,4-
Hexadiene was a 62:35.7% mixture of the cis,trans and trans,trans
ispmers. 1,3-Pentadiene was a 57.3:31.6% mixture of the trans and
cis isomers.
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by NMR spectroscopy and X-ray diffraction (vide infra),
minor changes in the ancillary ligation (R; = 'Bu — R;

(7) (a) Generalized procedure (using 2b as example): In an inert-
atmosphere glovebox, 0.500 g (1.36 mmol) of (CsMeSiMe;N'Bu)TiCl;
was dissolved into approximately 50 mL of dry, degassed hexane. To
this yellow solution was added 2.70 mL of technical grade piperylene
(27.1 mmol) followed by 1.09 mL of "BuLi (2.72 mmol, 2.5 M in
hexanes). Addition of the latter resulted in an immediate color change
to dark red. The reaction mixture was heated to reflux for 45—60 min,
after which time it was cooled to room temperature. The solution was
filtered through Celite, using 10 mL of additional hexane to wash the
insoluble byproducts. The combined hexane filtrate was taken to
dryness under reduced pressure, yielding the product, (CsMe,SiMesN*-
Bu)Ti(prone-trans-1,3-pentadiene), as a red-purple solid in 97% yield
(0.97 g). Analytical and spectroscopic data for complex 2b are as
follows. 'H NMR (CgDs, ppm): 0 4.01 (m, CHH=CHCH=CHCHj;, 1H);
3.84 (m, CHH=CHCH=CHCHj3;, 1H); 2,97 (m, CHH=CHCH=CHCHj,
1H); 2.13 (s, CsMey, 3H); 2.1 (multiplet, partly overlapped by
two singlets, CHH=CHCH=CHCHj;, 1H); 2.05 (s, C;Me,, 3H);
1.88 (d, CHH=CHCH=CHCH,, 3H, Jyu = 5.5 Hz); 1.75 (dd,
CHH=CHCH=CHCH3;, 1H, Juy = 13.3, 7.3 Hz); 1.23, 1.21 (s each,
CsMey, 3H each); 1.16 (s, tBu, 9H); 0.76, 0.73 (s each, SiMe,, 3H each).
13C{!H} NMR (CgDg, ppm): 0 8.12, 8.88, 14.37, 16.08 (CsMe,); 11.60
(SiMey); 19.14 (CHo=CHCH==CHCH;); 35.27, 57.22 (*Bu); 61.75
(CH;=CHCH=CHCHj,); 76.76 (CHy=CHCH==CHCH3;); 103.73 (C5 car-
bon attached to Si); 107.67, 114.99 (CH,=CHCH=CHCH3); 123.17,
123.44, 130.51 (Cs ring, remaining resonance under CgDg). Anal. Caled
for CooH3sNSiTi: C, 65.73; H, 9.65; N, 3.83. Found: C, 66.36; H, 9.73;
N, 3.59. (b) Complex 2a was prepared similarly to 2b in 20% yield. 'H
NMR (CgDg, ppm): 6 3.73 (m, CH(CH3)CHCHCH(CHjy), 2H); 2.1 (m,
partially overlapped by a CsMe, singlet, CH(CH;JCHCHCH(CH3), 2H);
2.11 (s, CsMey, 6H); 1.89 (d, CH(CH3;)CHCHCH(CH;), 6H, Juy = 5.4
Hz), 1.24 (s, CsMey, 6H); 1.13 (s, tBu, 9H); 0.73 (s, SiMey, 6H). 13C{!H}
NMR (CgDg, ppm): ¢ 8.51, 11.74 (CsMe,); 14.50 (SiMes); 19.00 (CH-
(CH3)CHCHCH(CH3)); 35.32, 56.85 (*Bu); 76.60 (CH(CH3;)CHCHCH-
(CHj3)); 103.9 (Cs carbon attached to Si); 110.39 (CH(CH3;)CHCHCH-
(CH3)); 122.83 (Cs, remaining resonance under CgDg). Anal. Caled for
CaHyyNSITi: C, 66.46; H, 9.83; N, 3.69. Found: C, 66.85; H, 9.48; N,
3.51. (¢) The mixture 2¢/3¢ was prepared similarly to 2b in 36% yield.
Assignments for 2¢ are as follows. 'H NMR (C¢Dg, ppm): ¢ 7.5~7.0
(m, Ph, 3H); 6.69 (d, Ph, 2H, Juyy = 7.4 Hz); 3.78 (m, CH-
(CH3)CHCHCH(CHj3), 2H); 2.19 (s, CsMey, 6H); 1.90 (m, partially
overlapped by a CH; doublet, CH(CH3;)CHCHCH(CHjy), 2H); 1.85 (d,
CH(CH3)CHCHCH(CH]), 6H, Juy = 4.6 Hz), 1.24 (s, CsMey, 6H); 0.55
(s, SiMe;, 6H). Assignments for 3¢ are as follows. 'H NMR (CsDs,
ppm). o 7.5-7.0 (m, Ph, 3H); 6.1 (d, Ph, 2H); 5.26 (m, CH-
(CH3)CHCHCH(CHj), 2H); 2.36 (s, CsMey, 6H); 1.78 (d, CH(CHjy)-
CHCHCHI(CHj;), 6H, Jyg = 6.0 Hz); 1.46 (s, CsMe,, 6H); 0.47 (s, SiMe,,
6H); 0.3 (m, CH(CH3)CHCHCH(CH3), 2H). Anal. Calcd for Cg3Hjs-
NSiTi: C, 69.15; H, 8.33; N, 3.51. Found: C, 69.68; H, 8.08; N, 3.32.
(d) The mixture 2d/3d was prepared similarly to 2b in 49% yield.
Assignments for 2d are as follows. !H NMR (C¢Dg, ppm): 6 7.1 (m,
Ph, 2H, partially overlapped by solvent); 6.85 (m, Ph, 1H); 6.70 (d, Ph,
2H, Jun = 8.4 Hz); 4.05 (m, CHH=CHCH=CHCHj;, 1H); 3.92 (m,
CHH=CHCH=CHCHj, 1H); 3.17 (m, CHH=CHCH=CHCHj;, 1H); 2.22
(s, CsMey, 3H); 2.13 (s, CsMey, 3H); 1.82 (d, CHH=CHCH=CHCH; ,
3H, Jyu = 2.0 Hz); 1.8 (m, partly overlapped, CHH=CHCH=CHCH3;,
1H); 1.45 (m, partly overlapped, CHH=CHCH==CHCHj;, 1H); 1.23 (s,
CsMey, 6H); 0.56, 0.55 (s each, SiMeg, 3H each). Assignments for 3d
are as follows. 'H NMR (Cg¢Dsg, ppm): ¢ 7.01 (m, Ph, 2H); 6.8 (m, Ph,
1H); 6.10 (d, Ph, 2H, Juy = 8.3 Hz); 5.4 (m, CHH=CHCH=CHCHj;,
2H); 3.05 (m, CHH=CHCH=CHCH3;, 1H); 2.34, 2.33 (s each, C;Mey,
3H each); 1.70 (d, CHH=CHCH=CHCH3, 3H, Jyuy = 5.9 Hz); 1.50 (s,
Cs;Me,, 6H); 0.49, 0.48 (s each, SiMe;, 3H each); 0.4 (m,
CHH=CHCH=CHCHS3;, 2H). Anal. Calcd for C5xHxNSiTi: C, 68.55;
H, 8.11; N, 3.63. Found: C, 69.01; H, 8.13; N, 3.44.

© 1995 American Chemical Society
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MEQSi\ | —_—

N_-—-—-Ti - 2 "BuLi

e \GI

1a: Ry ='Bu
1b: Ry =Ph

2a: Ry = 'Bu, Ry = Ry = Me

3c: Ry =Ph, Rz = R3=Me
2b: R, ='Bu, Rz = Me, Ry = H 3d:Ry=Ph,R;=Me,R3=H
2¢: Ry =Ph, R; = R3 = Me

2d:Ry=Ph,R;=Me, Rz =H

= Ph) effect significant perturbations in the diene
bonding pattern as well as polymerization activity.

For R, = 'Bu, NMR indicates that eq 1 affords, at all
stages, a single type of isomeric diene structure (2a,b).
Thus, structurally diagnostic*S 6(H,) and 6(H,) occur
at 2.10 and 3.73 ppm in 2a and at 2.13, 1.75, 3.84, and
4.01 ppm in 2b

Hn  Hm
7N\
LWL

in good agreement with data for the structurally char-
acterized complexes Cp*TiCl(1,3-butadiene)®® and Cp.-
Zr(s-trans-1,3-butadiene), which are predominantly =-di-
ene in character.> 6(H,) — 6(Hy,) exhibits a far greater
dispersion in complexes such as CpeZr(s-cis-1,3-buta-
diene)*5f and Cp*TiCl(supine-isoprene), which are
predominantly o-bound (metallacyclopentene) in
character.5® lJcy data are less structurally definitive
for group 4 diene complexes. Thus, 'Jcy, = 134 Hz in
2a and 'Jcy, 137.8 (CH,Hy), 134 (CH,CH3) Hz in 2b
would at first appear rather small in magnitude for “sp?”
hybridization; however, the diffraction results for 2a
(vide infra) show the H,'s to be severely displaced from
the diene plane. In contrast to these results, 'Jcu, =
159.4 Hz in 2b is more consistent with sp? hybridization
and is identical with the larger of the two geminal 'Jcy
values (159, 149 Hz) in #-bound Cp2Zr(s-trans-1,3-
butadiene).’ However, note that Jcy, and 'Jcy, values
of 129 and 152 Hz, respectively, are observed in the
static (=75 °C) spectrum of the fluxional, formally
metallacyclic CpeZr(CH,CMeCMeCHy)> and that tho-
rium metallacyclopentene parameters are similar.? The
13C CPMAS spectrum of 2a is consistent with the
solution-phase spectrum, arguing that the solid-state
structure persists in solution.

X-ray structural analysis of 2a'? (Figure 1) shows the
2,4-hexadiene ligand to be coordinated in a “prone”
n-fashion.*!! The two Ti-C(terminal) diene distances
(Ti-C17 = 2.187(6) and Ti—C20 = 2.176(7) A) differ from

(8) The chemical shifts for H, and Hy, in Cp;Zr{s-cis-1,3-butadiene)4
and Cp*TiCl(supine-isoprene ** occur at & —0.70 and 4.85 ppm and o
1.23, 1.10, and 5.68 ppm, respectively.

(9) Smith, G. M.; Suzuki, H.; Sonnenberger, D. C.; Day, V. W,;
Marks, T. J. Organometallics 1986, 5, 549. 'Jcy values for Cp'oThi(n*-
C4Hg), at low temperature: 131, 153 Hz.
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Figure 1. Crystal structure of (C;sMe,SiMes:N'Bu)Ti(prone-
2,4-hexadiene) (2a). Selected bond distances (A) and angles
(deg) are as follows: Ti—C17 = 2.187(6), Ti—C18 = 2.298-
(6), Ti—C19 = 2.288(6), Ti—C20 = 2.176(7), C17-C18 =
1.402(9), C18—C19 = 1.404(9), C19—C20 = 1.391(9), Ti—
N1=2.007(4), Si1—N1 = 1.733(5), Si1-C1 = 1.869(6), Ti—
C1 = 2.228(5), Ti—C2 = 2.304(6), Ti—C3 = 2.481(6), Ti—
C4 = 2.483(6), Ti—C5 = 2.331(6); Cp(Cg)—Ti—N = 109.8,
Cp(Cg)—C1-Sil = 153.2, C17-Ti—-C20 = 90.0(3), N1—
Si1—C1 = 94.5(2). Thermal ellipsoids are drawn at the 35%
probability level.

the two Ti—C(internal) diene distances (Ti—C18 =
2.298(6) and Ti—C19 = 2.288(6) A) by only 0.112 A. This
difference!? (Ad = —0.11 A) is similar to that reported
for the Zr(II) n-butadiene complex CpZr(73-allyl)(supine-
butadiene) (Ad = —0.103 A). The C—C distances in the
2,4-hexadiene ligand of 2a (C17-C18 = 1.402(9), C18—
C19 = 1.404(9), C19—C20 = 1.391(9) A) also support
the assignment of a predominantly s-bound diene
ligand. This C-C bonding sequence is similar to that
observed in typical M(CO)3(n*-diene) (M = Fe, Ru)
structures®!?® and is in sharp contrast to patterns
observed in typical metallacyclopentenes, such as Cps-
Zr(CHo,CMeCMeCHz).>¢ Another important 2,4-hexa-
diene feature in 2a concerns the coplanarity of atoms
C17—-C20. The two methyl substituents (C16 and C21)
are displaced from the diene plane by only 0.032 (toward
Ti) and —0.007 (away from Ti) A, respectively. How-
ever, H34 and H37, which are the anti (H,) protons of
C17 and C20, respectively, are grossly displaced from
the C17—C20 plane, away from Ti, by ~0.41 and ~0.44
A, respectively. This distortion likely affects the mag-
nitude of !Jcy, (vide supra). The structural features of
the constrained-geometry ligand also support a formal
divalent Ti oxidation state assignment and reveal the

(10) Crystal data for C3;H3;NSiTi: triclinic system with cell dimen-
sions at —120 °C of a = 8.786(6) A, b = 9.760(6) A, ¢ = 14.285(8) A, a
= T74.08(5)°, = 88.46(5)°, y = 66.18(5)°, and V = 1072(1) A3, The space
group is P1 (No. 2) with Z = 2 and Deuea = 1.175 g/em?®. The structure
was solved by direct methods and refined by full-matrix least-squares
techniques using 3604 reflections having I = 3.000(I) and resulting in
R = 0.073 and R, = 0.085.

(11) A “prone” diene is coordinated with the “cup” of the diene
oriented away from the Cp ligand. A “supine” diene is coordinated with
the “cup” of the diene oriented toward the Cp ligand.4

(12) Ad = [(Ti—-C17) + (Ti-C20))2 - [(Ti—C18) + (Ti—-C19))2.

(13) Cotton, F. A.; Day, V. W_; Frenz, B. A.; Hardcastle, K. [.; Troup,
J. M. J. Am. Chem. Soc. 1973, 95, 4522 and references therein.
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effects of linking the amide substituent to the cyclopen-
tadienyl ring via the silane bridge. The Ti—N distance
in 2a is 2.007(4) A, which is significantly longer than
in typical Ti(IV) amide complexes.*2® In Ti(IV) con-
strained-geometry complexes, typical Ti—N distances of
1.895-1.957 A are observed.!c¢ The present Ti—N
distance is more consistent with those in lower valent
(<II) Ti amide complexes (Ti—N = 2.023—2.066 A).!5
The N~Ti—-Cp(Cg) bond angle contraction to 109.8° in
2a is doubtless due to the silane bridge. The effect of
constraining the amide substituent is also seen in the
displacement of the Si from the plane of the cyclopen-
tadienyl ring (Cp(Cg)—C1~Si = 153.2°) as well as a
slight slipping of the ring toward the silane bridge, as
evidenced by the dispersion in the Ti—C(ring) distances.

Simple replacement of R; = *Bu by Ph drastically
alters the products of eq 1. Thus, 2,4-hexadiene yields
a 70/30 mixture of 2¢ and 3¢, while 1,3-pentadiene
yields 55/45 2d and 3d. It was not possible to separate
these mixtures by fractional crystallization. 'H NMR
data’d supplemented by 2-D NOESY experiments
indicate that 2¢ and 2d have prone, predominantly
n-diene character similar to 2a and 2b, while the
parameters for minor isomers 8¢ and 8d’*4 are charac-
teristic of structures with predominant metallacyclo-
pentene character having the diene fragment in the
supine orientation. Thus, in 2d, NOESY data reveal a
close proximity of Hy, to the Cp methyl groups farthest
from the Si bridge and H, to the Ph ortho protons;
exactly the opposite relationship is observed in 3d. All
attempts to observe 2¢ = 3¢ and 2d = 3d equilibration
by variable-temperature DNMR/2-D EXSY or prolonged
heating (displacement of the equilibrium) experiments
have been unsuccessful, arguing that the 2¢/3¢c, 2d/3d
pairs are kinetic products of eq 1 related by a large

(14) (a) Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, R.
C. Metal and Metalloid Amides; Ellis Horwood: West Sussex, U.K,,
1980; pp 472—475. (b) Brauer, D. J.; Biirger, H.; Essig, E.; Ge-
schwandtner, W. J. Organomet. Chem. 1980, 190, 343. (¢) Stevens, J.
C.; Timmers, F. J.; Wilson, D. R.; Schmidt, G. F.; Nickias, P. N.; Rosen,
R. K.; Knight, G. W,; Lai, 8. European Patent Application EP-416—
815-A2, March 13, 1991. (d) Wilson, D. R.; Rudolf, P. R. Unpublished
results. (e) Ti—N distances: (CsMe,SiMe;NPh)TiCly, 1.906(3) A; [Cs-
Me,;SiMeyN(CgH4-4-CH3)ITiCle, 1.905(4) f&; (CsMeySiMeN'Bu)TiCl,,
1.909(6) z; (C5Me4SiMegN‘Bu)TiMe2, 1.957(7) A; (C5Me4SiMe2NiPr)-
TiMe,, 1.895(4) A.

(15) {a) Duchateau, R.; Gambarotta, S.; Beydoun, N.; Bensimon, C.
J. Am. Chem. Soc. 1991, 113, 8986. (b) Scoles, L.; Minhas, R.;
Duchateau, R.; Jubb, J.; Gambarotta, S. Organometallics 1994, 13,
4978.
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kinetic barrier.1® This relationship stands in marked
contrast to more typical group 4 diene complexes, where
structural interconversions are frequently facile.4?
When activated with cocatalysts such as B(CgF5)s,
(HNMeoPh)[B(CgF'5)], or MAO, complexes 2a and 2b
are highly active olefin polymerization catalysts. Under
typical conditions!? with B(CgFs); as a cocatalyst, 2a and
2b effect the random copolymerization of 1l-octene-
ethylene with activities of 7.7 x 106182 and 6.8 x 10°¢
g/(molhratm),'8 respectively. In contrast, 2d/3d exhib-
its an activity of only 0.3 x 108 g/(molh-atm)!% under
the same conditions. .
These results demonstrate that constrained-geometry
ancillary ligands can stabilize Ti—diene coordination in
both predominantly 7-diene (formally Ti(II)) and pre-
dominantly metallacyclopentene (formally Ti(IV)) bond-
ing geometries and that such complexes exhibit a
variety of interesting structural and catalytic charac-
teristics. Further exploratory studies of constrained-
geometry group 4 chemistry are in progress.
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(16) In contrast, Ry = ‘Bu complexes with internally substituted
dienes (isoprene, 2,3-dimethylbutadiene) undergo rapid 2 = 8 inter-
conversion, presumably via inversion® of the diene/metallacyclic
structures. (Devore, D. D.; Timmers, F. J. Unpublished observations).

(17) In a typical polymerization, a 2 L Parr reactor was charged
with 740 g of Isopar E solvent and 118 g of 1-octene. Hydrogen was
added for molecular weight control by differential pressure expansion
from a 75 L addition tank at 25 psi. The reactor was heated to 140 °C
and saturated with ethylene at 500 psig. Then 2.0 #mol each of catalyst
and cocatalyst (0.005 M in toluene) were premixed in the drybox; the
solution was transferred to a catalyst addition tank and injected into
the reactor. Polymerization conditions were maintained for 15 min with
ethylene on demand. The resulting polymer solutions were removed
from the reactor, and a phenol antioxidant (Irganox 1010) was added.
Polymers were recovered by removal of solvent in vacuo at 120 °C for
20 h. Yields of polymer were 131 g (2a), 116 g (2b), and 5.3 g (2d/3d).

(18) (a) M/M, = 2.19; M,, = 77 000. (b) M/M,, = 2.40; M,, = 89 000.
(c) M /M, = 4.90; M,, = 116 000.
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Summary: The functionalized (fluoroaryl)borate salts
PhsC*B(C¢F4TBS)s~ and PhsC*B(C¢F TIPS)s (TBS =
tBuMesSi; TIPS = ‘Pr3Si) are prepared in three steps
from 1,4-HC¢FBr. Reaction with zirconocene dimethyls
yields crystalline, thermally stable, soluble LoZrCHs*B-
(CeF4SiR3)s and L'sZrH*B(CeF4SiR3)4 salts (L = #P-
CsHy; n°-1,2-MesCsHs; L' = n5-MesCs) which function as
highly active ethylene polymerization catalysts.

Recent observations suggest that many of the proper-
ties of highly active cationic metallocene olefin polym-
erization catalysts!? are closely connected with the
nature of the cation—anion tight ion pairing (I).34

L\ + R

M,
L/ X

L = cyclopentadienyl ligand

Despite numerous efforts to “engineer” the cationic
portion of such catalysts, far less attention has been
devoted to the charge-compensating anion (X~). Of the
existing anions, B(C¢F5)4~-derived base-free catalysts
exhibit some of the highest reported catalytic activi-
ties?4h5 but have proven difficult to characterize in the
pure state.® In our hands, they exhibit poor thermal

® Abstract published in Advance ACS Abstracts, June 15, 1995.

(1) (a) Méhring, P. C.; Coville, N. J. J. Organomet. Chem. 1994, 479,
1-29 and references therein. (b) Kaminsky, W. Catal. Today 1994,
20, 257-271 and references therein. (c) Quirk, R. P., Ed. Transition
Metal Catalyzed Polymerizations; Cambridge University Press: Cam-
bridge, U.K., 1988. (d) Kaminsky, W., Sinn, H., Eds. Transition Metals
and Organometallics for Catalysts for Olefin Polymerization;
Springer: New York, 1988. (e) Keii, T., Soga, K., Eds. Catalytic
Polymerization of Olefins; Elsevier: Amsterdam, 1986.

(2) (a) Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325—387 and
references therein. (b) Marks, T. J. Acc. Chem. Res. 1992, 25, 57-65
and references therein.

(3) (a) Vizzini, J. C.; Chien, J. C. W.; Gaddam, N. B.; Newmark, R.
A.J. Polym. Sci. A, Polym. Chem. 1994, 32, 2049—2056 (anion effects
on propylene polymerization activity and isospecificity). (b) Chien, J.
C. W.; Song, W.; Rausch, M. D. J. Polym. Sci. A, Polym. Chem. 1994,
32, 2387-2393 (solvent effects on propylene polymerization activity
and isospecificity). (c) Giardello, M. A.; Eisen, M. S.; Stern, S. L.;
Marks, T. J. J. Am. Chem. Soc. 1993, 115, 3326—3327 (anion effects
on propylene polymerization activity, chain transfer, and isospecificity).
(d) Herfert, N.; Fink, G. Makromol. Chem. 1992, 193, 773—778 (solvent
effects on propylene polymerization activity and syndiospecificity).

(4) For recent structural/spectroscopic studies of metallocene ion
pairing see refs 1 and 2 and: (a) Yang, X.; Stern, C. L.; Marks, T. J. J.
Am. Chem. Soc. 1994, 116, 10015-10031. (b) Bochmann, M.; Lan-
caster, S. J.; Hursthouse, M. B.; Malik, K. M. A. Organometallics 1994,
13, 2235—2243. (¢) Yang, X.; King, W. A,; Sabat, M.; Marks, T. J.
Organometallics 1993, 12, 4254—4258. (d) Eisch, J. J.; Pombrik, S.
1.; Zheng, G.-X. Organometallics 1993, 12, 3856—3863. (e) Sishta, C.;
Hathorn, R. M.; Marks, T. J. Organometallics 1993, 12, 4254—4258.
(f) Hlatky, G. G.; Eckman, R. R.; Turner, H. W. Organometallics 1992,
11,1413-1416. (g) Yang, X.; Stern, C. L.; Marks, T. J. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 1375—1377. (h) Yang, X,; Stern, C. L.; Marks,
T. J. Organometallics 1991, 10, 840—-842. (i) Siedle, A. R.; Newmark,
R. A,; Lamanna, W. M.; Shroepfer, J. N. Polyhedron 1990, 9, 301—
308. (j) Hlatky, G. G.; Turner, H. W.; Eckman, R. R. J. Am. Chem.
Soc. 1989, 111, 2728-2729.
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stability (as judged by exceedingly complex, time-
dependent 25 °C NMR spectra) and poor crystallizability
(insoluble, hard to purify oils are frequently obtained).”
We report here on the interesting properties of “pro-
tected” fluoroarylborates designed to address some of
these issues and to enforce greater cation—anion sepa-
rations as a potential means to modulate cation reactiv-
ity.89

Low-temperature halogen—metal interchange using
1-bromo-2,3,5,6-tetrafluorobenzene and *BuLi!? followed

(5) (a) Chien, J. C. W,; Tsai, W. M.; Rausch, M. D. J. Am. Chem.
Soc. 1991, 113, 8570—-8571. (b) Resconi, L.; Bossi, S.; Abis, L.
Macromolecules 1990, 23, 4489—4491. (c) Turner, H. W,; Hlatky, G.
G. PCT Int. Appl. WO 88/05793 (Eur. Pat. Appl. EP 211004, 1988). (d)
Ewen, J. A,; Elder, M. J. Eur. Pat. Appl. 427697, 1991.

(6) Canich, J. Lecture, Contemporary Inorganic Chemistry Sympo-
sium, College Station, TX, March 12-15, 1995.

(7) Giardello, M. A; Eisen, M.; Yang, X.; Marks, T. J. Unpublished
observations.

(8) Communicated in part: Jia, L.; Marks, T. J. Abstracts of Papers,
207th National Meeting of the American Chemical Society, San Diego,
CA, 1994; American Chemical Society: Washington, DC, 1994; INOR
41.

(9) For reviews of weakly coordinating anions, see: (a) Strauss, S.
H. Chem. Rev. 1993, 927—963 and references therein. (b) Seppelt, K.
Angew. Chem., Int. Ed., Engl. 1993, 32, 1025—1027 and references
therein. (¢) Bochmann, M. Angew. Chem., Int. Ed. Engl. 1992, 31,
11811182 and references therein.

(10) Tamborski, C.; Soloski, E. J. J. Org. Chem. 1966, 31, 743-745.

(11) TBS triflate (Aldrich, 17.0 g, 64.6 mmol) was injected into a
suspension of LiC¢HF, (prepared from C¢HBrF, (14.8 g, 64.6 mmol)
and "BuLi (40 mL, 1.6 M in hexanes) with stirring at —78 °C. The
mixture was slowly warmed to 25 °C over a period of 8 h and the
resulting suspension filtered. After the solvent was removed at 25 °C
under reduced pressure, the nonvolatile residue was distilled (45 °C/
0.8 mm) and a colorless liquid was collected. Yield of 1a: 80%. 'H
NMR (CD.Cly): 6 0.40 (“t”, 6H), 0.93 (s, 9H), 7.10 (m, 1H). 1°F NMR
(CClaDy): 6 ~128.2 (b), —132.4 (b). 3C NMR (CD:Clz): 6 —3.7, 18.1,
26.5, 108.0, 144.8, 148.1, 151.4. Compound 1a (5.4 g, 20.4 mmol) was
dissolved in Et;0, and "BuLi (13 mL, 1.6 M in hexanes) was then added
dropwise with stirring at —78 °C. After 2 h, BCl;3 (4.2 mL, 1.0 M in
hexanes) was injected. The mixture was warmed to room temperature
over a period of 16 h, and the resulting suspension was filtered. The
product was recrystallized from EtoO/pentane and collected as large
colorless crystals. Yield of 2a: 74%. 'H NMR (CsDs): 6 0.20 (s, 24H),
0.80 (m, 12H), 0.82 (s, 36H), 3.05 (q, J = 7.1 Hz, 8H). °F NMR
(CeDg): 0 —129.4 (b), —133.8 (b). Compound 2a (3.8 g, 3.1 mmol) and
(CgH5)3sCCl (0.88 g, 3.1 mmol) were suspended in pentane and stirred
for 6 h at 25 °C, and the orange product was collected by filtration.
The crude product was then dissolved in CH,Cl; and filtered to remove
LiCl, followed by pentane addition to precipitate the orange solid. Yield
of 3a: 86%. 'H NMR (CCl;D,): 4 0.31 (s, 24H), 0.88 (s, 36H), 7.64 (d,
J = 6.9 Hz, 6H), 7.85 (t, J = 6.9 Hz, 6H), 8.25 (“t”, J = 6.9 Hz, 3H). 1°F
NMR (CD;Clz): & —133.0 (b), —144.5 (b). 13C NMR (CClgDs): 6 —3.8,
17.8, 26.4, 108.4, 131.0, 140.2, 143.0, 144.0, 147.4 (Jc-r = 262 Hz),
149.6 (JC—F = 262 HZ), 211.3 Anal. Calcd for 067H75BF16Si4: C, 61.55;
H, 5.78. Found: C, 61.83; H, 5.61. The same procedures were used
in the syntheses of 1b, 2b, and 8b. 1b: !H NMR (CClL,D,) ¢ 0.98 (d,
J = 7.5 Hz, 72H), 1.50 (“p”, J = 7.5 Hz, 12H), 7.10 (m, 1H); °F NMR
(CDCl3) 6 —128.2 (b), —132.4 (b). 2b: *H NMR (CDCl3) 6 0.80 (t,J =
7.1 Hz, 12H), 1.08 (d, J = 7.5 Hz, 72H), 1.52 (“p”, J = 7.5 Hz, 12H),
3.05 (q, J = 7.1 Hz, 8H); °F NMR (CDCl3) 6 —131.3 (b), —132.1 (b).
3b: 'H NMR (CDCl;) 6 1.09 (d, J = 7.5 Hz, 72H), 1.51 (“p”,J = 7.5
Hz, 12H), 7.60 (d, J = 6.9 Hz, 6H), 7.85 (t, J = 6.9 Hz, 6H), 8.25 (“t”",
J = 6.9 Hz, 6.9 3H); 1F NMR (CDCl3) 6 —131.3 (b), —132.1 (b); 13C
NMR (CDCl3) & 12.8, 18.8, 108.6, 130.6, 139.2, 142.4, 144.0, 146.8 (Jc_F
=261 Hz), 148.9 (Jo-r = 259 Hz), 211.3. Anal. Calcd for C:gHgoBF 16
Sis: C, 64.30; H, 6.76. Found: C, 64.57; H, 6.89.

© 1995 American Chemical Society
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by quenching with a trialkylsilyl triflate (Scheme 1)
yields silyl-substituted tetrafluoroarenes.!! Subsequent
nByLi metalation, reaction with BCl;, and cation me-
tathesis affords the corresponding tetraarylborates!! as
crystalline trityl salts (B(CsF4TBS)s™, 3a; B(CsFTIPS)4™,
8b). Zirconocenium salts 4 are then cleanly and rapidly
obtained using these methide abstraction reagents® and
the corresponding zirconocene dimethyls (eq 1).12 The
L,ZrMe, + 3 o>
L,ZrMe"B(C4F,SiR;),” + Ph,CMe (1)
4a—d
4a, Cp,ZrMe B(C,F,TBS),";
4b, Cp,ZrMe B(C/F,TIPS), ;
4c, (1,2-Me,Cp),ZrMe "B(C,F,TBS),;
4d, (1,2-Me,Cp),ZrMe "B(C.F,TIPS),”
only exception is (MesCs)2ZrMey, for which the abstrac-
tion process is sluggish (presumably for steric reasons).
However, the corresponding hydride* cations are readily

obtained under Hs (eq 2).}! Complex classes 4 and 5 are
crystalline solids and have been characterized by stan-

(12) [(CeH5)3CTH{B(CgF4TBS)4]~ (390 mg, 0.30 mmol) and CpsZrMe,
(82 mg, 0.32 mmol) were stirred in toluene for 8 h. Then, pentane
was added to precipitate the product, which was collected after
filtration and washed with pentane. Yield of 4a: 310 mg, 75%. 4a:
'H NMR (CgDs) 6 0.23 (s, 24H), 0.56 (s, 3H), 0.85 (s, 36H), 5.75 (s,
10H); 19F NMR (CgDs): 6 —128.2 (b), —130.6 (b); 13C NMR (CgD,Cly) 6
-4.4,17.2,25.8,49.6, 111.6, 114.8, 119.8, 147.0, 149.8. Anal. Caled
for C5oH73BFSiyZr: C, 54.49; H, 5.66. Found: C, 54.30; H, 5.35. The
same procedures were used to synthesize 4b—d. Similar procedures
were used to synthesize 5a,b, except that the reactions were carried
out under 1 atm of Hy. 4b: 'H NMR (Cg¢Dg) 6 0.54 (s, 3H), 1.01 (d, J
= 7.5 Hz, 712H), 1.43 (“p”, J = 7.5 Hz, 12H), 5.75 (s, 10H); 1°F NMR
(CeDg) 6 —130.1 (b), —131.4 (b); 13C NMR (CeDCl2) 6 12.0, 19.2, 111.6,
114.8, 120, 146.6, 150. Anal. Calcd for C7;Hg7BF16SisZr: C, 58.06; H,
6.66. Found: C, 58.32; H, 6.79. 4c: 'H NMR (CeDg) 6 0.21 (s, 24H),
0.34 (s, 3H), 0.83 (s, 36H), 1.37 (s, 6H), 1.61 (s, 6H), 5.00 (b, 2H), 5.69
(b, 2H), 5.97 (t, 2H); 1*C NMR (C¢Ds) 6 —3.9, 12.5, 17.7, 26.4, 45.9,
108.1,110.1,111.8,119.8, 133.5, 147.7, 150.9. Anal. Caled for CgsHg;-
BFy¢SisZr: C, 55.78; H, 6.02. Found: C, 55.56; H, 6.01. 4d: 'H NMR
(toluene-dg): ¢ 0.37 (s, 3H), 1.08 (d, J = 7.5 Hz, 72H), 1.43 (s, 6H),
1,51 (“t”,J = 7.5 Hz, 12H), 1.73 (s, 6H), 5.08 (b, 4H), 5.75 (b, 4H), 6.01
(t,J = 1.0 Hz, 2H); 13C NMR (toluene-dg) & 12.0, 12.8, 19.2, 47.0, 109.1,
110.1, 113.8, 121.4, 149.8, 152.7. Anal. Calcd for C;5H,05BF16SisZr:
C, 59.07; H, 6.95. Found: C, 59.34; H, 6.98. 5a: 'H NMR (Cg¢D¢) 0
0.25 (s, 24H), 0.87 (2, 36H), 1.63 (s, 30H), 7.90 (b, 1H); 13C NMR (CgDs)
6 —3.9, 11.2, 17.7, 26.5, 110.1, 122.5, 147.7, 151.0. Anal. Calecd for
CesHo1BF16SisZr: C, 57.24; H, 6.43. Found: C, 56.87; H, 6.46. &b:
'H NMR (CgDg) 6 1.12 (d, J = 7.5 Hz, 72H), 1.50 (“p", J = 7.5 Hz,
12H), 1.72 (s, 30H), 7.96 (b, 1H); 3C NMR (toluene-dg) & 12.0, 12.5,
18.8,109.8,111.9, 148.2, 150.6. Anal. Caled for CgoH115BF16SisZr: C,
60.46; H, 7.33. Found: C, 60.56; H, 6.98.
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toluene
Hj (1 atm), 25 °C

(MesCy),ZrH B(C4F,SiR,),” (2)
5a,b
5a, (Me;C;),ZrH B(C,F,TBS),”;
5b, (Me,Cs),ZrH "B(C.F,TIPS),”

(Me,Cy)y,ZrMe, + 3

dard spectroscopic and analytical techniques.!! The
methyl derivatives exhibit low-field Zr—13CH; NMR
resonances characteristic of zirconocene methyl cations.*®
In contrast to the aforementioned B(C¢F5)s~ analogues,
4 and 5 exhibit high thermal stability, as evidenced by
negligible 'H NMR spectroscopic changes over the
course of several hours at 100 °C in toluene-ds and half-
lives on the order of 1 h at 130 °C in toluene-ds.

In regard to tight ion pair structure in solution,
variable-temperature 'H NMR studies of 4¢,d in toluene-
ds reveal diastereotopic Cp—Me group permutation
indicative of rapid reorganization/symmetrization of the
evidently dissymmetric ground-state ion pairing (eq 3).

®.--M‘CH3 _— H;C‘( M~~.® 3

Derived AG* values of 15.1(8) (4¢) and 15.8(5) kcal/mol
(4d) (60 °C) are significantly lower than in (1,2-Mes-
Cp)eZrMe*MeB(CeF5);~ (AG* = 18.3(2) keal/mol at 80
°C),* indicating substantially “looser” ion pairing in the
case of the functionalized borates. At —90 °C in toluene-
ds, the °F NMR spectrum of 4a reveals 12 signals (not
all of equal intensity), indicating a low-symmetry in-
stantaneous cation—anion structure. Significant dis-
placements of the aryl 1°F resonances from the 6 —130
ppm region of 3, with signals at 6 —167.6 and —162.0,
suggest weak Zrt:-F(aryl) interactions as identified
crystallographically in (1,2-Me;Cp)oZrH*MeB(CgF5)3~
(II).*25 As the temperature is raised, spectral line

F
A
broadening and coalescence ultimately give rise to two
aryl 1°F signals by 25 °C. Although all members of the
4, 5 series are crystalline, severe disordering and
twinning have to date frustrated attempts at high-
quality diffraction analyses.

Ethylene polymerization experiments and polymer
characterization were carried out using previously
described procedures.42 Polymerization activity assays
are carried out under rigorously anhydrous/anaerobic
high-vacuum-line conditions,*?¢ are designed to mini-
mize mass transport effects (rapid mixing, short reaction
times),!? and aim for constant polymer yields to allow

catalyst activity comparisons. All polymeric products
exhibit the characteristic 'H/13C NMR spectroscopic

(13) Jeske, G.; Lauke, H.; Maucrmann, H.; Swepston, P. N.; Schu-
mann, H.; Marks, T. J. J. Am. Chem. Soc. 1985, 107, 8091—-8103.
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Table 1. Ethylene Polymerization Characteristics of Metallocene Cations Having Various Anions®

activity

entry metallocene (cat.] reacn polymer (x108 g PE/ My M
no. cation anion (mM) time (s) yield? (g) mol of Zr-atm+h) (x105) (x105)
1 CpaZrMe+ ¢ MeB(CgF'5)3~ 0.32 40 1.6 4.5(4) 1.24 0.61
2 (1,2-MegCp)oZrMe™ ¢ MeB(CgF's)3~ 0.14 66 1.7 6.8(6) 5.21 3.67
3 (Me;sCs)oZrMe™* @ MeB(CgF5)3™ 0.14 62 0.9 3.8(5) 2.55 1.26
4 Cp2ZrMe* B(CgFsTBS)4~ 0.14 62 1.4 5.7(6) 8.78 5.12
5 CpZrMe* B(CgF4TIPS)4~ 0.14 60 1.5 6.2(6) 5.65 4.29
6 (1,2-MeCp)oZrMe* B(CgF4TBS)4~ 0.14 10 1.9 50(20) 8.29 5.29
7 (1,2-Me2Cp)oZrMe* B(CgFTIPS)s~ 0.14 10 1.6 42(20) 6.02 3.03

8 (MesCs)2ZrH* B(C¢F,TBS)4~ 0.14 20 0.9 11(2) 21.6 10.8

9 (MesCs)eZrH* B(CeF4TIPS)s~ 0.14 20 0.8 10(2) 12.8 4.5
10 CpoZrMe™ ¢ B(CgFs)4~ 0.20 60 2.1 6.4(6) 9.87 7.13
11 (1,2-Me2Cp)eZrMe™ € B(CeFs)s~ 0.20 22 3.2 28(6) 7.03 4.38
12 (MesCs)loZrMe™ © B(CsFs)s~ 0.20 20 1.1 10(2) 5.32 3.20

e Procedure of ref 4c; toluene solvent (100 mL). & Average yield of =3 runs. ¢ By GPC relative to polystyrene. ¢ Data of ref 4c. ¢ Catalyst
generated by in situ reaction of the corresponding zirconocene dimethyl with PhaC*B(CgF3)4~ in toluene for 5 min. Longer reaction times
gave lower catalytic activities. For example, the activity of the B(CsF35)4™ catalyst in entry 11 declines by 90% on standing in toluene

solution for 3 h at 25 °C.

signatures of highly linear polyethylene.!* Molecular
weight characteristics (Table 1) are unexceptional for
single-site metallocene catalysts operating under these
conditions.l~* With regard to catalyst characteristics,
the polymerization activity and polymer characteriza-
tion data reveal several noteworthy trends (Table 1).
In comparison to CH3B(CgFs);~-derived zirconocene
catalysts, the corresponding B(C¢F4TBS),~- and B(C¢Fs-
TIPS), -derived catalysts exhibit significantly higher
polymerization activity and yield polyethylenes of sig-
nificantly higher molecular weight. Particularly strik-
ing are the results for the (1,2-Me;Cp)oZrCH;™* systems,
in which ethylene polymerization activities rival or
exceed any values previously measured in this labor-
atory.?»15 The cation and anion structure—reactivity

(14) Bovey, F. A. Chain Structure and Conformation of Macromol-
ecules; Academic: New York, 1982; pp 78—91.

(15) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J. Organometallics
1994, 13, 3755—3757.

(16) (a) Castonguay, L. A.; Rappé, A. K. J. Am. Chem. Soc. 1992,
114, 5832—5842. (b) Prosenc, M.-H.; Janiak, C.; Brintzinger, H. H.
Organometallics 1992, 11, 4036—4041. (c) Kawamura-Kuribayash, H.;
Koga, N.; Morokuma, K. J. Am. Chem. Soc. 1992, 114, 8687-8694. (d)
Hart, J. R.; Rappé, A. K. J. Am. Chem. Soc. 1993, 115, 6159—6164. (e)
Bierwagen, E. P.; Bercaw, J. E.; Goddard, W. A. J. Am. Chem. Soc.
1994, 116, 1481-1489. (f) Woo, T. K,; Fan, L.; Ziegler, T. Organome-
tallics 1994, 13, 2252—2261.

trends in Table 1 likely reflect subtle electronic effects
and matching/mismatching of steric encumbrances about
the cation olefin activation zone!® of the tight ion pair.
The data in Table 1 also reveal that freshly prepared
B(C¢F5)s~-based catalysts have polymerization activities
roughly similar to those of the B(C¢F(TBS),~ and
B(CgF4TIPS),~ analogues; however, standing at room
temperature significantly erodes the catalytic perfor-
mance (Table 1, footnoted), in accord with the afore-
mentioned thermal stability observations.

The present results indicate that the properties of
metallocene cation—anion ion pairs can be substantially
modified by functionalization of the weakly coordinating
anion. Trialkylsilyl substitution of the (fluoroaryl)-
borate framework can be effectively employed to en-
hance catalyst stability, polymerization activity, and
solubility.
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Summary: The dimeric oxo complex (Cp*Re0)y(u-0); is
found to be in equilibrium with a monomeric form,
proposed to be Cp*ReQ;. The mixture of monomer and
dimer stereospecifically abstracts oxygen from epoxides
to make alkene plus Cp*ReQ;.

Transition-metal oxo complexes have been the subject
of intense scrutiny as reagents and catalysts for a
variety of oxidations of organic molecules,? particularly
epoxidation® and bishydroxylation*=6 of alkenes. We
have undertaken mechanistic investigations and have
focused on the microscopic reverse of bishydroxylation,
alkene extrusion from rhenium(V) diolates.” In the
course of this study, it became necessary to consider
whether a coordinated epoxide was a viable intermedi-
ate in the process (eq 1). This led us to investigate

T EX
/?' o \ /7%0
°/t;7 \g _— . /
3
6}

closely the chemistry of (Cp*ReO)a(u-0).2 We report
here that fragmentation of this dimer is observable by
both NMR and UV-visible spectroscopy and that the

® Abstract published in Advance ACS Abstracts, June 1, 1995.

(1) E-mail: gablek@ccmail.orst.edu (internet).

(2) (a) Sheldon, R. A.; Kochi, J. K. Metal Catalyzed Oxidations of
Organic Chemistry; Academic Press: New York, 1981. (b) Organic
Synthesis by Oxidation with Metal Compounds; Mijs, W. J., deJonghe,
C. R. H. 1, Eds.; Plenum: New York, 1986.
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Chem. Soc. 1994, 116, 9333—9334. (b) Ostovic, D.; Bruice, T. C. Acc.
Chem. Res. 1992, 25, 314-320. (¢) Meunier, B. Chem. Rev. 1992, 92,
1411-1456. (d) Schurig, U.; Betschinger, F. Chem. Rev. 1992, 92, 873
888.
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(5) (a) Gobel, T.; Sharpless, K. B. Angew. Chem., Int. Ed. Engl., 1998,
32, 1329-1331. (b) Kolb, H. C.; Andersson, P. G; Sharpless, K. B. J.
Am. Chem. Soc. 1994, 116, 1278—1291. (c) Norrby, P.-O.; Kolb, H. C.;
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Figure 1. van’t Hoff plot for dimer = monomer equilib-
rium: slope —8450, intercept 15.717, r2 = 0.9745.

monomeric Cp*ReOs is capable of several oxygen atom
abstraction processes.

At room temperature, solutions of (Cp*ReO)q(u-O)
(CgDe, sealed under vacuum) exhibit a single H NMR
signal at 6 1.96 ppm. However, where the temperature
is raised, a new signal appears at 6 1.66 ppm. This is
clearly distinct from the signal for Cp*ReQs;, which
occurs at 6 1.60 ppm. When the solutions are cooled,
this new peak slowly disappears, and that for the dimer
regains its original intensity.? If the initial concentra-
tion of dimer is varied, one observes that small concen-
trations and high temperatures favor the formation of
this new compound. At 373 K, a solution initially 0.007
M in dimer showed a ratio of Cp* methyl peaks of 100:
17.6. The fragmentation shows a minor dependence on
solvent; in THF-dg at 373 K (initially 0.0106 M in
dimer), the ratio of peaks is 100:22.5.

The 13C NMR also shows two new signals at 12.4 and
109.3 ppm. These are distinct from those of the dimer
(11.4 and 108.5 ppm), as well as from Cp*Re03 (9.9 and
119.3 ppm).

This concentration vs composition relationship fits an
equilibrium constant expression for fragmentation of a
dimer: K = [monomer}*[dimer]. At 366 K, the equi-
librium constant is calculated to be (6.05 + 1.29) x 1074
M. Furthermore, evaluation of K at various tempera-
tures and concentrations yields the van’t Hoff plot seen
in Figure 1; from this, the thermodynamic parameters

° = 16.8 + 0.3 kcal/mol and AS° = +31.2 + 1.4 cal/
(mol K) may be calculated.

Electronic spectra of the mixture (toluene solution)
were obtained over a similar temperature range. A
decrease of the peak at 418 nm is observed at higher

(9) It is possible to find a small peak (intensity <1% of that of the
dimer) at & 1.66 ppm.

© 1995 American Chemical Society
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Figure 2. UV—vis spectra vs temperature (toluene, 0.057
mM).
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temperatures; an isosbestic point is observed at 349 nm
(see Figure 2). This feature is likely due to the metal-
metal bond that has been suggested for the dimer.!° On
the basis of the NMR behavior, analysis of these spectra
gave a calculated!! molar absorptivity of e = 1550 M~!
cm™! for the dimer. The monomer has a calculated
absorptivity of ¢ = 100 M~! em~! at 418 nm, probably
due to the tailoff of the ligand-to-metal charge transfer
band seen below 300 nm for this system. Subtraction
of spectra revealed no new features unequivocally
attributable to the monomer,!2

Reaction of dimer (in equilibrium with monomer) with
an excess of dimethyl sulfoxide at 65 °C gave Cp*ReO;
and dimethyl sulfide (Scheme 1).!3 The system also
reacted with several epoxides at 50—105 °C, including
styrene oxide, cyclohexene oxide, 1,1-dimethyloxirane,
and (E)- and (Z)-1,2-dimethyloxirane. Formation of
Cp*ReO3 was quantitative by 'H NMR (no other Cp*
methyl signals were observed). The alkene was also
observed, though loss of volatile alkene to the head

(10) Herrmann, W. A.; Kiisthardt, U.; Floel, M.; Kulpe, J.; Herdtweck,
E.; Voss, E. J. Organomet. Chem. 1986, 314, 151-162.

(11) A two-component Beer's law plot was generated using variable-
temperature UV—vis data for different initial concentrations of dimer.
Concentrations of monomer and dimer were calculated using the van't
Hoff plot shown in Figure 1.

(12) In addition to LMCT bands, the expected feature of this d?
species is a weak, long-wavelength d—d transition. Given the low
concentrations of monomer generated in this system, the inability to
identify this feature is unremarkable.

(13) Brown, S. M.; DuMez, D. D.; Mayer, J. M. Abstracts of Papers,
207th National Meeting of the American Chemical Society, San Diego,
g?f)SRpring 1994, American Chemical Society: Washington, DC, 1994,
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space made quantitation impractical. (E)- and (Z)-
dimethyloxirane each give the corresponding 2-butene
with retention of configuration; 'H signals for (E)-2-
butene were seen at 5.35 (m) and 1.42 (d) ppm, while
signals for (Z)-2-butene were seen at 5.48 and 1.48 ppm.
The relative reactivity was styrene oxide > 1,1-di-
methyloxirane > (Z)-1,2-dimethyloxirane > (E)-1,2—
dimethyloxirane.

Evaluation of the rate law for deoxygenation of
styrene oxide was performed. When run with a large
excess of epoxide (pseudo-first-order conditions), there
was a half-order dependance on (Cp*ReQ)2(u-0)2. This
is expected if monomeric Cp*ReO: is responsible for
oxygen atom abstraction. There was also a first-order
dependence on epoxide concentration between 0.3 and
2.0 M. This leads to a rate law of the form

—d[(Cp*Re0)y(u-0),Vdt =
k. [epoxidel[(Cp*ReO)y(u-0),1"% (2)

At 50.1 °C, kops was found to be 6.4 x 1078 M2 5!
for deoxygenation of styrene oxide in CgDg. This cor-
responds to a second-order rate of 2.1 x 1075 M~1 57!
for conversion of monomer plus epoxide to trioxo plus
alkene. Such a rate corresponds to AG* = 25.6 kcal/
mol. In THF-dg at the same temperature, the rate is
marginally faster, kobs = 8.7 x 1078 M~12 g1,

These observations can be interpreted on the basis
of an analysis performed by Holm and Donahue.!* The
dimer (Cp*ReQ)s(u-0); is formed from Cp*ReO; and
PPh;.15 Since both DMSO and epoxides are thermody-
namically better O atom donors than PhsPO, and given
that oxo transfer to DMSO from Cp*ReOQj3 to yield Mes-
S0 is not observed, we can estimate the average Re=0
bond enthalpy in the trioxide at 120—141 kcal/mol,
consistent with other third-row metal oxo compounds.'®

There are several possible mechanisms for these
deoxygenations (Scheme 2). The simplest is a concerted
fragmentation of the coordinated epoxide. This parallels
Bercaw’s investigation of a tantalum-based epoxide
deoxygenation!” and Mayer’s studies on Ly;WCl,!® and
is also suggested by the facile reduction of DMSO we
observe; however, one expects that a coordinating
solvent such as THF should have a larger effect either
on the rate of deoxygenation (by inhibiting coordination
of the epoxide) or on the monomer—dimer equilibrium.
One alternative would be a radical process, such as that
observed by Nugent and co-workers.!® However, this
appears incompatible with the high stereospecificity of
the reaction. Finally, oxidative addition of the three-
membered ring to form a metallaoxetane?? offers a third
possibility. This last possibility could also include the

(14) Holm, R. H.; Donahue, J. P. Polyhedron 1993, 12, 571-589.

(15) Reference 8c.

(16) Glidewell, C. Inorg. Chim. Acta 1977, 24, 149-157.

(17) Whinnery, L. L.; Henling, L. M.; Bercaw, J. E. J. Am. Chem.
Soc. 1991, 113, 7575-7582.

(18) Atagi, L. M.; Over, D. E.; McAlister, D. R.; Mayer, J. M. J. Am.
Chem. Soc. 1991, 113, 870—874.

(19) (a) RajanBabu, T. V.; Nugent, W. A.; Beattie, M. S. J. Am.
Chem. Soc. 1990, 112, 6408-6409. (b) RajanBabu, T. V.; Nugent, W.
A.J. Am. Chem. Soc. 1994, 116, 986—997.

(20) Calhorda, M. J.; Galvao, A. M.; Unaleroglu, C.; Zlota, A. A,;
Frolow, F.; Milstein, D. M. Organometallics 1993, 12, 3316—3325.
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Scheme 2

coordinated epoxide as a precursor. Each of these has
ramifications concerning the mechanism of fragmenta-
tion of diolates; we are currently evaluating the reaction
energetics to discern the relationship between the two
processes.

Cp*ReO; +

R/\
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4-Methyl-1,4-thiaborin, an Aromatic Boron—Sulfur
Heterocycle

Arthur J. Ashe, IIL,* Jeff W. Kampf, and Jack R. Waas
Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 48109-1055
Received March 6, 1995%

Summary: The base-catalyzed hydrostannation of di-
ethynyl sulfide with dibutylstannane affords 4,4-dibutyl-
1,4-thiastannin, which reacts with methylboron dibro-
mide to give 4-methyl-1,4-thiaborin. The thiaborin has
been converted to tricarbonyl(nf-4-methyl-1,4-thiaborin)-
molybdenum, which has been characterized by single-
crystal X-ray diffraction.

The boron—sulfur heterocycle 1,4-thiaborin (1) is a
potentially six-z-electron aromatic compound. Com-
parison of 1 with the better known six-m-electron
heterocycles borepin (2)! and thiophene (8)? should be
intrinsically interesting. Although the synthesis of
4-butyl- and 4-bromo-2,6-diphenyl-1,4-thiaborins (4a,b)
was reported by Meller in 1982, the chemistry of
thiaborins has been virtually unexplored. We report
here on the synthesis of a C-unsubstituted thiaborin and
on structural data which show that thiaborin can serve
as an 7%-aromatic ligand toward transition metals.

s == s Ph s Ph

() O U

B B B

I | |

X X X

1 2 3 4

a, X =Me a,X=Br
b, X =Bu

The preparation of 1 relies on the general synthesis
of boron heterocycles from diacetylenes via organotin
intermediates.*® The precursor diacetylene, diethynyl
sulfide (6),52 is easily obtained by desilylation of bis-
((trimethylsilyl)ethynyl) sulfide® (5) with BuyNF in
methanol. Since 6 is extremely labile, it is not isolated

® Abstract published in Advance ACS Abstracts, June 15, 1995.

(1) Ashe, A. J., III; Klein, W.; Rousseau, R. Organometallics 1993,
12, 3225 and references cited therein.

(2) (a) Gronowitz, S., Ed. Thiophene and Its Derivatives. In The
Chemistry of Heterocyclic Compounds; Taylor, E. C., Weissberger, A.,
Eds.; Wiley: New York, 1986, 1987; Vol. 44. (b) Bird, C. W,;
Cheeseman, G. W. H. In Comprehensive Heterocyclic Chemistry;
Katritzsky, A. R., Rees, C. W., Eds.; Pergamon Press: Oxford, UK.,
1984; Vol. 4, pp 1-38.

(3) Habben, C.; Maringgele, W.; Meller, A. Z. Naturforsch., B: Anorg.
Chem. Org. Chem. 1982, 37B, 43.

(4) (a) Noltes, J. G.; van der Kerk, G. J. M. Recl. Trauv. Chim. Pays.-
Bas 1962, 81, 41. Leusink, A. J.; Noltes, J. G.; Budding, H. A,; van
der Kerk, G. J. M. Recl. Trav. Chim. Pays-Bas 1964, 83, 1036. Leusink,
A. J.; Drenth, W.; Noltes, J. G., van der Kerk, G. J. M. Tetrahedron
Lett. 1967, 1263. (b) Ashe, A. J., III; Shu, P. J. Am. Chem. Soc. 1971,
93, 1804. (c) Ashe, A. J., II]; Drone, F. J. Am. Chem. Soc. 1987, 109,
1879; 1988, 110, 6599. Ashe, A. J., III; Kampf, J. W.; Kausch, C. M,;
Konishi, H.; Kristen, M. O.; Kroker, J. Organometallics 1990, 9, 2944.
(d) Sugihara, Y.; Yagi, T.; Murata, L.; Imamura, A. J. Am. Chem. Soc.
1992, 114, 1479. N

(5) Also see: (a) Meijer, J.; Vermeer, P.; Verkruijsse, H. D;
Brandsma, L. Recl. Trav. Chim. Pays-Bas 1973, 92, 1326. (b) Schoufs,
M.; Meijer, J.; Vermeer, P.; Brandsma, L. Recl. Trav. Chim. Pays-Bas
1974, 93, 244.
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but is extracted with pentane/toluene and the dried
extracts are subject to base-catalyzed hydrostannation
using dibutylstannane, powdered KOH, and 18-crown-6
ether at 25 °C.* The resulting 4,4-dibutyl-1,4-thiastan-
nin (7) is obtained as a stable distillable yellow oil in
20% yield from 5. The reaction of 7 with methylboron
dibromide in pentane affords 4-methyl-1,4-thiaborin
(1a) as an air-sensitive volatile oil in 57% yield.”

The most widely used criterion of aromaticity involves
'H NMR spectroscopy. The protons of planar aromatic
rings show low-field chemical shift values which are
attributed to the presence of a diamagnetic ring cur-
rent.?2 By this measure 1a seems to be aromatic. The
chemical shift values for 1a (6 7.99 (H) and 7.40 (Hz3))

(6) Verboom, W.; Schoufs, M.; Meijer, J.; Verkruijsse, H. D.;
Brandsma, L. Recl. Trav. Chim. Pays-Bas 1979, 97, 245.

(7) Experimental procedures and characterization of new compounds
are as follows. (a) 4,4-Dibutyl-1,4-thiastannin (7): A solution of Buy-
NF1/3H,0 (12.6 g, 36.2 mmol) in 40 mL of methanol was added
dropwise with stirring to a solution of bis{(trimethylsilyl)ethynyl)
sulfide (5) (3.9 g, 17.2 mmol) in 80 mL of methanol under a nitrogen
atmosphere. No discernible color change occurred. The mixture was
then poured onto 150 mL of pentane and extracted twice with 200 mL
of water. Then, 20 mL of toluene was added to the organic layer, which
was thereafter dried over K,COj; and decanted. Careful concentration
of the solution on a rotary evaporator (water bath temperature did
not exceed 25 °C) gave 24.6 g of a light yellow solution. Analysis by
'H NMR spectroscopy indicated that the solution contained ap-
proximately 3.4% (830 mg, 59% yield) of diethynyl sulfide (6). 'H NMR
(CgHe, 300 MHz): 6 3.22(s). To this solution was added dibutylstan-
nane (2.62 g, 11.2 mmol), powdered KOH (285 mg, 5.07 mmol), and
18-crown-6 ether (134 mg, 0.51 mmol). The mixture was then stirred
vigorously for 3 h under N2. Removal of volatiles in vacuo and
distillation (bp 68—70 °C/0.1 torr) gave 920 mg of 7; 20% yield based
on 5. 'H NMR (C¢Dg, 200 MHz): ¢ 6.66 (dd, J = 11.0, 2.0 Hz, Jusgyn
= 96 Hz, 2H), 6.14 (dd, J = 11.0, 2.0 Hz, Jusg,y = 64 Hz, 2H), 1.45—
0.86 (m, 18H). 13C NMR (CDCl;, 50.3 MHz): 6 137.2 (Jusgyc = 9 Hz),
122.4 (Jusgyc = 186 Hz), 28.7, 26.8, 13.6, 11.4. HRMS (EI, 70 eV):
caled for C12HzoS 12°Sn 318.0464, found 318.0477. Anal. Caled for
C12H2288n: C, 45.46; H, 6.99. Found: C, 45.33, 45.29; H, 6.92, 6.81.
(b) 4-Methyl-1,4-thiaborin (1a): Methylboron dibromide (132 mg, 710
umol) was added dropwise with stirring to a solution of 7 (250 mg,
788 uL) in 1 mL of pentane at 25 °C. The solvent was removed under
vacuum, and the product was pot-to-pot distilled at 25 °C under a high
vacuum into a cold (—~78 °C) receiver. The product (44 mg, 57% yield)
was a colorless oil. 'H NMR (CDClj;, 300 MHz): ¢ 7.99 (d, J = 12.2
Hz, 2H), 7.40 (dd, J = 2.5, 12.4 Hz, 2H), 0.82 (s, 3H). '*C NMR (CDCl,,
90.6 MHz): 6 141.8, 136 (br), 9 (br). !B NMR (CDCl;, 115.5 MHz): ¢
50.1. HRMS (EI, 70 eV): caled for C;H7*'BS 110.0362, found 110.0363.
(¢) Tricarbonyl(#8-4-methyl-1,4-thiaborin)molybdenum (8): As above,
the reaction of 7 (330 mg, 1.04 mmol) and methylboron dibromide (193
mg, 1.04 mmol) in 0.5 mL of pentane afforded volatile products, which
were taken up in 4 mL of ether. Tricarbonyltris(pyridine)molybdenum
(520 mg, 1.25 mmol) was added with stirring at 25 °C, followed by
BF3;OEt, (0.64 mL, 5.2 mmol). The mixture was heated to reflux for
1 h, and after cooling to 25 °C volatile material was removed under
high vacuum. The residue was extracted with pentane. After separa-
tion and removal of solvent, the product was recrystallized from
hexane, yielding 124 mg (41%) of orange cubes, mp 116—-119 °C. 'H
NMR (CeDs, 300 MHz): 6 4.32 (d, J = 10.6 Hz, 2H), 4.01 (dd, J =
10.6, 1.6 Hz, 2H), 0.93 (s, 3H). 13C NMR (CgDs, 50.3 MHz): 201.0 (CO),
100.0, 95 (br), signal for the Me not observed. !'B NMR (C¢Dg, 115.5
MHz): 22.3. IR (hexane): »(CO) 2002, 1936, 1931 cm~!. HRMS (EI,
70 eV): caled for CsH7''BMoO;S 291.9263; found 291.9268. Anal.
Caled for CsH;BMoO;S: C, 33.14; H, 2.43. Found: C, 32.82, 32.96;
H, 2.36, 2.28.

(8) Garratt, P. J. Aromaticity. In Comprehensive Organic Chemistry;
Barton, D., Ollis, W. D., Eds.; Pergamon Press: Oxford, U.K., 1979;
Vol. 1, pp 215—240.
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Figure 1. Solid-state structure of 8 (ORTEP). Selected
distances (A) and angles (deg): Mo—B, 2.523(4); Mo—C4,
2.339(4); Mo~C5, 2.414(3); Mo—C8, 2.426(4); Mo—C7,
2.334(4); Mo—S, 2.512(1); B~C5, 1.520(6); B—C6, 1.523-
(4), B—C8, 1.578(7); C4-C5, 1.375(5); C6—C7, 1.369(6);
C4-8, 1.754(3); C7-8, 1.750(4); C5—-B—C8, 115.0(3); C4—
S—-C7, 101.3(2).

Scheme 1
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are comparable to those of the aromatic 1-methylborepin
(2a; 6 7.66 (Hs) and 7.73 (H3)) and thiophene (3; 6 7.30
(Hg) and 7.10 (H3)). In addition, electron donation to
the boron atom of 1a seems indicated by the observed
1B chemical shift (6 50.1) upfield from that of 2a (6
54.8).! Surprisingly, the !B chemical shift of 4b (4 66.8)
is at much lower field.?

The reaction of la with tricarbonyltris(pyridine)-
molybdenum and BF3OEt; gives adduct 8 as dark red
crystals in 40% yield. The X-ray structure of 8 il-
lustrated in Figure 1 shows that the nearly planar
thiaborin ring is #n®-coordinated to the molybdenum
atom.? The boron and four carbon atoms lie in a
common plane, but the sulfur atom is displaced out of
this plane away from the metal by 0.11 A. This is a
likely consequence of the larger size of sulfur and is
analogous to the out-of-plane displacement (0.096 A)

Communications

found in tricarbonyl(°-2,5-dimethylthiophene)chromi-
um (10).1° The juxtaposition of the metal tricarbonyl
group relative to the ring in 8 resembles that of 10,
where one CO group is trans to sulfur,!® and 9, where
a CO group eclipses boron.!! This conformational
feature has been found for other boron*121% and sul-
fur!314 heterocycles and has been treated by MO stud-
ies!%15.16 which probably apply to 8.

Me
JB-Ph s>gP
M M G
co’ ‘ co co’ ‘\co
co co
9 10

It is striking that all corresponding ring bonds of
8-10 are essentially of the same length. Compare the
C—C bond distances of 8 (1.37, 1.38 A) with the C—C
bonds adjacent to the heteroatoms in 9 (1.39 A) and 10
(1.38 A). Similarly, the endocyclic C—B bonds of 8 and
9 (1.52, 1.53 A) and the C—S bonds of 8 and 10 (1.75,
1.76 A) are identical within experimental error. Thus
the structural parameters of 8—10 indicate that the
compounds are very similar z-complexes of aromatic
rings.

Finally we note that 8 is the only structurally charac-
terized complex involving sulfur z-bonding to molybde-
num. Mo 7-bound thiophene complexes have figured
prominently in mechanistic speculation about the mode
of action of molybdenum-based hydrodesulfurization
catalysis.!” The preparation of a related Mo z-bound
sulfur complex may be relevant to these studies.
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(9) Crystal data for 8: CgH,BMoO;3S, monoclinic, P2,/n {No. 14), a
= 8.634(2) A, b = 9.997(2) A, ¢ = 12.471(3) A, 8 = 104.80(2)°, V =
1040.7(4) A3, Z =4, D. = 1.85 g cm™3, T = 298 K, u(Mo Ka) = 13.98
cm~l. Data were collected on a Syntex P2;m/v diffractometer using
the 20 scan range 5—52°; of the 2417 reflections measured, 2067 were
unique (R = 0.0146) and 1695 with F = 40(F) were used in the
refinement. The structure was solved by Patterson techniques and
refined by full-matrix least squares. R = 0.0257, R,, = 0.0356, and
GOF = 0.93.

(10) Sanger, M. J.; Angelici, R. J. Organometallics 1994, 13, 1821.

(11) Ashe, A. J., III; Kampf, J. W.; Nakadaira, Y.; Pace, J. M. Angew.
Chem., Int. Ed. Engl. 1992, 31, 1255. Ashe, A. J., III; Kampf, J. W;
Klein, W.; Rousseau, R. Angew. Chem., Int. Ed. Engl. 1993, 32, 1065.
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Edwin, J.; Kinberger, K.; Kruger, C. J. Organomet. Chem. 1977, 131,
1

(14) Bailey, M. F.; Dahl, L. F. Inorg. Chem. 1965, 4, 1306.

(15) Albright, T. A.; Hoffmann, R. Chem. Ber. 1978, 111, 1578,

(16) Boshm, M. C.; Gleiter, R.; Herberich, G. E.; Hessner, B. J. Phys.
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1990, 105, 61. (c) References cited in ref 10. (d) Blackman, A. Adv.
Heterocycl, Chem. 1993, 58, 147—153.
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A Stable Palladium(I) Dimer with One 14e Palladium
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New Complex with a Planar Four-Coordinate Carbon
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Summary: Two new stable dinuclear Pd(I) complexes,
[Pdo(u-PBut2)(PPh3)s]X and [Pdy(u-PBu's)(PPhs)s(u,n?:
n72-CS2)JX (X = BF4, CF3S03), have been synthesized and
characterized. The former has one 14e Pd center, and
the latter, which has been characterized by X-ray dif-
fraction, contains a CSs molecule with a four-coordinate
planar CS; carbon.

In our studies on Pd(I) dinuclear complexes’~* we
have utilized the fragment [Pda(u-PBufp)]*, (1), as a
building block. This moiety can be stabilized by accept-
ing electrons from four additional ligands to afford the
30e cationic complexes of type 2. In some interesting
complexes the fragment 1 can be stabilized by three
secondary phosphine ligands, as shown by 3 and 4;
however, as one of the secondary phosphines is serving
as a four-electron donor, these cations can still be
considered as 30e species.

A<P>< j +

/N
L~pd—pa—t

/ 0\ .
L L H ,P\ "R
AT
@ (3) R=Bu
@) R=Cy

We report here the synthesis of 5, a 28e dinuclear
cationic species, in which one of the Pd centers has a

® Abstract published in Advance ACS Abstracts, May 15, 1995.

(1) Albinati, A.; Lianza, F.; Pasquali, M.; Sommovigo, M.; Leoni, P.;
Pregosin, P. S.; Riiegger, H. Inorg. Chem. 1991, 30, 4690.

(2) Leoni, P.; Pasquali, M.; Sommovigo, M.; Laschi, F.; Zanello, P.;
Albinati, A.; Lianza, F.; Pregosin, P. S.; Riegger, H. Organometallics
1993, 12, 1702.

(3) Leoni, P.; Pasquali, M.; Sommovigo, M.; Albinati, A.; Lianza, F.;
Pregosin, P. S.; Ritegger, H. Organometallics 1993, 12, 4503.

(4) Leoni, P.; Pasquali, M.; Sommovigo, M.; Albinati, A.; Lianza, F.;
Pregosin, P. S.; Riiegger, H. Organometallics 1994, 13, 4017.
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14e configuration, the first of its kind for a dinuclear

Pd(I) complex.
ROSERE

- 7\
Phs P /Pd —Pd—PPh,

PhyP
&)X

a, X = CF,S0,
b, X = BF,

A violet suspension of 3 (as its BF, salt!) in dimethox-
yethane was reacted with a 10-fold excess of PPh; for
12h at 70 °C to afford (§)BF4 as a red microcrystalline
solid in 90% yield. The 31P, 1°F, 13C, and ‘H NMR data’
for this complex are consistent with the proposed
formulation. There is no evidence for an #? interaction
from one of the phosphine phenyl groups. Figure 1
shows one of the first examples of a 31P,!13C correlation
in a transition-metal complex.® The 3'P spin in a
position pseudo-trans to the bridging ligand is correlated
to its aryl 13C partners. The vertical axis with all of
the 13C PPhj signals shows (a) all the PPh; ligands have
three equivalent rings and, via the correlation, (b) the
ortho carbons for the selected !P spin are all equivalent.
It is worth noting that all of the ortho 13C signals appear
at relatively high frequency. In an n2-olefin complex
one would expect some low-frequency shift (even if there
were an equilibrium involving exchange of different

(5) The ortho and meta '3C signals for all three PPh; ligands have
been assigned. NMR spectra (acetone-dg, 293 K) of (5)BF,: 'H, o (ppm)
7.2 (m, 45H, Ph), 0.95 (d, 3Jpy = 14 Hz, 18H, Bu'); 19F o6 (ppm) —154.8
(s); 31P{!H}, ABMX spin system, &(ppm) 350.6 (P, 2Jp,p, = 210, %/p,p,
= 54, 2Jp;;p] = 66 HZ), 23.4 (P4, 2Jp‘p;, = 210, 2Jp.pl = 25, 3J1>_,p2 = 20
HZ), 18.1 (Pz, 3Jp2p1 =135 HZ, aJpzp, = 20, ZJp.lpx = 54 HZ), 17.5 (Pl,
3Jp,p, = 135, 2Jp,p, = 25, %Jp,p, = 66 Hz) (see eq 1 for the numbering
scheme). IR (Nujol, KBr); 3040 m (vacn), 1590 m, 1440m (vcac), 1063
br vs (vgr) em~!, Anal. Caled for Cs;Hg;BF4P4Pds: C, 60.5; H, 5.16; P,
10.1. Found: C, 60.3; H, 5.35; P, 10.4.

(6) Mention of a hitherto unpublished 13C, 3!P correlation of a
palladium—phosphine complex was made in: Bast, P.; Berger, S;
Giinther, H. Magn. Reson. Chem. 1992, 30, 587.

© 1995 American Chemical Society
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Figure 1. 3!P,'3C correlation for the PPh; pseudo-trans
to the u-PBut; group. From the 13C NMR signals in the
aromatic region, one can deduce that, within a given PPh;,
all three phenyl groups are equivalent.

interacting carbons). The 1°F NMR spectrum, in both
the solid and solution states, is a singlet,® thus ruling
out a complex with a bridging F atom from the BF4~
anion;” this is further confirmed by the strong IR
absorption® at 1063 em™1, characteristic for an ionic BF,
anion.® Moreover, the 'H and 3P NMR spectra of
(5)BF, and of (5)CF3S0; were identical. The 3'P NMR
data are almost solvent-independent,® thereby eliminat-
ing a structure with a solvent molecule in the open
position. We attribute the relative stability of this 14e
Pd center to the presence of two relatively large flanking
PPh; ligands, i.e., steric inhibition to coordination.

Both (8a)X and (5b)X react with an excess of CS; to
afford a yellow solid, (6)X.

CRE
- \ Cs,
PhaP~p Pd—PPh,
PhyP @ PPhy
(@

N 7.

P
N\
PhaP~of pg—PPhy (1)
/ X7\
s7O~s

8)X

The reaction is reversible in that addition of PPhg to
a solution of (6)X in acetone affords (5)X. (6)CF3SO;s
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gave crystals suitable for X-ray diffraction,!® and an
ORTEP plot for this cation is shown in Figure 2, with a
few bond lengths and bond angles being given in the
caption. The cation contains a four-coordinate, almost
planar CSy molecule in which the CS; carbon is bonded
nearly symmetrically!! to both metal centers as well as
to the two sulfur atoms. The two Pd—S distances are
not significantly different, with the average being
2.351(3) A. Interestingly, the carbon is closer to the
metal than are the two sulfurs. The three atoms of the
CS; all lie in the plane defined by the two Pd and the
bridging P atoms, with maximum deviations less than
+0.7 A. Although this is an unusual environment for
a carbon atom, Erker and co-workers have also found
complexes containing planar four-coordinate carbon.!?
Further, Bianchini!®® and Farrar'3*¢ and their co-
workers have found the dinuclear M(0) complexes 7, in
which, however, the CS; molecules are not symmetri-
cally bonded and are part of larger six-membered rings,
with longer, nonbonding, MM distances.

S
RP—M~-C~g
| {
s
(7) M=Ni, Pd, Pt

The Pd—S bond lengths in 7 (M = Pd)!3® are some-
what shorter at 2.314(1) A.

Other examples of cumulenes symmetrically u,7%:9%-
bonded to and coplanar with an M, system are the

(7) For example, (3)BF, gives a singlet at —154.8 ppm as do the
complexes of formula [Pdy(u-PButs)(PR3)sIBF cited in ref 4. (b) Sitnkel,
K.; Urban, G.; Beck, W. J. Organomet. Chem. 1987, 319, C1. (c) Appel,
M.,; Beck, W. J. Organomet. Chem. 1987, 319, C1.

(8) Beck, W.; Siinkel, K. Angew. Chem., Int. Ed. Engl. 1988, 88,
1405.

(9) Only minor changes in ¢( 3'P{1H}) (with P,P coupling constant
remaining practically unchanged) were observed for spectra in CH,-
Clz, DME, THF, acetone and benzene. In CH3;CN, however, we observed
a significant change ('P{'H} NMR (CD;CN, 298 K) 6 (ppm) 324.0 (ddd,
Jpp = 179, 44, 37 Hz, P;), 25.3 (ddd, Jpp = 179, 19, 22 Hz, Py), 11.7
(ddd, Jpp = 44, 19, 198 HZ, Pl), 8.02 (ddd, Jpp = 37, 22, 198 HZ, Pz)
attributable to the formation of [Pdy(u-PButs)(PPhs)s(NCCH;3)1BF, with
a solvent molecule occupying the free position trans to the phosphide.
The nitrile complex was isolated as a yellow solid; the coordination is
weak, however, and acetonitrile is easily lost under vacuum.

(10) Crystal data: C4sHysF303P3PdsSs, My, = 1107.80, monoclinic,
space group P2,/c, a = 18.627(2) A, b = 13.783(8) A, ¢ = 19.729(3) A,
A = 108.35(2)°, V = 4808(3) A3, D¢, = 1.530, (Mo Ka) =10.102, Z =
4. A total of 7502 unique data were collected using a CAD4 diffracto-
meter (2.5 < 6 < 24.0°) and empirically corrected for absorption (W-
scan method, transmission coefficient 0.8185—0.9985). The structure
was solved by Patterson and Fourier methods and refined by full
matrix least-squares (based on 4352 observed reflections with {F,| >
40|F ;) using anisotropic displacement parameters for all the atoms of
the cation. The contribution of the H atoms, in calculated positions
(C-H = 0.95 A), was taken into account but not refined. After
convergence (511 parameters, largest Ap/o < 0.1) R = 0.040 and, R«
= 0.055. All calculations were carried out using the Enraf-Nonius
MOLEN crystallographic package.

(11) The same symmetrical bonding situation is retained in solution;
the 3'P{'H} NMR spectrum of (6)BF, (acetone-ds, 293 K) consists
simply of a triplet at 396.4 ppm and a doublet at 25.7 ppm (%Jpp = 21
Hz) and is consistent with the presence of two equivalent phosphines
bonded cis to the phosphido ligand. Anal. Caled for CyHysBF,Ps-
Pd:S,: C, 51.7; H, 4.63; P, 8.89. Found: C, 51.2; H, 4.62; P, 8.80. IR
(Nujol, KBr): 3040 m (v—cn), 1590 m, 1440 m (vg-c), 1213 s (v(s), 1063
br vs (vgr) em~1, 'H NMR (CDyCl;, 298 K): o (ppm) 0.84 (d, 3Jpy =
15.5 Hz, 18 H, P{C(CHj3)}), 7.6 (m, 30 H, C¢H;). When the complex
(6*)BF, is prepared with 13CS,, the low field %P signal appears as a
doublet of triplets (2Jpc = 10 Hz) and the high-field one as a double
doublet (2Jp¢c = 26 Hz). The 3C{'H} NMR spectrum shows a doublet
of triplets at 211.9 ppm (2Jpc = 10 and 26 Hz) assigned to the
coordinated carbon of }3CS;. The absorption in the IR spectrum of (6*)-
BF, is shifted to 1173 em~1.
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Figure 2. ORTEP diagram for (6)CF;SO;. Selected bond distances (A) and angles (deg) are as follows: Pd1-Pd2 = 2.7077-
(7), Pd1-P1 = 2.309(2), Pd1-P3 = 2.272(1), Pd2- P2 = 2.307(2), Pd2—P3 = 2.306(2), Pd1-S1 =2.354(2), Pd1-C1 = 2.331-
(9), Pd2—-52 = 2.349(3), Pd2—-C1 = 2.280(7), C1-81 = 1.606(7), C1-S2 = 1.618(9); Pd1-Pd2-P2 = 166.90(6), Pd2—Pd1—
P1 = 165.42(5), P1-Pd1-81 = 101.26(7), P2—Pd2—-82 = 97.27(8), P1-Pd1-C1 = 141.2(2), P2-Pd1-C1 = 138.1(2). Thermal

ellipsoids are drawn at the 50% probability level.

allene! in Wy(u,n%:n>-CHy=C=CH3) (OBu'); and a car-
bodiimide!® in Wa(u,n%:n?-ArN=C=NAr)(OBu')s.!
The potential of the coordinatively unsaturated cation

(5)* as a valuable synthetic precursor is now under
investigation.

(12) Erker, G.; Roettger, D. Angew. Chem. 1993, 105, 1691.

(13) Bianchini, C.; Ghilardi, C. A.; Meli, A.; Midollini, S.; Orlandini,
I. J. Chem. Soc., Chem. Commun. 1983, 753. (b) Farrar, D. H.;
Gukathasan, R. R.; Won, K. J. Organomet. Chem. 1984, 275, 263. (c)
Farrar, D. H.; Gukathasan, R. R.; Morris, S. A. Inorg. Chem. 1984,
23, 3258.

(14) Chacon, S. T.; Chisholm, M. H.; Folting, K.; Hoffmann, J. C_;
Hampden-Smith, M. J. Organometallics 1991, 10, 3722.

(15) Cotton, F. A.; Schwotzer, W.; Shamshoum, E. S. Organometal-
lics 1985, 4, 461. _
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Synthesis and Structure of
2,4,5-Trithia-1,3-disilabicyclo[1.1.1]pentane

Nami Choi, Kumiko Asano, and Wataru Ando*
Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Received March 6, 1995%

Summary: The first 1,3-bis{tris(trimethylsilyl)methyl}-
2,4,5-trithia-1,3-disilabicyclo[1.1.1]pentane (2-83) was
prepared by desulfurization of the corresponding 2,4,5,6-
tetrathia-1,3-disilabicyclo/2.1.1]hexane (2-S4). The X-
ray analysis clearly proved that the distance between the
bridgehead silicon atoms of 2-88 is 2.407 A, which lies
within the range of common Si—Si single bonds.

Although a large number of theoretical studies have
been carried out on group IV propellanes and their
derivatives in order to understand the nature of bridge-
head bonds, few examples are known of experimental
studies on these systems.!”® Nagase and others sug-
gested that the substitutions of electronegative groups
(e.g., O, CHy) at the peripheral positions could stabilize
the central M—M interaction;? accordingly, the struc-
tures of [1.1.1]propellanes of the type MyYs (I; M = Si,
Ge, Sn; Y = O, S, Se) and the corresponding bicyclo-
[1.1.1]pentanes HoM:2Y5 (II) should be similar.!=3 In-

M{Y—-\M H-M/Y\M—H
Y//K\Y Y//\/\Y M = Sij, Ge, Sn

(1 (mn Y=0,8,Se

terestingly, trioxadisilabicyclo[1.1.1]pentane (1) is pre-
dicted to have an extremely short distance between the
bridgehead silicon atoms of only 2.06 A, which is even
smaller than that of Si=Si double bonds.2 Nevertheless,
the synthesis of neither 1 nor its sulfur analogue has
been reported. We have already reported the first
synthesis as well as the structure of the corresponding
selena analogue, namely, 1,3-bis-substituted 2,4,5-trise-
lena-1,3-disilabicyclo[1.1.1]pentane.* Herein we report
on the synthesis and structural features of 2,4,5-trithia-
1,3-disilabicyclo[1.1.1]pentane.

H- SI/O\Si -H
P

1

® Abstract published in Advance ACS Abstracts, June 15, 1995,

(1) Nguyen, K. A.; Carroll, M. T.; Gordon, M. S. J. Am. Chem. Soc.
1991, 113, 7924 and references cited therein.

(2) (a) Kudo, T.; Nagase, S. J. Am. Chem. Soc. 1985, 107, 2589. (b)
Nagase, S.; Kudo, T.; Kurakake, T. J. Chem. Soc., Chem. Commun.
1988, 1063. (c) Nagase, S.; Kudo, T. Organometallics 1987, 6, 2456,
(d) Kitchen, D. B.; Jackson, J. E.; Allene, L. C. J. Am. Chem. Soc. 1990,
112, 3408. (e) Streitwieser, A. J. Chem. Soc., Chem. Commun. 1989,
1261.
10(31)22‘2?1'd0n, M. 8. Nguyan, K. A,; Carroll, M. T. Polyhedron 1991,

(4) Yoshida, H.; Takahara, Y.; Erata, T.; Ando, W. J. Am. Chem.
Soc. 1992, 114, 1098,
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Scheme 1
190200 °C

TsiSiHg + Sy
decalin, 2.5 days

30eq.
Tsi = C(SiMe3);
S
Tsi—Si Si—Tsi

| >
e X Isolated Yield (k. 1. m]
S, Sm 6 12% (3.2.1]
2.§X 5. 12% [22.1]
Xekolem 4: 22% [2.1.1]

A decalin solution of trisylsilane (tris(trimethylsilyl)-
methylsilane, TgiSiH3) and 30 equiv of elemental sulfur
was heated to 190—-200 °C for 2.5 days to give after
chromatographic separation tetrathiadisilabicyclof2.1.1]-
hexane (2-84),5 pentathiadisilabicyclo[2.2.1Theptane (2-
85),5 and hexathiadisilabicyclo[3.2.1Joctane (2-S8)7 as
yellow solids in 22%, 12%, and 12% yields, respectively,
which are stable toward air and moisture (Scheme 1).
The structures of disilabicyclopolysulfides 2-84, 2-S5,
and 2-S6 have been confirmed by X-ray structure
analysis.?®. When 2-S4 was irradiated in the presence
of 1.9 equiv of triphenylphosphine for 4 h, 2,4,5-trithia-
1,3-disilabicyclo[1.1.1]pentane (2-83)° was obtained in
64% yield. When 2-S4 was subjected to photolysis in
the presence of a 10-fold excess of PPhg, cyclodisilthiane
310 and 2-83 could be isolated in 28% and 27% yields,
respectively, while independently 2-S8 did not further
react under identical conditions. Desulfurization of
2-84 in dg-toluene afforded d:- or do-cyclodisilthiane and

(5) For 2-84: pale yellow crystals; mp >300 °C; sublimes at >250
°C; 'H NMR (300 MHz, CDCl3) 6 0.37 (s); 13C NMR (75 MHz, CDCl;)
6 5.1 (q), 6.5 (s); 2Si NMR (79.5 MHz, CDCly) 6 0.8 (SiMejy), 25.7 (Si—
S); UV (n-hexane) inax/nm 280 (¢ 320), 366 (41); MS m/z 646 (M™*).
Anal. Caled for CyoH548isS,: C, 37.09; H, 8.40; S, 19.80. Found: C,
36.06; H, 8.40; S, 19.83.

(6) For 2-85: yellow crystals; mp >300 °C; sublimes at >250 °C;
'H NMR (300 MHz, CDCl3) 4 0.35 (s); 13C NMR (75 MHz, CDCl3) 6 5.2
(q), 6.0 (s); 298i NMR (79.5 MHz, CDCl3) 6 0.6 (SiMe3), 37.3 (Si—S);
UV (n-hexane) imax/nm 287 (e 365), 375 (200); MS m/z 678 (M™), 646
(M* — 32). Anal. Caled for CyoH;54SisSs: C, 35.35; H, 8.01; S, 23.59.
Found: C, 35.65; H, 8.17; S, 23.30.

(7) For 2-88: yellow crystals; mp >300 °C; sublimes at >250 °C;
'H NMR (500 MHz, CDCl;) 6 0.35 (s); 13C NMR (75 MHz, CDCl3) 6 5.5
(q), 6.0 (s); 2°Si NMR (79.5 MHz, CDCl3) 6 0.1 (SiMe3), 46.4 (Si—S);
UV (n-hexane) Amay/nm 265 (¢ 2200), 350 (340); MS m/z 710 (M*), 678
(M* — 32). Anal Caled for CyoHs4SisSe: C, 33.75; H, 7.65; S, 27.02.
Found: C, 34.02; H, 7.73; S, 26.70.

(8) Choi, N.; Asano, K.; Ando, W. To be submitted for publication.

(9) For 2-83: white crystals; mp 216—220 °C; 'H NMR (400 MHz,
CgDs) ¢ 0.45 (s); 13C NMR (100 MHz, C¢Dg) 6 4.2 (q), 6.9 (s); 29Si NMR
(79.5 MHz, CgDs) 0 1.0 (SiMes), 5.8 (Si—S); UV (n-hexane) Amax/nm 224
(e 1400), 257 (210), 290 (38); MS m /2 614 (M*). Anal. Calcd for CooHss-
SigS3: C, 39.03; H, 8.84; S, 15.63. Found: C, 39.03; H, 8.89; S, 15.59.

(10) For 3: white crystals; mp 262 °C; 'H NMR (500 MHz, CDCl;)
6 0.27 (s, 54H), 5.6 (s, 2H); 13C NMR (125 MHz, CDCly) 6 4.3 (q), 4.6
(s); 298i NMR (79.5 MHz, CDCl;) ¢ 0.2 (SiMe3), —7.6 (Si—H); MS m/z
584 (M*), 569 (M* — 15); IR (KBr, cm~!) v 2130 (Si—H). Anal. Caled
g)rl(llzgfgsssi382: C,41.03; H, 9.64; S, 10.95. Found: C, 40.62; H, 9.63;

© 1995 American Chemical Society
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Scheme 2
S
v (>300 nm)
Tsi—Si Si——Tsi
1.9 eq. PhaP, benzene, r. 1., 4 hr. N
S\‘\\//S Y60 eq. Me3P, benzene, r. 1., 0.5 hr. S s Yean
2. b .
Tsi—& ~ T' —Tsi S3 quant
S S
i S
2.54 hv (>300 nm) / 10 e.q. PhaP W N A0
2-53 + Si Si
benzene, r. t., 15 min. 7 \S/ \H

cyclodisilthiane 8 (11% yield, D:H = 35:65) along with
2-83 (29% yield). This suggested that proton sources
for the formation of 3 are solvent or substituent.

The most likely initial step of the photochemical
desulfurization of 2-S4 is cleavage of a S—S bond.
Trapping of the resulting thiyl biradical by one or two
molecules of PPh; would then lead to the formation of
2-S3 and 3.

By irradiation in the presence of trimethylphosphine
2-S4 was quantitatively converted into 2-83. Separa-
tion by high-performance liquid chromatography (eluent
toluene) followed by recrystallization from benzene,
afforded 2-S3 as white crystals with mp 216—220 °C.
2-83 is thermally quite stable (>300 °C) but is slowly
hydrolyzed by moisture to provide 1,3-bis(tris(trimeth-
ylsily)methyl)-1-hydroxy-3-mercaptocyclodisilthiane!!
(4; eq 1). 2-S3 is the first example of 2,4,5-trithia-1,3-

HO s TAY.

2-53

disilabicyclo[1.1.1]pentane. The bicyclo[1.1.1]pentane
structure of 2-S3 was deduced on the basis of the
following spectroscopic properties: the EI mass spec-
trum indicated a M* peak at m/z 614, in agreement with
that calculated for Cy0H;s4SisS;. Elemental analyses
were also in agreement with the calculated values. The
'H, *C, and ?°Si NMR spectra of 2-S3 are fully consis-
tent with the highly symmetrical structure.® 2°Si NMR
data of the bridgehead silicons in 2-S6, 2-S5, 2-S4, and
2-83 are 46.4, 37.3, 25.7, and 5.8 ppm, which are in
order of the strain of silthiane rings. The structure of
2-83 was unequivocally determined by single-crystal
X-ray diffraction analysis.'> The molecule has Dg;
simmetry. The ORTEP drawing, selected bond lengths
(A), and angles (deg) are shown in Figure 1. The
structure of 2-83 is in good agreement with the results

(11) For 4: white crystals; 'H NMR (300 MHz, CgDg) ¢ 0.41 (s, 27TH),
0.47 (s, 2TH), 1.88 (1H, s), 5.08 (s, 1H); 13C NMR (75 MHz, CsDs) & 5.6
(q), 5.7 (s), 10.4 (s), 12.1 (s); 29Si NMR (59 MHz, CsDs) 6 11.4 (Si—OH),
—0.1 (SiMes), —0.4 (SiMes), —3.4 (Si—SH); MS m/z 632 (M*); exact
mass caled for CagHssSisS30 m/z 632.1648, found m/z 632.1666.

(12) Crystal data for 2-88: C2oH5:SisSs, M, = 615.53, monoclinic, a
=15.369(1) A, b = 13.159(1) A, ¢ = 17.672(2) A, # = 91.51(1)°, V =
3572.6 A3, space group P2y/e, Z = 4, u(Mo Ka) = 4.7 em ™!, goarea = 1.14
g/em®. The 5200 independent reflections (|F,| > 30|F,|, # < 50°) were
measured on an Enraf-Nonius CAD4 diffactometer using Mo Ka
radiation and a w—260 scan. The structure was solved by direct
methods, and all non-hydrogen atoms were refined anisotropically by
full-matrix least-squares to R = 0.036 and R, = 0.037.

Figure 1. ORTEP drawing of 2-88. Selected bond lengths
(A) and angles (deg): Si1—S1, 2.174(1); Si1—S2, 2.181(1);
Si1-83, 2.182(1); Si1—C1, 1.838(3); Si2—S1, 2.171(1); Si2—
S2, 2.186(1); Si2—S3, 2.180(1); Si2—C2, 1.833(3); Sil- - -
Si2, 2.407(1); Sil—S1-Si2, 67.27(4); Si1—S2-Si2, 66.88(3);
Si1-83-Si2, 66.98(3); S1-Si1-S2, 92.68(4); S1-Si1—S3,
92.77(4); S2-Si1-8S3, 91.87(4); S1-Si2—S2, 92.63(4); S1—
Si2—S3, 92.89(4); S2-Si2—S3, 91.76(4); S1-Si1—C1, 122.21-
(9); S2-8i1-Cl1, 124.68(9); S3—Si1—-C1, 123.67(9); S1—
Si2—-C2, 122.40(9); S2-Si2-C2, 124.15(9); S3—Si2—C2,
124.03(9); S1-Si1-Si2, 56.30(3); S1-Si2—Sil, 56.43(3);
S2-Si1-Si2, 56.66(3); S2—Si2—Si1, 56.46(3); S3—Si1-Si2,
56.49(3); S3-Si2-Sil, 56.53(3).

Table 1. Experimental (2-S3) and Calculated (5)
Bond Lengths (A) and Angles (deg) of
2,4,5-Trithia-1,3-disilabicyclo[1.1.1]pentane (2-S3,
5)

2-83° 5"
Si- - -Si 2.407(1) 2.363
Si—S 2.174(1)-2.182(1) 2.176
Si—S-8i 66.88(3)-67.27(4) 65.8
Si—Si-S 56.30(3)—56.66(3) 57.1

¢ Single-crystal X-ray diffraction data. ® Reference 1.

H—Si/S\Si—H
S/NS
5

of quantum chemical calculations,! as reported by
Gordon et al. and shown in Table 1. The bicyclo[1.1.1]-
pentane skeleton is constructed from three cyclobutanes
(the dihedral angles of the cyclobutanes are 120.40,
119.75, and 118.85°; average 120.0°). The interesting
feature is the acute Si—S—Si angle (66.88(3), 66.98(3),
and 67.27(4)°), which can be regarded as angles of three-
membered-ring compounds rather than those of normal
four-membered-ring compounds; normal Si—S—Si angles
of cyclodisilthianes!? are ca. 82°. One of the features of
2-83 is a very short S- - -S distance, 3.15 A, which is
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within the sum of van der Waals radii of sulfur (3.70
A). Interestingly, the bridgehead Si- - -Si distance of
2.407(1) A lies within the range of common Si—Si single-
bond lengths (2.23-2.70 A)* and is ca. 0.1 A shorter
than that of its selenium analogue (2.515 A).4 This
value is very short relative to that of the cyclodisila-
thianes (2.78—2.83 A).13 This unusual shortening of the
Si- - -Si distance is caused by the difference in elec-
tronegativity between the peripheral sulfur atom and
the bridgehead silicon atom. Actually, no such shorten-
ing is observed in the corresponding silicon analogue,
bicyclo[1.1.1]pentasilane (Si- - -Si; 2.92 A).15 The repul-

(13) (a) Wojnowski, W.; Peters, K.; Weber, D.; Von Schnering, H.
G. Z. Anorg. Allg. Chem. 1984, 519, 134. (b) Schklower, W. E,;
Strutschkow, Y. T.; Guselnikov, L. E.; Wolkowa, W. W.; Awakyan, W.
G. Z. Anorg. Allg. Chem. 1988, 501, 153. (c) Peters, J.; Krebs, B. Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1982, B38, 12170.
(d) Peters, J.; Mandt, J.; Meyring, M.; Krebs, B. Z. Kristallogr. 1981,
156, 90.

(14) Sheldrick, W. 8. The Chemistry of Organic Silicon Compounds;
Wiley: New York, 1989; Part 1, Chapter 3.

Communications

sion between sulfur atoms affects the shortening of
the Si- - -Si distance of 2-83. Then the unusual short
Si- - -Si distance is due to the geometrical factor; thus,
there is a tug-of-war between the three Si—S—Si and
six S—Si—S angles.
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Formation of Mo—Pd and W—Pd Complexes. Insight into
the Mechanism of Palladium-Catalyzed Metal—Carbon
Bond Formation
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Summary: The oxidative addition of M—I moieties (M
= Mo, W) at Pd° was investigated in order to elucidate
the mechanism of palladium-catalyzed metal—carbon
bond formation. By the use of metal phosphine-substi-
tuted cyclopentadienyl iodo complexes of formula [n’-
(PhoP)CsH(CO)sMI (M = Mo, W) it was possible to
isolate and characterize a product of oxidative addition

1
to zerovalent palladium, [n’-(PhsP)CsHJ(CO);MPd-
(PPh3)I (M = Mo, W).

The use of zerovalent palladium catalysts in organic
synthesis to form carbon—carbon bonds is a well-
established procedure,! and the Stille coupling reaction
itself represents one of the most important synthetic
methodologies for transition-metal-mediated cross-
coupling reactions.? We recently disclosed an unprec-
edented feature of palladium, showing that this metal
can also promote metal—carbon bond formation. Inthe
presence of a catalytic amount of Pd® a o-acetylide
complex is formed by coupling of an iron—iodide complex
and a trimethyltin acetylide.32 Subsequently, we have
shown that this coupling can be successfully carried out
on a variety of tin acetylides and transition metals®+
(eq 1). These reactions occur under the same reaction
conditions, leading to the formation of carbon—carbon
bonds by palladium catalysis.

[
(COM—1 + RSn—C=C—R' —=—»

= o

I
(CO)M— C=C—R"

M=Fe, Ru, Mo, W
R'=H, Pr, Ph

This new reaction gives easy access to an important
class of compounds, the o-metallaacetylides, and has
revealed an unexpected and fascinating feature of pal-
ladium chemistry, a thus far unknown ability to catalyze

® Abstract published in Advance ACS Abstracts, May 1, 1995,

(1) (a) Heck, R. F. Palladium in Organic Synthesis; Academic
Press: New York, 1985. (b)Schlosser, M., Ed. Organometallics in
Synthesis; Wiley: Chichester, England, 1994.

(2) (a) Stille, J. K. Angew. Chem., Int. Ed. Eng. 1986, 25, 508. (b)
Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P. J. Org. Chem.
1993, 58, 5434.

(3) (a) Lo Sterzo, C. J. Chem. Soc., Dalton Trans. 1992, 1989. (b)
Crescenzi, R.; Lo Sterzo, C. Organometallics, 1992, 11, 4301 and
references therein. (¢) Crescenzi, R. Tesi di Laurea, Universita di Roma
“La Sapienza”, Rome, Italy, 1992.

(4) (a) Viola, E.; Lo Sterzo, C.; Crescenzi, R.; Frachey, G. J.
Organomet. Chem. 1995, 493, 55. (b) Viola, E.; Lo Sterzo, C.; Crescenzi,
R.; Frachey, G. J. Organomet. Chem. 1995, 493, C9.
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the formation of metal—carbon bonds. In addition to
the synthetic utility of this new reaction, an intriguing
aspect of the phenomenon is the understanding of the
intimate role of palladium in these transformations.

The present work deals with the attempt of obtaining
insight into the plausible working mechanism of these
reactions. The first approach was to seek for a parallel
to the well-known mechanism operating in the Stille
coupling reaction® initiated by the oxidative addition of
an electrophile to a palladium(0) complex.t If this
parallel is true, in the present case the zerovalent
palladium complex should insert, thus undergoing
oxidative addition into the M—I bond, with formation
of an M—Pd—I moiety (eq 2).

M-I + P4’ — M—Pd—I (2)
M = Fe, Ru, Mo, W

The electrophilicity of the M—I functionality in CpM-
(CO).I (Cp = nd-cyclopentadienyl; M = Fe, Mo, W)
complexes has been previously demonstrated’ by its
ability to oxidatively add zerovalent mercury with
formation of the M—Hg~I array. On the other hand,
several literature reports account for the insertion of
palladium, and more generally zerovalent group 10
metals, into organomercurials and organometallic de-
rivatives of group 14 elements.®® Complexes such as
M-Pd-X, containing Pd inserted between a transition
metal and a halide (M = transition metal; X = C], Br,
I), have been reported,? and in some cases their forma-
tion has been rationalized as an oxidative addition of
M-X moieties to Pd°.

In a series of preliminary experiments, we reacted
CpFe(CO).l and a stoichiometric amount of the complex

(5) See ref 2a.

(6) Amatore, C.; Jutand, A.; Suarez, A. J. Am. Chem. Soc. 1993, 115,
9531.

(7) See refs 3—5 in: Coco, S.; Espinet, P.; Mayor, F.; Solans, X. J.
Chem. Soc., Dalton Trans. 1991, 2503.

(8) M—Pd—X complexes: (a) M = Mn: Hoskins, B. F.; Steen, R. J;
Turney, T. W. J. Chem. Soc., Dalton Trans., 1984, 1831. Hoskins, B.
F.; Steen, R. J.; Turney, T. W. Inorg. Chim. Acta 1983, 77, L69. (b) M
= W: Engel, P. F.; Pfeffer, M.; Fischer, J.; Dedieu, A. J. Chem. Soc.,
Chem. Commun. 1991, 1274. (c) M = Fe: Braunstein, P.; Knorr, M,;
Tiripicchio, A.; Tiripicchio Carmellini, M. Angew. Chem., Int. Ed. Engl.
1989, 28, 1361. (d) M = Rh: Arena, C. G.; Rotondo, E.; Faraone, F.
Lanfranchi, M.; Tiripicchio, A. Organometallics 1991, 10, 3877 and
references therein. Bailey, D. A.; Balch, A. L; Fossett, L. A.; Olmstead,
M. M.; Reedy, P. E,, Jr. Inorg. Chem. 1987, 26, 2413 and references
therein. (e) M = Mo: Zhang, Z. Z.; Wang, H. K.; Wang, H. G.; Wang,
R. J. J. Organomet. Chem. 1988, 314, 357. Klaui, W.; Hamers, H;
Pfeffer, M.; de Cian, A.; Fischer, J. J. Organomet. Chem. 1990, 394,
213. Mashima, K.; Nakano, H.; Nakamura, A. J. Am. Chem. Soc. 1993,
115,11632. (H M = Pd: Rutherford, N. M.; Olmstead, M. M.; Balch,
A. L. Inorg. Chem. 1984, 23, 2833 and references therein. Bender, R,;
Braunstein, P.; Tiripicchio, A.; Tiripicchio-Carmellini, M. JJ. Chem. Soc.,
Chem. Comm. 1984, 42. (g) M = Ru: Maisonnet, A.; Farr, J. P
Olmstead, M. M,; Hunt, C. T.; Balch, A. L. Inorg. Chem. 1982, 21, 3961
and references therein.

© 1995 American Chemical Society



Table 1. H, 13C, and 3'P NMR and IR Data for Complexes 2, 3, and 6

1H NMR* 13C NMR?
Cp PPh, PPh; Cp PPh, PPh; co 31P NMR¢ IR?
(TN 449,q,2H,J =2.1HBz (8) 7.46-7.43, m, 6H (m, p) 56.68, d, J = 50.6 Hz (ipso) 129.27,d,J = 10.6 Hz 231.03 58.74 2057.5 (s)
.*Pth 5.43,q,2H, J = 2.1 Hz (0,&) 7.97—7.90, m, 4H (0) 87.89,d,J = 10.3 Hz (a,a’) 131.42,d,J = 12.4 Hz 225.73 1988.0 (sh)
[ 89.15,d,J =6.2Hz (§,§) 131.65,s 215.34 (br) 1971.8 (s)
{CO)3Mo—Mn(CO)s 133.32,d, J = 42.5 Hz 1938.2 (m)
1908.7 (m)
1881.7 (m)
5.56,q,2H,J =2.1 Hz (8,8) 7.56—7.52, m, 6H (m,p) 108.47, d, J = 28.5 Hz (ipso) 129.05,d,J = 9.8 Hz 232.86 32.39 2085.9 (m)
Pth 5.75, m, 2H (a,o’) 7.97-7.90, m, 4H (o) 102.99,d,J =84 Hz (a,’) 131.95,d,J = 43.8 Hz 218.10 2044.4 (s)
| 93.97,d,J=57Hz (8,8) 132.23s 2017.8 (sh)
(CO)Mo—1 133.15,d, J = 10.1 Hz 2004.7 (s)
1968.5 (s)
445,q,2H,J =21 Hz (8,8) 7.45—-7.55, m, 6H (m,p) 7.35-7.45,m,9H (m,p) 60.24,d,J = 41.3 Hz (ipso) 131.76, s 127.92, d, 235.75 33.50,d, 1966.1 (s)
L > e, J=95Hz J = 459 Hz
| | 5.47,q,2H,J = 2.1 Hz (a,a’) 8.09-8.16, m,4H (0)  7.58-7.90, m, 6H (0) 93.33,d,J = 11.7 Hz (a,«’) 132.20,d,J = 38.6 Hz 128.53, d, 224.93 17.00, d, 1891.4 (m)
(CO)sMo Pd—I J=11.5Hz J = 459 Hz
PPhs 92.46,d,J =69 Hz(8,8) 13558,d,J=11.7Hz 130.00,s 1867.7 (s)

¢ CDCl;, ppm, 298 K, 300 MHz, TMS reference. > CDCl3, ppm, 298 K, 75.46 MHz, TMS reference. ¢ CDCl3, ppm, 298 K, 121.49 MHz, 85% H3PO, reference. ¢ CHyClp, cm~1, s = strong, sh =
shoulder, m = medium, w = weak.

Table 2. 'H, '3C, and 3P NMR and IR Data for Complexes 5 and 7

H NMRe 13C NMR?®
Cp PPh,  PPh, Cp PPh, PPh, co 31p NMR¢ IR?
5.43,dt,2H, Jy u=2.2 Hz, 7.34-7.44, 104.34,d,J = 23.0 Hz (ipso)  128.87,d,J = 6.8 Hz 208.43 ~17.24 2036.9 (s)
Lo >, Jb = 0.7 Hz (0,0) m, 10H
n 5.92,t,2H,J = 2.2 Hz (8,8) 95.90,d,J = 11.1 Hz (0,0)  129.78, 5 223.15,d,J = 5.6 Hz 1950.1 (s)
(COW—I 97.75. 5 (B.5) 133.45,d, J = 20.1 Hz 1892.8 (w)
135.87,d,J = 11.0 Hz
454, m, 2H B.8) 7.36-7.72, 61.86, d, J = 40.2 Hz (ipso) 125.40-140.36,m  214.00 24.68, d, 1961.7 (s)
L > een, m, 20H J'= 461 Hz
| | 5.38, m, 2H (a,a') 8.08-8.18, 91.19, d, J = 10.6 Hz (0,0) 224.81,d,J=50Hz  15.24,d, 1940.1 (sh)
(CO}W Pd—1 m, 5H J =461 Hz
89.73,d,J = 5.9 Hz (8.8) 1882.0 (s)
PPh,

1862.2 (s)

¢ CDCl,, ppm, 298 K, 300 MHz, TMS reference. ® CDCl3, ppm, 298 K, 75.46 MHz, TMS reference. < CDCl3, ppm, 298 K, 121.49 MHz, 85% H3PO, reference. ¢ CH2Cly, cm™1, s = strong, sh =
shoulder, w = weak.
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Pd[P(Ph;)]l; under standard coupling conditions,3 but
we observed only formation of CpFe(CO)PPhs)I and
CpFe(PPh;s):l, generated by phosphine replacement of
the CO ligand on the starting iron complex. We have
therefore used the bis(dibenzylideneacetone) complex
Pd(dba); in order to avoid the inconvenience caused by
PPh;, but it was only possible to monitor the consump-
tion of starting materials without detection and/or
isolation of intermediates or products.

A more suitable substrate to achieve our purpose was
a cyclopentadienylmetal iodide complex having a di-
phenylphosphino group linked to the Cp ring. The
(diphenylphosphino)cyclopentadienyl moiety has been
widely used to hold two metal centers within the same
molecular unit, one linked in an #° fashion to the Cp
ring and the other coordinated in an #! mode to the
phosphorus atom.? Scheme 1 illustrates the reaction
pathways for the preparation of the ((diphenylphosphi-
no)cyclopentadienyltricarbonylmetal iodide complexes
[#5-(PhoP)CeH5IM(CO)3I (8, M = Mo; 6, M = W),

The reaction of 1!° with BrMn(CO); formed the Mo—
Mn complex 2 in 46% yield; then the subsequent
reaction with iodine quantitatively afforded complex 3.
In contrast, the tungsten complex 5 was formed by the
direct reaction of anion 4!! with NIS (N-iodosuccinim-
ide). However, the direct reaction of 1 with a source of
I* such as NIS or 1,2-diiodoethane was unsuccessful.

Both complexes 3 and 5 reacted with a stoichiometric
amount of zerovalent palladium complex, Pd°[(PPh3)l,
or Pd(dba)s, in THF at room temperature within min-
utes!? (eq 3). In the case of the reaction with Pd(dba),,

<>,

I
(COM—I

3IM=Mo
5 M=W

Pd0/PPh,

<> Plth
l
(COM Pld—l 3)

PPh,

6 M=Mo
7 M=W

1 equiv of PPh3 was added to the reaction mixture in
order to stabilize the product. Although 'H NMR

(9) (a) Brumas, B.; de Caro, D.; Dahan, F.; de Montauzon, D.;
Poilblanc, R. Organometallics 1983, 12, 1503. (b) Bullock, R. M.; Casey,
C. P. Acc. Chem. Res. 1987, 20, 167 and references therein. (c)
Tikkanen, W.; Fujita, Y.; Petersen, J. Organometallics 1986, 5, 888.

(10) Casey, C. P.; Bullock, R. M.; Fultz, W. C.; Rheingold, A. L.
Organometallics 1982, 1, 1591.

(11) 4 was prepared analogously to 1 from [(PhyP)Cs;H,]-Li* and
(CH3CN)3W(CO);3.

(12) Complex 3 (0.72 g, 1.3 mmol) was dissolved in THF (40 mL),
and to this solution were added Pd(dba); (0.74 g, 1.3 mmol) and
P(C;Hg); (0.35 g, 1.3 mmol). After it was stirred for 2 h at room
temperature, the reaction mixture was reduced to a minimum volume
under vacuum and the residue chromatographed on silica gel by a
gradient elution with a mixture of CH,Cl; and hexane. Complex 6 (0.38
g, 32%) was obtained as a red solid. The same result was obtained by
reacting an equivalent amount of 8 and Pd[P(CsH;);3], in THF under
the same reaction conditions. Complex 7 (29%) was obtained in an
identical procedure by reacting 5 with a stoichiometric amount of Pd-
(dba)y/P(CsHe)s or PA[{P(CeHs)als.
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spectra of the crude reaction mixtures showed complete
conversion of starting material into product 6 or 7, the
following workup and chromatographic separation af-
forded a variable amount of pure material from run to
run. The best results were 32% for the Mo—Pd complex
6 and 29% for the W—Pd complex 7. Proof of identity
of complexes 6 and 7 has been obtained by elemental
analysis, IR, and 'H, 13C, and 3P NMR. Very impres-
sive are the NMR spectroscopic variations observed by
comparing the spectra of compounds 3 and 5 with those
of the corresponding products 6 and 7 obtained upon
reaction with Pd%. The spectroscopic data for molybde-
num complexes 2, 3, and 6 are reported in Table 1, while
data for the tungsten complexes 5 and 7 are listed in
Table 2. In the 'H NMR spectrum of 8 the deshielding
effect of the phosphorus atom imposes a marked down-
field shift in the a,a’-protons of the Cp and in the ortho
protons of the phenyl rings with respect to the Cp 3,8’
protons and the meta and para phenyl protons.1%!3 In
6, due to the rigidity of the metallacycle formed and to
the presence of the second phosphorus group, these
differences became even larger. The !3C NMR spectrum
shows that the insertion of Pd° into the Mo—I bond of 8
produces heavy variations on the chemical shift of the
Cp carbons. In 6 the Cip, signal is shifted 48 ppm
upfield with respect to that for 3! The comparison of
the 3P NMR spectra of 8 and 8 clearly confirms the
structural variations occurring around the Mo center
of 3 upon reaction with Pd. The 3!P NMR spectrum of
3 appears as a broad singlet at 32.40 ppm, while in the
spectrum of 6 the two nonequivalent phosphorus atoms
bonded to palladium give rise to a simple first-order AB
splitting pattern that produces two sets of doublets,
centered respectively at 33.50 and 17.00 ppm, with a
coupling constant of 459 Hz. This large value is
characteristic of two different phosphorus atoms lying
trans to each other, one of which is engaged in a four-
membered metallo ring.!* Similar variations are ob-
served for the tungsten pair 5, 7.

On the basis of these preliminary findings we have
shown that Mo—I and W—I moieties can oxidatively add
to zerovalent palladium to form the corresponding
M-Pd-Ispecies. These transformations can be viewed
at as an oxidation of Pd? to Pd! by Mo and WI. In our
opinion, complexes 6 and 7 afford a reasonable entry in
the attempt to give a rational design to the mechanism
of Pd-catalyzed metal—carbon coupling.’® Work is in
progress to map other steps of the catalytic process.

Supporting Information Available: Text giving detailed
synthetic procedures and analytical data and a figure giving
H, 13C, and 3'P NMR spectra for complexes 3 and 6 (5 pages).
Ordering information is given on any current masthead page.

OM950106G

(13) Mathey, F.; Lampin, J. P. Tetrahedron 1973, 31, 2685.

(14) (a) Casey, C. P.; Bullock, R. M.; Nief, F. J. Am. Chem. Soc. 1983,
105, 7574. (b) Bianchini, C.; Masi, D.; Meli, A.; Peruzzini, M.; Zanobini,
F. J. Am. Chem. Soc. 1988, 110, 6411.

(15) One reviewer raised the point that complexes 6 and 7 would
be stabilized too much by the cyclopentadienylphosphine bridging
ligand to act as true intermediates in the catalytic process. We recently
found that these complexes smoothly undergo all the catalytic steps
leading to metal—carbon bond formation. Narducci, V.; Cianfriglia, P.;
Lo Sterzo, C.; Bocelli, G., manuscript in preparation.
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Ruthenium(II)-Mediated Reaction of Phenylacetylene
with Primary Amines To Give Ruthenium(II)—Isonitrile
Complexes

Claudio Bianchini,* Maurizio Peruzzini, Antonio Romerosa, and
Fabrizio Zanobini

Istituto per lo Studio della Stereochimica ed Energetica dei Composti di Coordinazione, CNR,
Via J. Nardi 39, 50132 Firenze, Italy

Received April 18, 1995%

Summary: The Ru(Il) fragment [(PNP)RuCly] assists the
reaction of phenylacetylene with a variety of primary
amines, including optically pure amines, to give Ru(1l)—
isonitrile complexes (PNP = CH3;CH;CH;N(CH;CH-
PPhy)s). The reaction is initiated by 1-alkyne to vinyl-
idene tautomerization at the ruthenium center, followed
by attack of the primary amine on the vinylidene ligand
to give Ru(Il) aminocarbenes of the formula fac,cis-
[(PNP)RuCl{=C(NHR)(CH:Ph)}]. The latter com-
pounds thermally convert to the corresponding isonitrile
complexes fac,cis-[(PNP)RuCIly{CNR)], while toluene is
eliminated via C—C bond cleavage (R = CH;CH>CHj3,
cyclo-CsH;i, (R)-(+)-CH(Me)(Ph), (R)-(—)-CH(Me)(Et),
(S)-(—)-CH{(Me)(1-naphthyl)].

In a previous article,! we reported that the Ru(Il)
complex mer trans-[(PNP)RuCly(PPh3)]? (1) assists the
coupling of phenylacetylene with HgS to give the 5!-2-
phenylethanethial ligand (PNP = CH3CH;CH,N(CHo-
CH,PPhs)s). In this communication, we show that 1
mediates the addition of primary amines to pheny-
lacetylene to yield isonitrile ligands. More importantly,
the use of optically pure primary amines in the Ru(Il)-
assisted reaction herein described provides unprec-
edented access to optically pure Ru(II)—isonitrile com-
plexes. Isonitriles are important substrates in organic
and organometallic syntheses but are generally difficult
to prepare by standard synthetic methods, owing to
their propensity for spontaneous polymerization. Thus,
alternative metal-assisted reactions have been devel-
oped which involve the attack of primary amines on
thio- and dithiocarbene complexes.?

Heating 1 in tetrahydrofuran (THF) with pheny-
lacetylene at reflux gives the vinylidene complex fac,cis-
[(PNP)RuCla{C=C(H)Ph}] (2).! Complex 2 can be iso-

® Abstract published in Advance ACS Abstracts, July 1, 1995.

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

(2) Bianchini, C.; Innocenti, P.; Masi, D.; Peruzzini, M.; Zanobini,
F. Gazz. Chim. Ital. 1992, 122, 461.

(3) McCormick, F. B.; Angelici, R. J. Inorg. Chem. 1979, 18, 1231.
McCormick, F. B.; Angelici, R. J. Inorg. Chem. 1981, 20, 1118,
Pickering, R. A.; Angelici, R. J. Inorg. Chem. 1981, 20, 2877. Stein-
metz, A. L.; Hershberger, S. A.; Angelici, R. J. Organometallic 1984,
3, 461. Albano, V. G.; Bordoni, S.; Braga, D.; Busetto, C.; Palazzi, A.;
Zanotti, V. Angew. Chem., Int. Ed. Engi. 1991, 30, 847. Faraone, F.;
Piraino, P.; Marsala, V.; Sergi, S. J. Chem. Soc., Dalton Trans. 1977,
859.
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lated as pale orange crystals. However, without isola-
tion, the following reaction step, which involves the
addition of a slight excess of one of the primary amines
listed in Scheme 1 at room temperature, can be also
carried out. As a result, the corresponding aminocar-
bene derivatives fac,cis-[(PNP)RuCly{=C(NHR)CH,-
Ph)}] are quantitatively obtained (R = CHeCHyCHj (3),
cyclo-CgHy; (4), (R)-(+)-CH(Me)(Ph) (5), (R)-(—)-CH(Me)-
(Et) (8), (S)-(—)-CH(Me)(1-naphthyl) (7)). The presence
of the aminocarbene ligands in 3—7 is unambiguously
demonstrated by both 'H (6xy 10.62—11.46) and !3C-
{'H} NMR spectroscopy (Oru=c 251.2—255.8; Scn,ph
56.5—59.5).45

The aminocarbene complexes, which can be isolated
as yellow crystals, are stable in THF at room temper-
ature but quantitatively transform into the isonitrile
complexes fac,cis-[(PNP)RuCla(CNR)] vig elimination of
toluene ('H NMR, GC—MS) by stirring overnight at
reflux temperature in THF (only for the 1-naphthyl
complex 7 is a higher boiling solvent, such as monogly-
me, required for a complete conversion to 12) (R = CHs-
CH.CHj3; (8), cyclo-CeHy (9), (R)-(+)-CH(Me)Ph) (10),
(R)-(—)-CH(Me)Et) (11), (S)-(—)-CH(Me)(1-naphthyl)
(12)). All isonitrile complexes can be isolated as cream-
colored crystals which are air-stable in both the solid
state and solution and were characterized by spectro-
scopic techniques (IR (Nujol mull) »(C=N) 2117-2085
em™! (vs); 13C{!H} NMR Ogy—c=n 162.1—-158.9).67

(4) Dotz, K. H.; Fischer, H.; Hoffmann, P.; Kreissl, F. R.; Schubert,
U.; Weiss, K. Transition Metal Carbene Complexes; Verlag Chemie:
Weinheim, Germany, 1983.

(5) All spectroscopic and analytical data for the aminocarbene
complexes 3—7 have been provided as supporting information. As an
example, we report here analytical data and selected spectroscopic
details for complex 5. Anal. Calced for C47H5oN2ClePoRu: C, 64.23; H,
5.96; N, 3.19; Cl, 8.07. Found: C, 64.08; H, 5.89; N, 3.11; Cl, 7.90. IR:
v(NH) 3460 em~! (br, w). 3P{!H} NMR (22 °C, CD;Cl,, 81.01 MHz),
AB system: 04 50.32, dg 48.04, J(P,Pp) = 29.7 Hz. 'H NMR (22 °C,
CD.Cl;, 200.13 MHz): Ong 11.13 [br d, J(HH) = 9.6 Hz], dcu,pn 4.80,
4.48 [AB system, J(HH) = 16.8 Hz, 2H]. 3C{!H} NMR (22 °C, CD,-
Cly, 75.42 MHz): dpymc 255.3 [t, 2J(CP) = 11.3 Hz), dcu,pn 58.6 [t, 3J(CP)
= 4.6 Hz].

(6) See for example: Singleton, E.; Oosthuizen, M. E. Adv. Orga-
nomet. Chem. 1983, 22, 209.

(7) All spectroscopic and analytical data for the isonitrile complexes
8—12 have been provided as supporting information. As an example,
we report here analytical data and selected spectroscopic details for
complex 10. Anal. Caled for C4HyNoCLP;Ru: C, 61.07; H, 5.64; N,
3.56. Found: C, 60.94; H, 5.70; N, 3.38. IR »(C=N) 2100 cm™! (vs).
31P{1H} NMR (22 °C, CDCl;, 81.01 MHz), AB system: 04 58.02, 0g
57.76, J(Papp) = 26.1 Hz. 3C{!H} NMR (20 °C, CDyCly, 75.42 MHz):
Adcmyn 160.9 [t, 2J(CP) = 15.2 Hz]. [a]p?® = —5.93 (c = 1.2, CHCl,).

© 1995 American Chemical Society
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The isonitrile ligands in complexes 8—12 are so
strongly bound to ruthenium that their removal is not
achieved either upon heating to 120 °C in monoglyme
or upon pressurization under 15 atm of CO at 80 °C in
THF solution.

Current investigations center upon finding a method
for the removal of the isonitriles from the Ru(II)
complexes. Preliminary results suggest that electro-
chemical oxidation may be successful.
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Conformationally Rigid Diamide Complexes: Synthesis
and Structure of Tantalum(III) Alkyne Derivatives'
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Summary: The chelating diamide complexes mer-TaCl;s-
(BDPP) (2), mer-TaClyBDPP) (8), and (BDPP)Ta(n’-
RC=CR)CI (4a, R = Pr; 4b, R = Et; 4¢, R = Ph) (BDPP
= 2,6-(ArNCH2)o-NCsH3; Ar = 2,6-'Prs-CsH3), have been
prepared. Proton and carbon NMR data suggest that
the alkynes in 4a—c rotate rapidly on the NMR time
scale. An X-ray study of (BDPP)Ta(n?-PrC=CPr)CI (4a)
revealed a distorted-square-pyramidal geometry with the
chloride occupying the apical position.

Certain group 5 metal complexes are active catalysts
for the polymerization and cyclization of alkynes.!~* The
polymerization of alkynes can occur by two different
pathways: cycloaddition of an alkyne to a carbene to
yield a vinylcarbene upon ring-opening® and the inser-
tion of an alkyne into a metal—carbon bond.® Com-
plexes of the type L,Ta(3?-RC=CR)X (X = alkyl, hy-
dride, chloride)” 1 are ideally suited for studying the
latter mechanism. Cyclization reactions are highly
dependent on the steric and electronic properties of the
ancillary ligands. For example, the two-electron reduc-
tion of (DIPP);TaCl3(OEt2) (DIPP = 2,6-diisopropylphe-
noxide) in the presence of excess 3-hexyne yields the
arene complex (DIPP);Ta(#5-C¢Ets)C]l and hexaethyl-
benzene.* Under similar conditions the complex (DIPP)s-
TaCly(OEtg), which bears one additional bulky alkoxide
ligand, yields only the metallacyclopentadiene complex
(DIPP)sTa(C4Ets).11 A flexible ligand array is common
to the complexes mentioned above. Our interest in the
steric and electronic effects of conformationally rigid
ligands led us to explore the synthesis of bulky chelating
diamide ancillaries,’?~'4 in particular, amides which
bear the voluminous 2,6-diisopropylphenyl moiety. We

“ Dedicated to the memory of Professor Kenneth G. Rutherford.

® Abstract published in Advance ACS Abstracts, June 1, 1995.
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report here the synthesis of monoalkyne complexes of
tantalum stabilized by a new conformationally rigid
diamide ligand.

2,6-Bis(bromomethyl)pyridine!® was treated with 2
equiv of LiNAr(SiMe3)!6 to yield the silylated ligand
precursor BDPP(SiMes)s (1)!7 as a white crystalline solid
(eq 1).

—40 to +25 °C/DME
-2LiBr

2,6-[NAr(Me3$i)CH2]2-N05H3 (1)
1

2LiNAr(SiMes) + 2,6-(BrCH,)o-NCsH3

BDPP(SiMe3); reacts cleanly with TaCls to give 2
equiv of CISiMe; (confirmed by 'H NMR spectroscopy)
and the yellow trichloride complex mer-(BDPP)TaCl; (2)
in high yield (eq 2).

80°C / CeHe =\ ¢
BDPP(SiMe3), + TaCls W
- 3

1 o]

Proton and carbon NMR spectral® of complex 2 are
consistent with a meridional coordination of the ligand,
as evidenced by the singlet observed at 5.84 ppm for
the methylene protons (CH3N) of the BDPP unit.
Interestingly, the isopropyl methyl groups of the arene
are diastereotopic, which we interpret as a consequence
of restricted rotation about the N—Ci, bond. The
proton NMR spectrum of complex 2 remains unchanged
at 80 °C.

Compound 2 can be alkylated with 3 equiv of MeMgBr
to give the trimethyl derivative mer-(DBPP)TaMe; (8),
in good yield (eq 3; RT = room temperature).

Et,O/RT
mer-(BDPP)TaCl; +3MeMgBr _:SCZNW) mer-(BDPP)TaMe; 3)
2 3

(15) A CHCl; solution of 2,6-bis(bromomethyl)pyridine"HBr was
extracted with saturated NaHCO; to yield 2,6-bis(bromomethyl)-
pyridine. Haeg, M. E.; Whitlock, B. J.; Whitlock, H. W., Jr. J. Am.
Chem. Soc. 1989, 111, 692.

(16) Kennepohl, D. K.; Brooker, S.; Sheldrick, G. M.; Roesky, H. W.
Chem. Ber. 1991, 124, 2223.

(17) BDPP(SiMes), (1): 'H NMR (CgDg, 300 MHz) 6 7.15 (t, 2H, Ar),
7.02 (d, 4H, Ar), 6.48 (t, 1H, py), 6.47 (d, 2H, py), 4.28 (s, 4H, NCH,),
3.31 (sept, 4H, CHMe»), 1.17 (d, 12H, CHMe,), 0.90 (d, 12H, CHMe,),
0.27 (s, 18H, SiMey); BC{!H} NMR 6 159.88, 148.69, 143.40, 135.88,
126.30, 124.24, 122.28, 58.78, 27.94, 25.18, 1.06; MS (EI) m /z 601.423
(M*), caled for C37HsgN3Siy 601.424.

(18) mer-(BDPP)TaCl; (2): 'H NMR (CgDg, 300 MHz) 6 7.14 (m, 6H,
Ar), 6.84 (t, 1H, py), 6.38 (d, 2H, py), 5.84 (s, 4H, NCHy), 3.80 (sept,
4H, CHMey), 1.52 (d, 12H, CHMe,), 1.12 (d, 12H, CHMe,); 3C{'H}
NMR o 161.64, 148.84, 146.56, 139.66, 125.35, 122.28, 117.51, 71.78,
28.89, 27.57, 23.64. Anal. Calcd for C3:Hy N3TaCls: C, 50.11; H, 5.56;
N, 5.66. Found: C, 50.25; H, 5.68; N, 5.11.

© 1995 American Chemical Society
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The proton and carbon NMR spectra!? of compound
3 suggest that the meridional coordination of the BDPP
ligand is retained. Furthermore, two different Ta—Me
groups are observed: one trans to the pyridine of the
BDPP unit and two cis. A similar restricted rotation
about the N—Cijps, bond is proposed on the basis of the
presence of diastereotopic isopropyl methyl groups.
Other metathetical reactions involving larger alkylating
reagents (e.g.,, PhCH;MgCl and Me3SiCH:Li) yield
intractable materials,

The reduction of mer-(BDPP)TaCl; with excess Na/
Hg in the presence of alkynes yields the pseudo five-
coordinate Ta(I1I) derivatives (BDPP)Ta(n2-RC=CR)CI
(4a, R = Pr; 4b, R = Et; 4¢, R = Ph) (eq 4).

NAr
oo \' c (xs) Na/Hg/RT
N Ta—CI +RC==CR
\ // toluene
|
C NAr 2 NAr R

= \ &

N N—Ta— | (4)
/ R

NAr

4a, R =Pr;4b, R = Et; 4¢c,R = Ph

A single low-field acetylenic carbon resonance is
observed in the 3C{'H} NMR spectra?’ of complexes
4a-—c, suggesting that the alkyne acts as a four-electron
donor.?! The BDPP methylene protons (CH;NAr) are
diastereotopic in the 'H NMR spectra of complexes 4a—
¢, indicating some asymmetry above and below the N3
plane of the ligand. However, the presence of two
isopropyl methine and four isopropyl methyl resonances
in the proton and carbon NMR spectra of complexes
4a—c again supports the notion of a restricted rotation
about the N-Cj,s, bond. Given the above-mentioned
asymmetry of the ligand and since both ends of the
coordinated alkynes are equivalent by 'H and *C{'H}
NMR spectroscopy, a rapid rotation of the alkynes on
the NMR time scale is advanced.

Yellow single crystals of (BDPP)Ta(»2-PrC=CPr)Cl
(4a) suitable for an X-ray analysis were grown from a
saturated ether solution at —30 °C.22 The molecular
structure of complex 4a is shown in Figure 1, and
selected bond distances and angles are given in Table
1. Overall, the molecular structure is best described as
a distorted square pyramid with the chloride (Cl(1))
occupying the apical position. The 4-octyne unit is
located trans to the pyridine of the BDPP ligand and is
rotated by 50° with respect to the Cl(1)-Ta(1)—N(2)
plane (Figure 1, bottom). The bond distances in the Ta—

(19) mer-(BDPP)TaMe; (3:: 'H NMR (Cg¢Dg, 300 MHz) 0 7.14 (m,
6H, Ar), 6.84 (t, 1H, py), 6.63 (d, 2H, py), 5.04 (s, 4H, NCH,), 3.56
(sept, 4H, CHMe;), 1.42 (d, 12H, CHMe,), 1.39 (s, 3H, TaMe), 1.16 (d,
12H, CHMe;), 0.86 (s, 6H, TaMe); '>C{'H} NMR (CgDs, 75.46 MHz) o
161.27, 151.30, 145.28, 138.38, 126.36, 124.49, 116.78, 71.14, 69.09
(TaCH3), 65.80 (TaCHy), 28.44, 27.486, 23.95. Anal. Caled for CayHsoN3-
Ta: C, 59.90; H, 7.39; N, 6.16. Found: C, 59.43; H, 7.35; N, 5.73.

(20) (BDPP)Ta(5*-PrC=CPr)Cl (4a): 'H NMR (CgDg, 300 MHz) o
7.19(t, 2H, Ar), 7.13 (d, 4H, Ar), 6.85 (t, 1H, py), 6.39 (d, 2H, py), 5.12
(AB quartet, 3JH|{ = 20.1, 4H, NCH3), 3.79 (sept, 2H, CHMe.), 3.15
(sept, 2H, CHMe;), 2.51 (m, 4H, =CCH,), 1.46 (d, 6H, CHMe,), 1.34
(m, 4H, CH,CH3), 1.32 (d, 6H, CHMe;), 1.24 (d, 6H, CHMe,), 1.01 (d,
6H, CHMe;), 0.84 (t, 6H, CH.CH3); "“*C{'H} NMR o 237.01 (C=C),
160.77, 154.41, 145.19, 138.41, 125.49, 124.32, 123.57, 116.99, 70.95,
40.02, 28.60, 27.95, 26.66, 25.76, 24.61, 23.80, 21.94, 15.45. Anal. Caled
for CasHssNsTaCl: C, 59.88; H, 7.09; N, 5.37. Found: C, 59.62; H, 7.19;
N, 5.16. Spectroscopie details for compounds 4b and 4c are available
in the supporting information.

& (21) Templeton, J. L.; Ward, B. C. J. Am. Chem. Soc. 1980, 102,
288.
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Figure 1. (top) ORTEP drawing of (BDPP)Ta(»?-PrC=CPr)-
Cl (4a) with thermal ellipsoids at the 50% probability level.
Three orientations of C(30) and C(31) were located in the
final difference Fourier map. (bottom) Chem 3D Plus
representation of the core of 4a.

Table 1. Selected Bond Distances (A) and Angles
(deg) for (BDPP)Ta(52-PrC=CPr)Cl (4a)

Bond Distances

Ta(1)=N(1) 2.053(6) Ta(1)-N(2) 2.255(6)
Ta(1)—N(3) 2.033(6) Ta(1)-Cl(1) 2.361(2)
Ta(1)-C(32) 2.062(7) Ta(1)=Ci36) 2.085(7)
C(32)-C(36) 1.287(11) C(32)-Ci(33) 1.527(9)
C(36)-C(37) 1.522(8) Acet*—Ta® 1.97
Bond Angles
N(3)-Ta(1)=N(1) 137.2(2) N(1)-Ta(1)-N(2) 71.4(2)
N(3)—Ta(1)—-N(2) 71.92) N(1)-Ta(1)-Cl(1) 106.6(2)
N(2)=Ta(1)=Cl(1) 93.7(2) N(3)-Ta(1)-CI(1) 96.9(2)

C(36)-C(32)-C(33) 132.6(8) C(32)-C(36)—C(37) 137.2(8)

C(1)-N(1)=Tal(l) 126.3(5) C(1)=Ni(1)=C(T) 108.7(5)
C(7)-N(1)-Ta(1) 124.5(5) C(14)—-N(3)-C(13) 109.3(6)
C(14)—-N(3)-Ta(1l) 130.2(5) C(13)-N(3)-Ta(l) 120.4(5)

@ Acet* = midpoint of C(32)—C(36).

alkyne moiety are comparable to those reported for
other mononuclear Ta(III) alkyne complexes.'!?3-25

(22) X-ray data for (BDPP)Ta(y*-PrC=CPr)C] (4a): Data were
collected at 23 °C on a Siemens P4 diffractometer using graphite-
monochromated Mo Ka radiation. A total of 6078 reflections were
collected in the @) range 1.9—23°, of which 5179 were unique (R, =
0.0284). The structure was solved by a combination of Patterson and
difference Fourier techniques. Non-hydrogen atoms were refined
anisotropically, except C(30) and C(31), which were refined isotropi-
cally. In the final least-squares refinement cycle on FZ, the model
converged at R1= 0.0401, wR2 = 0.0946, and GOF = 1.037 for 4463
reflections with F, =z 4u( Fl and 408 parameters. Crystal data: a =
9.936(2) A, b= 11.558(1) A, ¢ = 17.689(2) A, 0. = 74.997(6)°, /§ = 87.424-
(10)°, y = 75.372(9)°, V = 1898.0(5) A?, space group P1, Z = 2, mol wt
?92,36. and g(caled) = 1.386 g/cm?.

(23) Cotton, F. A.; Hall, W. T. Inorg. Chem. 1980, 19, 2352.
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Each amide is sp2-hybridized, as evidenced by the sum
of the angles about each nitrogen (N(1) = 359.5° and
N(3) = 359.9°). The rigid coordination of the ligand and
enforced location of the aryl isopropyl groups creates a
“pocket” opposite the pyridine and necessarily protects
the metal above and below the N3 plane.

Finally, we are also exploring the catalytic activity
of derivatives of complex 4a.26 The alkyl complexes
(BDPP)Ta(5%-PrC=CPr)R (R = alkyl), where the apical
chloride has been replaced with an alkyl group, are
being pursued as alkyne polymerization catalysts.! =3 In

(24) Smith, G.; Schrock, R. R.; Churchill, M. R.; Youngs, W. J. Inorg.
Chem. 1981, 20, 387.

(25) Curtis, M. D.; Real, J.; Hirpo, W.; Butler, W. D. Organometallics
1990, 9, 66.

(26) Guérin, F.; McConville, D. H., to be submitted for publication.

Communications

addition, we are exploring the catalytic alkyne cycliza-
tion}* reactivity of in situ prepared cationic derivatives
(e.g., [(BDPP)Ta(n2-PrC=CPr)]").
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Summary: cis-Aryl(ferrocenyl acetylide)platinum(IIl) com-
Dlexes very easily undergo oxidatively induced reductive
elimination, which is induced by the oxidation of the
ferrocenyl moiety and is promoted by the electron-
donating substituent on the aryl ligand.

Reductive elimination is one of the key organometallic
reactions for carbon—carbon bond formation.! It has
been confirmed theoretically that a concerted reductive
elimination from the cis-diorgano complexes MRyLy of
d® metals is allowed, while that from the trans isomer
is forbidden.?2 Oxidatively induced reductive elimina-
tions are now commonly encountered because an in-
crease in oxidation state of a metal center is apt to make
reductive elimination susceptible. The oxidation activa-
tion is stimulated by the addition of a 7-acid,? oxidative
addition of allyl halides,* or electron transfer.®=8 Or-
ganoplatinum complexes are extremely stable toward
reductive elimination.® Recently cis-[PtMe(SiPhs)-
(PMePhy)2] has been reported to undergo reductive
elimination easily in the presence of 7-acids,'? but the
oxidation of a cis-dialkyl Pt(II) complex has been
reported not to bring about reductive elimination.!l We
report here a fine example of oxidatively induced
reductive elimination of Pt(II) complexes promoted by
a ferrocenyl group.

cis-[Pt(CgHs) C=CFc)(dppe)] (2a) was prepared from
the reaction of trans-[Pt(CsH;)(C=CFc)PhsP):] (1a)!2
with dppe in CHyCl; in 95% yield (dppe = 1,2-bis-
(diphenylphosphino)ethane; Fc¢ = ferrocenyl).!® In
a similar manner, p-MeCgH4- (2b), p-ClC¢H,- (2¢),

® Abstract published in Advance ACS Abstracts, June 1, 1995.
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Scheme 1
PPhg
| dppe
@—c =C—pt X >
| CH,Cl,
Fe PPhy
la. X =H 1d. X = OMe
1h. X=Me le X=COOEt
le. X=Cl If. X = COCH,4
Ph,P

|
@—c =C—Pt—PPh,
Fe

2a, X =H 2d. X = OMe
2b. X=Me 2¢. X =COOEt
2c.X=Cl 2f. X = COCH;

p-MeOCgHy- (2d), p-EtOCOCeH,- (2e), and p-MeCOC¢H,
analogs (2f) were prepared in good yield.'* The 3P
NMR spectrum of 2a, for example, showed two singlets
accompanied by the Pt satellite at 6 38.13 (1Jpip = 1531
Hz) and 44.19 (1Jpp = 2535 Hz), suggesting the square-
planar cis configuration of the Pt atom in 2a. This
assignment was confirmed by the single-crystal analysis
of 2e (Figure 1).13 The ferrocenyl acetylide ligand is
located cis to the phenyl ligand around the Pt(II) atom.
The Pt—P distance (2.301(2) A) trans to the acetylide
ligand is somewhat longer than that (2.271(2) A) trans
to the phenyl group, which may reflect the different
o-donating abilities of both ligands. Other bond dis-

(13) trans-[Pt{C=CFc)(C¢Hs)(PPh3)s] (1a; 50 mg, 0.05 mmol) was
stirred with dppe (40 mg, 0.1 mmol) in CHyCl; (10 mL) at room
temperature for 20 min. After the solvent was evaporated, the crude
products were chromatographed on Al;O3 by elution of CH;Clyhexane
to give cis-[Pt(C=CFc)(CsHs)dppe)] (2a) as orange crystals (38 mg,
95%).

(14) 2a: orange crystals; mp 187—189 °C; IR (KBr) w(C=C) 2124,
2109 em-!; 'H NMR (CDCly) ¢ 2.14-2.58 (m, 4H, CHy,), 3.89 (s, 5H,
Cp-unsub), 3.92 (t, J = 1.7 Hz, 2H, Cp-f), 4.13 (t, J = 1.8 Hz, 2H,
Cp-0), 6.73—6.88 (m, 2H, C¢H;), 7.30—8.12 (m, 23H, C¢H;, PPhy); 13C
NMR (CDCl3) 26.76 (dd, Jp-c = 31.5, 12.4 Hz, CH,), 30.25 (dd, Jp_¢c =
35.3, 16.6 Hz, CHy), 66.70 (s, Cp-f3), 69.37 (s, Cp-unsub), 70.57 (s, Cp-
a), 72.40 (s, Cp-ipso), 107.20 (d, Jp_c = 34.6 Hz, C=C), 108.70 (dd,
Jp-c = 146.5, 15.2 Hz, C=C), 122.06 (s, C¢Hs), 126.96 (d, Jp-c = 7.6
Hz, C¢Hs), 138.71 (s, CgHs), 153.31 (dd, Jp_c = 113.3, 8.0 Hz, C¢Hs);
31P NMR (CDCl3) ¢ 38.13 (s, Jp—p = 1531 Hz, trans to Ar), 44.19 (s,
Jp-p = 2535 Hz, trans to C=C); 1%5Pt NMR (CDCl;) ~3091.97 (dd,
Jp-p, = 2535, 1545 Hz). Anal. Found: C, 60.11; H, 4.36. Calcd for
CasH3sPyFePt: C,60.08; H, 4.36. Other products are similarly assigned
by the spectroscopic data and satisfactory elemental analyses.

© 1995 American Chemical Society
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Figure 1. Crystal structure of 2a. Selected bond distances (A) and angles (deg): Pt—P(1) = 2.301(2), Pt—P(2) = 2.271(2),
Pt—C(1) = 2.029(7), Pt—C(3) = 2.089(8), C(1)-C(2) = 1.185(10); P(1)-Pt—P(2) = 85.2(1), C(1)—Pt—C(3) = 86.1(3), Pt—

C(1)-C(2) = 175.6(7).

tances and bond angles of 2e are similar to those in
trans-[PtH(C=CFc)PPh3)]'¢ and cis-[Pt{CCFc)x(PPh;);].17
In the cyclic voltammogram, trans isomer 1a showed a
quasi-reversible wave at —0.16 V (Fe!/Fe!') and an
irreversible wave at +0.90 V (Pt'/Pt™V).’¥ On the other
hand, cis isomer 2a showed one quasi-reversible wave
at —0.07 V and one irreversible wave at +0.88 V. Also,
an additional redox wave was observed at +0.10 V,
whose redox potential is coincident with that of the
coupling product 3a. This wave appeared even when
the scan turned back at +0.40 V and increased when
the scan rate was decreased. Cyclic voltammograms of
2a—d are shown in Figure 2. As seen clearly, the more
electron-releasing the substituent, the larger the new
wave appears, the potential of which is coincident with
that of the corresponding coupling product. Such
electrochemical behavior suggests that the one-electron-
oxidized species of the cis complexes are unstable and
are followed by a fast chemical reaction, producing the
coupling product.

Complexes 2a—f reacted smoothly with 1 equiv of
DDQ or AgBF, in CH»Cl; at room temperature to give

(15) Crystal structure data for 2a: CyyHasP,FePt-CsHg, fw = 957.75,
triclinic, space group P1, a = 17.320(1) A, b = 11.774(5) A, ¢ = 10.723-
(4) A, a=97.57(3), f = T4.37(4)°, y = 89.57(5)°, V = 2086(2) A3, Z =
2, 0caled = 1.53 g em 3, u = 38.406 ecm~!, Mo Ka radiation, A = 0.710 73

. Intensity data were collected on a Mac Science MXC18K diffrac-
tometer. Of 10 332 reflections collected, 9576 were unique, 7926 of
which with I > 3.00(I) were used for refinement. The structure was
solved by direct methods and refined by a full-matrix least-squares
procedure. Absorption correction by the y-scan method and anisotropie
refinement for non-hydrogen atoms were carried out. R = 0.046 and
R, = 0.053.

(16) Rosso, M. V.; Furlani, A.; Licoccia, S.; Paolesse, R.; Villa, A.
C.; Guastini, C. J. Organomet. Chem. 1994, 469, 245.

(17) Weigand, W.; Robl, C. Chem. Ber. 1993, 126, 1807.

(18) Cyclic voltammograms of 2a—f (1 mM) were measured in CHa-
Cl; solution containing 0.1 M (n-Bu),NCIO, at a Pt electrode and a
sweep rate of 100 mV s~' at 25 °C. The potential is referred to FcH*/
FcH. The waves were assigned in comparison with the reference
compounds (+0.12 V for p-MeCsH,C=CFc¢ and +0.61 V for trans-
[Pt(CsH4OMe-pC=CPh)(Ph3P)]).

2 $

2a ‘:ﬁ

2b J

2d ﬁ
Olﬁ (;4 OlZ O.IO ‘0!2 +0.4 +OII3

(v)

Figure 2. Cyclic voltammograms for 2a—d (1 mM) in 0.1
M n-BuyNCIO4/CH,Cl; at a Pt electrode and a sweep rate
of 0.1 Vsl

the corresponding coupling complexes p-XCgH4/C=CF¢
(3a—1), in excellent yield.!® The facile conversion of

(19) The electrochemical oxidation of 2a also proceeded smoothly
at 0.4 V to give the coupling product 3a.
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Scheme 2
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2a—f to the coupling product under the oxidative
conditions is in striking contrast to the fact that the
corresponding trans isomers la—f give the stable one-
electron-oxidized products under similar conditions in
good yield.!? That is, the oxidatively induced reductive
elimination takes place only in the cis isomers. This
fact is in good agreement with the theoretical predic-
tion.® When 2d was refluxed in chloroform for 8 h
without the oxidant, only a trace amount of 3d was
obtained. The reactions scarcely proceed in the presence
of a catalytic amount of the oxidant. These indicate a
remarkable oxidative activation by an equimolar amount
of DDQ or AgBF, in the reductive elimination for the
P+(II) complexes 2a—f. The electronic spectrum of 2e
immediately after the addition of 1 equiv of DDQ is, for
example, different from that of 2e and is quite similar
to that of the one-electron-oxidized complex of the trans
isomer le. This suggests that the one-electron-oxidized
species very rapidly formed on the addition of the
oxidant, followed by its slow degradation to the coupling
product. The decomposition of 2a—f under oxidative
conditions adopted first-order kinetics in CH2Cl, solu-
tion.2? The observed first-order rate constants (kqps; s~*
at 0 °C) decreased in the following order: 2d (8.9 x 1072)
>2b (3.3 x 1072) > 2a (1.9 x 1072) > 2¢ (2.6 x 1079) >
2e,f (1.3 x 1073). Curiously, the reaction is retarded
by the electron-attracting substituent on the aryl ligand.
The rate constants correlate with the substituent con-
stant (gp) of the substituent on the aryl ligand in 2a—f
(r = 0.96). A similar but small substituent effect is
observed in the AuMe;Ar(PPh;) complexes.2! The theo-

(20) The reaction was monitored spectroscopically. The spectrum
of 2e, for example, had three isosbestic points at 340, 360, and 400
nm. The reaction rate was followed up by the decrease of the peak
near 460 nm, which was perhaps due to the charge-transfer band in
the one-electron-oxidized species owing to the observation also in the
corresponding trans isomer. The initial concentration of 2a—e was
0.1 mmol with 2 equiv of DDQ. The rate was independent of the
concentration of DDQ in the presence of more than 1 equiv of DDQ.

(21) Komiya, S.; Ozaki, S.; Shibue, A. J. Chem. Soc., Chem. Com-
mun. 1986, 1555.

i
@—c =C—Pt—PPh,
Fe - Fe

|
ESy—c=c—rilpeh,

retical calculation suggests that the better the o-donat-
ing capability of the leaving groups is, the more readily
the elimination reaction proceeds.32 A similar reaction
of cis-[Pt(p-MeCgH,)(C=CPh)dppe)] with DDQ does not
proceed successfully; instead, reaction occurs with Ag-
BF, or FcHPF in refluxing CH2Cl; to give only a small
yield of the coupling product. These results, along with
the CV measurements, indicate a notable stimulating
effect of the ferrocenyl group for the oxidatively induced
reductive coupling in the Pt(II) complexes. The effect
may be explained as follows (Scheme 3): the ferrocenyl
part is first oxidized with a mild oxidant such as DDQ,
which is not enough to oxidize the Pt(II) part, to give
the one-electron-oxidized species A. Then, an electron
transfer from the Pt(II) part through the C=C bond
produces the species B, in which the electron density
on the Pt(II) atom is diminished. In this stage, the
reductive elimination takes place rapidly, because the
decrease of the electron density on the metal atom is
known to accelerate the reductive elimination. A spe-
cies such as A is confirmed to be predominant in the
one-electron-oxidized species of the trans isomer,'? and
therefore the contribution of species B may be enhanced
by the increase of electron density on the Pt(II) atom,
so that the oxidatively induced reductive elimination in
complexes 2a—f is likely accelerated by the electron-
releasing substituents on the aryl group. This seems
to be a rare example which the chemical reaction is
initiated by the metal—metal interaction.

Supporting Information Available: Text giving char-
acterization data for 2a—f and details of the X-ray crystal
structure determination of 2e, including tables of crystal data
and data collection and refinement details, positional and
thermal parameters, bond distances and angles, torsion angles,
nonbonded distances, and least-squares planes and deviations
therefrom and a figure giving the full atom-labeling scheme
(50 pages). Ordering information is given on any current
masthead page.
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Magnetic Behavior in Cluster-Based Organometallic
Materials: Synthesis and Characterization of the Novel
1,1’-Bis(diphenylphosphino)ferrocene-Crippled Cluster
Derivative [RugC(CO)15{p¢-Fe((CsH4)PPhs)2}]

Alexander J. Blake, Andrew Harrison, Brian F. G. Johnson,* Eric J. L. McInnes,
Simon Parsons, Douglas S. Shephard, and Lesley J. Yellowlees

Department of Chemistry, The University of Edinburgh, West Mains Road,
Edinburgh EHY 3JJ, UK.
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Summary: The hexaruthenium carbido cluster derivative
[RugC(CO)15{u-Fe(CsHP(Ph)2)2}], 3, has been synthe-
sized by direct reaction of the parent cluster [RusC-
(CO)17l, 1, with 1,1’-bis(diphenylphosphino)ferrocene
(dppf). An X-ray crystallographic study revealed that
the dppf ligand is coordinated in the vicinal form and
the cluster core is greatly distorted from a regular
octahedron. 3P NMR spectra of 8 at various tempera-
tures show a high degree of stereochemically nonrigid
behavior. Magnetic susceptibility measurements across
a range of temperatures indicate that 3 is paramagnetic
at all temperatures. An electrochemical study of 3 has
demonstrated a significant degree of communication
between the redox-active sites.

Metallocenes, in particular ferrocene, possess proper-
ties which have led to their use as ferromagnets,12
molecular sensors,35 and electrochemical agents.® Clus-
ters have been shown to possess unusual magnetic’~%
and redox properties!® which, as far as we are aware,
have not been put to commercial use. The idea of
combining the properties of these two sets of fascinating
molecules has significant appeal, and in this com-
munication we report the synthesis of the new cluster
compound [RugC(CO)5{u-Fe(CsH4P(Ph)s)2}], 8, a 1,1'-
bis(diphenylphosphino)ferrocene (dppf) derivative of the
closo cluster [RugC(CO)y7], 1, which exhibits a major
cluster deformation, interesting redox chemistry, and
paramagnetic behavior.

There are many reports in the literature of dppf
coordinated to single transition-metals.!! Scme of these
heterobimetallic complexes show interesting cooperative
effects between the two metal sites. Few corresponding

® Abstract published in Advance ACS Abstracts, June 1, 1995.

(1) Kollmar, C.; Couty, M.; Kahn, O. J. Am. Chem. Soc. 1991, 113,
7994.

(2) (a) Chi, K. M.; Calabrese, J. C.; Reiff, W. M., Millar, J. S.
Organometallics 1991, 10, 668. (b) Millar, J. S.; Epstein, A. J. Angew.
Chem., Int. Ed. Engl. 1994, 33, 385.

(3) Wagner, R. W.; Brown, P. A,; Johnson, T. E.; Lindsey, J. S. J.
Chem. Soc., Chem. Commun. 1991, 1463,

(4) Constable, E. C. Angew. Chem., Int. Ed. Engl. 1991, 30, 407.

(5) Beer, P. D.; Chen, Z.; Drew, M. G. B,; Pilgrim, A. J. Inorg. Chim.
Acta 1994, 225, 137.

(6) Butler, 1. R. Organometallic Chemistry; Abel, E. W., Ed.; Special-
ist Periodic Reports 21; Royal Society of Chemistry: Letchworth, UK.,
1992; p 338.

(7) (a) Rosch, N.; Ackermann, L.; Pacchioni, G.; Dunlap, B. I. J.
Chem. Phys. 1991, 95, 7005. (b) Williams, I. H.; Spangler, D.; Femec,
6D62Ai’ Maggiora, G. M.; Schowen, R. L. J. Am. Chem. Soc. 1980, 102,

(8) Johnson, D. C.; Edwards, P. P.; Benfield, R. E.; Nelson, W. J.
H.; Vargas, M. D. Nature 1985, 314, 231.

(9) (a) Dahl, L. F.; Olsen, W. L.; Stacy, A. M. J. Am. Chem. Soc.
1986, 108, 7646. (b) Dahl, L. F.; Olsen, W. L. J. Am. Chem. Soc. 19886,
108, 7657. (c¢) Dahl, L. F.; Byers, L. R.; Uchtman, V. A. J. Am. Chem.
Soc. 1981, 103, 1942,
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cluster derivatives of dppf have been reported to date,
and those are mainly of low nuclearity.’? Reports of
paramagnetism in cluster complexes are also relatively
few, and the phenomenon is poorly understood.”=*
The thermally initiated reaction of dppf with the
parent cluster [RugC(CO)17], 1, in tetrahydrofuran yields
[RugC(CO)15{u-dppf}l, 3, as the major product along
with a smaller amount of [RugC(CO)6{dppf}], 2.10b
After separation by TLC using CHyCly/hexane (1:4) as
eluent, dark green 3 and red 2!%° were tentatively
identified on the basis of their IR spectra.l® The 'H

(10) (a) Schneider, J. J.; Goddard, R.; Kriiger, C.; Werner, S.; Metz,
B. Chem. Ber. 1991, 124, 301. (b) [RugC(CO)6dppf] will be described
in full in a forthcoming paper. (c) Spectroscopic data for 3: IR (CHy-
Cly) ¥(CO)em~!: 2070 m, 2034 s, 2024 vs, 2012 s, 1997 m, 1969 w br;
3P NMR (CDCls, 298 K): 6 43.78 (br s) ppm; 'H NMR (CDCl;, 298 K):
0 7.58 (br m, 20H), 0 4.12 (br s, 8H) ppm. Anal. for
CsoH2sFeO15P.Rug2CHLCly: found C, 37.43; H, 1.9 (caled C, 37.32; H,
1.78). (d) Crystal data for 8: C50HsFeO15P2Rug2CH,Clp, M = 1762.8,
monoclinic, space group P2;/n with a = 17.280(3) A, b = 18.488(4) A,
¢ =17.359(3) A, # = 92.09(3)°, U = 5542(2) A3, Deatoq = 2.101 g cm 3,
Z=4,u=2512mm™, T = 150.0(2) K. Diffraction amplitudes were
acquired using a Stoe-Stadi-4 four-circle diffractometer, graphite-
monochromated Mo Ka X-radiation, and an Oxford Cryosystems low-
temperature device (Cosier, J.; Glazer, A. M. J. Appl. Crystallogr. 1988,
19,105-108). Of 8872 reflections collected to 26,,., = 45°, 7213 were
unique (R, = 0.064). The structure was solved by automatic direct
methods (Ru) (SHELXS-86; Sheldrick, G. M. Acta Crystallogr. 1990,
A46, 467) and developed through iterative cycles of least-squares
refinement and difference Fourier synthesis. Dichloromethane solvate
molecules occupy channels between molecules of 1, and modeling of
their substantial disorder was largely successful. Anisotropic refine-
ment was allowed for Ru, Fe, P, and O atoms and nonsolvent H atoms
were included in calculated positions and allowed to refine riding on
their respective carbon atoms. (SHELXL-93: G. M. Sheldrick, Uni-
versity of Gottingen, Germany.) At final convergence with R [F > 40-
(R)] = 0.074, wR; [F?, 7161 data] = 0.1851, and S = 1.055 for 465
refined parameters, and the final AF synthesis showed no feature lay
outside the range +1.44 to —1.02 e A™3. (e) Electrochemical experi-
ments were carried out using a DSL 286-D PC with General Purpose
Electrochemical System (GPES) Version 3 software coupled to an
Autolab system containing a PSTAT 10 potentiostat. A conventional
three-electrode cell was employed with Pt counter and microworking
electrodes and a Ag/AgCl reference electrode against which the Fe¢/
Fc™ couple was measured at +0.55 V. Coulometric studies employed
a three-electrode H-type cell with a Pt basket working electrode. All
electrochemical experiments were performed under an atmosphere of
nitrogen. (f) Magnetic susceptibility measurements were performed
on powder samples with a SQUID magnetometer (Quantum Design,
model MPMS;) at temperatures between 1.8 and 310 K in an applied
magnetic field of 0.1 T. The data were corrected for the response of
the sample holder and the diamagnetic contributions of all atoms.!8

(11) For examples, see: Millar, T. M; Ahmed, K. J.; Wrighton, M.
S. Inorg. Chem. 1989, 28, 2347. Housecroft, C. E.; Owen, S. O.;
Raithby, P. R.; Shaykh, B. A. M. Organometallics 1990, 9, 1617.
Butler, I. R.; Cullen, W. R.; Kim, T.-J.; Rettig, S. J.; Trotter, J.
Organometallics 1985, 4, 972. Clemente, D. A.; Pillioni, G.; Corain,
E.; Longato, B.; Tiripicchio-Camellini, M. Inorg. Chim. Acta 1986, 115,

9

(12) (a) Draper, S. M.; Housecroft, C. E.; Rheingold, A. L. J.
Organomet. Chem. 1992, 435, 9. (b) Chacon, S. T.; Cullen, W. R;
Bruce, M. I.; Shawkataly, O.; Einstein, F. W. B.; Jones, R. H.; Willis,
A. C. Can. J. Chem. 1990, 68, 2001,

© 1995 American Chemical Society
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Figure 1. The solid state molecular structure of 3 as
determined by X-ray crystallography. The hydrogens and
phenyl groups have been omitted for clarity. Selected bond
lengths (A): Ru(1)-Ru(2), 2.968(1); Ru(1)-Ru(3), 2.912-
(1); Ru(1)-Ru(4), 2.870(1); Ru(2)—Ru(3), 2.767(1); Ru(2)—
Ru(5), 2.971(1); Ru(2)—Ru(6), 2.816(1); Ru(3)—Ru(4), 2.854-
(1); Ru(3)—Ru(5), 2.914(1); Ru(4)—Ru(5), 2.827(1); Ru(5)—
Ru(6), 2.861(1); Ru(1)—P(2), 2.391(2); Ru(6)—P(1), 2.389(2).

NMR spectrum of 3 in CDCl;3 showed exceptionally poor
resolution of both the phenyl and cyclopentadienyl
resonances at both room temperature and 223 K. This
immediately suggested unusual behavior of the new
cluster derivative. A 3P NMR spectrum of 3 obtained
at 298 K showed a single, slightly broadened signal at
ca. 0 44 ppm. This may be attributed to stereochemi-
cally nonrigid behavior producing equivalence of the two
phosphorus nuclei on the NMR time scale (vide infra).
At 198 K, however the 3P NMR spectrum showed two
signals at ¢ 41.07 and 52.96 ppm. The high-frequency
signal was significantly broadened, possibly due to the
presence of proximal unpaired electrons. The two
signals observed at low temperature are consistent with
the two phosphorus environments observed in the solid
state structure of 3. These observations perhaps indi-
cate the itinerant nature of the unpaired electrons at
ambient temperatures (vide infra).

A single-crystal X-ray analysis of 3 was undertaken
to establish the molecular structure, and this is shown
in Figure 1 along with some pertinent structural
parameters.!% Of striking significance is the distorted
RugeC metal core. Two very long Ru—Ru distances [(Ru-
(1)-Ru(6), 3.171(1) A, and Ru(4)-Ru(6), 3.450(1) A)] are
observed and show an “opening up” of the normally closo
octahedron to give a hinged square-based pyramid. Ru-
(6) is hinged at the basal metal atoms Ru(2) and Ru(5)
and supported by P(1) of the bridging dppf ligand. All
remaining Ru—Ru contacts are within the normal
range. The carbido carbon atom is displaced from the
centroid of the four metals constituting the base of the
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Figure 2. Cyclic voltammogram of 3 in 0.5 M
[NBut"4][BF4)/CH:Cl; solution at room temperature.

square-based pyramid by 0.217(8) A and toward Ru(6).
The distorted cluster is surrounded by 13 terminal
carbonyls and 2 u-COs triangulating the Ru(2)—Ru(3)
and Ru(3)—-Ru(4) vectors. A single-crystal X-ray struc-
tural determination has shown that no comparable
effect occurs in [RugC(CO)y5{u-dppm}1*® or [HsRu,C-
(CO)yo{u-diphos}].14

The dppf is ligated in the vicinal form, bridging the
hinged metal Ru(6) and the basal metal Ru(1). The P
atoms each occupy slightly distorted tetrahedral envi-
ronments which, due to the bonding mode and rear-
rangement of the metal core, are nonequivalent. The
relative orientations of the P atoms with respect to the
ferrocene moiety show a twist of 73.7°. The cyclopen-
tadienyl rings are parallel to within estimated error,
eclipsed to within 2.04°, and produce an average dis-
tance of 1.635(4) A from their centroids to the iron. The
crystal structure also contains highly disordered dichlo-
romethane solvate molecules. Modeling of these was
largely successful.

Shifts in the redox potential of the dppf ligand and
Rug cluster are of great interest and demonstrate in a
complementary fashion electronic and/or electrostatic
communication between redox-active sites.!® Cyclic
voltammetry of 3 in 0.5 M [NBut®,][BF4}J/CH:Cl; solu-
tion at room temperature reveals an irreversible two-
electron reduction at —0.65 V vs Ag/AgCl with associ-
ated daughter peaks at +0.07 V and +0.25 V (Figure
2).1% An irreversible oxidation is observed at ca. +1.15
V. Bulk electrolysis at —0.80 V confirms the reductive
process as a two-electron step (n = 1.95e). Investigation
is under way to characterize the daughter products of
the reductive process. The parent cluster 1 exhibits no
oxidative process but a two-electron reduction at —0.46
V to yield [RugC(CO);62] which oxidizes at +0.45 V.16
Free dppf undergoes a quasi-reversible oxidation at

(13) Gracey, B. P.; Evans, J.; Jones, A. G.; Webster, M. Acta
Crystallogr. 1987, C43, 2286.

(14) Churchill, R. M.; Lashewycz, R. A.; Shapeley, J. R.; Richter, S,
I. Inorg. Chem. 1980, 19, 1277.

(15) Colbert, M. C. B.; Ingham, S. L.; Lewis, J.; Long, N. J.; Raithby,
P. R. J. Chem. Soc., Dalton. Trans. 1994, 2215.

(16) Drake, S. R.; Johnson, B. F. G.; Lewis, J. J. Chem. Soc., Dalton
Trans. 1989, 243.
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Figure 3. Variation of the molar magnetic susceptibility

of 3 with temperature. Superimposed on the data points

is a line of best fit utilizing the Curie—Weiss expression.

+0.75 V. We therefore assign the 2e reduction of 3 as
primarily cluster-based and the oxidation as primarily
dppf-based. These results show that the cluster and
dppf moieties are more difficult to reduce and oxidize,
respectively, than in the parent cluster and free dppf.

Variable temperature magnetic measurements!'® show
3 to be paramagnetic at all temperatures (Figure 3). The
corrected data were fitted to both a Curie and a Curie—
Weiss expression plus a temperature independent para-
magnetic (TIP) term. The quality of the fit was appre-
ciably better when a small Curie—Weiss constant © of
—0.50 K was included, and the corresponding values of
the Curie constant C and TIP contributions were 0.12
emu K mol™! and 0.052C, respectively. The value of C
corresponds to an effective magnetic moment of 0.99(5)
Bohr magnetons at high temperatures. It appears
therefore that the moment on the ferrocene/cluster unit
is 35% of the moment that would arise from a spin
triplet state and that there is a weak antiferromagnetic

Communications

coupling between the molecular units. The ESR spec-
trum of a solid sample of 3 appears silent at both 77
and 298 K. This is perhaps consistent with the high
rate of relaxation that may be expected in both moi-
eties.l”

These results suggest that there is a strong interac-
tion between the ferrocene and the cluster cage frontier
orbitals. We propose the HOMO to be primarily fer-
rocene-based but with significant cage character which
results in its more difficult oxidation. Concomitantly
the LUMO is primarily cage-based but with a significant
ferrocene admixture. Increased electron density at the
cluster leads to the structural deformation of the
formally 86e closo cluster framework observed in the
solid state.

In the light of these results we have now begun a
thorough investigation into a wide variety of systems
designed to produce similar interactions between clus-
ters and proximal redox-active centers.
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Supporting Information Available: Tables giving crys-
tal data and structure refinement details, atomic coordinates,
bond distances and angles, and anisotropic thermal param-
eters for 3 (11 pages). Ordering information is given on any
current masthead page.
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The reaction of functionalized dialkylzincs with photochemically generated Cr(CO);THF
affords, after carbonylation and methylation using Meerwein’s reagent, polyfunctional
chromium carbene complexes in 35%—45% overall yield. The hydroboration of the unsatur-
ated chromium carbene complex 4e followed by a boron—zinc exchange mediated by
diethylizinc provides the dialkylzinc 6 bearing a chromium carbene functionality. This was
reacted with deuterium oxide and iodine, affording the expected chromium carbene complexes

in 67% and 43% yields, respectively.

Introduction

Heteroatom-stabilized chromium carbene complexes
have proven to be versatile organometallics of interest
for organic synthesis. They undergo unique synthetic
transformations with unsaturated organic substrates
allowing the performance of several new ring annulation
reactions.! They can be prepared by two methods. The
original procedure of Fischer? involves the addition of
organolithium reagents to Cr(C0).12 Unfortunately,
other less reactive organometallics (Grignard reagents,
organoaluminums, organozincs) do not add to Cr(CO)s,
limiting this approach to the preparation of relatively
unfunctionalized chromium carbene complexes. This
limitation does not exist for the second method, devel-
oped by Semmelhack?® and Hegedus,* which allows the
preparation of functionalized carbene complexes by
using the reaction of MoCr(CO); (M = Na, K) with acid
chlorides® or amides.* However, these two procedures
require the laborious preparation of the sensitive dian-
ion M2Cr(CO);. Cooper reported recently’ that Cr-
(CO)s'"NMejs reacts readily with phenyllithium and that
the resulting chromium adduct can be converted to an
anionic acyl chromium complex. This observation led
us to reexamine the addition of organozinc derivatives
to the readily available Cr(CO)sTHF complex. Herein,
we wish to report the results of this study which led to
the development of a new synthesis of polyfunctional
chromium carbene complexes. An application of these
carbene complexes to the preparation of new mixed

® Abstract published in Advance ACS Abstracts, May 15, 1995.

(1) For excellent reviews, see; Dotz, K. H. Angew. Chem., Int. Ed.
Engl. 1984, 23, 587. (b) Wulff, X. In Comprehensive Organic Synthesis;
Trost, B. M., Fleming, L, Eds.; Pergamon: Oxford, 1991; Vol. 5, p 1065.

(2) Fischer, E. O.; Maasbél, A. Angew. Chem., Int. Ed. Engl. 1964,
3, 580. (b) Fischer, E. O.; Maasbol, A. Chem. Ber. 1967, 100, 2445. (c)
Fischer, H. In The Chemistry of the Metal—Carbon bond; Hartley, F.
R., Patai, S., Eds.; Wiley: New York, 1982; Vol. 1, p 181.

(3) Semmelhack, M. F.; Lee, G. R, Organometallics 1987, 6, 1839.

(4) (a) Imwinkelried, R.; Hegedus, L. S. Organometallics 1988, 7,
702. (b) Schwindt, M. A.; Lejon, T.; Hegedus, L. S. Organometallics
1990, 9, 2814.

(5) (a) Lee, L; Cooper, N. J. J. Am. Chem. Soc. 1993, 115, 4389. (b)
Maher, J. M.; Beatty, R. P.; Cooper, N. J. Organometallics 1985, 4,
1354.
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Scheme 1
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dimetallic species of boron/chromium and zinc/chro-
mium is also described.

Results and Discussion

The irradiation of Cr(CO)s in THF at 25 °C with a
high-pressure mercury lamp produces a deep orange
solution of Cr(CO)sTHF in ca. 90% yield.® This solution
was treated with dialkylzinc 1 (2 equiv, 25 °C, 3—5 h),
resulting in the formation of a deep red solution of
alkylchromium(0) complex of type 2. The required
polyfunctional diorganozincs can be prepared by iodine—
zinc exchange” or boron—zinc exchange? in high yields”8
(Scheme 1). The ate complexes 2 were treated under 1
atm of carbon monoxide for 2 h, producing the anionic
acyl complexes of type 3 (Scheme 2).5 After removing
the solvent in vacuum (0.1 mmHg, 25 °C), the residue
was diluted in dry dichloromethane and treated with
the Meerwein salt (Me3O* BF47) at —30 °C. The
reaction mixture was stirred for 12 h at 0 °C, affording
after workup (see experimental section) and chromato-
graphic purification the chromium carbene complexes
of type 4 (Scheme 2 and Table 1). This one-pot

(6) Strohmeier, W. Angew. Chem., Int. Ed. Engl. 1964, 3, 730.

(7) (a) Rozema, M. J.; AchyuthaRao, S.; Knochel, P. J. Org. Chem.
1992, 57, 1956. (b) Ostwald, R.; Chavant, P.-Y.; Stadtmiiller, H.;
Knochel, P. J. Org. Chem. 1994, 59, 4143.

(8) (a) Langer, F.; Waas, J. R.; Knochel, P. Tetrahedron Lett. 1998,
34, 5261. (b) Langer, F.; Devasagayaraj, A.; Chavant, P.-Y.; Knochel,
P. Synlett 1994, 410.
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Scheme 2
hv, THF (FG-R)2Zn 1 o) ®
CrHCO)e THFCr(CO)s ————— FG-R-Cr(CO)s ZnR-FG
rt, 80 min n,35h 2

CO (1 atm) FG-RZnQ 1) 0.1 mmHg, t  MeQO
=crco)s —
n.2zh FG-R 2) MegO* BFy”
CHaCla 4
-30100°C, 12h

2 Cr(CO)s

Table 1. One-Pot Preparation of Chromium
Carbene Complexes 4a—i Obtained by the
Reaction of Cr(CO);THF with Diorgaozincs 1

entry no. (FG-R)2Zn (FG-R) product 4 yield (%)
1 Et OMe 41
4a
Et
Cr(CO)s
2 Bu OMe 43
4b
Bu
Cr(CO)s
3 i-Pr - OMe . 45
Cr(CO)s
4 Ph OMe 35
4d
Ph
Cr(CO)s
5 NCHT <_\_<OM6 se 37
\ Cr(CO)s
6 CI(CH2)4 (—\_<0Me 41
4t
Cl Cr(CO)s
4
Br Cr(CO)s
8 tBuCO2(CH2)4 (—\_(OMe 35
4h
OPiv Cr(CO)s
9 AcO(CH2)s5 OMe 38

4i
OAc Cr(CO)s

5

@ Isolated yields of analytically pure (>95%) chromium carbene
complexes.

procedure allows the preparation of a range of function-
alized carbene complexes 4 in satisfactory overall yields
(35%—45%) based on chromium hexacarbonyl.

Primary, secondary, and aryl diorganozincs furnish
the corresponding chromium carbene complexes 4a—d
in similar yields (entries 1—4 of Table 1). Interestingly,
functionalities like a double bond, chloride, bromide, or
ester are also readily tolerated (entries 5—9). Attempts
to improve the yields by changing the quantities of
diorganozincs, the reaction conditions (temperature,
solvent, concentration), or the starting chromium car-
bonyl derivative (Cr(CO)sNMe;z instead of Cr(CO)s'THF)
were not successful. Similarly, the use of W(CO)sTHF
and (CpMe)Mn(CO)oTHF instead of Cr(CO)sTHF gave
no reaction with diorganozincs.

Stadtmuller and Knochel

The chromium carbene complex 4e can be further
converted into mixed bimetallic reagents. Thus, the
hydroboration of 4e with diethylborane?® (1 equiv, 0 °C,
2 h) produces the corresponding borane § which under-
goes a smooth boron—zinc exchange reaction with
diethylzinc (2 equiv, 0 °C, 20 min) leading to the mixed
chromium/zinc bimetallic species 6 (Scheme 3). The
treatment of 6 with DO at 0 °C affords the deuterated
chromium complex 7 in 67% yield with 100% of deute-
rium incorporation. Iodolysis of 6 at —78 °C furnishes
the iodinated chromium carbene complex 8 in 43% yield.

It is well-known that deprotonation at the carbon in
the a-position of a carbene complex leads to an enolate
equivalent,!? but this is, to our knowledge, the first time
that a carbanionic center could be generated in a
different position.

In summary, we have developed a new synthesis of
chromium carbene complexes by using the addition of
readily available diorganozincs to Cr(CO)sTHF. Al-
though the yields are moderate in comparison to the
Fischer method (i.e., based on alkyl group transfer) our
new approach shows a remarkable functional group
tolerance. The preparation of mixed zinc/chromium
bimetallics has been performed to demonstrate the
potential utility of dialkylzincs in the chemistry of
carbene complexes.

Experimental Section

General. All reactions were strictly carried out under an
inert atmosphere. THF was freshly distilled over potassium/
benzophenone. Ether was dried and distilled from sodium/
benzophenone. Dichlormethane and hexane were dried and
distilled over CaHs,. Fourier transform infrared spectra (FT-
IR) were recorded on a Nicolet 511 spectrometer. Proton and
carbon nuclear magnetic resonance spectra (‘H- and 3*C-NMR)
were recorded on Bruker AC-300, WH 400, and AMX 500
spectrometers. Radial chromatography was performed with
a chromatotron (7924T, Harrison Research) on Merck silica
gel (60 PFas0).

Starting Materials. The following starting materials were
prepared according to literature procedures: 5-iodopentyl
acetate,!! 4-iodobutyl pivalate,!! 5-bromopentene,? dibutyl-
zine,!® diisopropylzinc,'? bis(4-pentenyl)zine,'® diphenylzine,'?
diethylborane,®® and trimethyloxonium tetrafluoroborate.

General Procedure for the Preparation of Function-
alized Dialkylzincs using an Iodine—Zinc Exchange. A
Schlenk flask equipped with an argon inlet and a septum cap
was charged with Cul (2 mg, ca. 0.01 mmol), the functionalized
iodide (8.0 mmol), and EteZn (1.2 mL, 12 mmol, 1.5 equiv).
The reaction mixture was warmed to 50 °C and stirred for 8
h at this temperature. The Schlenk flask was connected to
the vacuum (0.1 mmHg), and the excess Et;Zn and formed EtI
were collected in a trap cooled with liquid N;. This operation
required ca. 2 h at 50 °C. In the case of the bis(4-chlorebutyl)-
zinc, the removal of the by-products in vacuum was performed
at 40 °C. The resulting dialkylzinc was diluted in THF (5 mL)
and was ready to use. A yield of ca. 90% was found by running

(9) Koster, R.; Griasnow, G.; Larbig, W.; Binger, P. Liebigs Ann.
Chem. 1964, 627, 1,

(10) (a) Kreiter, C. G.; Angew. Chem., Int. Ed. Engl. 1968, 7, 390.
(b) Casey, C. P.; Boggs, R. A.; Anderson, R. L.JJ. Am. Chem. Soc. 1972,
94, 8947.

(11) Oku, A.; Harada, T.; Kita, K. Tetahedron Lett. 1982, 23, 681.

(12) (a) Brooks, L. A.; Snyder, H. R. Organic Synthesis; Pergamon:
New York, 1945; Vol. 25, 84. (b) Smith, L. M.; Smith, R. G.; Loehr, T.
M.; Daves, G. D. J. Org. Chem. 1978, 43, 2464,

(13) Niitzel, K. In Methoden der Organischen Chemie; Houben-Weyl
Thieme Verlag: Stuttgart, Germany, 1973; Vol. 13/2, p 552.

(14) Curphy, T. J. Organic Synthesis; Pergamon: New York, 1988;
Collective Vol. 6, 1019.



Synthesis of Functionalized Chromium Carbene Complexes Organometallics, Vol. 14, No. 7, 1995 3165
Scheme 3
cricols  HBEtz Gr(COls s, O o min Gr(CO)s .
MeO | oc.2n MeO 2)0.1 mmHg, (Me0 2
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the reaction in presence of an internal standard and by
performing an iodolysis of a reaction aliquot.

General Procedure for the Preparation of Function-
alized Dialkylzincs using a Hydroboration/Boron—Zinc
Exchange Sequence. Bis(5-bromopentyl)zine. A 25 mL
two-neck flask equipped with an argon inlet and a rubber
septum was charged with 5-bromopentene (1.20 g, 8.05 mmol)
and cooled to 0 °C. Diethylborane (2.7 mL of a 3.0 molar
solution in ether, 8.05 mmol) was added at once, and the
solution was stirred for 0.5 h. The cooling bath was removed,
and the solution was stirred for 0.3 h. The solvent was
removed in vacuum for 1 h. The borane solution was cooled
back to 0 °C, EtoZn (2.0 g, 1.6 mL, 16 mmol) was added, and
the solution was stirred for 0.5 h. The excess Et;Zn and the
formed BEt; were carefully removed under vacuum at room
temperature for 2 h. The resulting dialkylzinc was dissolved
in THF (5 mL) and was ready to use. The yield of zinc reagent
was determined by performing an iodolysis of a reaction
aliquot.

General Procedure for the Preparation of the Chro-
mium Carbene Complexes 4. Chromium hexacarbonyl (440
mg, 2.0 mmol) was dissolved in THF (180 mL). The solution
was irradiated (Leybold Heraeus high-pressure mercury lamp,
Pyrex) for 90 min at room temperature. The orange chromium
pentacarbonyl tetrahydrofuran complex was obtained in ca.
90% yield as judged by IR spectroscopy. The dialkylzinc (ca.
4.0 mmol, 2 equiv) was then added. After stirring the reaction
mixture for 2 h at room temperature, carbon monoxide was
slowly bubbled through the deep red colored reaction mixture.
The completion of the reaction was monitored by IR spectros-
copy. After ca. 2 h of stirring, the yellow brown reaction
mixture was connected to a vacuum and the solvent was
evaporated. The residue was dissolved in dry CH;Cl;, cooled
to —30 °C and trimethyloxonium tetrafluoroborate (1.11 g, 8.40
mmol, 2.1 equiv) was added. The cooling bath was removed,
and the heterogeneous reaction mixture was stirred for 10 h
at 0 °C. The reaction mixture was filtered through a pad of
silica gel, and the solvent was removed under vacuum. The
crude residue was purified by radial chromatography affording
the >95% pure chromium carbene complex as an orange oil.

Analytical Data for the Chromium Carbene Com-
plexes 4a—i. Pentacarbonyl(methoxyethylcarbene)-
chromium(0) (4a)'% was prepared from diethylzinc (0.41 mL,
4.0 mmol). After radial chromatography (hexanes), 4a (210
mg, 40% yield) was isolated as an orange oil. IR (hexanes):
2056 (m), 1963 (s), 1949 (s). 'H-NMR (CDCl;, 300 MHz): ¢
4.72 (s, 3H), 3.28 (q, J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H).
13C-NMR (CDCl;, 75 MHz): 6 363.7, 222.9, 216.3, 67.5, 55.8,
10.2. MS(EI): 264 (M*,7), 152 (16), 124 (86), 109 (11). HRMS
(EI) CsHgCrOg: caled, 263.9746; found, 263.9736.

Pentacarbonyl(butylmethoxycarbene)chromium(0)
(4b) was prepared from dibutylzinc (720 mg, 4.0 mmol). After
radial chromatography (hexanes), the carbene complex 4b (250
mg, 43% yield) was isolated as an orange oil. IR (hexanes):
2064 (m), 1962 (s), 1948 (s). 'H-NMR (CDCl;, 300 MHz): ¢

(15) Fischer, E. O.; Fischer, H. Chem. Ber. 1974, 107, 657.

4.70 (s, 3H), 3.27-3.21 (m, 2H), 1.46—1.21 (m, 4H), 0.85 (t, J
= 7.2 Hz, 3H). 13C-NMR (CDCls;, 75 MHz): 6 363.9, 223.2,
216.4, 67.5, 62.8, 28.4, 22.4, 13.8. MS (EI): 292 (M*, 8), 236
(10), 180 (22), 152 (98), 107 (11). Anal. Calcd for C1;H;2CrOg
(292.21): C, 45.21; H, 4.14. Found: C, 45.08; H, 4.22.

Pentacarbonyl(isopropylmethoxycarbene)chromium-
(0) (4c)® was prepared from diisopropylzinc (610 mg, 4.0
mmol). After radial chromatography (hexanes), the carbene
complex 4c¢ (250 mg, 0.90 mmol, 45% yield) was isolated as a
yellow crystalline powder (mp 53 °C). IR (hexanes): 2065 (m),
1963 (s), 1948 (s). 'H-NMR (CDCl;, 300 MHz): 6 4.72 (s, 3H),
4.12 (septet, J = 6.6 Hz, 1H), 0.92 (d, J = 6.6 Hz, 6H). 13C-
NMR (CDCl;, 75 MHz): 6 367.6, 223.1, 216.2, 67.8, 18.0. MS
(EI): 278 (M*, 5), 166 (14), 138 (55), 93 (20), 80 (21), 71 (11),
52 (100). Anal. Caled for C;0H;oCrO¢ (278.18): C, 43.18; H,
3.62. Found: C, 43.41; H, 3.80.

Pentacarbonyl(methoxyphenylcarbene)chromium-
(0) (4d)*" was prepared from diphenylzinc (880 mg, 4.0 mmol).
After radial chromatography (hexanes), the carbene complex
4d (220 mg, 0.7 mmol, 35% yield) was isolated as an orange
crystalline powder (mp 45 °C). IR (hexanes): 2064 (m), 1965
(8), 1955 (s), 1944 (s). 'H-NMR (CDCl;, 300 MHz): 6 7.40—
7.19 (m, 5H), 4.65 (s, 3H). 3C-NMR (CDCls, 75 MHz): ¢ 351.1,
224.1, 216.2, 153.8, 130.3, 128.2, 123.0, 67.1. MS (EI): 312
(M™, 1), 256 (10), 200 (19), 172 (85), 157 (14), 129 (65). Anal.
Caled for C13HsCrQOg (312.20): C, 50.01; H, 2.58. Found: C,
49.86; H, 2.70.

Pentacarbonyl [methoxy(4-pentenyl)carbene]chromi-
um(0) (4e) was prepared from bis(4-pentenyl)zinc (820 mg,
4.0 mmol). After radial chromatography (hexanes), the car-
bene complex 4e (230 mg, 0.76 mmol, 38% yield) was isolated
as an orange oil. IR (hexanes): 2065 (m), 1963 (s), 1948 (s),
1638 (w). 'H-NMR (CDCls, 300 MHz): ¢ 5.70 (ddt, J = 17.0,
10.2, 6.7 Hz, 1H), 5.00—4.92 (m, 2H), 4.71 (s, 3H), 3.28-3.23
(m, 2H), 2.04—-1.97 (m, 2H), 1.60—1.47 (m, 2H). *C-NMR
(CDCl;, 75 MHz): 6 363.4, 223.0, 216.3, 137.5, 115.5, 67.5,
62.3, 33.1, 25.4. MS (EI): 304 (M*, 11), 220 (13), 164 (43),
111 (20). Anal. Calcd for C,2H12CrOg (304.22): C, 47.38; H,
3.97. Found: C, 47.30; H, 4.02.

Pentacarbonyl[(4-chlorobutyl)methoxycarbene]-
chromium(0) (4f) was prepared from bis(4-chlorobutyl)zinc
(ca. 4 mmol). After radial chromatography (hexanes), the
carbene complex 4f (270 mg, 0.82 mmol, 35% yield) was
isolated as an orange oil. IR (hexanes): 2065 (m), 1964 (s),
1950 (s), 663 (w). 'H-NMR (CDCl;, 300 MHz2): ¢ 4.73 (s, 3H),
3.47 (t,J = 6.3 Hz, 2H), 3.31—3.26 (m, 2H), 1.79—-1.53 (m, 4H).
13C.NMR (CDCl,, 75 MHz): 6 363.3, 223.0, 216.3, 67.8, 61.9,
44.5, 31.9, 23.5. MS (EI): 328 (M + 2, 6), 326 (M*, 18), 186
(82), 118 (60), 99 (100). Anal. Caled for C;;H;;ClCrO¢
(326.65). C, 40.45; H, 3.39. Found: C, 40.65; H, 3.32.

Pentacarbonyl[(5-bromopentyl)methoxycarbene]-
chromium(0) (4g) was prepared from bis(5-bromopentyl)zinc
(ca. 4.0 mmol). After radial chromatography (hexanes), the

(16) Fischer, E. O.; Plabst, D. Chem. Ber. 1974, 107, 3326.
(17) Fischer, E. O.; Heckel, B.; Dotz, K. H.; Miiller, J.; Werner, H.
J. Organomet. Chem. 1969, 16, P 29.
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carbene complex (297 mg, 0.79 mmol, 39% yield) was isolated
as an orange oil. IR (hexanes): 2065 (m), 1963 (s), 1949 (s),
649 (m). 'H-NMR (CDCl3, 300 MHz): ¢ 4.72 (s, 3H), 3.33 (t,
J = 6.7 Hz, 2H), 3.28-3.23 (m, 2H), 1.83—1.74 (m, 2H), 1.50—
1.34 (m, 4H). 3C-NMR (CDCl3, 75 MHz): ¢ 362.9, 222.9,
216.2, 67.5, 62.5, 33.1, 32.2, 27.5, 25.2. MS (EI): 386 (M + 1,
10), 385 (M, 3), 384 (M — 1, 12), 244 (64), 162 (56), 113 (100).
Anal. Caled for C12H13BrCrOg (385.13): C, 37.42; H, 3.40.
Found: C, 37.40; H, 3.41.

Pentacarbonyl[methoxy(4-pivaloxybutyl)carbene]chro-
mium(0) (4h) was prepared from bis(4-pivaloxybutyl)zinc (ca.
4.0 mmol). After radial chromatography (hexanes/ether, 10:
1) the carbene complex 4h (273 mg, 0.7 mmol, 35% yield) was
isolated as an orange oil. IR (hexanes): 2065 (m), 1962 (s),
1945 (s), 1737 (s). 'H-NMR (CDCl3, 300 MHz): ¢ 4.72 (s, 3H),
4.00 (t,J = 6.0 Hz, 2H), 3.30—3.25 (m, 2H), 1.62—~1.44 (m, 4H),
1.13 (s, 9H). 3C-NMR (CDCl;, 75 MHz): & 363.0, 222.9, 216.3,
1784, 67.7, 63.7, 62.4, 38.7, 28.3, 27.1, 22.8. MS (EI): 392
(M*, 0.3), 308 (1), 252 (24), 237 (13), 209 (12), 153 (56), 103
(13). Anal. Calcd for C1sH3z0CrOg (392.33): C, 48.98; H, 5.14.
Found: C, 48.91; H, 5.24.

Pentacarbonyl[(5-acetoxypentyl)methoxycarbene]-
chromium(0) (4i) was prepared from bis(5-acetoxypentyl)-
zinc. After radial chromatography (hexanes/ether, 10:1 to 4:1)
the carbene chromium complex 4i (280 mg, 0.77 mmol, 38%
yield) was isolated as an orange oil. IR (CDCl3): 2062 (m),
1936 (s), 1729 (m). 'H-NMR (CDCl3, 300 MHz): ¢ 4.72 (s, 3H),
4.00 (t, J = 6.6 Hz, 2H), 3.28—3.23 (m, 2H), 1.99 (s, 3H), 1.62—
1.28 (m, 6H). *C-NMR (CDCl;), 756 MHz): ¢ 363.3, 223.1,
216.5, 171.2, 67.7, 64.1, 62.9, 28.4, 25.6, 21.0. MS (EI): 296
(13), 253 (23), 180 (12), 142 (22), 111 (39). Anal. Calcd for
C14H6CrOg (364.27): C, 46.16; H, 4.43. Found: C, 45.98; H,
4.51.

Hydroboration and Boron—Zinc Exchange of the
Unsaturated Chromium Carbene Complex 4e: Prepara-
tion of the Diorganozinc 6. A 10 mL two-neck flask
equipped with an argon inlet and a rubber septum was charged
with the chromium carbene complex 4e (230 mg, 0.76 mmol)
and was cooled to 0 °C. Diethylborane (0.26 mL of a 3 M
solution in ether, 0.78 mmol) was added via syringe, and the
resulting solution was stirred at 0 °C for 2 h. The solvent was
pumped off under vacuum at room temperature for 1 h. The
borane was cooled back to 0 °C, diethylzinc (0.20 g, 0.16 mL,
1.59 mmol, 2 equiv) was added, and the reaction mixture was
stirred for 0.5 h. The triethylborane that formed was carefully
removed under vacuum for 2 h, and the resulting zinc reagent
6 was dissolved in THF (3 mL) and was ready to use.

Stadtmuller and Knochel

Deuteriation of 6: Preparation of Pentacarbonyl{(5-
deuteriopentyl)methoxycarbenelchromium(0) (7). The
zinc reagent 6 (0.38 mmol) prepared as described above was
cooled to 0 °C, and deuterium oxide (200 mg, 0.2 mL, 10 mmol)
was added dropwise. After 1 min, the reaction mixture was
filtered through a pad of silica gel, and the residue obtained
after evaporation (0.1 mmHg) of the solvent was purified by
radial chromatography (hexane). The chromium carbene
complex 7 (156 mg, 0.51 mmol, 67% yield) was isolated as an
orange oil. IR (hexanes): 2064 (m), 1965 (s), 1922 (s). ‘H-
NMR (CDCl;, 500 MHz): ¢ 4.74 (s, 3H), 3.30—3.25 (m, 2H),
1.48—1.42 (m, 2H), 1.28—1.22 (m, 4H), 0.87-0.81 (m, 2H). 2H-
NMR (CDCl;, 78 MHz): 6 0.90 (s, 1D). 3C-NMR (CDCl3, 75
MHz): 6 363.8, 223.1, 216.4, 67.5, 63.0, 31.3, 26.0, 22.3, 13.5
(t,J = 19.2 Hz, CHo—D). MS (EI): 308 (M + 1, 1), 307 (M*,
6), 279 (6), 195 (18), 167 (100). Anal. Caled for C12H13DCrOg
(307.24): C, 46.91; H, 4.92. Found: C, 46.67; H, 4.97.

Iodolysis of 6: Preparation of Pentacarbonyl[(5-iodo-
pentyl)methoxycarbenelchromium(0) (8). The zinc re-
agent 6 (0.34 mmol) prepared as described above was cooled
to —78 °C, and a solution of iodine (139 mg, 0.55 mmol) in
THF (5 mL) was added at once. Diethylzinc (0.03 mL, 0.3
mmol) was added, and the reaction mixture was filtered after
1 min through a silica gel pad. The residue obtained after
evaporation of the solvent was purified by radial chromatog-
raphy, affording the chromium carbene complex 8 (127 mg,
0.29 mmol, 43% yield) as an orange oil. IR (hexanes). 2065
(m), 1963 (s), 1949 (s). 'H-NMR (CDCl;, 400 MHz): 6 4.77 (s,
3H), 3.33—3.28 (m, 2H), 3.17 (t, J = 6.9 Hz, 2H), 1.84-1.76
(m, 2H), 1.53—1.35 (m, 4H). '3C-NMR (CDCl;, 100 MHz): ¢
363.0, 223.0, 216.3, 67.7, 62.6, 33.0, 30.0, 25.1, 6.4. MS (EI):
432 (M+, 3),292 (60), 210 (37), 164 (33), 113 (100). Anal. Caled
for C1oH131CrO6 (432.13): C, 33.35; H, 3.03. Found: C, 33.14;
H, 3.19.
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[2-(NH-Amino)ethenyllcarbene complexes (CO)sM=C(OEt)-~CH=C(NHR)Ph, la—d (M =
Cr, W; R = Ph, p-Tol), undergo a ring-closure to oxazin-6-ylidene complexes 3a—d (60%—
70%) on aminomethylenation with dimethylmethyleneammonium iodide (2) in the presence
of triethylamine. Compounds 1a,b (R = Ph) afford [2-amino-1-(iminoacyl)ethenyllcarbene
complexes (CO);M=C(OEt)—C[C(Ph)=NPh]=CHNR; (E)-5a—e (NR; = NMe,, pyrrolidine,
morpholine) in 61%—83% yield by C-aminomethylenation with formamides HCO—-NR;, 4a—
¢, in the presence of benzoyl chloride and triethylamine. Alkynylcarbene complexes 6 are
obtained as by-products. The pyrrolidine tungsten derivative (E)-5¢ forms yellow and red
crystals from pentane, which according to X-ray analyses are different modifications of the
same molecule, Co7H24N206W, red (yellow), monoclinic (triclinic), space group C2/c (No. 15)
(P1 (No. 2)), Z = 8 (4), both of which contain a 1-metalla-1,3-diene unit in s-cis conformation.
Thermolysis of the pentacarbonyl complex (E)-5d affords a tetracarbonyl chelate complex
(E)-7d, in which the 1-metalla-1,3-diene unit is fixed in s-trans conformation. The latter
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compound is readily oxidized by air to give an aminoacrylate (E)-8d in >90% yield.

In connection with studies on the reactivity of ami-
nocarbene complexes, we are currently probing the
applicability of [2-(NH-amino)ethenyllcarbene com-
plexes as building blocks for organic synthesis. Among
the reactions studied so far are (a) the “activation” of
the M=C bond by N-acylation {which affords (2-acy-
laminoethenyl)carbene complexes (Scheme 1, eq 1)1,2 (b)
the C-protonation at the S-carbon atom of the enamine
unit [which yields stable iminium salts (Scheme 1, eq
2)1,2 (¢) the cyclization by addition of alkynes [with
formation of 4(1H)-pyridinylidene complexes and pyri-
dinium salts (Scheme 1, eq 3)],% and (d) the cyclization
by addition of isocyanides, which produces 2-aminopy-
rroles (Scheme 1, eq 4).%

[2-(NH-Amino)ethenyllcarbene complexes (CO)sM=C-
(OEty—CH=C(NHR)R! (M = Cr, W) take an exceptional
position within the class of enamino carbene com-
plexes’ 1! insofar as the NH-enaminocarbene ligand
may be modified by electrophilic attack at the 3-carbon

® Abstract published in Advance ACS Abstracts, June 1, 1995.
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Scheme 1. Selected Reactions of
(2-(NH-Amino)ethenyl)carbene Complexes with

Electrophiles
R
Et
. R'COCI 0 o:(
(CO)sM N—R (1)
Et N-attck. —
0 H
(COYsM :<_<\N—R — Ph
— Et
———— (CO)sM N—R (2)
M= Cr, W + H®
Ph
R‘
+ R'C=CH —
———= (CO)sM N—R (3)
Et =
H\ Ph
(C°>5M:<=<N‘R = R'HN
e coAyn
M =2Cr, W + R'N=C Ph

atom as well as at the nitrogen of the enamine unit.
Not only are these compounds readily available as
starting material [by Michael-addition of primary amines
H:NR to alkynylcarbene complexes (CO)sM=C-
(OEt)—C=CR1? or by aminomethylenation of methyl-
carbene complexes (CO);M=C(OEt)CH; (M = Cr, W)

(10) (a) Camps, F.; Llebaria, A.; Moreté, J. M.; Ricart, S.; Viiias, J.
M. Tetrahedron Lett. 1990, 31, 2479—-2481. (b) Camps, F.; Jordi, L.;
Moretd, J. M. Ricart, S.; Castafio, A. M.; Echavarren, A. M. J.
Organomet. Chem. 1992, 436, 189192,

(11) Rahm, A.; Wulff, W. D.; Rheingold. A. L. Organometallics 1993,
12, 597-599.

© 1995 American Chemical Society
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Scheme 2. 1,3-Oxazin-6-ylidene Complexes 3 by
Aminomethylenation of 1 with Iminium Salt 2

B H . EtsN 0—
(CO)SM:{—QN—R + 2 [HC=NMepll —— (CO)5M:<_<N-R

1 Ph 2 3 Ph

.2 n 1 16]
et <NMez 2 Et\oo e

{a]
_H \ ® \
(CO)sM ®N\R —e (CO)sM \N—R —= (CO)sM N-R
— o = o —
A Ph B Ph c Ph

b
(0, 2 4 EtsN - [ELNHIL - HoC(NMeg)y '+ EtsN - (EL,NII

with acid amides O=C(R!)NHR],!3 but they are also
obtained stereochemically uniform in the (Z) configu-
ration, which is stabilized by a hydrogen bridge between
the NH group and the OEt moiety. By analogy to the
C-aminomethylenation of methylcarbene complexes,313
the N-aminomethylenation of aminocarbene complexes
(CO)»M=C(Ph)NH; (M = Cr, W) with acid amides O=C-
(R)NMe; leads to formation of iminocarbene complexes
(CO)sM=CPh-N=C(R)NMe,.!* Since aminomethylena-
tion has proven a powerful tool to organic synthesis,®
we have extended our studies of the aminomethylena-
tion of carbene complexes to include [2-(NH-amino)-
ethenyllcarbene derivatives 1. Considering conven-
tional reactivity of an enamine function, one may
anticipate C- and/or N-aminomethylenation of these
compounds, depending on the reagent used.

Aminomethylenation of 1 with a Methyleneam-
monium Salt. [2-(NH-Amino)ethenyl]carbene com-
plexes 1 react with dimethylmethyleneammonium io-
dide (2) in the presence of triethylamine to give 1,3-
oxazin-6-ylidene complexes 3 (Scheme 2). It can be
demonstrated by TLC that the red starting complex 1
is gradually transformed into the brown product 3
within 2—3 h at 0 °C. Taking into account that 2 equivs
of 2 and also a base are required for the reaction to
proceed, we tentatively suggest initial formation of an
N-adduct A, from which an NMe; group is extracted by
the second equivalent of 2 to give B [and an aminal HoC-
(NMey)2] (Scheme 2). Cyclization of B to 8 may involve
the generation of an oxonium salt intermediate C, from
which the ethyl group may be disengaged by nucleo-
philic attack, e.g., of EtsN (or I"). This route to
compounds 3 gains interest in view of the high vari-
ability of the M=C bond as a functional group and the
attention that 1,3-oxazines have received as potential
antitumor agents.16

(12) (a) For the stereochemistry of the addition of secondary amines,
see refs. 7 and 9. (b) For the stereochemistry of the addition of primary
arznines, see: Aumann, R.; Hinterding, P. Chem. Ber. 1993, 126, 421
427.

(13) Aumann, R.; Hinterding, P. Chem. Ber. 1990, 123, 611-620.

(14) Aumann, R.; Althaus, S.; Kriiger, C.; Betz, P. Chem. Ber. 1989,
122, 357—364.

(15) (a) Bohme, H.; Viehe, H. In Advances in Organic Chemistry:
Methods and Results; Taylor, E.; Ed.; Wiley and Sons: New York, 1979;
Vol. 9, pp 225—-342. (b) Bshme, H.; Viehe, H. In Advances in Organic
Chemistry: Methods and Results; Taylor, E., Ed.; Wiley and Sons: New
York, 1979, 9, 393—-526. (¢) Danishefsky, S.; Kitahara, T.; McKee, R.;
Schuda, P. J. Am. Chem. Soc. 1976, 98, 6715. (d) Kinast, G.; Tietze, L.
Angew. Chem., Int. Ed. Engl. 1978, 15, 239.

; (lzggMgtohashi, N.; Mitscher, L. A.; Meyer, R. Med. Res. Rev. 1991,
1, —294.
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Scheme 3. Aminomethylenation of 1 with
Formamides 4

C-aminomethylenation (main retn):

+ PhCOCI
B H o EtsN / OEt
(CO)aM N-ph+ H—{  —— (CO)sM N=FPh
= NR,
1 Ph 4 (E)-8 H Ph
NR,
u + PhCOC
Et
0 He
(CO)sM N=Phl + 2 Et;N/PhCOCI
D
H Ph - (PhCO),0
Ph-C-0 NR, - 2 [EtsNHICI
0o c®
N-aminomethylenation (side rctn):
NR
N Et 2
ool (S
1.4 —— (CO)5M:<—<N—Ph — (CO)sM
€ o Pn ] \\
M = Cr, W Ph

Table 1. Substitution Patterns and Chemical

Yields of 3

1,3 M R 3 [%]

a w Ph 65

b Cr Ph 70

c w p-Tol 60

d Cr p-Tol 64

Table 2. Substitution Patterns and Product Ratio
(E)-5/6
4 NR; 4 NR:
a NMe; morpholine
b pyrrolidine
(E)-5 M NR; (E)-5 [%] 6a,b [%]

a w NMe; 83 6
b Cr NMe, 78 9
c w pyrrolidine 65 25
d Cr pyrrolidine 61 30
e w morpholine 69 22

C- and N-Aminomethylenation of 1 with Forma-
mides. While N-aminomethylenation of [2-(NH-ami-
no)ethenyllcarbene complexes 1 can be achieved by
reaction with an iminium salt 2 (Scheme 2), C-amino-
methylenation of compounds la,b to give [2-amino-
1-(iminoacyl)ethenyl]carbene complexes (E)-Ba—e
becomes the major route if formamides 4a—c are
added in presence of benzoyl chloride and triethyl-
amine (Scheme 3). Compounds 5 seem to arise from
Vilsmeier-like addition to the enamine unit of 1 via an
intermediate of type D. Since benzoyl chloride/triethy-
lamine is not commonly used in such connection, it
should be noted that (stable) N-benzoyl derivatives? are
obtained if the reaction is carried out in absence of a
formamide 4.

Alkynylcarbene complexes 6a,b are produced as by-
products (Scheme 3) in amounts that increase with the
bulkiness of substituents on the nitrogen atom of the
formamide 4 (Table 2). Since formation of alkynylcar-
bene complexes by S-elimination of, e.g., enolacetates,
has been observed before,!” we asume that compounds
6 might arise from N-aminomethylenation of 1 via an
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Scheme 4. Configurational Change of
Metalladiene Unit on Conversion of (E)-3d into
Chelate Complex (E)-7d

OEt OEt
(CO)sCr N—Ph 40°C (CO),Cr 80°C
—_— t — n.r.
Ph - CO /N NC4Hs
NC,Hs Ph Ph
s-cis-(£)-5d s-trans-(£)-7d
7
OEt
(co)sCr Ph 6
N\
C4HgN Ph C4HgNCH=NPh
F

iminium salt E, which is expected to be less prone to
cyclization than a more electrophilic species B (Scheme
2), and therefore seems to undergo a (base-induced)
B-elimination with formamidine CH(=NPh)NR; as leav-
ing group instead.

Chelate Complex (E)-7d. It can be excluded that
pentacarbonyl complex (E)-5 serves as a precursor to
6, e.g., via the fragmentation of a hypothetical azete
intermediate F, since compound (E)-5d readily affords
thermally quite stable tetracarbonyl chelate complex
(E)-7d (Scheme 4) thermally (20—40 °C in CgDg) or if
irradiated with 300 nm UV light. The C-aminometh-
ylenation of la,b with formamides 4a—c¢ is highly
stereoselective and yields 1-metalla-1,3-dienes 5 of (K)
configuration only.!3 An (E/Z) interconversion to a
significant extent could not be detected by 'H NMR
measurements even at 80 °C and after 20 h in C¢Ds.
By extrusion of carbon monoxide (E)-5d and subsequent
chelation of the 1-metalladiene unit the conformation
changes from s-cis in the (yellow) pentacarbonylchro-
mium complex (E)-5d to s-trans in the (brown) chelate
complex (E)-7d.

The structural assignment of (E)-7d is based on the
13C NMR spectrum, above all on the 1:1:2 pattern of
carbonyl signals typical for a cis-Cr(CO), group, and the
low-field signal shift of the Cr=C [(E)-7d, 6 323.6, (E)-
5d, 6 293.8] and the C=N group [(E)-7d, ¢ 176.7; (E)-
5d, 6 167.8] compared to the nonchelate precursor (E)-
5d. The strong upfield shifts of the 'H NMR signals of
the =CH [(E)-7d, ¢ 6.28; (E)-5d, ¢ 8.16] and the 3-CH;
groups [(E)-7d, 6 1.06 and 0.94; (E)-5d 6 2.50] are
attributed to anisotropic shielding by the OCH;!3 and
the 3-phenyl groups, respectively.

The tetracarbonyl complex (E)-7d is quite stable
thermally, even at 80 °C for at least 50 h, but it is clearly
more sensitive to oxidation than the pentacarbonyl
complex (E)-5d. If exposed to air, compound (E)-7d
appears to readily take up oxygen. It may form e.g. a
m-complex G, which subsequently undergoes cleav-
age of the Cr=C bond to give the aminoacrylate
(E)-8d as the only detectable organic product
(Scheme 5).

Crystal Structures of Alkenylcarbene Com-
plexes s8-cis-(E)-5¢. The pyrrolidine tungsten deriva-
tive (E)-5¢ affords yellow and red crystals from pentane

(17) Aumann, R.; Jasper, B.; Lige, M.; Krebs, B. Organometallics
1994, 13, 3510—-3516.
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Figure 1. Molecular structure of the red modification of
compounds s-cis-(E)-5¢.

Scheme 5. Oxidation of (2-Aminoethenyl)carbene
Complexes (E)-7d

OTO OEt OEt
<air> (Co)Cr 0
N NC4Hs N NC4Ha
Ph Ph Ph Ph
G (£)-8d (> 90%)

Table 3. Selected Bond Lengths [A] and Angles
[deg] of s-cis-(E)-5¢ and s-trans-(E)-5¢

yellow modification

red

modification moleculel molecule 2
W-C(1) 2.242(5) 2.275(8) 2.274(7)
C(1)-0(2) 1.347(6) 1.334(9) 1.345(9)
C(1)-C(5) 1.429%7) 1.440(10) 1.427(9)
0(2)-C(83) 1.437(6) 1.415(10) 1.440(9)
C(3)~-C(4) 1.477(8) 1.419(13) 1.485(14)
C(5)—-C(6) 1.384(7) 1.372(10) 1.385(10)
C(5)-C(12) 1.510(6) 1.509(10) 1.506(9)
C(6)—N(7) 1.326(6) 1.306(9) 1.314(9)
C(12)—-N(13) 1.277(7) 1.290(10) 1.269(9)
N(13)-C(14) 1.426(7) 1.422(10) 1.433(9)
0(2)-C(1)-C(5) 105.2(4) 106.4(6) 106.5(6)
0(2)-C(1)-W 125.6(3) 125.7(5) 124.8(5)
C(5)-C(1)-W 129.1(4) 127.5(5) 127.7(5)
C(1)-0(2)—-C(3) 124.6(4) 125.1(7) 123.5(6)
0(2)-C(3)-C(4) 107.2(5) 110.3(8) 107.9(8)
C(6)-C(5)-C(1) 121.5(4) 120.1(7) 118.5(6)
C(6)—C(5)~C(12) 120.6(4) 121.9(6) 124.1(6)
C(1)-C(5)-C(12) 117.6(4) 117.7(6) 117.4(6)
N(7)—C(6)—C(5) 128.5(5) 130.0(7) 132.2(7)
C(5)—-C(12)—-N(13) 122.1(5) 121.8(7) 126.8(6)
C(12)~-N(13)—-C(14) 117.6(4) 119.9(6) 122.1(6)

at —15 °C in approximately equal quantities. According
to X-ray analysis (Tables 3—5), both crystal types
contain the same molecular unit, in which the 1-metalla-
1,3-diene adopts an s-cis conformation (Scheme 4). The
W=C—C=C—N <> W-—C=C—C=N™ unit is essentially
planar [red modification, W—C1—-C5-C6, 3.0(7)°, and
C1-C5—C6—N7, 171.7(5)°; yellow modification, W—C1-
C5—-C6, 12.1(11)°, and C1-C5-C6—N7, 175.5(8)°]. The
distances [e.g., red modification, W—C1, 2.242(5) A;C1-
C5, 1.429(7) A; C5—C6, 1.384(7) A; C6—N7, 1.326(6) Al
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Table 4. Details of the X-ray Crystal Structure
Analyses of (E)-5¢: Data Collection and Structure

Aumann et al.

Table 5. Atomic Coordinates (x10*) and
Equivalent Isotropic Displacement Parameters (A2

Solution® x 10%) of (E)-5¢
red yellow x y z Uleq)
modification  modification W 1924(1)  4587(1) 1480(1) 27(1)
formula Co7Ha4N2OsW C27H24N2OsW C(1) 2466(4) 4105(2) 389(4) 29(1)
a (&) 13.399(1) 12.163(1) 0(2) 3333(3) 4116(1) -60(3) 37(1)
b (&) 32.970(4) 15.116(1) C(3) 3943(5) 4472(2) ~115(6) 47(2)
c(A) 11.999(1) 15.947(1) C(4) 4788(6) 4358(2) -722(8) 74(2)
o (deg) 90.00 110.82(1) C(5) 2035(4) 3717(2) 85(4) 28(1)
B (deg) 97.99(1) 92.68(1) C(6) 1136(4) 3596(2) 423(4) 30(1)
¥ (deg) 90.00 101.09(1) N(7) 587(3) 3270(1) 111(4) 33(1)
vol (A3) 5249.3(9) 2668.1(3) C(8) -297(5) 3157(2) 648(6) 51(2)
diffractometer Enraf-Nonius MACH III C(9) ~646(7) 2770(3) 87(8) 89(3)
data coll temp (K) 223 223 C(10) -258(6) 2754(3) —967(6) 75(3)
A(A) 0.710 73 0.710 73 C(11) 709(5) 2991(2) -819(5) 44(1)
space group C2/c (No.15) P1 (No.2) C(12) 2652(4) 3425(2) ~505(4) 32(1)
8 4 N(13) 3117(3) 3126(1) 5(4) 36(1)
# (cm™1) 44.4 43.7 C(14) 3088(4) 3089(2) 1185(4) 37(1)
empirical abs corr 85.4%-99.9%  81.8%—99.9% C(15) 2552(5) 2776(2) 1605(5) 42(1)
Bmax(deg) 26.3 26.3 C(16) 2507(5) 2747(2) 2753(5) 49(2)
no. of data collected 5554 11339 camn 3006(5) 3030(2) 3492(5) 51(2)
no. of unique data 5326 10807 C(18) 3574(5) 3325(2) 3082(5) 49(2)
Rumerge 0.021 0.033 C(19) 3616(5) 3362(2) 1944(5) 45(1)
no. of data obsd (=20(I)) 4200 7624 C(20) 2720(4) 3493(2) —1715(5) 35(1)
no. of refined params 326 652 C(21) 3465(5) 3302(2) ~2237(5) 47(1)
R1 (220(1)) 0.025 0.044 C(22) 3541(5) 3383(2) -3351(5) 56(2)
wR2 (220(1)) 0.075 0.142 C(23) 2885(6) 3649(2) —3969(5) 56(2)
goodness of fit 1.207 1.072 C(24) 2146(5) 3838(2) —3461(5) 51(2)
C(25 2061(5 3761(2 —2345(5 42(1
“ Programs used: SHELXS-86, SHELXL-93, and SCHAKAL- I (0 oo
92. O(31)  4036(4)  4601(2) 3037(5)  107(3)
C(32) 1507(5) 4182(2) 2598(5) 42(1)
are similar to those observed with cross-conjugated 8((3? 1?2?8) igggg; BZggEg; ;gg;

: 18 ) )

metallatrienes. 0(33) —206(3) 4504(1) -47(4) 56(1)
C(34) 2310(4) 5059(2) 507(5) 36(1)
C(35) 1433(4) 5021(2) 2452(5) 37(1)
0(35) 1166(4) 5269(1) 3002(4) 57(1)

All operations were performed under argon. Solvents were
dried by distillation from sodium/benzophenone. Melting
points are uncorrected. Instrumentation: 'H NMR and 13C
NMR spectra were obtained with Bruker WM 300 and WP 360
spectrometers. Multiplicities were determined by DEPT.
Chemical shifts refer to dtms 0.00 ppm). Other analyses: IR
Digilab FTS 45; MS Finnigan MAT 312; elemental analysis,
Perkin-Elmer 240 elemental analyzer; column chromatogra-
phy, Merck-Kieselgel 100; TLC, Merck DC-Alufolien Kieselgel
60 F 254. Ry values refer to TLC tests.

Pentacarbonyl(3,6-dihydro-3,4-diphenyl-1,3-0xazin-6-
ylidene)tungsten (3a). To pentacarbonyl[1-ethoxy-3-phenyl-
3-(phenylamino)propenylideneltungsten'® (1a) (575 mg, 1.00
mmol) and dimethylmethyleneammonium iodide (2) (463 mg,
2.50 mmol) in a 5-mL screw-top vessel is added triethylamine
(404 mg, 4.00 mmol) in 3 mL of dry acetonitrile with magnetic
stirring at 0 °C. A red solution is obtained, which becomes
darker with reaction progress. According to a TLC test,
approximately 90% of 1a is consumed after 2 h at 20 °C. A
total reaction time of 2.5—3 h is appropriate. Chromatography
on silica gel with pentane/dichloromethane (10:1 to 2:1) affords
a red-brown zone with 3a: 363 mg, 65%, Ry = 0.5 in pentane/
dichloromethane (3:1), brown crystals from pentane at —15
°C, mp 141 °C. 'H NMR (CgDs): 6 7.43 (1 H, s, 5-H), 7.21,
6.85 and 6.76 (2:1:2 H, 0-:m-:p-H, 4-Ph), 6.62 and 6.26 (3:2 H,
m each, N-Ph), 4.43 (2 H, s, CHy). 3C NMR (CgDg): 6 263.2
(W=C), 206.6 and 199.2 [1:4, trans- and cis-CO, W(CO);s], 144.5
and 142.2 (Cq each, C4 and i-C N-Ph), 132.0 (Cq, i-C 4-Ph);
132.3, 130.3, 130.1, 129.7, 126.3, 125.1 (1:2:2:2:1:2, CH each,
2 Ph), 128.0 (CH, C-5), 82.1 (CHy). IR (hexane), cm™! (%): ¥
2061.3 (30), 1975.3 (10), 1934.4 (100) [»(C=0Q)]. MS (70 eV),
mle (%) B4W: 559 (40) [M*], 503 (40), 475 (20), 447 (10), 419

66$ng) Aumann, R,; Roths, K.; Lage, M.; Krebs, B. Synlett 1998, 667—
(19) Aumann, R. Chem. Ber. 1993, 126, 2325-2350.

2 Uleq) is defined as one third of the trace of the orthogonalized
U tensor.

(100). Anal. Caled for CoH sNOsW (559.2): C, 45.11; H, 2.34;
N, 2.50. Found: C, 45.23; H, 2.51; N, 2.62.
Pentacarbonyl(3,6-dihydro-3,4-diphenyl-1,3-oxazin-6-
ylidene)chromium (3b). To pentacarbonyl[1-ethoxy-3-phen-
y1-3-(phenylamino)propenylidenelchromium (1a) (443 mg, 1.00
mmol) and dimethylmethyleneammonium iodide (2) (463 mg,
2.50 mmol) in a 5-mL screw-top vessel is added triethylamine
(404 mg, 4.00 mmol) in 3 mL of dry acetonitrile as described
above. Data for 3b: [289 mg, 70%, Ry = 0.5 in pentane/
dichloromethane (3:1), brown crystals from pentane at —15
°C, mp 145 °C]. 'H NMR (C¢Dg): 6 7.48 (1 H, s, 5-H); 7.26,
6.86 and 6.79 (2:1:2 H, o-:m-:p-H, 4-Ph), 6.66 and 6.33 (3:2 H,
m each, N-Ph), 4.50 (2 H, s, CHy). 3C NMR (C¢Dg): 6 288.4
(Cr==C), 224.8 and 218.8 [1:4, trans- and cis-CO, Cr(CO)s],
142.1 and 140.2 (Cq each, C4 and i-C N-Ph), 132.0 (Cq, i-C
4-Ph); 131.7, 130.6, 129.8, 127.9, 127.2, 126.1 (1:2:2:2:1:2, CH
each, 2 Ph), 129.2 (CH, C-5), 81.6 (CH;). IR (hexane), cm™}
(%): v 2054.5 (30), 1981.2 (10), 1940.5 (100) [»«(C=0)]. MS
(70 eV), mle (%): 427 (40) [M*], 371 (20), 343 (20), 315 (40),
287 (60) [M* -~ 5 COJ, 273 (20), 260 (20), 219 (40), 169 (60),
135 (60), 69 (100). Anal. Caled for C2;H;3CrNOg (427.3): C,
59.02; H, 3.07; N, 3.28. Found: C, 59.05; H, 3.06; N, 3.35.
Pentacarbonyl(3,6-dihydro-4-phenyl-3-p-tolyl-1,3-0x-
azin-6-ylidene)tungsten (3c¢). Pentacarbonyl{1-ethoxy-3-
phenyl-3-(p-tolylamino)propenylideneltungsten (1c¢) (589 mg,
1.00 mmol) is reacted as described above with dimethylmeth-
yleneammonium iodide (2) (463 mg, 2.50 mmol) and triethyl-
amine (404 mg, 4.00 mmol) in 3 mL of dry acetonitrile. Data
for 3c: 344 mg, 60%, Ry = 0.5 in pentane/dichloromethane (3:
1), brown crystals from pentane at —15 °C, mp 146 °C. 'H
NMR (Cg¢Dg): 6 7.41 (1 H, s, 5-H); 7.24, 6.89 and 6.79 (2:1:2
H, o-:m-:p-H, 4-Ph), 6.48 and 6.26 (2:2 H, “d” each, p-tolyl),
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4.48(2H,s,CH,),1.82(3 H, s, CHj). 3C NMR (C¢D¢): 6 261.3
(W=C), 205.1 and 199.7 [1:4, trans- and cis-CO, W(CO)s], 144.6
(Cq, C-4), 139.7 and 137.7 (Cq each, p-tolyl), 132.2 (Cq, i-C
4-Ph); 131.9, 130.6, 129.3, 128.0, 125.8 (1:2:2:2:2, CH each, Ph
and p-tolyl), 128.5 (CH, C-5), 82.1 (CHy), 21.0 (CHs). IR
(hexane), cm™! (%): ¥ 2061.7 (30), 1976.6 (10), 1936.7 (100)
[(M(C=0)]. MS (70 eV), m/e (%) 8*W: 573 (40) [M™], 517 (40),
461 (10), 433 (60), 405 (50), 532 (60), 270 (70), 233 (60), 69
(100). Anal. Caled for CooHisNOsW (573.2): C, 46.10; H, 2.64;
N, 2.44. Found: C, 46.32; H, 2.83; N, 2.57.
Pentacarbonyl(3,6-dihydro-4-phenyl-3-p-tolyl-1,3-0x-
azin-6-ylidene)chromium (3d). Pentacarbonyl[1-ethoxy-3-
phenyl-3-(p-tolylamino)propenylidenelchromium (1d) (457 mg,
1.00 mmol) is reacted as described above with dimethylmeth-
yleneammonium iodide (2) (463 mg, 2.50 mmol) and triethyl-
amine (404 mg, 4.00 mmol) in 3 mL of dry acetonitrile. Data
for 3d: 282 mg, 64%, R; = 0.4 in pentane/dichloromethane (5:
1), brown crystals from pentane at —15 °C, mp 117 °C. 'H
NMR (CeDg): 6 7.49 (1 H, s, 5-H); 7.29, 6.83 and 6.80 (2:1:2
H, 0--m-:p-H, 4-Ph), 6.49 and 6.30 (2:2 H, m each, p-tolyl), 4.68
(2 H, s, CHy), 2.02 (3 H, s, CH;). '3C NMR (C¢Ds): 0 286.6
(Cr=C), 224.6 and 218.5 [1:4, trans- and cis-CO, Cr(CO)s],
143.9 (Cq, C-4), 139.4 and 137.1 (Cq each, p-tolyl), 132.0 (Cq,
i-C 4-Ph); 131.4, 130.5, 130.2, 128.7, 125.3 (1:2:2:2:2, CH each,
Ph and p-tolyl), 128.6 (CH, C-5), 82.1 (CHy), 21.0 (CH3). IR
(hexane), em~! (%): ¥ 2054.3 (25), 1979.8 (10), 1942.9 (100)
[W(C=0)]. MS (70 eV), m/e (%): 441 (40) [M*], 413 (3), 385
(20), 357 (20), 329 (40), 301 (60) [M* — 5 CO], 52 (100). Anal.
Caled for CsoHi5CrNOs (441.4): C, 59.87; H, 3.43; N, 3.17.
Found: C, 59.94; H, 3.64; N, 3.32.
Pentacarbonyl{2-[(E)-dimethylaminomethylene]-1-
ethoxy-3-phenyl-3-(phenylimino)propan-1-ylidene}-
tungsten [(E)-5a] and Pentacarbonyl(1l-ethoxy-3-phenyl-
propynylidene)tungsten (6a). To pentacarbonyl[1-ethoxy-
3-phenyl-2-(phenylamino)propenylidene]tungsten'® (1a) (575
mg, 1.00 mmol) and dry dimethylformamide 4a (146 mg, 2.00
mmol) in a 5-mL screw-top vessel is added with magnetic
stirring at 20 °C a mixture of benzoy! chloride (422 mg, 3.00
mmol) and triethylamine (404 mg, 4.00 mmol) in 3 mL of dry
dichloromethane. The solution gradually turns darker. Ac-
cording to a TLC test, compound la is consumed within 20
min. The mixture is brought to dryness (20 °C, 15 Torr), and
the residue is extracted with ether. Chromatography on silica
with pentane/dichloromethane 2:1 yields a dark brown zone
with 6a (29 mg, 6%, brown crystals from pentane) and a yellow
fraction of (E)-5a: 523 mg, 83%, Rr = 0.4 in pentane/dichlo-
romethane (1:1), yellow crystals from pentane at —15 °C, mp
124 °C. 'H NMR (CgDs): 6 7.90 (1 H, s, =CH); 7.73 and 7.31
(2:3 H, m each, 3-Ph); 7.15, 6.94 and 6.60 (2:1:2 H; “t”, “t”, “d”,
N-Ph), 4.60 (2 H, m, diastereotopic OCH.,), 3.15 and 3.05 (3 H
each, s broad each, dynamically broadened NMey), 1.04 (3 H,
t, CHyCHj3). 3C NMR (CgDg): 6 278.1 (W=C), 203.4 and 200.3
[1:4, trans- and cis-CO, W(CO)s], 169.3 (=CHNMey), 169.1 (Cq,
C=N), 152.8 (Cq, i-C N-Ph), 141.0 (Cq, i-C 3-Ph); 131.2, 129.3,
129.1, 128.7, 124.8, 119.7 (1:2:2:2:1:2, CH each, 2 Ph), 125.5
(Cq, C-2), 72.1 (OCHy), 49.2 and 41.2 (CH;3 each, dynamically
broadened, NMey), 16.2 (CHs). IR (hexane), cm™! (%): v 2058.9
(30), 1961.8 (10), 1921.1 (100} [(C=0)]. MS (70 V), m/e (%)
184W: 630 (10) [M*], 602 (40), 574 (40), 546 (60), 518 (20), 490
(60), 462 (50), 183 (80), 86 (100). Anal. Calcd for CosHaeN2OgW
(630.3): C,47.64; H, 3.52; N, 4.44. Found: C, 47.85; H, 3.66;
N, 4.62.
Pentacarbonyl{2-[(E)-dimethylaminomethylene]-1-
ethoxy-3-phenyl-3-(phenylimino)propan-1-ylidene}-
chromium [(E)-5b] and Pentacarbonyl(1-ethoxy-3-phen-
ylpropynylidene)chromium (8b). To pentacarbonyl[1-
ethoxy-3-phenyl-3-(phenylamino)propenylidenelchromium (1b)
(443 mg, 1.00 mmol) and dry dimethylformamide 4a (146 mg,
2.00 mmol) in a 5-mL screw-top vessel is added with magnetic
stirring at 20 °C a mixture of benzoylchloride (422 mg, 3.00
mmol) and triethylamine (404 mg, 4.00 mmol) in 3 mL of dry
dichloromethane. According to a TLC test, compound 1b is
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consumed within 20 min. The mixture is brought to dryness
(20 °C, 15 Torr), and the residue is extracted with ether.
Chromatography on silica with pentane/dichloromethane 2:1
yields a violet zone with 6b (32 mg, 9%, violet crystals from
pentane) and a yellow zone with (E)-5b: 388 mg, 78%, Ry =
0.4 in pentane/dichloromethane (1:1), yellow crystals from
pentane at —15.°C, mp 113 °C. 'H NMR (Cq¢De): 4 7.87 (1 H,
s, =CH); 7.70 and 7.29 (2:3 H, m each, 3-Ph); 7.14, 6.91 and
6.58 (2:1:2 H; “t”, “t”, “d”, N-Ph), 4.55 and 4.42 (1 H each, m
each, diastereotopic OCHy), 2.83 and 2.79 (3 H each, s broad
each, dynamically broadened NMe;), 0.85 (3 H, t, CH,CH3).
13C NMR (CgDs): 8 294.1 (Cr=C), 221.3 and 216.9 [1:4, trans-
and cis-CO, Cr(CO);], 166.3 (Cq, C=N), 164.0 (=CHNMe,),
149.7 (Cq, i-C N-Ph), 138.1 (Cq, i-C 3-Ph); 131.3, 128.7, 128.6,
127.9,124.9,118.9(1:2:2:2:1:2, CH each, 2 Ph), 125.6 (Cq, C-2),
71.8 (OCHy,), 46.1 and 38.1 (CHj3 each, dynamically broadened,
NMe,), 13.2 (CHs). IR (hexane), ecm™! (%): ¥ 2050.0 (30),
1960.5 (10), 1925.3 (100) [»(C=0)]. MS (70 eV), m/e (%): 498
(10) [M*], 470 (1), 442 (20), 414 (20), 386 (30), 359 (20), 197
(60), 105 (100), 77 (80). Anal. Calcd fOI‘ Cz5H220erOs
(498.5): C, 60.24; H, 4.45; N, 5.62. Found: C, 60.53; H, 4.40;
N, 5.32.
Pentacarbonyl{1-ethoxy-3-phenyl-3-phenylimino-2-
[(E)-pyrrolidinomethylene]-propan-1-ylidene}tung-
sten [(E)-5¢] and Pentacarbonyl(1-ethoxy-3-phenylpro-
pynylidene)tungsten (6a). To pentacarbonyl[1-ethoxy-3-
phenyl-3-phenylamino)propenylideneltungsten!® (1a) (575 mg,
1.00 mmol) and dry N-formylpyrrolidine 4b (198 mg, 2.00
mmol) in a 5-mL screw-top vessel is added with magnetic
stirring at 20 °C a mixture of benzoyl chloride (422 mg, 3.00
mmol) and triethylamine (404 mg, 4.00 mmol) in 3 mL of dry
dichloromethane. According to a TLC test, compound 1la is
consumed within 30 min. Chromatography on silica with
pentane/dichloromethane 2:1 yields a dark brown zone with
6a (120 mg, 25%, brown crystals from pentane, and a yellow
fraction of (E)-8c: 427 mg, 65%, Ry = 0.5 in pentane/dichlo-
romethane (1:1), yellow and dark-red crystals in equal amounts
from pentane at —15 °C, mp 114 °C each. 'H NMR (CgDg): 6
8.10 (1 H, s, =CH); 8.02 and 7.22 (2:3 H, m each, 3-Ph); 7.10,
6.92 and 6.75 (2:1:2 H; “t”, “t”, “d”, N-Ph), 4.40 (2 H, m,
diastereotopic OCHy), 3.12 and 2.80 (2 H each, m each,
dynamically broadened NCHy), 2.30 (4 H, m, C-CH;-CH,,
pyrrolidine), 0.79 (3 H, t, CH;CH;). 3C NMR (CgDs): 6 273.9
(W=C), 201.9 and 199.1 [1:4, trans- and cis-CO, W(CO);}, 166.9
(Cq, C=N), 163.4 (=CHNMey), 151.5 (Cq, i-C N-Ph), 140.0 (Cq,
i-C 3-Ph); 130.0, 128.4, 128.1, 127.8, 124.0, 119.0 (1:2:2:2:1:2,
CH each, 2 Ph), 125.6 (Cq, C-2), 75.5 (OCHy), 55.0 and 48.0
(NCH;, each), 24.9 and 23.2 (C—CH,;—~CHy;, pyrrolidine), 14.2
(CHj3). IR (hexane), cm™! (%): v 2058.5 (30), 1982.5 (5), 1924.8
(100) [»(C=0)], 1582.4 [W(C=N)]. MS (70 eV), m/e (%), *W:
656 (10) [M*], 628 (20), 600 (20), 572 (10), 544 (10), 516 (30)
[M* — 5 COl, 486 (20), 388 (30), 286 (40), 77 (100). Anal. Caled
for CorHo4N2OsW (656.4): C, 49.41; H, 3.69; N, 4.27. Found:
C, 49.33; H, 3.73; N, 4.36.
Pentacarbonyl{1-ethoxy-3-phenyl-3-(phenylimino)-2-
[(E)-pyrrolidinomethylene]-propan-1-ylidene}chrom-
ium [(E)-5d] and Pentacarbonyl(1l-ethoxy-3-phenylpro-
pynylidene)chromium (6b). To pentacarbonyl{1-ethoxy-3-
phenyl-3-(phenylamino)propenylidenelchromium (1b) (443 mg,
1.00 mmol) and dry N-formylpyrrolidine 4b (198 mg, 2.00
mmol) in a 5-mL screw-top vessel is added with magnetic
stirring at 20 °C a mixture of benzoyl chloride (422 mg, 3.00
mmol) and triethylamine (404 mg, 4.00 mmol) in 3 mL of dry
dichloromethane. According to a TLC test, compound 1b is
consumed within 30 min. Chromatography on silica with
pentane/dichloromethane 2:1 yields a violet zone with 6b (105
mg, 30%, violet crystals from pentane) and a yellow fraction
of (E)-8d: 320 mg, 61%, Ry = 0.4 in pentane/dichloromethane
(1:1), orange crystals from pentane at —15 °C, mp 111 °C,
decomp]. 'H NMR (C¢Dg): 6 8.16(1 H, s,=CH); 8.10 and 7.15
(2:3 H, m each, 3-Ph); 7.12, 6.85 and 6.59 (2:1:2 H; “t”, “t”, “d”,
N-Ph), 4.50 (2 H, q, OCHy); 3.21, 2.75, 2.50 (2:2:4, m each,
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pyrrolidine), 0.68 (3 H, t, CH;CH3). '3C NMR (Cg¢Dg): 6 293.8
(Cr=C), 223.7 and 219.7 [1:4, trans- and cis-CO, Cr(CO)s],
167.8 (Cq, C=N), 161.9 (=CHNMe,), 153.2 (Cq, i-C N-Ph),
140.8 (Cq, i-C 3-Ph); 131.0, 129.6, 129.2, 128.6, 124.6, 119.9
(1:2:2:2:1:2, CH each, 2 Ph), 124.5 (Cq, C-2), 73.9 (OCHy), 55.7
and 48.7 (NCHj; each, pyrrolidine), 25.8 and 24.0 (C-CH; each,
pyrrolidine), 15.0 (CHj). IR (hexane), cm™ (%): #2049.3 (20),
1982.5 (5), 1928.1 (100) [»(C=0)], 1588.3 [»(C=N)]. MS (70
eV), mle (%). 524 (10) [M*], 468 (20), 440 (20), 412 (30), 384
(40) [M* — 5CO], 340 (40), 286 (40), 256 (40), 57 (100). Anal.
Caled for CosH2yCrN2Og (524.5): C, 61.83; H, 4.61; N, 5.34.
Found: C, 61.95; H, 4.68; N, 5.43.
Pentacarbonyl{1-ethoxy-2-[(E)-morpholinomethylene]-
3-phenyl-3-(phenylimino)propan-1-ylidene}tungsten [(E)-
5e] and Pentacarbonyl(1-ethoxy-3-phenylpropynylidene)-
tungsten (6a). To pentacarbonyl(1-ethoxy-3-phenyl-2-phen-
ylamino-propenylidene)tungsten®® (1a) (575 mg, 1.00 mmol)
and dry N-formylmorpholine 4c¢ (230 mg, 2.00 mmol) in a 5-mL
screw-top vessel is added with magnetic stirring at 20 °C a
mixture of benzoyl chloride (422 mg, 3.00 mmol) and triethyl-
amine (404 mg, 4.00 mmol) in 3 mL of dry dichloromethane.
According to a TLC test, compound 1a is consumed within 30
min. Chromatography on silica with pentane/dichloromethane
2:1 yields a dark brown zone with 6a (106 mg, 22%, brown
crystals from pentane), and a yellow-orange fraction of (E)-
5e: 464 mg, 69%, Ry = 0.4 in pentane/diethyl] ether (3:1), yellow
crystals from pentane at —15 °C, mp 121 °C, decomp. 'H NMR
(CeDs): 6 8.10 (1 H, s, =CH); 8.00, 7.21 and 7.14 (2:.1:2 H, m
each, 3-Ph); 7.11, 6.95 and 6.82 (2:1:2 H; “t”, “t”, “d”, N-Ph),
4.40 (2 H, m, diastereotopic OCHy), 2.90 and 2.80 (4 H each,
s broad each, dynamically broadened NCH; and OCH; mor-
pholine), 0.73 (8 H, t, CH;CHj3). '*C NMR (Ce¢Ds): 6 276.5
(W=C), 200.8 and 197.9[1:4, trans- and cis-CO, W(CO);], 165.7
(Cq, C=N), 164.9 (=CHNMey), 150.5 (Cq, i-C N-Ph), 138.0 (Cq,
i-C 3-Ph); 131.8, 129.5, 129.2, 129.0, 125.0, 120.0 (1:2:2:2:1:2,
CH each, 2 Ph), 122.8 (Cq, C-2), 75.0 (OCHy), 64.8 (2 OCHjy),
51.0 and 49.5 (NCH; each, broad), 13.2 (CH3). IR (hexane),
em! (%): ¥ 2059.4 (30), 1985.5 (5), 1925.5 (100) [»(C=0)],
1590.0 [ C=N)]. MS (70 eV), m/e (%), *¥¥W: 672 (10) [M*],
644 (60), 616 (60), 588 (50), 560 (10), 532 (70) [M* — 5CO],
504 (20), 445 (50), 292 (40) 77 (100). Anal. Caled for
Co7H24N20,W (672.4): C, 48.23; H, 3.60; N, 4.17. Found: C,
48.20; H, 3.55; N, 4.30.
Tetracarbonyl{1-ethoxy-3-phenyl-3-(phenylimino)-2-
[(E)-pyrrolidinomethylene]-propan-1-ylidene, N}chrom-
ium [(E)-7d]. Pentacarbonyl{1-ethoxy-3-phenyl-3-(phenylimi-
no)-2-[(E)-pyrrolidinomethylenelpropan-1-ylidene}chromium
[(E)-5d] (262 mg, 0.50 mmol) in 1 mL of C¢Ds in a 5-mL screw-
top vessel is heated to 40 °C. The solution becomes dark red
while a small pressure of carbon monoxide developing. A
mixture of benzoyl chloride (422 mg, 3.00 mmol) and triethy-
lamine (404 mg, 4.00 mmol) in 3 mL of dry dichloromethane
is added. According to TLC tests, compound (E)-5d is con-
sumed within 12 h, while red-brown compound (E)-7d is
formed as the only detectable product. Isolation by crystal-
lization from pentane yields 230 mg, 93%, Ry = 0.4 in pentane/
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diethyl ether (1:1), brown crystals. 'H NMR (Cg¢De): 6 6.94,
6.75 and 6.69 (4:4:2 H, m each, 2 Ph), 6.28 (1 H, s, =CH), 5.20
(2 H, q, OCHy), 2.82 and 2.34 (2:2 H, m each, NCHg, pyrroli-
dine), 1.40 (3 H, t, CH:CH3), 1.06 and 0.94 (2:2 H, m each,
C—CH,;—CH;—-C, pyrrolidine). 3C NMR (C¢Dg): 6 323.6
(Cr=C); 232.9, 232.2 and 219.3 [1:1:2, Cr(CO)4], 176.7 (Cq,
C=N), 155.0 (Cq, i-C N-Ph), 147.3 (CHNMe), 136.6 (Cq, i-C
3-Ph); 129.0, 128.4, 128.1, 127.9, 124.0, 123.6 (1:2:2:2:1:2, CH
each, 2 Ph), 125.9 (Cq, C-2), 76.4 (OCHjy), 55.5 and 54.7 (NCH,
each, pyrrolidine), 25.8 and 24.0 (C—~CH;~CH,-C, pyrroli-
dine), 16.2 (CH3). IR (hexane), em™! (%):. ¥ = 1999.2 (50),
1917.2 (60), 1897.3 (80), 1838.1 (60) [+»(C=0)}, 1587.3 und
1549.0 [v(C=N) of rotamers]. MS (70 eV), m/e (%): 496 (20)
[M*], 468 (20), 440 (20), 412 (30), 384 (30) [M* — 4 CO], 366
(20), 340 (30), 286 (30) 77 (100). Anal. Calcd for CogHosCrN2Os
(496.5): C, 62.90; H, 4.87; N, 5.64. Found: C, 62.95; H, 4.68;
N, 5.43.

Ethyl{3-phenyl-3-(phenylimino)-2-[(E)-pyrrolidino-
methylene]propanoate} [(E)-8d]. Tetracarbonyl{1-ethoxy-
3-phenyl-3-phenylimino-2-[(E)-pyrrolidinomethylenelpropan-
1-ylidene, N}chromium [(E)-7d] (50 mg, 0.10 mmol) in 1 mL
of CsDs with a trace amount of hexamethylbenzene as an
internal standard is heated in a sealed vial to 80 °C for 20 h.
According to the 'H NMR spectrum no detectable reaction has
occurred. If the same solution is exposed to air (in a 15-mL
screw-top vessel) and heated to 40 °C a smooth oxidation with
formation of (E)-8d (>90% from integration of the NMR
signals) as the only product takes place within minutes. 'H
NMR (CgDg): 6 8.35, 7.25, 7.20, 7.16, 6.92 (2:2:3:2:1 H, m each,
2 Ph); 7.56 (1 H, s, =CH), 4.09 (2 H, m, diastereotopic OCH,),
2.82 and 2.39 (2:2 H, m each, dynamically broadened each,
NCHg, pyrrolidine), 1.35 and 0.92 (2:2 H, m each, dynamically
broadened each, C—CHy;—CHy—C, pyrrolidine), 0.95 (3 H, t,
CH,CHs;). '3C NMR (CDCly): 6 168.5 (Cq, OC=0), 165.6 (Cq,
C=N), 154.2 (Cq, i-C N-Ph), 151.9 (CHNMey), 141.3 (Cq, i-C
3-Ph); 130.1, 128.5, 128.4, 128.1, 123.4, 120.0 (1:2:2:2:1:2, CH
each, 2 Ph), 94.2 (Cq, C-2), 59.9 (OCHy), 50.0 (2 NCH,,
pyrrolidine, dynamically broadened), 29.6 (C—CHy—-CH,~C,
pyrrolidine), 14.0 (CH3). IR (diffuse reflexion), cm™! (%). »
1683.9 (30), 1591.9 (100) [»(C=0), v(C=C), and »(C=N)]. MS
(70 eV), m/e (%). 348 (20) [M*], 319 (10) [M* — Et], 303 (10),
278 (60) [M* — C,HsN], 256 (100), 210 (60), 206 (80), 183 (50),
180 (70) [PhCNPh*], 77 (100), 70 (40) [C4HsN*]. Exact mass:
caled for CyH23N:O,, 348.183778; found, 348.183793.
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Allenylidene complexes (CO);Cr=C=C=C(NRR!")Ph (5a—d) (NRR! = NMe;, NMePh,
NEtPh, indolinyl) are formed on reaction of (2-aminoalkenyl)carbene complexes (CO)s-
Cr=C(OEt)-CH=C(NR!))Ph (4a—d) with aluminum chloride in carbon disulfide/dichlo-
romethane in 53—73% isolated yield. The X-ray structure of complex 5d [NRR! = NMePh;
monoclinic space group P2,/c (No. 14), a = 12.989(1) A, b = 13.520(2) A, ¢ = 12.546(1) A, Z
= 4, R = 0.044, R,2 = 0.143] indicates that a polarized iminium—alkynyl structure
(CO)sCr——C=CC(=N*MePh)Ph gives a more adequate description of the bond distances than

the allenylidene structure.

Aminolysis of Alkynylcarbene Complexes

Alkynylcarbene complexes (CO)sM=C(X)C=CR (M =
Cr, W; X = OR, NRy)? have gained much attention
recently as building blocks for organic synthesis.?-?
Among various reactions studied so far are cycloaddi-
tions, ene-type reactions, and addition/eliminations.!?
The aminolysis of alkynylcarbene complex 1 was inves-
tigated as early as 1972,2 but it was shown only
recently!!~13 that altogether three competing reaction
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Scheme 1. Three Routes for the Aminolysis of
Alkynylcarbene Complexes
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paths must be distinguished: (a) the 1-substitution to
l-aminocarbene complexes 3 via intermediates A, (b)
the 3-addition to (2-aminoalkenyl)carbene complexes 4
via allenide intermediates B,4 and (c) the 3,1-substitu-
tion to (3-amino)allenylidene complexes 5 (Scheme
1).8eh11

The isomerization of alkynylcarbene complexes
(CO)sM=CX-C=CR to allenylidene complexes
(CO)sM=C=C=CXR deserves special attention. Com-
pounds of the latter type were first prepared in 1976
M = Cr, W; X = NRy),!5 and many allenylidene
complexes became known since then (M = Cr,16:17 W 18,19

(12) (a) Camps, F.; Llebaria, A.; Moreté, J. M.; Ricart, S.; Vinas, J.
M. Tetrahedron Lett. 1990, 31, 2479—-2481. (b) Camps, F.; Jordi, L.;
Morets, J. M. Ricart, S.; Castafio, A. M,; Echavarren, A. M. J.
Organomet. Chem. 1992, 436, 189—192.

(13) Rahm, A.; Wulff, W. D.; Rheingold, A. L. Organometallics 1993,
12, 597-599.

(14) For stable phosphorus-analog compounds of this type see:
Aumann, R.; Jasper, B.; Lage, M.; Krebs, B. Chem. Ber. 1994, 127,
2475-2482,

© 1995 American Chemical Society
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Scheme 2. Allenylidene Complexes 5 by
1,2-Elimination of EtOH from 4 with Aluminum

Trichloride
OEt Fh
(co)sCr Ph — (CO)sCr='='=<
— NRR!
4 NRR' 5
-H[AICI4]
+(AICI3)x l +(AICI3)x r -EtOAICIp
o oh Ph o
(CO)5Cr:C—CH:< - (C0)5Cr=C=CH [EtOAICI3)
NRR' @NRR1

c

Mn,2%.2! Rh,22 Fe,23 and Ru,24-26 and other metals?728 ),
Except for the direct transformation of alkynyl into
allenylidene complexes by 3,1-substitution (X = NR»,!!
NHR,%¢ OEt2® ), little is known about the route to
allenylidene from alkynylcarbene via (2-aminoalkenyl)-
carbene complexes (CO);sM=C(OEt)-CH=CXR (4) by 1,2-
elimination of EtOH (Scheme 1).13 We wish to describe
experimental details for the efficient transformation of
compounds 4 into 5 (Scheme 2).

The (orange) (2-aminoalkenyl)carbene complexes 4a—d
when reacted in a proper solvent mixture [=carbon-
disulfide/dichloromethane (1:1)] with aluminum trichlo-
ride (3 equiv, 0 °C, 1.5 h) afford (violet) allenylidene
complexes 5a—d in 53—73% isolated yield after hydroly-
sis. Though this reaction is most straightforwardly
performed, careful attention must be paid to the quality
of aluminum trichloride and also to the hydrolytic
workup of the reaction mixture. The elimination of
EtOH may be initiated by coordination of aluminum
chloride to the oxygen atom of the EtO group, thus
favoring an anti elimination of EtOH via an intermedi-
ate C (Scheme 2).

Spectroscopy

Allenylidene complexes § are most conveniently dis-
tinguished from the corresponding alkynylcarbene com-
plexes by the IR spectra. A strong absorption band at
1974—-1988 cm ™! [v(C=C=C)] and a (usually very weak)
A; »(C=0) band at 2071—-2098 cm™! is typically ob-

(15) Fischer, E. O.; Kalder, H.-J.; Frank, A.; Kohler, F. H.; Huttner,
G. Angew. Chem. 1976, 88, 683—684; Angew. Chem., Int. Ed. Engl.
1976, 15, 623—624.

(18) Berke, H.; Hérter, P.; Huttner, G.; von Seyerl, J. J. Organomet.
Chem. 1981, 219, 317-327.

(17) Berke, H.; Harter, P.; Huttner, G.; Zsolnai, L. Z. Naturforsch.,
B 1981, 36B, 929-938.

(18) Berke, H.; Hérter, P.; Huttner, G.; Zsolnai, L. Chem. Ber. 1982,
115, 695—705.

(19) Fischer, H.; Roth, G.; Reindl, D.; Troll, C. J. Organomet. Chem.
1993, 454, 133—149.

(20) (a) Berke, H. Z. Naturforsch., B 1980, 35B, 86—90. (b) Berke,
H. Chem. Ber. 1980, 113, 1370—1376.

(21) Berke, H. Angew. Chem. 1978, 88, 684—685; Angew. Chem.,
Int. Ed. Engl. 1976, 15, 624,

(22) Baum, M.; Mahr, N.; Werner, H. Chem. Ber. 1994, 127, 1877—
1886.

(23) Kolobova, N. E.; Ivanov, L. L.; Zhvanko, O. S.; Aleksandrov, G.
G.; Struchkov, Y. T. J. Organomet. Chem. 1982, 228, 265—-270.

(24) Selegue, J. P. Organometallics 1982, 1, 217.

(25) Werner, H.; Stark, A.; Steinert, P.; Griinwald, C.; Wolf, J. Chem.
Ber. 1995, 128, 49-62.

(26) Cadierno, V.; Gamasa, M., P.; Gimeno, J.; Borge, J.; Garcia-
Grande, S. J. Chem. Soc., Chem. Commun. 1994, 2495—2496.

(27) Recent review: Bruce, M. I. Chem. Rev. 1991, 91, 197,

(28) Recent review: Werner, H. J. Organomet. Chem. 1994, 475,
45.

(29) Aumann, R. Chem. Ber. 1992, 125, 2773-2778.
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served for allenylidene complexes 5, while absorptions
at 2165—-2175 [»(C=C)] and 2058—2065 cm™! [A; v-
(C=0)] are found in alkynylcarbene complexes. The
structural assignment of compounds 5 is also based on
the 13C NMR shift range of the Cr=C (5 239-253) and
C=C unit (6 144-153, and 125-130, respectively)
(Table 1).

'H and 3C NMR spectra of the indolinyl derivative
5d indicate the presence of a 3:2 mixture of stereoiso-
mers 5A and 5B (Scheme 3). These isomers cannot be
separated by chromatography, since they are configu-
rationally unstable and slowly interconvert in solution.
This process, though it does not lead to an appreciable
line broadening in the 'H NMR spectrum (CgDs, 360
MHz, 20 °C), is unambiguously indicated by spin
saturation transfer experiments. The conformational
assignment of the stereoisomers of 5d is based on strong
shift differences, e.g. of 7-H (5A, 6 9.40; 5B, 6 6.05) and
NCH; (BA, 6 3.00; 5B, ¢ 4.00), due to the anisotropic
influence of the 3-Ph group. The hindered rotation of
the C=N* bond in 5d is attributed to the resonance
contribution of a zwitterionic iminium structure but also
to the sterical rigidity of the indolinyl ring. The 'H and
13C NMR spectra of 5b,c indicate the presence of one
stereoisomer only. Crystallization of 5b affords the
isomer 5bB, which structure has been determined by
X-ray analysis.

Crystal Structure Analysis of 5b

Detailed information on the molecular structure of
compounds 5 was obtained from its crystal structure
analysis (Tables 2—4). The Cr—C(1)—C(2)—C(3) back-
bone of this compound is almost linear [Cr—C(1)—-C(2)
= 173.7(3)°, C(1)~C(2)—C(3) = 174.3(4)°]. The sums of
valence angles at C(3) and N amount to 360.0 and
359.7°, respectively, which indicate an essentially planar
coordination at these centers. Due to delocalization of
the lone electron pair on the nitrogen atom into the
adjacent C=C bond a short N—C(3) bond [1.323(4) A]
and a slightly elongation of the C(2)—C(3) bond {1.389(5)
A} is observed. The distance C(1)-C(2) = 1.224(5) A is
much shorter than in a C=C bond of 1,2-propadiene
(1.312 A) and corresponds to a C=C bond.!?215.2426 Thus
a polarized iminium—alkynyl structure 5A (Scheme 3)
gives a more adequate description of the bond distances
than the allenylidene structure 5.

Experimental Section

All operations were performed under argon. Solvents were
dried by distillation from sodium/benzophenone. Melting
points are uncorrected. Instrumentation: 'H NMR and '3C
NMR spectra were obtained with Bruker WM 300 and WP 360
spectrometers. Multiplicities were determined by DEPT.
Chemical shifts refer to drms = 0.00 ppm. Other analyses: IR
Digilab FTS 45; MS Finnigan MAT 312; elemental analysis,
Perkin-Elmer 240 elemental analyzer; column chromatogra-
phy, Merck-Kieselgel 100; TLC, Merck DC-Alufolien Kieselgel
60 F 254. Ry values refer to TLC tests.

Pentacarbonyl{(2E)-1-ethoxy-3-(methylphenylamino)-
3-phenylpropenylidene]lchromium [(E)-4b]. Pentacarbo-
nyl(3-phenylpropynylidene)chromium (1) (3.50 g, 10.00 mmol)
in 5 mL of dry diethyl ether in a 25-mL centrifuge tube is
reacted with N-methylaniline (2b) (1.06 g, 10.00 mmol) in 3
mL of diethyl ether at 20 °C. After addition of pentane (15
mL) yellow crystals of (E)-4b are obtained (4.33 g, 93%), which
are removed by centrifugation after 2 h, washed 3 times with
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Table 1. Selected 3C NMR Chemical Shifts and IR Frequencies (cm™!) of Allenylidenechromium
Complexes (C0);Cr=C=C=C(NRR!)Ph

R R! o(Cr=C) o[C(3)] olC(2)] wC=0) wC=C=C) ref

H galacto® 252.7 147.0 127.8 2076, 1943 1977 8g

i-Pr i-Pr 238.3 152.0 85.8 2098, 1924 1976° 11
5a Me Me 230.2 153.1 125.3 2078, 1939 1988 d
5b Me Ph 243.6 150.2 129.5 2071, 1943 1978 d
5c Et Ph 240.0 150.9 129.3 2075, 1943 1977 d
5d indolinyl 239.0 144.3 125.8 2072, 1940 1974 d

(243.0) (143.9) (125.1)

a 2 3 4 6-tetra-O-pivaloyl-g-D-galactopyranosylamino. ® We find ¢ = 126.7 instead of 6 = 65.8 quoted in ref 11. ¢ In ref 11 this band is
assigned to ¥(C=0) instead of ¥(C=C=C). ¢ This paper.

Scheme 3. Hindered Rotation of the C=NR;" Bond Table 2. Crystal Data and Structure Refinement

of 5 for 5b
Ph Ph empirical formula C1H3CrNOs
N N fw 411.32
C Cr—em—e== ——eTe
(co)scr ~<N_ (Cojscr = 1 temp 223(2) K
5 NR NR wavelength 0.710 73 A
R! R cryst system monoclinic
: x space group P2y/c (No. 14)
o Bh o Ph unit cell dimerf a=12.989(1)A
_ - __ b=13520(2) A, § = 116.41(1)
(COsCr—=rk == (COCr—=—{ 1 c=12.546(1) A
5A N 5B MR 14 1973.3(4) A3
R R z 4
D(caled) 1.385 Mg/m?®
-1
2 mL of pentane each, and dried (20 °C, 15 Torr). 'H NMR ;.?(S);g)eff 346010 mm
[CeH/CS2 (1:1), 25 °Cl: 6 7.10, 6.90 and 6.85 (5:3:2 H, m each, cryst size 0.6 x 0.3 x 0.2 mm
2 Ph), 6.65 (1 H, s, 2-H), 4.20 (2 H, q broad, OCHy), 3.03 (3 H, 6 range for data collen 2.31-26.31°
s broad, NCH3), 0.50 (3H, t, CHs, Et). 13C NMR [C¢Hy/CS; index ranges -16<h<14,-16<k =<0,
(1:1)]: 6 302.8 (Cr=C), 224.3 and 219.1 [1:4 C, trans- and cis- 0<l=<15
CO Cr(CO)s], 153.4 (Cq, C3), 145.4 (Cq, i-C NPh), 137.7 (Cq, reflens colled 4198

i-C 3-Ph); 137.6, 130.0, 129.2, 128.3, 127.9, 127.6, 127.0 (CH
each, dynamically broadened, 2 Ph); 122.6 (CH, C2), 74.0
(OCHy,), 42.4 (NCHj3), 14.5 (CH; Et). IR (hexane) [em™! (%)]:
2049.1 (20), 1981.3 (5), 1932.1 (100) [»(C=0)]. MS (70 eV)
[m/e (%)]: 457 (20) (M*], 429 (20), 401 (10), 373 (50), 345 (30),
317 (80) [M* — 5CO], 289 (30), 272 (30), 220 (80), 52 (100).
Anal. Caled for CosH1gCrNOg (457.4): C, 60.40; H, 4.19; N,
3.06. Found: C, 60.60; H, 4.32; N, 3.33.
Pentacarbonyl[(2E)-1-ethoxy-3-(ethylphenylamino)-3-
phenylpropenylidenelchromium [(E)-4c]. Pentacarbonyl-
(3-phenylpropynylidene)chromium (1) (3.50 g, 10.00 mmol) is
reacted with N-ethylaniline (2¢) (1.21 g, 10.00 mmol) as
described above to give yellow crystals of (E)-4c [4.28 g, 91%,
R = 0.8 in pentane/dichloromethane (4:1)]. 'H NMR [CeHy/

4008 [R(int) = 0.1061]
full-matrix least-squares on F?
4000/0/254

1.075

R1 = 0.0441, R.2 = 0.1429

R1 =0.0889, Ry2 = 0.1726
0.407 and —0.492 e A-3

independent reflens
refinement method
data/restraints/params
goodness-of-fit on F?
final R indices [{ > 20(])]
R indices (all data)
largest diff peak and hole

CS; (1:1), 25 °C]: 6 6.90 and 6.70 (7:3 H, m each, 2 Ph), 6.85
(1H,s, 2-H), 4.23 (2 H, q, OCHy), 3.03 (2 H, ¢ broad, NCH3),
0.80 (3 H, t, CH3; NEt), 0.50 (3 H, t, CH; Oet). 3C NMR
(CeDg): 6 298.8 (Cr=C), 224.9 and 219.7 (1:4 C, trans- and cis-
CO Cr(CO)s], 154.2 (Cq, C3), 143.0 (Cq, i-C NPh), 137.6 (Cq,
i-C 3-Ph); 129.9, 128.8, 128.5, 128.2, 128.0, 127.9 (CH each,
dynamically broadened, 2 Ph); 121.8 (CH, C2), 73.9 (OCHoy),

C33 d

Figure 1. Molecular structure of allenylidene complex 5b shown with 50% thermal ellipsoides. Selected bond distances
(A) and angles (deg): Cr—C(13) = 1.863(4), Cr—C(1) = 2.007(3), C(1)—C(2) = 1.224(5), C(2)—-C(3) = 1.389(5), C(3)-N =
1.323(4), C(3)—-C(31) = 1.487(5), N—C(4) = 1.464(5), N—C(41) = 1.450(4), C(2)—C(1)-Cr = 173.7(3), C(1)-C(2)-C@3) =
174.3(4), N—C(3)—C(2) = 122.3(3), N—C(3)-C(31) = 119.1(3), C(2)~C(3)—-C(31) = 118.6(3), C(3)—N—-C(41) = 121.6(3), C(3)~
N-C(4) = 121.7(3), C(41)-N—C(4) = 116.4(3).

C34
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Table 3. Atomic Coordinates (x10%) and
Equivalent Isotrgpic Displacement Parameters
(A? x 103) for 5b

ad y z Uleq)

Cr 1765(1) -1591(1) ~-19(1) 33(L)
Ca1n 1431(3) 500(3) 715(4) 48(1)
0o(11) 1227(3) —-149(3) 1158(3) 83(1)
C(12) 2814(3) 2068(3) 1509(4) 44(1)
0(12) 3464(3) 2331(3) 2417(3) 7HL
C(13) 2973(3) 882(3) —69(3) 44(1)
0(13) 3716(2) 409(3) —49(3) 68(1)
C(14) 1936(3) 2771(3) —757(4) 44(1)
0(14) 2002(3) 3478(3) —-1217(3) 71(1)
C(15) 764(3) 1109(3) ~1558(3) 41(1)
0O(15) 184(2) 820(3) —2485(3) 60(1)
C) 417(3) 2217(3) 97(3) 37(1)
C(2) —439(3) 2506(3) 178(3) 39(1)
C(3) —1463(3) 2840(3) 147(3) 35(1)
C(31) —2095(3) 3649(3) —693(3) 36(1)
C(32) —1556(3) 4542(3) -615(4) 46(1)
C(33) —-2120(4) 5310(3) -1369(4) 59(1)
C(34) —3236(4) 5186(4) —2229(4) 61(1)
C(35) —3763(4) 4284(4) —2327(4) 58(1)
C(36) —3216(3) 3514(3) —1569(3) 46(1)
N ~1898(2) 2458(2) 830(3) 37(1)
C(4) —1336(4) 1639(3) 1647(4) 55(1)
Ci41) —2894(3) 2887(3) 890(3) 38(1)
C(42) —2818(3) 3818(3) 1360(4) 51(1)
C(43) —3778(4) 4236(4) 1388(5) 65(1)
C(44) —4800(4) 3715(4) 944(4) 64(1)
C(45) —4867(3) 2794(4) 478(4) 60(1)
C(46) —3909(3) 2361(3) 450(4) 48(1)

@ UJ(eq) is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 4. Bond Lengths (A) and Angles (deg) for 5b

Cr-C(13) 1.863(4) C(31)-C(32) 1.377(5)
Cr-C(11) 1.888(4) C(31)-C(36) 1.392(5)
Cr—C(15) 1.900(4) C(32)-C(33) 1.376(6)
Cr-C(12) 1.904(4) C(33)-C(34) 1.379(7)
Cr-C(14) 1.908(4) C(34)-C(35) 1.377(7)
Cr-C(1) 2.007(3) C(35)-C(36) 1.375(6)
C(11)-0(11) 1.132(5) N-C(41) 1.450(4)
C(12)-0(12) 1.132(5) N-C(4) 1.464(5)
C(13)-0(13) 1.148(5) C(41)-C(42) 1.375(6)
C(14)-0(14) 1.138(5) C(41)-C(46) 1.379(5)
C(15)-0(15) 1.137(5) C(42)-C(43) 1.383(5)
C(1)-C(2) 1.224(5) C(43)-C(44) 1.383(7)
C(2)-C(3) 1.389(5) C(44)-C(45) 1.361(7)
C(3)-N 1.323(4) C(45)-C(46) 1.390(6)
C(3)-C(31) 1.487(5)
C(13)-Cr-C(11)  89.6(2) N-C(3)-C(2) 122.3(3)
C(13)-Cr-C(15)  89.72) N-C(3)-C(31) 119.1(3)
C(11)-Cr-C(15)  915(2) C(2)-C(3)-C(31)  118.6(3)
C(13)-Cr-C(12)  88.4(2) C(32)-C(31)—C(36)  119.4(4)
CaL-Cr-C(12)  89.4(2) C(B2—-CED-C(3)  119.4(3)
C(15)-Cr-C(12)  177.9(2) C(36)-C(31)-C(3)  121.1(3)
C(13)-Cr-C(14)  97.6(2) C(31)-C(32)-C(33)  120.9(4)
C(11)-Cr-C(14) 172.82) C(32)-C(33)-C(34)  120.0(4)
C(15)-Cr—-C(14)  88.2(2) C(33)-C(34)-C(35)  119.0(4)
C(12)-Cr-C(14)  91.1(2) C(36)-C(35)-C(34)  121.7(4)
C(13)-Cr—-C(1)  173.7(2) C(35)-C(36)-C(31)  119.0(4)
C11)-Cr-C(1)  841(2) C(3)-N-C(41) 121.6(3)
C(15)-Cr-C(1)  89.6(2) C(3)-N—C(4) 121.7(3)
C12)-Cr-C(1)  92.3(2) C(41)-N-C(4) 116.4(3)
C(14)-Cr-C(1)  88.7(2) C(42)-C(41)-C(46) 121.1(3)
O(11)-C(A1)~Cr  179.44) C(42)-C(41)-N 119.6(3)
0(12)-C(12)~Cr  177.8(4) C(46)~C(41)-N 119.3(4)
0(13)-C(13)-Cr  176.0(4) C(41)-C(42)-C(43)  119.4(4)
0(14)-C(14)—Cr  177.9(4) C(44)-C(43)-C(42) 119.8(4)
O(15)-C(15)-Cr  178.6(3) C(45)-C(44)-C(43)  120.4(4)
C(2~-C()-Cr  173.7(3) C(44)—C(45)-C(46)  120.6(4)
C1)-C2)-C3)  174.3(4) C41)-C(46)-Cl45)  118.7(4)

48.8 (NCHj;), 14.3 (CH3 OEt), 13.1 (CH; NEt). IR (hexane)
[em~1(%)]: 2049.1(20), 1981.3 (5), 1932.1 (100) [»(C=0)]. MS
(70 eV) [m/e (%)]: 471 (30) [M™], 443 (20), 415 (10), 387 (50),

Aumann et al.

359 (30), 331 (30) [M* — 5CO], 234 (40), 219 (30), 170 (80), 57
(100). Anal. Caled for CosHoiCrNQg (471.5): C, 61.15; H, 4.49;
N, 2.97. Found: C, 60.90; H, 4.68; N, 3.03.
Pentacarbonyl[(2E)-1-ethoxy-3-(1-indolinyl)-3-phenyl-
propenylidenelchromium [(E)-4d]. Pentacarbonyl(3-phen-
ylpropynylidene)chromium (1) (3.50 g, 10.00 mmol) is reacted
with indoline (2d) (1.19 g, 10.00 mmol) as described above to
give yellow crystals of (E)-4d [4.27 g, 91%, Ry = 0.2 in pentane/
dichloromethane (5:1), mp 119 °C). 'H NMR (C¢Hs, 25 °C): 0
7.20 and 6.90 (1:4 H, m each, Ph), 6.87 (1 H, s, 2-H), 6.65 (1
H, d, 3J = 7.3 Hz, 4-H indoline), 6.60 (1 H, dd, 3%J = 7.3 and
7.5 Hz, 5-H indoline), 6.52 (1 H, dd dynamically broadened,
6’-H indoline), 5.70 (1 H, at 25 °C “s” broad; at 50 °C d, %J =
7 Hz, 7’-H indoline), 4.30 (2 H, q, OCH,), 3.33 (2 H, m, NCHy),
2.50 (2 H, m, CH;Ph), 0.55 (3 H, t, CH; Et). C NMR (CsDs):
6 300.6 (Cr=C), 223.0 and 217.7 [1:4 C, trans- and cis-CO Cr-
(CO)s], 146.5 (Cq, C3); 141.2, 135.1 and 132.9 (Cq each; i-C
3-Ph and indoline); 129.6, 129.1, 128.5, 127.3, 125.7, 124.5,
123.4, 116.7 (CH each, 1:2:1:1:1:2:1:1 C; 3-Ph, indoline and C2),
74.3 (OCH,), 53.7 (NCHy), 27.7 (CH.Ph), 14.3 (CH;3 Et). IR
(hexane) [cm™! (%)]: ¥ = 2048.8 (20), 1985.9 (5), 1933.6 (100)
[(M(C=0)]. MS (70 eV) [m/e (%)]: 469 (20) [M*], 441 (20), 413
(10), 385 (50), 357 (30), 329 (80) [M* — 5CO], 248 (60), 233
(40), 232 (50), 230 (60), 84 (100). Anal. Caled for CosH19CrNOg
(469.4): C, 61.41; H, 4.08; N, 2.98. Found: C, 61.44; H, 4.08;
N, 2.98.
Pentacarbonyl[3-(dimethylamino)-3-phenyl-1,2-propa-
dienylidene]chromium (5a). Pentacarbonyl[(2E)-1-ethoxy-
3-(dimethylamino)-3-phenylpropenylidenelchromium [(E)-4a}*
(350 mg, 1.00 mmol) in 2.0 mL of dichloromethane is added
with stirring at 0 °C to a suspension of finely divided (yellow,
crystalline!) aluminum chloride (400 mg, 3.00 mmol) in 2.0 mL
of carbon disulfide. The reaction is followed by TLC. No
evolution of gas (=CO) should occur, since this may an
indication for a drastic drop of yield. After (E)-4a has been
consumed completely (1.5 h at 0 °C) the reaction mixture is
quenched by the dropwise addition to a rapidly stirred mixture
of 10 g of ice and 3 g of sodium hydrogen carbonate. The
organic layer is diluted with 20 mL of ether, separated, and
brought to dryness (20 °C, 15 Torr). The residue is dissolved
in 2 mL of dichloromethane, and 10 mL of pentane is added.
Crystallization at —~78 °C (1-3 d) yields 5a [223 mg, 64%,
maroon crystals, Ry = 0.5 in dichloromethane/pentane (2:1),
mp 122 °C, dec]. 'H NMR (C¢Dg): 6 6.90 and 6.80 (2:3 H, Ph),
2.60 and 1.95 (3 H each, s each, NCH; each). *C NMR
(CsDg): 6 230.2 (Cr=C), 224.2 and 218.5 [1:4, trans- and cis-
CO, Cr(C0)s], 153.1 [C(q), C3], 134.4 [C(q), i-C Ph], 131.3 and
128.9(1:4, CH each, Ph), 125.3 [C(q), C2}, 43.8 and 41.4 (NCH,
each). IR (hexane) [em™! (%)) ¥ = 2078.1 (2), 1939.1 (100)
[W(C=0)], 1988.2 (80) [W(C=C=C)]. MS(70eV){m/e(%)]: 349
(50) [M*], 321 (10), 293 (20), 265 (40), 237 (50), 209 (80) (M~
— 5CO0], 166 (50), 127 (80), 93 (80), 86 (70), 77 (100). Anal.
Caled for C,¢H1;CrNQ; (349.3): C, 55.02; H, 3.17; N, 4.01.
Found: C, 54.87; H, 3.29; N, 4.17.
Pentacarbonyl[3-(methylphenylamino)-3-phenyl-1,2-
propadienylidenelchromium (5b). Pentacarbonyl[(2E)-1-
ethoxy-3-(methylphenylamino)-3-phenylpropenylidene]chro-
mium [(E)-4b] (457 mg, 1.00 mmol) is reacted as described
above with aluminum chloride. Data for 5b [247 mg, 60%,
violet crystals, Br = 0.4 in dichloromethane/pentane (1:4), mp
112 °C, dec] are as follows. 'H NMR (Cg¢Ds): 6 7.05 and 6.55
(2:3 H, m each, 3-Ph), 6.40 and 6.10 (3:2 H, m each, NPh),
3.25 (3 H, s, NCH3). 3C NMR (CsDg): 6 243.6 (Cr=C), 224.9
and 218.1 [1:4, trans- and cis-CO, Cr(CO)s1, 150.2 [C(q), C3],
143.7 [C(q), i-C NPh], 135.0 [C(qg), i-C 3-Ph]; 131.3, 130.3 and
129.5 (1:2:2, CH each, 3-Ph); 129.5 [C(g), C2]; 128.1, 127.7 and
125.3 (1:2:2, CH each, NPh), 46.5 (NCH3). IR (hexane) [cm™!
(%)]: ¥ = 2071.2 (2), 1942.5 (100) [v(C=0)], 1978.0 (60) [v-
(C=C=C)]. MS (70 eV) [m/e (%)]: 411 (30) [M™*], 383 (10),
355 (20), 327 (40), 299 (50), 271 (80) [M* — 5CO], 219 (60),

(30) Aumann, R. Chem. Ber. 1993, 126, 1867—1872.
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179 (50), 127 (30), 77 (100). Anal. Caled for CoH13CrNOs
(411.3): C,61.32; H, 3.19; N, 3.41. Found: C, 61.52; H, 3.25;
N, 3.64.
Pentacarbonyl{3-(ethylphenylamino)-3-phenyl-1,2.pro-
padienylidene]lchromium (5¢). Pentacarbonyl{(2E)-1-ethoxy-
3-(ethylphenylamino)-3-phenylpropenylidene]chromium [(E)-
4c)] (471 mg, 1.00 mmol) is reacted as described above with
aluminum chloride. Data for B¢ [225 mg, 53%, violet crystals,
R;= 0.4 in dichloromethane/pentane (1:4), mp 99 °C, dec] are
as follows. 'H NMR (CgDg): 6 7.10 and 6.55 (2:3 H, m each,
3-Ph), 6.40 and 6.15 (3:2 H, m each, NPh), 3.80 (2 H, q, NCH»),
1.00 (3 H, t, NCH;). 3C NMR (CgDg): 6 240.0 (Cr=C), 225.6
and 218.9 [1:4, trans- and cis-CO, Cr(CO)s], 150.9 [C(q), C3],
142.8 [C(q), i-C NPh}, 135.7 [C(q), i-C 3-Ph]; 131.9, 131.2 and
130.5 (1:2:2, CH each, 3-Ph); 129.3 [C(g), C2]; 129.0, 128.7 and
127.0 (1:2:2, CH each, NPh), 55.5 (NCH,), 12.5 (NCHs). IR
(hexane) [em™! (%)]: ¥ = 2075.2 (2), 1943.2 (100) [A(C=0)],
1976.6 (60) [»(C=C=C)]. MS (70 eV)[m/e (%)]: 425 (30) [M*],
397 (10), 369 (20), 341 (40), 313 (40), 285 (80) [M* — 5CO],
256 (30), 233 (20), 179 (30), 127 (30), 77 (100). Anal. Caled
for CsoH15CrNO; (425.3): C, 62.12; H, 3.55; N, 3.29. Found:
C, 62.00; H, 3.56; N, 3.38.
Pentacarbonyl[3-(1-indolinyl)-3-phenyl-1,2-propadi-
enylidenelchromium (5d). Pentacarbonyl[(2E)-1-ethoxy-3-
indolinyl-3-phenylpropenylidene]chromium [(E)-4d] (469 mg,
1.00 mmol) is reacted as described above with aluminum
chloride. Data for 5¢ [309 mg, 73%, violet crystals, Ry = 0.4
in dichloromethane/pentane (1:4), mp 132 °C, dec] are as
follows. The NMR spectra at 20 °C indicate a 2:3 isomer
mixture. The chemical shifts of the minor product are given
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in parentheses. 'H NMR (CsDe): 0 9.40 (6.05)[1 H, d, J =
8.0 Hz, 7"-H], 7.30 and 7.10 (8.80 and 6.60) [1 H each, dd each,
J = 8.0 and 7.5 Hz each, 5’-H and 6’-H], 6.80 (6.65)[1 H, d, J
= 8.0 Hz, 4’-H}, 7.10 and 6.95 (7.14 and 6.90) [2:3 H, m each,
3-Phl], 3.00 (4.00) [2 H, t, NCH3], 2.00 (2.32) [2 H, t, NCH:CH,].
13C NMR (CgDg): 6 239.0 (243.0) [Cr=C], 224.9 and 217.9
(225.5 and 218.2) [1:4, trans- and cis-CO, Cr(CO)sl, 144.3
(143.9) [C(q), C3], 142.0 (140.4) [C(q), 7'a indoline], 137.1
(136.6) [C(q), 3’a indoline], 135.3 (134.9) [C(q), i-C 3-Ph]; 128.6,
126.1 and 125.4 (129.0, 126.4 and 125.9) [1:2:2, CH each, 3-Ph],
125.8 (125.1) [C(q), C2]; 126.4, 125.0, 122.6 and 116.0 (124.6,
124.3,123.6 and 115.0) [CH each, C4—C7 indoline], 52.1 (54.3)
[NCH_], 24.8 (24.1) [ArCHj, indoline]. IR (hexane) [cm™! (%)]:
7 =2071.7 (2), 1940.1 (100) {®(C=0)], 1973.8 (40) [ C=C=C)].
MS (70 eV) [m/e (%) 423 (30) [M*], 395 (10), 367 (20), 339
(40), 311 (40), 283 (80) [M+ — 5C0O], 230 (30), 117 (60), 89 (60),
63 (50), 52 (100). Anal. Calcd for CyoH,3CrNO; (423.3): C,
62.42; H, 3.10; N, 3.31. Found: C, 62.12; H, 3.00; N, 3.30.
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In polar solvents (e.g. MeCN), ethyl diazoacetate reacts with [PtXMe(S,S-diop)], where X
= Cl, Br, I, to give the corresponding [PtX(CHMeCO:Et)S,S-diop)] as a 2:1 mixture of
diastereoisomers in high yields. The major diastereoisomer of [PtCI{CHMeCO.Et)S,S-diop)]
is readily separated in crystalline form, and its crystal structure reveals that the configuration
at the a-carbon is R; it is configurationally stable in CDCl; for at least 14 days. The factors
that influence the diastereoselectivity have been examined by comparing (by 3P NMR
spectroscopy) the ratio of diastereoisomers formed in the reactions between [PtXMe(diphos*)]
and N;CHCOR: X = Cl, Br, I; diphos* = S,S-diop, R,R-diop, S,S-skewphos, S,S-chiraphos;
R = OEt, O(l-menthyl), Ph. In MeCN, the diastereoselectivity is independent of halogen
but is a sensitive function of the chiral diphosphine and diazo carbonyl, though no systematic
correlations have been divined. In solvents of lower polarity (e.g. CHyCly), diazo carbonyls
react with [PtXMe(diphos*)] to give the products derived from Pt—X insertion as well as
Pt—C insertion. When C¢Hs is used as the solvent, the compounds [PtMe(CHICOR)(S,S-
diop)], where R = OEt, O(l-menthyl), Ph, are formed in high yields and have been isolated.
Redissolving these compounds in MeCN did not lead to isomerization to the Pt—C insertion
species [PtI(CHMeCORXS,S-diop)]. Several trends have been found relating the extent of
Pt—C insertion to the nature of the solvent and the structure of the reagents: the proportion
of Pt—C insertion increases with (i) increasing polarity of the solvent (C¢Hg < CHCl; < CHo-
Clz < (CH3)2S0), (ii) increasing nucleofugacity of the halogen (I < Br < Cl), (iii) decreasing
bite angle of the diphosphine (diop < chiraphos, skewphos), and (iv) diazo ketone < diazo
ester. A mechanism which is consistent with these observations is discussed. Many of the
compounds discussed here have been observed in solution only by 3P NMR, but representa-
tive species have been isolated and fully characterized by a combination of elemental analysis,
IR spectroscopy, and 'H, 13C, 3'P, and %°Pt NMR spectroscopy.

Introduction

One of the most important processes in organometallic
chemistry, particularly in relation to organic synthesis
and homogeneous catalysis, is the formation of a C-C
bond within the coordination sphere of a transition
metal.! The migration of an alkyl group to a coordi-
nated carbene (eq 1) is an important C—C bond forming

2
/Rz L "R/H
u=c, —— w— w
R1 H 1 R‘

step in the Fischer—Tropsch synthesis,? and recently
this reaction (eq 1) has been exploited in organic and
organometallic syntheses.> We were interested in the
insertion of substituted carbenes (RCH) into the Pt—C
bonds of chiral methylplatinum(II) complexes because

® Abstract published in Advance ACS Abstracts, May 1, 1995.

(1) For leading references see: Collman, J. P.; Hegedus, L. S;
Norton, J. R.; Finke, R. G. Principles of Organotransition Metal
Chemistry; University Science Books: Mill Valley, CA, 1987.

(2) Brady, R. C.; Pettit, R. J. Am. Chem. Soc. 1980, 102, 6181.
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of the possibility of controlling the configuration at the
stereogenic center created a to the metal. In this paper
we report that the reaction between diazo carbonyls and
substrates of the type [PtX(CHjs)chiral diphosphine)]
(eq 2) can result in both Pt—C and Pt—X insertion
occurring and in most cases these reactions are diaste-
reoselective. A preliminary account of some of this work
has been given.*

Results and Discussion

When [PtX(CHj3)(S,S-diop)] (X = Cl (1a), Br (1b), I
(1e)) is treated with 1 equiv of NoCHCOzEt in CD3;CN
or (CD3)2SO, nitrogen is evolved and, in each case, two
products in the ratio 2:1 are observed by 3P NMR
spectroscopy (see Table 1 for the data) whose structures
have been assigned as 2a—c and 3a—c (Scheme 1) on

(3) For leading references see: (a) Hoover, J. F.; Stryker, J. M. J.
Am. Chem. Soc. 1990, 112, 464. (b) Trace, R. L.; Sanchez, J.; Young,
J.; Yim, S.; Jones, W. M. Organometallics 1992, 11, 1440. (c) Adams,
H.; Bailey, N. A.; Bentley, G. W.; Tattershall, C. E.; Taylor, B. F,;
Winter, M. J. JJ. Chem. Soc., Chem. Commun. 1992, 533.

(4) Bergamini, P.; Costa, E.; Cramer, P.; Hogg, J.; Orpen, A. G;
Pringle, P. G. Organometallics 1994, 14, 1058.

© 1995 American Chemical Society
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P X NaCHCOR
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_——PPhy
o >< /[
PPh, PPh; PPh,
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the following evidence. The major product from the
reaction of 1a was crystallized and its structure deter-
mined to be 2a by X-ray crystallography (see below).
The minor product is assigned the diastereocisomeric
structure 3a on the basis of the similarity of the
spectroscopic data for 2a and 3a (Table 1 and Experi-
mental Section). Reaction of the appropriate halide salt
with pure 2a gave the pure bromo and iodo analogues
(2b and 2c¢), and with 2:1 mixtures of 2a and 3a, 2:1
mixtures of 2b and 3b and of 2¢ and 3¢ were formed.
Though it has previously been suggested® that com-
plexes containing a chiral CHMeCQ:Et ligand would be
susceptible to racemization via a -hydrogen elimination
mechanism, no epimerization was observed when solu-
tions of pure chloro complex 2a or bromo complex 2b in
CDCIl; were left to stand for 14 days. The iodo com-
plexes 2¢ and 3c are more labile: after a few hours in
CDCl;, significant decomposition had taken place and
one of the byproducts was identified as the diiodo
complex [PtIs(S,S-diop)].

X-ray Crystal Structure of 2a. The molecular
structure of 2a, as present in the solid state, is shown
in Figure 1, and the molecular dimensions are listed in
Table 2. The crystal structure consists of isolated
molecules of 2a separated by normal contacts. The
molecule 2a consists of a platinum atom which is
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chelated by a diop ligand and further ligated by a
chloride ligand and o-bonded to the chiral alkyl ligand
through C(8) (Pt—C(8) = 2.171(14) A). The variation
in trans influence is indicated by the different Pt—P
distances for the two diop phosphorus atoms (Pt—P(1)
= 2.227(4) trans to CI(1) and Pt—P(2) = 2.331(4) trans
to C(8)). As is to be expected for a platinum(II) complex,
the coordination at Pt is slightly distorted from planar
(mean deviation of 0.112 A) with a slight twist (10.8°)
in the coordination plane between the PtP; and the
PtCCl units. The cis and trans angles deviate slightly
from 90 and 180°, the largest deviation for a cis angle
being for the diop ligand (P(2)—Pt(1)—P(1) = 100.1(1)°).
The conformation adopted by the chiral alkyl has the
a-hydrogen near the coordination plane of the platinum
and pointing toward P(1) (torsion angle P(1)-Pt—C(8)—
H(8a) = 16.5°). This orientation allows the bulkier Me
and COzEt substituents at C(8) to avoid the crowded
Pt coordination plane. Rather similar gross geometry
was observed in [PtCI(R-CHCICOEt)(R,R-diop)], albeit
with the opposite absolute structure.f It should be
noted that the favored diastereomeric configuration at
the chiral a-carbon is the same in [PtCI(R-CHCICO,-
Et)(R,R-diop)] and [PtCI(R-CHMeCO:EtXS,S-diop)] (2a).

Diastereoselectivity. In order to map the factors
that influence the diastereoselectivity of the Pt—C
insertions, we have systematically varied the ancillary
diphosphine ligand, the halogen ligand, the solvent, and
the diazo reagent as described below.

The complexes [PtX(CH;3)S,S-skewphos)] (4a—c) and
[PtX(CH;)S,S-chiraphos)] (5a—c) were treated with 1
equiv of NosCHCOzEt and the ratios of the diastereoi-
someric products (Scheme 1) determined by the integra-
tion of the P NMR signals (Table 1). The chloro
complexes 6a, 7a and 8a, 9a were isolated, but the
bromo and iodo analogues were characterized only in
solution by 3P NMR spectroscopy. The configuration
of the a-carbon in the major isomer 6a was determined
to be R by observing that treatment of pure 2a with S,S-
skewphos in CH3Cl; (eq 3) gave only 6a. In DMSO, the
skewphos substrates 4a—c gave greater (5:1) diastereo-
selectivity than the diop substrates (2:1), while the
chiraphos substrates 5a—ec gave negligible (1:1) diaste-

Scheme 1
Ph; Ph, :h, <
P X N2CHCO,Et P X \
< \P!I + Ny 0, < \pt’ 'HC £ + < /Pt: ~CﬁzEt
/ - Ve 4 &
P’ “me M p/ NP CoH P c”
th Phg i Phg |
Me Me
N\
12 X=Cl P P =8,Sdiop 2a 3a
N
tb X=Br P P =8§,Sdiop 2b 3b
7N
1c X=l P P =§,Sdiop 2¢c 3¢
4 X=CI P/\ P =S ,S-skewphos 6a 7a
N\
4 X=zBr P P =§,Sekewphos 6b 70
7N
4 X=1 P P = S,Sekewphos 6¢ 7c
Sa X=Cl ﬂ = §,S-chiraphos 8a 9a
P
5b X=Br P P = S5,S<chiraphos 8b ob
7N
5¢c X=li P P =8§,Schiraphos 8¢ 9¢
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Figure 1. Molecular geometry of 2a, showing the atom-labeling scheme. Non-hydrogen atoms are represented as ellipsoids
enclosing 30% probability density. All hydrogens other than H(2a), H(3a), and H(8a) have been omitted for clarity.
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reoselectivity. Hence, as expected, the diastereoselec-
tivity of the Pt—C insertion is a function of the chiral
ligand.

It was noted in the reactions shown in Scheme 1 that
in polar solvents (MeCN, DMSO), the ratio of diastere-
oisomers was independent of the halogen. However, in
less polar solvents (CHCl;, CH3Cly, C¢Hs) the ratios
differ from those in polar solvents and depend on the
halogen. For example, in DMSQ and MeCN, the ratio
of the skewphos products 6a—c:7a—c is 5:1 for each of
the halogens while in CDCl; the ratios are as follows:
6a:7a, 2.5:1; 6b:7b, 1.5:1; 6¢:7¢, 1:1. This rather
complex dependence of the diastereoselectivity on sol-
vent and halogen will be discussed later.

To probe the effect of changing the diazo carbonyl
reagent, [PtX(CH;)(S,S-diop)] (1a—c) or the enantiomers
[PtX(CH3)(R,R-diop)] (1a’—c¢’) were treated with diaz-
oacetophenone or [-menthyl diazoacetate to give 10—
15 (Scheme 2). The complexes 12a, 18a and 14a, 15a
have been isolated, but the other products of the

(5) Flood, T. C. In Topics in Inorganic and Organometallic Stereo-
chemistry, Wiley: New York, 1981; p 37.

(6) Bergamini, P.; Costa, E.; Sostero, S.; Orpen, A. G.; Pringle, P.
G. Organometallics 1992, 11, 3879.

reactions shown in Scheme 2 were identified only by
3P NMR spectroscopy, and none of the absolute con-
figurations have been determined. The ratio of diaste-
reoisomers is sensitive to the structure of the diazo
carbonyl: the ratio of the products derived from diaz-
oacetophenones 10a—c and 11a—e¢ was essentially 1:1
while for the menthyl ester complexes 12a—¢ and
13a—c the ratio was 4:1 (c¢f. 2:1 for the products from
N;CHCO:Et). The subtlety of this sensitivity is il-
lustrated by the reaction of [PtX(CH3)(R,R-diop)] (1a’—
¢’) with [-menthyl diazoacetate, which in MeCN gives
the products 14a—c:15a—c in the ratio of 2:1. This
discrimination between the enantiomers by /-menthyl
diazoacetate indicates that some double diastereoselec-
tivity is operating in this reaction; i.e. [-menthyl diaz-
oacetate and la are matched reagents.” Interestingly,
when a 1:1 mixture of the enantiomers 1a and 1a’ is
treated with 1 equiv of /-menthyl diazoacetate at 20 °C,
reaction takes place preferentially with la: the ratio
of the products derived from 1la and 1la’ is 2:1 (see
Experimental Section).

The reaction of NoCHCO:Et with the bromo complex
1b in CDCl3 was carried out at +60, +20, and —15 °C
and the diastereomeric ratio of the Pt-C insertion
products found to be 2:1, 3:1, and 4:1 respectively; i.e.,
this reaction is more diastereoselective at lower tem-
peratures.

Chemoselectivity. It was shown by 3P NMR spec-
troscopy that addition of NoCHCOEt to [PtI(CH;3)(S,S-
diop)] (1¢) in CH3Cl; gave not only the expected mixture
of 2¢ and 3c but also the new species 16¢ and 17¢, the
products of carbene insertion into the Pt—I bond (Scheme
3). It was found that the relative proportions of the two
sets of products (2¢, 8¢ and 16¢, 17¢) was a function of
the solvent in which the reaction was carried out (see
below). Thus, treatment of 1l¢ with NoCHCOzEt in
DMSO or MeCN gave 2¢ and 3¢ exclusively, while in
benzene 16¢ and 17¢ constitute ca. 85% of the product.

(7) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew.
Chem., Int. Ed. Engl. 1985, 24, 1.
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Table 1. 3!'P and 9Pt NMR Datac
O(Pa) 1J(PtPa) o(Pp) 1J(PtPp) %J(PAPg) ratio® &(Pt)
la 7.33 4318 10.10 1675 13
1b 8.18 4295 7.70 1710 13
1c 7.04 4104 3.49 1762 14
2a 5.56 4305 5.07 1807 15 2.0(2.0)
3a 2.77 4296 3.30 1769 17
2b 4.93 4294 2.74 1832 16 3.5 (2.0)
3b 1.74 4282 0.23 1802 17
2¢ 0.70 4113 —-1.96 1868 16 3.0(2.0)
3c -3.50 4107 -4.91 1827 17
4a 18.43 4219 15.64 1611 22
4b 18.94 4206 13.73 1633 22
4c 17.34 4040 10.12 1670 22
5a 44,14 4191 47.56 1678 11
5b 44.71 4170 46.88 1680 11
5¢ 43.85 4006 45.29 1684 12
6a 13.77 4158 11.03 1749 25 2.5(5.0)
7a 13.63 4112 13.63 1824 24
6b, 7b 12.86 4151 8.78 1756 26 1.5(5.0)
13.62 4113 12.42 1842 24
6¢, 7c¢ 8.62 4000 5.06 1678 26 1.0(5.0)
10.42 3976 9.89 1867 24
8a, 9a 42.60 4169 43.38 1883 14 1.0 (1.0)
43.27 4109 43.47 1855 14
8b, 9b 43.25 4098 42.54 1845 14 1.0(1.0)
42.80 4143 42.55 1874 14
8c, 9¢¢ 41.04 3940 41.17 1833 13 1.0(1.0)
40.60 3987 40.64 1857 13
10a, 11a°¢ 3.34 4280 1.29 1866 17 1.5
2.04 4448 2.58 1811 18
10b, 11b¢ 4.18 4256 -1.82 1828 18 1.0
2.04 4237 0.68 1864 17
10c, 11¢¢ 0.11 4109 —-7.77 1823 18 1.0
-2.51 4087 —4.24 1884 17
12a, 13a 5.61 4316 4.34 1770 16 4.0 (4.0)
2.28 4248 3.63 1760 17
12b, 13b¢ 4.57 4285 1.82 1839 17 4.0 (4.0)
1.51 4201 0.77 1817 17
12¢, 13¢ 0.52 4113 —-2.90 1811 16 1.5(4.0)
1.61 3915 —-2.84 1930 16
14a, 15a 5.43 4269 3.55 1766 16 2.5(2.0)
3.69 4306 2.37 1762 17
14b, 15b¢ 4.58 4247 0.10 1819 17 2.0 (2.0)
2.87 4278 -0.78 1811 18
1l4c, 15¢ 0.81 4064 -3.90 1824 16 2.5(2.0)
—-2.59 4105 -5.96 1780 17
16b, 17b 8.54 2440 8.54 1804 11 nr
16¢, 17¢ 9.49 2483 7.39 1801 11 12 -205
8.48 2461 7.78 1783 11 -199
18¢, 19¢ 9.72 2463 7.84 1783 11 n.r. —-235
20c¢, 21c¢ 9.33 2454 7.45 1778 11 10 —208, —238
22a, 23a 8.92 2527 9.98 1811 10 nr
22b, 23b 9.46 2560 9.31 1804 11 nr
22¢, 23¢ 11.10 2609 7.89 1812 11 25 —-207, 218
24c, 25¢ 19.11 2458 14.25 1707 19 nr
26¢c, 27¢/ 47.85 2413 47.97 1768 10 1.0
46.58 2393 46.11 1737 10
28 130.28 4531 52.47 1753 10
29 151.14 1987 51.12 4224 10
30 50.44 4214 143.92 2158 15
31 131.07 4482 50.44 1948 10

@ 31P (81 MHz) and 195Pt (85 MHz) NMR spectra were measured in CDCl; at 28 °C unless otherwise stated. Chemical shifts (0) are in
ppm (£0.1) to high frequency of 85% H3POy or Z(Pt) = 21.4 MHz. Coupling constants (/) are in Hz (£3). Pais trans to the halogen, and
Pg is trans to the carbon. ? In cases where two diastereoisomers are formed, numbers in this column refer to ratios of the intensities of
the 3P NMR signals (data for the major isomer are given first unless stated otherwise); values in parentheses are ratios determined in
MeCN instead of CDCls. nr = not resolved, because either the signals for the minor isomer are too weak or they are coincident with
those of the major isomer. ¢ In CH2Cl (CgDs in a capillary as lock). ¢ In DMSO (CgDs in a capillary as lock). ¢ In a 1:1 CH2Cly/MeCN

mixture (CsDs in a capillary as lock). / In CgDs

A mixture of 16¢ and 17¢ was isolated from benzene,
and their structures were assigned on the basis of
elemental analysis, IR, 'H, and especially 3!P and %Pt
NMR (see Table 1 and Experimental Section), though
the absolute stereochemistry is unknown. The related
complexes derived from /-menthyl diazoacetate (18c,
19c¢; 20c, 21¢) and diazoacetophenone (22¢, 23¢) have
been isolated and characterized (see Table 1 and Ex-
perimental Section). In each of the Pt—I insertion

reactions studied, where the diastereoisomers have been
observed, the diastereoselectivity is high (see Table 1);
e.g., for the acetophenone derivatives 22¢ and 23c the
ratio of diastereoisomers is ca. 25:1.

Complexes 2¢ and 3¢ are the products of insertion of
CHCO:Et into the Pt—C bonds of 1e, and complexes 16¢
and 17¢ are the products of insertion of CHCOzE¢t into
the Pt—I bonds of 1lec. As in the diastereoselectivity
study above, the effects of solvent, halogen ligand,
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Scheme 2
Ph, Ph;, Ph,
P\ ’X + N;,CHCOR P\ ,X P\ ’X
( Pt ’H AN "C’Oin
" “Me -2 p” M= COR P ¢~
th th { th |
Me Me
1a X=Cl P/-\P = §,Sdiop 10a 1a R=Ph
Y
1b X=Br P P = §,8Sdiop 10b 11b R=Ph
N
1c X=1 P P =8§,Sdiop 10¢c 1i¢c R=Ph
1a X=Cl P/\P = §,Sdiop 12a 13a R = O(/-menthyl)
N\
ib  X=Br P P =8Sdiop 12b 13b R = O(+menthyl)
1c X=1I P/-\P = §,S-diop 12¢ 13¢ R = O(/-menthyl)
N
1a® X=ClI P P = RRdiop 14a 15a R = O(/-menthyl)
N
i X=Br P P =R,Rdiop 14b 15b R = O(l-menthyl)
1 X=1 P/\ P = R,Rdlop 14c¢ 15¢ R = O(/-menthyl)
Table 2. Selected Bond Lengths (A) and Bond Angles (deg)
Pt(1)-Pt(1) 2.227(4) Pt(1)-P(2) 2.331(4) Pt(1)-ClK(1) 2.364(4)
Pt(1)—-C(8) 2.171(14) P(1)-C(1) 1.844(19) P(1~-C(21) 1.808(17)
P(1)-C(31) 1.819(13) P(2)-C(4) 1.855(15) P(2)-Ci41) 1.836(16)
P(2)-C(51) 1.843(15) C(1)-C(2) 1.533(25) C(2)-C(3) 1.494(19)
C(2)-0(1) 1.416(17) C(3)—-C(4) 1.471(20) C(3)-0(2) 1.456(20)
0O(1)-C(5) 1.431(24) 0(2)-C(5) 1.465(19) C(5)—C(8) 1.487(29)
C(5)—-C(7) 1.504(33) C(8)-C(9) 1.552(21) C(8)—-C(10) 1.507(21)
C(10)-0(3) 1.195(20) C(10)-0(4) 1.357(20) 0(4)-C(11) 1.454(22)
C(1H)-C2) 1.421¢30)
P(1)-Pt(1)-P(2) 100.1(1) P(1)-Pt(1)—-Cl(1) 167.4(2)
P(2)-Pt(1)-Cl(1) 86.5(1) P(1)-Pt(1)—-C(8) 87.2(4)
P(2)-Pt(1)-C(8) 172.6(4) Cl(1)-Pt(1)-C(8) 86.4(4)
Pt(1)—-P(1)-C(1) 118.6(6) Py(1)-P(1)-C(21) 110.1(5)
C(1H)-P(1)-C(21) 102.0(8) Pt(1)-P(1)-C(31) 116.9(4)
C(1)-P(1)-C(31) 102.4(7) C(21,—-P(1)—-C(31) 105.0(7)
Pt(1)-P(2)—(C4) 123.2(5) Pt(1)-P(2)-C(41) 112.5(6)
C(4)-P(2)-Ci41) 104.5(7) Pt(1)-P(2)-C(51) 111.0(5)
C(4)-P(2)-C(51) 96.5(7) C(41)—-P(2)-C(51) 107.2(7)
P(1)-C(1)—-C(2) 112.8(12) C(1)-C(2)-C(3) 114.5(14)
C(1)~-C(2)-0(1) 106.4(14) C(3)—-C(2)—-0(1) 103.6(11)
C(2)-C3)—-Ct4) 119.9(13) C(2)-C(3)—0(2) 102.7(11)
C(4)-C(3)-0(2) 109.5(14) P(2)~-C(4)-C(3) 121.4(12)
C(2)-0(1)-Ci5) 106.4(13) C(3)-0(2)-C(5) 105.7(13)
O(1)-C(5)—0(2) 107.2(13) 0(1)-C(5)—-C(6) 107.6(19)
0(2)-C(5)-C(6) 107.4(14) 0(1)-C(5)-C(7) 114.5(16)
0(2)—C(5)~-C(7) 106.5(18) C(6)~C(5)-C(7) 113.3(18)
Pt(1)-C(8)—-C(9) 109.9(10) Pt(1)-C(8)—-C(10) 108.4(10)
C(9)-C(8)~-C(10) 113.7(12) C(8)~C(10)-0(3) 125.1(14)
C(8)-C(10)—-0(4) 110.8(13) 0(3)-C(10)-0(4) 124.1(15)
C(10)-0(4)-C(11) 117.1(13) 0(4)—-C(11)-C(12) 111.8(17)

diphosphine ligand, and diazo carbonyl reagent on the
chemoselectivity for Pt—C or Pt—X insertion have been
explored. The reactions shown in Scheme 3 were
followed by 31P NMR spectroscopy (see Table 1 for the
data). In general, products derived from Pt—C and
Pt—X insertion were observed and their relative propor-
tions estimated by integration of the 3'P NMR signals.
From the results collected in Table 3, it can be seen that
the following trends in the proportion of Pt—C insertion
products formed are discernible: (1) C¢Dg < CDCl; <
CDoCly < (CD3)eS80; (2) I < Br < Cl; (3) diop <
skewphos, chiraphos; (4) N;CHCOPh < N,CHCO;Et.

The proportion of product derived from Pt—C inser-
tion, in the reaction of NoCHCO:Et with the bromo
complex 1b in CDCl;, increased at lower temperatures

(65% at +60 °C, 80% at +20 °C, 90% at —15 °C); i.e.,
this reaction is more chemoselective at lower temper-
atures.

Mechanistic Considerations. When [PtI{(CH3)S,S-
diop)] (1e) is treated with NoCHCOPh in DMSO or
MeCN, the Pt—C and Pt—I insertion products 10c, 11¢
and 22c, 23c¢ are formed rapidly and simultaneously,
in the ratio ca. 4:1. The isolated, pure mixture of 22¢
and 28c¢ redissolved in DMSO or MeCN does not
isomerize to 10¢, 11c over a period of 14 days. Simi-
larly, no isomerization is observed when any of the other
Pt—I insertion products 16¢—21¢ are dissolved in MeCN
or DMSO.8 This demonstrates that (i) the Pt—I inser-
tion products are not intermediates in the formation of
Pt—C insertion products and therefore they are formed
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Scheme 3
Ph, Ph, Ph,
Py X + N,CHCOR P, X P CHXCOR
,Pl\ m ,Pt\ + AN
P “me 2 P"  “CHMeCOR P" “Me
Phg th th
VR
1a X=Cl P P =8§5dlop 2a, 3a R = OEt
N\
ib X=Br P P =z858diop 2b, 3b 16b, 17b R = OEt
1c X=li P P =585diop 2¢, 3¢ 16¢, 17¢ R = OEt
1c Xzl P P =8§,8diop 12¢, 13¢ 18¢, 19¢ R = O(/-menthyl)
¢’ Xs=sli P P =R,Rdiop 14¢, 15¢ 20¢, 21¢ R = O(/-menthyl)
1a X=Cl (\P = §,S<diop 10a, 11a 22a, 23a R=Ph
7\
1b X=8r P P = §Sdiop 10b, 11b 22b, 23b R=Ph
7N
1c X=1 P P = §,Sdlop 10¢, 11¢ 22¢, 23¢ R=Ph
N
4c X=1 P P = §,Sskewphos 6¢c, 7¢ 24¢, 25¢ R = OEt
5¢ X=zli P P = §S-chiraphos 8c, 9¢ 26¢, 27¢ R = OEt

by parallel mechanisms and (ii) the chemoselectivity of
the insertions is under kinetic control.

We propose the mechanism in Scheme 4 for the Pt—C
insertion in polar solvents; it consists of nucleophilic
substitution of halide by the diazo carbonyl to form the
cationic intermediate A (step i) and then migration of
the methyl group to form the new C—C bond, promoted
either by recoordination of the halide (step ii) or by
coordination of solvent (step iii) followed by halide
substitution (step iv).° Intermediate A has canonical
forms A; and Aj, and the C—C bond-forming step from
A can be viewed in two valid ways (Scheme 5): (a) as
an alkyl to carbene migration which emphasizes form
A; where the driving force is the formation of the strong
C—C bond or (b) as a Wagner—Meerwein-like rear-
rangement of the carbonium ion, which emphasizes the
alternative canonical form Az where the driving force
is the formation of a more stable cation. McCrindle et
al.1% have proposed an alkyl to carbene migration in a
cationic platinum(II) complex in the [PtC1I(CH3)COD)]-
catalyzed polymerization of CH;Ng, and Stryker et al.32

(8) Addition of AgX (X = PFg, CF3S0s3) to the Pt—I insertion products
16¢c—23c promoted the migration of the Me group from Pt to C
quantitatively, as shown by 3'P NMR spectroscopy (see Experimental
Section). It is tempting to suggest that addition of Ag* yields a cationic
carbene complex (such as A in Scheme 4) and Me migration then occurs
rapidly. However, this inference is obfuscated by the observation that
the diastereomeric ratios obtained by this Ag*-promoted route are very
different (see Experimental Section) from those obtained by direct
insertions (Schemes 1 and 2). One plausible explanation of this
behavior is that an intermediate iodocarbon—silver(l) complex is
involved, but extensive further work would be required to elucidate
this point.

(9) The possibility that methyl migration takes place within the
diazoalkane complex intermediate [PtMe(N;CHR)(diphosphine)}* has
also been explored using 3P NMR. It was reasoned that such an
intermediate would be more readily formed by treatment of the labile
complex [PtMe(NCMe)(S,S-diop))[O3sSCF3] with No.CHCO:R (R = Et,
l-menthyl). This procedure (see Experimental Section) yielded the
complexes [Pt{CHMeCO,R)NCMe)S,S-diop)[OsSCF3] rapidly and
quantitatively, as shown by their independent synthesis upon treat-
ment of the corresponding [PtCIHICHMeCO:R)S,S-diop)] mixture with
Ag0;SCF3. However, the ratios of diastereoisomers obtained from the
MeCN complexes were different (see Experimental Section) from those
obtained with the halide complexes (Scheme 1), from which it was
deduced that Me migration within a diazoalkane complex does not
make a major contribution to the reactions in Scheme 1.

Table 3. Ratio of Pt—C to Pt—X Insertion
Products Formed in the Reaction of
[PtX(CH3)(diphos)] with N;CHCOR in Various
Solvents Expressed as a Percentage®

X R diphos (CH3):SO CH.Cl; CHCl; Cg¢Hg
Cl Ph S§,S-diop 100 80 65 0
Br Ph §,S-diop 100 65 10 0
I Ph  S,S-diop 80 0 0 0
Cl EtO 8,S-diop 100 100 100 100
Br EtO §,S-diop 100 80 80 45
I EtO S,S-diop 100 60 55 15
I EtO 8,S-skew 100 100 nd 80
I EtO 8,S-chiraphos 100 100 nd 85

@ The percentages are estimated from integration of the 3!P
signals with an error of ca. 5%. Values of 100 or 0 indicate that
only one isomer was detected in the 3'P NMR spectrum, implying
that there was less than ca. 2% of the other isomer present. nd =
not determined.

have described an ylide to carbene migration as a step
in a platinum-mediated synthesis of (oxapentylidene)-
triphenylphosphonium tetrafluoroborate. Moreover, it
has been shown that alkyl to carbene migration occurs
particularly readily when the complex is cationic.10

The intermediacy of A in the Pt—C insertion reaction
(Scheme 4) can be used to rationalize the following
observations:

(1) Solvents that would promote the formation of an
ionic intermediate A (i.e. polar solvents of high dielectric
constant) promote Pt—C insertion.

(2) The order of increasing nucleofugacity from plati-
num(II) I < Br < CD! is the same as the order of
increasing tendency to Pt—C insertion because the
better the leaving group, the easier the formation of
intermediate A.12

(3) In DMSO or MeCN, the diastereomeric ratio of
Pt—C insertion products is independent of the halogen

(10) (a) McCrindle, R.; Arsenault, G. J.; Farwaha, R.; Hampden-
Smith, M. J.; McAlees, A. J. J. Chem. Soc., Chem. Commun. 1986,
943. (b) Thorn, D. L.; Tulip, T. H. J. Am. Chem. Soc. 1981, 103, 5984.
(c) Hubbard, J. L.; Morneau, A,; Burns, R. M,; Nadeau, O. W. J. Am.
Chem. Soc. 1991, 113, 9180.

(11) Tobe, M. L. Inorganic Reaction Mechanisms; Nelson: London,
1972,
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relatively stabilize neutral species B. Iodide is well-
A Az known to stabilize five-coordinate platinum(II),'* and
the equatorial angle of 120° will be more easily spanned
@) (b) by diop than by skewphos or chiraphos.!5 Explanations
L L for the effect of the diazo carbonyl reagent on the
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for each of the reactions shown in Schemes 1 and 2, as
expected if the halogen is lost to give intermediate A.

(4) The geometric isomers 28 and 29 (see Scheme 6)
are available as 1:1 and a 1:3 mixtures (see Experimen-
tal Section). Treatment of these mixtures with Nj-
CHCOzEt in CDCl; gave a 1:1 and 1:3 mixture of the
products 30 and 31, respectively, as shown unambigu-
ously by %P NMR spectroscopy (see Table 1 and
Experimental Section for the characterization data).
These observations are consistent with 28 giving 30 and
29 giving 31 (Scheme 6), and therefore these reactions
involve an inversion of configuration at the platinum.
This is precisely what would be predicted from the
mechanism in Scheme 4. Substitution of the chloride
in 28 would give a cationic species similar to A from
which the product 30 would be formed by methyl
migration and chloride recoordination (as in Scheme 6).
Using the same reasoning, 31 would be the predicted
product from 29.

Though investigation of the Pt—C insertions was the
principal thrust of this work, we have also considered
the Pt—X insertions that occur simultaneously. The
factors that promote Pt—X insertion, which are (see
above) (a) nonpolar solvents, (b) I > Br > CI, (c) diop
rather than skewphos or chiraphos complexes, and (d)
N2CHCOPh rather than NsCHCO3R, can be largely
accounted for by the unified mechanism shown in

(12) No reaction took place between [Pt(CHj)y(R,R-diop)] and N,-
CHCOyEt in CDCl3 even after reflux for 2 h, consistent with the
requirement for a labile group on the platinum.

chemoselectivity and the observed high diastereoselec-
tivity for the Pt—X insertions (Table I) remain elusive.

It had been previously noted (see above) that the ratio
of diastereoisomers from the reaction of [PtX(CHj)-
(chiral diphos)] was independent of halogen X when the
reaction was carried out in MeCN or DMSO, but this
was no longer true when the reactions were carried out
in less polar solvents. This suggests that, in nonpolar
solvents, the halogen is coordinated at the C—C bond-
forming step, indicating that some Pt—C insertion may
derive from methyl migration within a neutral inter-
mediate such as B (Scheme 7).13

Conclusion. It has been demonstrated that a new
C~—-C bond can be diastereoselectively created within the
coordination sphere of platinum(II) by the insertion of
a substituted carbene into a Pt—C bond. While the
factors that control the chemoselectivity (Pt—C versus
Pt—X) are well understood, the diastereoselectivity of
these reactions is not a simple function of substrate or
diazo reagent and is influenced strongly by solvent
effects.

Experimental Section

All reactions were carried out under an atmosphere of
nitrogen, though the products could be handled in air. CH,-

(13) It is possible that a proportion of the Pt—X insertion products
and the Pt—C insertion products in nonpolar solvents are derived from
diazoalkane complexes such as C (Scheme 7), since the features
discussed here that should stabilize B would also stabilize C. The
distinction between routes via B and C is a question of whether
migration of X or Me is synchronous with N; loss. It has previously
been suggested that, in nonpolar solvents, complexes of the type [Pt-
(CH;3)(CHCl,)(dppe)] rearrange by alkyl migration to [PtCl{CHCICH3)-
(dppe)]; see: van Leeuwen, P. W. N. M.; Roobeek, C. F.; Huis, R. J.
Organomet. Chem. 1977, 142, 243.

(14) Favez, R.; Roulet, R.; Pinkerton, A. A; Schwarzenbach, D. Inorg.
Chem. 1980, 19, 1356.

(15) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M.;
Gavney, J. A; Powell, D. R. J. Am. Chem. Soc. 1992, 117. 5535.
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Clp was distilled from CaH; under nitrogen. All the diphos-
phines (Aldrich) and NoCHCO,Et (Fluka) were used as pur-
chased, and N2CHCOg(l-menthyl),}¢ N,CHCOPh,'” and
[PtX(CH3)(COD)] (COD = 1,5-cyclooctadiene; X = Cl, Br, I)18
were made by literature methods. FT-IR spectra were ob-
tained using a Nicolet 510P spectrometer. 3!P (81 MHz) and
'H NMR spectra were measured in CDCl; at +22 °C using a
Bruker AM200 spectrometer (200 MHz) or at +25 °C using a
Varian Gemini 300 spectrometer (300 MHz). %Pt NMR
spectra were measured at 85.6 MHz in CDCl; at 25 °C using
a JEOL GX400 spectrometer; chemical shifts (6) are to high
frequency of 85% H3PQ,, Si(CHj),, or Z(Pt) = 21.4 MHz.

Preparation of [PtI(CH3)(S,S-diop)] (1c). A solution of
179 mg (0.36 mmol) of S,S-diop in 20 mL of CH;Cl; was added
dropwise over 30 min to a solution of 160 mg (0.36 mmol) of
[PtI(CH3XCOD)] in 30 mL of CHyCl;, and the mixture was
stirred for 1 h. The solvent was then stripped under reduced
pressure, and the yellow solid product (277 mg, 92%) was
triturated with 5 mL of Et;O and then filtered off. All the
complexes la—c, 4a—c, and 5a—c¢ were made similarly in
yields of 85—90%.

Preparation of [PtCI{CHMeCQO,Et)(S,S-diop)] (2a, 3a).
A 1.4 mL amount of a 0.438 M solution of NoCHCQO.Et (0.6
mmol) in CH;Cl; was added to a solution of 200 mg (0.27 mmol)
of [PtCI(CH;3)(S,S-diop)] in 8 mL of CH2Cl; and the mixture
stirred for 16 h. The solution was then evaporated to 0.5 mL
and 15 mL of n-pentane added to precipitate the white solid
product (182 mg, 82%). The isomer 2a was crystallized by
layering a CHCl; solution of the mixture of 2a and 3a with
Et:0. Characterization data for 2a and 3a (see Table 1 for
3P NMR) are as follows. Anal. Found (caled) for
C36H4:ClO4PoPt-CH.Cly: C, 48.65 (48.55); H, 4.80 (4.75). IR
(Csl pellet). v(CO) 1701 (s), »(PtCl) 290 (m) cm~! 'H NMR
(CDCls) for 2a: 6 0.66 (3Jpi-u = 32.6 Hz, *Ju-u = 7.7 Hz, *Jp_u
= 7.7 Hz, 3H, PtCHCH3), 2.15 (assigned from COSY to
PtCHCH;). 3C NMR (CDCly) for 2a: 6 15.3 (%Jpi—¢ = 57.6
Hz, PtCHCH3), 32.0 (assigned from DEPT to PtCHCH;). 'H
NMR (CDCl;) for 3a: 6 0.9 (3Jp—u not resolved, 3%Jy-u = 7.5
Hz, “Jp_y = 7.5 Hz, 3H, PtCHCH,;).

The following were made similarly: 6a, 7a (67%), 8a, 9a
(67%), 12a, 13a (62%), 14a, 15a (68%). Elemental analysis
and IR (Csl disk) data are as follows. 6a, 7a: Anal. Found
(caled for C33H37ClOsP,Pt-0.25CH,Cly): C, 51.25 (51.25); H,
5.15(4.80). »(CO): 1695 (s)cm™!. 8a,9a: Anal. Found (calcd
for Cs32H35C10.P:Pt-0.25CH,Cl;): C, 51.05 (50.65); H, 5.00
(4.65). ®(CO): 1688 (s)em™. 12a, 18a: Anal. Found (caled
for CssH;3ClO.PPt-0.75CHLCly): C, 53.95 (54.15); H, 5.75
(5.45). »(CO): 1701 (s) em~!. 14a, 15a: Anal. Found (caled

(18) Fritechi, H.; Leutenegger, U.; Pfaltz, A. Heluv. Chim. Acta 1988,
71, 1553.

(17) Scott, L. T.; Minton, M. A. J. Org. Chem. 1977, 42, 3757.

(18) Clark, H. C.; Manzer, L. E. J. Organomet. Chem. 1973, 59, 411,

for C4Hs55C104P.Pt:0.25CH.Cl): C, 54.90 (55.25); H, 5.90
{5.80). »(CO): 1696 (s) cm™!. The configuration of the
a-carbon in 6a was determined to be R by adding skewphos
(1 equiv) to a CDCl; solution of pure 2a, and after 5 h the
formation of 6a (and no 7a) was detected by 3P NMR
spectroscopy.

Preparation of [PtBr(CHMeCO:Et)(S,S-diop)] (2b, 3b)
and [PtI(CHMeCO:Et)(S,S-diop)] (2¢, 3¢). Procedure A.
A 1.0 mL portion of a 0.438 M solution of NoCHCOE¢t (0.44
mmol) in CHyCl; was added to a solution of 165 mg (0.21 mmol)
of [PtBrMe(S,S-diop)] in 4 mL of MeCN, and the mixture was
stirred for 3 h. The solution was then evaporated to dryness
to leave a colorless oil. Addition of 2 mL of Et;O and 15 mL
of n-pentane gave the white solid product (140 mg, 76%).
Characterization data for 2b, 3b are as follows. Anal. Found
(caled for CsgHsBrOsP:Pt-CH,Cly): C, 49.65 (49.45); H, 4.85
(4.70). IR (Csl pellet): ©(CO) 1701 (s) cm~!. 'H NMR (CDCl;)
for 2b: 6 0.64 (CJp-y = 34.4 Hz, 3Jy-n = 7.7 Hz, *Jp-y = 7.7
Hz, 3H); it was not possible to assign any other signals because
of the complex overlapping multiplets associated with diop
resonances in the 6 1-4 region.

Procedure B, A solution of 174 mg (2.0 mmol) of LiBr in
1 mL of MeCN was added to a solution of 166 mg (0.20 mmol)
of [PtCI(CHMeCO:Et)S,S-diop)] in 1 mL of CH,Cl; and 4 mL
of MeCN, and the mixture was stirred at ambient temperature
for 1 h. The solvent was then removed under reduced
pressure, water and CH;Cl; were added, and the organic layer
was separated, dried over Na;SO4 and then reduced to
dryness. Trituration of the residue with Et;O gave the white
solid product (150 mg, 81%).

The iodo species 2¢ and 3¢ can be made similarly by either
procedure A or B, but the product was always contaminated
with small amounts (5—10%) of [PtI«(S,S-diop)] and other
decomposition products and was not obtained in pure form
(see Table 1 for 'P NMR data). The bromo complexes 6b—9b
and 12b—15b and the iodo complexes 6¢c—9¢ and 12¢—15¢
were made by procedure A and characterized in solution only
by 3'P NMR (see Table 1).

Preparation of [PtMe(CHICO.Et)(S,S-diop)] (16¢, 17¢).
A solution of 80 mg (0.70 mmol) of N;.CHCO:Et in 1 mL of
CsHs was added to a solution of 180 mg (0.21 mmol) of [PtIMe-
(8,8-diop)] in 4 mL of CsHe¢ and the mixture stirred for 4 h.
The solution was then evaporated to dryness to give a yellow
oil, and 2 mL of Et;O and 15 mL of n-pentane were added to
give the off-white solid product (120 mg, 62%). Characteriza-
tion data for 16¢, 17¢ are as follows. Anal. Found (caled for
CaeHa1I04P:Pt+0.75CH.Cl): C, 44.85 (44.75); H, 4.35 (4.30).
IR (Csl pellet): »(C0O) 1709 (s) em~!. 'H NMR (CDCl;): 6 0.50
(3Jpi-y = 63.3 Hz, 3H, PtCH;). The following were made
similarly: 18c, 19¢ (71%), 20¢, 21c (70%), 22¢, 23c (62%)
(made in CH;Cly). 3'P and 95Pt NMR data are given in Table
1 but the 'H NMR spectra of these complexes were uninforma-
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tive because the PtCHMe signals were obscured by the diop
and menthyl resonances. Elemental analysis and IR (Csl disk)
data are as follows. 18c, 19¢: Anal. Found (caled for
CusH3510,P:Pt-CH,Cly): C, 48.65 (48.35); H, 5.10 (5.25). v-
(CO): 1702 (s) em™!. 20¢, 21c: Anal. Found (caled for
CusHss10,P:Pt-0.5CH,Cly): C, 49.65 (49.70); H, 5.40 (5.35). v-
(CO): 1705 (8) cm~l. 22¢, 23c: Anal. Found (caled) for
C4oH4110:P:Pt): C, 50.60 (50.35); H, 4.30 (4.30). »(CO): 1651
(s) cm™t.

Reaction of rac-[PtCl{CHs)(diop)] with I[-Menthyl Dia-
zoacetate. To a mixture of 20 mg (0.027 mmo}) of [PtCl(CHj3)-
(S,S-diop)] and 20 mg (0.027 mmol) of [PtCI(CH3)(R,R-diop)]
dissolved in 0.4 mL of CDCl; in an NMR tube was added 6
mg (0.027 mmol) of /-menthyl diazoacetate and the progress
of the reaction followed by measuring the 3'P NMR spectrum
at regular intervals. The reaction was complete after 10 h.

NMR Reactions To Determine Chemoselectivity/Di-
astereoselectivity. In a typical experiment a solution of
0.025 mmol of platinum substrate [PtX(CH3)S,S-diop)] in 0.4
mL of solvent (DMSO, CH:Cl;, CHCIl;, CsHs) in an NMR tube
(containing a capillary tube of C¢Dg for lock) was treated with
0.025 mmol of a 0.438 M solution of N;CHCO;Et in the same
solvent and the mixture shaken. All other combinations of
reagents shown in Table 3 were studied in the same way.

Preparation of [PtCIMe(Ph;PCH;OPPh;)] (28, 29). A
solution of 89 mg (0.27 mmol) of [Pt(CHj3)2:(COD)] in 25 mL of
dry, deoxygenated CH,Cl; was cooled to —20 °C, and then 59
mg (0.27 mmol) of Ph,PCH;OH and 50 «L (0.28 mmol) of Ph,-
PCl were added in rapid succession. The resulting solution
was stirred for 1 h, and then the solution was warmed slowly
to room temperature. The solution was then concentrated to
1-2 mL, and 50 mL of EtoO was added to precipitate the white
solid product, which was filtered off in air and washed with 5
mL of Et;0. The product (113 mg, 65%) was a 1:1 mixture of
geometric isomers 28 and 29. The filtrate comtained a 1:3
mixture of 28 and 29, respectively. Anal. Found (caled for
CosHsCIOP,PL): C, 48.40 (48.35); H, 3.90 (3.90). IR (Csl
pellet): »(PtCl) 295 (m) em™L.

Preparation of [PtC1(CHMeCO:Et)(Ph;PCH;OPPh,)]
(30, 31). A 48 uL (0.46 mmol) portion of No.CHCO.Et was

added to a suspension of a 1:1 mixture of 28 and 29 in 0.7 mL
of CDyCl; in an NMR tube. The progress of the reaction was
monitored by 3'P NMR spectroscopy. After 4 h the reaction
was complete and the yellow solution was added to 20 mL of
n-pentane to precipitate the white solid mixture of isomers
30 and 31 (81 mg, 75%), which was filtered off and washed
with 5 mL of n-pentane. Anal. Found (calcd for C3Hs;C103P;-
Pt): C, 49.00 (49.20); H, 4.35 (4.30). IR (CslI pellet): »(PtCh
305 (m) em™%; »(CO) 1695(s), 1670(s) ecm™L.

Reaction of [PtMe(CHICO;Et)(S,S-diop)] with Silver
Salts. A 6.8 mg (0.027 mmol) amount of AgOsSCF;3 was added
to a solution of 25 mg (0.027 mmol) of [PtMe(CHICO.EtXS,S-
diop)] in 0.5 mL of a 1:1 mixture of CHCl; and MeCN. After
5 min the solution was filtered free of the pale yellow Agl
precipitate and the product examined by 3P NMR spectros-
copy. Addition of 25 mg (0.057 mmol) of [AsPh,]CI-H;0 to the
solution generated 2a and 3a exclusively. The results were
exactly the same when AgPF¢ or AgBF, was used in place of
silver triflate. Similar experiments were carried out between
silver salts and [PtMe(CHICO;R*)(S,S-diop)] or (PtMe-
(CHICO:R*)R,R-diop)] (R* = [-menthyl). In each of these
experiments, the ratio of the diastereomeric products differed
significantly from those obtained via the route shown in
Scheme 1. The ratios of the products were as follows (ratios
obtained via Scheme 1 shown in parentheses for comparison):
2a, 3a, 1:2 (2:1); 12a, 13a, 1:1 (4:1); 14a, 15a, 1:4 (2:1).

Reaction of [PtMe(NCMe)(S,S-diop)1[0sSCFs] with N.-
CHCO:Et. A solution of 25 mg (0.034 mmol) of [PtCI(CHs)-
(S,S-diop)] in 0.4 mL of MeCN (CsDg capillary for lock) was
treated with 12 mg (0.034 mmol) of AgO3SCF; (identical
results were obtained when AgBF, was used). After 5 min,
the resulting suspension was filtered free of AgCl and then
0.034 mmol of a 0.438 M solution of NyCHCO;Et in MeCN was
added; the products were assigned by 3'P NMR spectroscopy
to diastereoisomers of [Pt{CHMeCOEtXNCMe)(S,S-diop){Os-
SCF3]. (Precisely the same products were obtained upon
treatment of [PtCI{CHMeCO:Et)S,S-diop)] (2a and 3a) with
AgO3SCF; in MeCN). Addition of 15 mg (0.034 mmol) of
[AsPhy]Cl to the solutions of [Pt(CHMeCO;EtXNCMeXS,S-
diop)[O3SCF;] gave the familiar resonances for 2a and 3a,
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Table 4. Atomic Coordinates (x104) and
Equivalent Isotropic Displacement Parameters (A2

x 108

atom x y z Ue®

Pt(1) 2634(1) 2197(1) 1965(1) 39(1)
P(1) 3119(2) 1217(2) 2379(4) 38(1)
P(2) 2360(3) 2552(2) 4020(4) 43(1)
Cl(1) 2399(3) 3273(2) 1315(4) 65(2)
C(1) 3322(11) 995(9) 4043(18) 68(6)
C) 2546(11) 907(6) 4823(14) 54(5)
C(3) 2368(12) 1447(6) 5721(13) 56(5)
C(4) 1932(10) 2022(6) 5271(15) 52(5)
o) 2684(10) 373(5) 5635(10) 78(5)
0(2) 1897(10) 1131(5) 6709(13) 90(5)
C(5) 2152(15) 453(7) 6695 80(6)
C6) 2632(16) 338(10) 7868(17) 106(7)
(o¢)] 1391(15) 56(11) 6629(27) 126(8)
C(8) 2818(9) 1981(7) —-31(13) 45(4)
C©) 3601(9) 2315(7) —513(16) 54(5)
C(10) 2068(10) 2176(8) —749(15) 54(5)
0@3) 2042(7) 2582(5) —1554(10) 59(4)
04) 1419(7) 1825(6) —365(12) 66(4)
can 666(11) 1919(9) —1055(21) 74(6)
C(12) 103(12) 1415(12) —810(28) 126(8)
C21) 4105(10) 1119(7) 1658(17) 56(5)
C22) 4762(11) 1401(8) 2238(26) 84(7)
C€(23) 5497(14) 1388(11) 1694(37) 135(9)
C(24) 5624(17) 1166(13) 559(39) 151(9)
C(25) 4968(17) 827(10) —103(24) 114(8)
C(26) 4180(11) 808(9) 484(19) 74(6)
C31) 2528(8) 534(6) 1814(12) 41(4)
C(32) 1723(11) 621(8) 1432(18) 64(6)
C(33) 1248(15) 107(10) 1068(27) 119(8)
C(34) 1559(15) —503(11) 992(23) 99(8)
C(35) 2308(14) —594(8) 1431(20) 85(7)
C(36) 2803(10) —93(7) 1790(16) 56(5)
C(41) 3239(9) 2935(7) 4773(16) 48(5)
C42) 3321(11) 3047(9) 6079(17) 64(6)
C(438) 3995(13) 3345(10) 6511(21) 82(7)
C(44) 4598(12) 3544(10) 5789(23) 81(7)
C(45) 4546(12) 3431(10) 4470(19) 73(6)
C(46) 3874(11) 3143(8) 3989(21) 65(6)
C(51) 1532(9) 3149%(7) 4024(16) 42(5)
C(52) 1627(10) 3746(7) 4567(19) 59(5)
C(58) 955(13) 4166(9) 4479(22) 85(7)
C(54) 231(12) 3978(10) 3973(20) 76(7)
C(55) 153(11) 3379(10) 3419(19) 75(6)
C(56) 813(10) 2958(8) 3478(21) 73(8)

¢ Equivalent isotropic U, defined as one-third of the trace of the
ortthogonalized Uj; tensor.

but in the ratio 1:2.5 (cf. 2:1 in the direct reaction shown in
Scheme 1). A similar experiment was carried out between No-
CHCOq(l-menthyl) and [PtMe(NCMe)S,S-diop)]{03SCF3], and
the products 12a and 13a were obtained in the ratio 1:4 (cf.
2:1 via Scheme 1).

Structure Analysis of [PtC1{R-CHCICO:Et}(S,S-diop)]
(28). Crystal data for 2a: 036H4lc]04P2Pt, Mr = 8302,
orthorhombic, space group P2:2,2 (No. 18), a = 16.520(5) Ab
=20.722(6) A, c = 10.535(4) A, V = 1930.8(7) A%, Z = 4, D, =
1.53 gem=3, 1 = 0.710 73 A, u(Mo Ka) = 40.9 ecm™!, F(000) =
1656, T = 293 K. A single crystal of 2a (approximate
dimensions 0.20 x 0.50 x 0.60 mm) was mounted in a thin-
walled glass capillary under N; and held in place with epoxy
glue. All diffraction measurements were made at room tem-
perature (293 K) on a Siemens R3m/V diffractometer, using
graphite-monochromated Mo Ko X-radiation. Unit cell dimen-
sions were determined from 49 centered reflections in the
range 14.0 < 26 < 31.0°. A total of 3808 diffracted intensities,
including check reflections, were measured in a unique octant
of reciprocal space for 4.0 < 26 < 50.0° by Wyckoff w scans.
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Three check reflections (1,5,—3; 127; 3,2,—4) remeasured after
every 50 ordinary data showed no decay and a variation of
+4% over the period of data collection. Of the 3577 intensity
data (other than checks) collected, 3360 unique observations
remained after averaging of duplicate and equivalent mea-
surements and deletion of systematic absences; of these, 2802
with I > 20(I) were retained for use in structure solution and
refinement. An absorption correction was applied on the basis
of 350 azimuthal scan data; maximum and minimum trans-
mission coefficients were 0.727 and 0.292, respectively. Lorentz
and polarization corrections were applied.

The structure was solved by Patterson and Fourier methods.
All non-hydrogen atoms were assigned anisotropic displace-
ment parameters and all hydrogen atoms fixed isotropic
displacement parameters. All non-hydrogen atoms were
refined without positional constraints. All hydrogen atoms
were constrained to idealized geometries (C—H = 0.96 A,
H-C—-H = 109.5°) with fixed isotropic displacement param-
eters. A parameter () defining the absolute structure, and
hence the molecular chirality,'® was refined to 0.94(4), thereby
confirming the handedness of the molecules of 2a in the crystal
studied. Full-matrix least-squares refinement of this model
(398 parameters) converged to final residual indices R = 0.047,
R, = 0.054, and S = 1.34.22 Weights, w, were set equal to
[o(F,) + gF2]"!, where o A(F,) is the variance in F, due to
counting statistics and g = 0.0008 was chosen to minimize the
variation in S as a function of |[F,|. Final difference electron
density maps showed no features outside the range +1.2 to
—1.2 e A3, the largest of these being close to the platinum
atom. Table 4 lists the final atomic positional parameters for
the freely refined atoms and Table 2 the selected derived bond
lengths and inter-bond angles. Tables in the supplementary
material provide the final atomic positional parameters for the
non-hydrogen atoms, full lists of the derived bond lengths and
interbond angles, the anisotropic displacement parameters,
and hydrogen atomic parameters. All calculations were car-
ried out using programs of the SHELXTL-PLUS package.?®
Complex neutral-atom scattering factors were taken from ref
21.
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(Cp*RuCl), reacts with lithium diisopropylamide (LDA) by dehydrogenation (i.e., —2H) of
one isopropyl group to form the title complex (1). Full spectroscopic characterization and
an X-ray structure determination are reported for this compound (triclinic P1, a =
10.939(1) A, b = 15.242(2) A, ¢ = 8.422(1) A, a = 101.78(1)°, 8 = 109.75(1)°, y = 83.58(1)°,
Z = 2, R(F) = 0.0370, R.(F) = 0.0408). Mechanistic studies with LDA deuterated at the
methine positions suggest that the mechanism of this reaction is (1) metathesis of N'Pr; for
Cl, (2) B-CH activation, (8) y-CH activation, and (4) dehydrohalogenation by a second
equivalent of LDA. The bridging hydride was found to exchange slowly with the two vinyl
hydrogens. CO replaces the agostic interaction in 1 to form a CO adduct of a bimetallic
azaallyl. However, the products of 1 with small phosphines are methylidene-bridged
dihydrides; i.e., the CH bond of the agostic interaction is broken in the phosphine-containing

products.

Introduction

The ability of heteroatomic anions to stabilize metal
centers with low coordination number has been dem-
onstrated, and lies mainly in their ability to have
metal—ligand multiple-bond character, in either a g or
a x fashion. Bergman et al. have observed the formation
of “one-legged” piano stools via *‘BulNHLi metathesis
reactions, forming Cp*IrN'Bu! and (CsMeg)OsN*Bu.2
One well-investigated class of two-legged piano stools
is dimers of the form [Cp*RuX}; (X = NHPh, SR,*
ORS3%), which have the ability to react with CH bonds.®
In nearly all cases, if the lone pairs of the heteroatom
are assumed to donate to the metal center(s), these
complexes can be considered to have 18-electron metal
centers. For example, Cp*IrN'Bu is 18e if Ir—N is
considered to be a triple bond. Similarly, it has been
shown by Fenske—Hall molecular orbital calculations
that three orbitals on each oxygen overlap with metal
orbitals in (Cp*RuOMe)y, although overlap with one O
7 orbital is very small. If all three are considered, the
Ru centers count to 18e, although the term “z-stabilized
unsaturated” 7 is probably more appropriate. The amide
[Cp*Ru(NHPh)],3 is an exception, in that the bridging
nitrogen has only one lone pair (two orbitals) available

® Abstract published in Advance ACS Abstracts, June 1, 1995.
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for donation. Nevertheless, it has a structure quite
similar to that of the alkoxide analogs; with no Ru—~Ru
bond (the Ru—Ru distance is 2.945(4) A), the metal
centers are “truly” 16e.

The degree of oligomerization generally decreases
with increasing steric bulk of ligands. It seemed
plausible then that, using R groups with sufficient steric
bulk and donor ability, Cp*RulNR; could be isolated as
a monomer. This would almost certainly require rehy-
bridization at N for donation from a z-type lone pair
(planar nitrogen) and require a very strong “dative”
m-bond (ligand to metal). However, we report here that
attempted synthesis of such a species (with R = iPr)
yields a product which is bimetallic and contains only
one amide per Rug unit, with the electron count at the
metals satisfied by activating a pendant alkyl group,
including the formation of an agostic interaction.?

Agostic CH bonds are generally considered very weak
ligands, whose chemistry is dominated by displacement
by incoming nucleophiles. Here we describe reactions
of the title complex, some of which violate this general
principle.

Experimental Section

General Procedures. Manipulations were performed
under argon or in vacuo using standard Schlenk and glovebox
techniques. All glassware was silylated using (Me;Si).NH and
flame-dried under vacuum prior to use. Solvents were dried,
distilled, and stored in bulbs with Teflon valves. Microanalysis
was performed by Oneida Research Services. IR spectra were
recorded on a Nicolet 510P FT-IR spectrometer. NMR spectra
were obtained on either a Bruker 500 MHz (13C), a Nicolet
360 MHz (3P, 2H), or a Varian 300 MHz instrument (*H), with
chemical shifts referenced to residual solvent peaks (‘H, 2H,

(8) Kuhlman, R.; Folting, K.; Caulton, K. G. J. Am. Chem. Soc. 1993,
115, 5813.
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13C) or external HsPO, (neat, 3'P). (Cp*RuCl), was synthesized
according to the literature.? Lithium diisopropylamide was
formed by slowly adding 1 equiv of "BulLi to a pentane solution
of diisopropylamine, decanting the solvent, and drying in
vacuo. Tertiary phosphines and CO were used as received.
NMR tube reactions requiring equilibration between solution
and head-space gas were subjected to tumbling end-over-end
(ca. 0.2 revolution s™!) with an electric stirrer motor.

Li{N(CDMe);} (LDA-d;) was synthesized the general method
of Borch et al.,'° by sodium cyanoborodeuteride reduction of
the imine formed from acetone and ammonia. However, it is
important that the reaction be carried out in CH30H, rather
than CH;0D, as reported by Newcomb et al.!! Using CH;0D
as solvent significantly scrambles deuterium into the methyl
positions, presumably by reaction with acetone:

Isotopic purity of the LDA-d; was found to be ca. 95% by 'H
and ?H NMR.

(Cp*Ru)(u-H) (u-1%n-"PrNC(Me)CHH,goutic) (RuCp*) (1).
In a drybox, (Cp*RuCl)s (250 mg, 0.230 mmol) and LiNiPr,
(LDA) (98.5 mg, 0.919 mmol) were combined in a Schienk flask.
The flask was removed from the drybox, and THF (10 mL)
was added. After 12 h of stirring, the THF was removed in
vacuo. The resulting oily brown residue was extracted with
pentane (3 x 15 mL), and the extract was filtered through a
pipet containing glass wool and Celite. Removal of the pentane
in vacuo provided the product as a brown solid (195 mg, 0.340
mmol, 74%).'? Crystals suitable for X-ray diffraction were
grown by sublimation in a sealed glass tube (2 x 10~* Torr,
86—89 °C) over a period of 6 weeks. 'H NMR (CgDs):1% 6 2.62
(apparent sept, J = 6.6, 1H, CHMeMe), 2.05 (s, 3H, NCMe),
1.89 (s, 15H, CsMes), 1.81 (s, 15H, CsMe;), 1.63 (d, J = 6.6,
3H, CHMeMe), 0.64 (d, J = 6.6 3H, CHMeMe), 0.24 (d, J =
5.1, 1H, CHHagostic), —2.77 (d, J = 5.1, 3.3, 1H, Hegostic), —6.09
(d, J = 3.3, 1H, Ru—H-Ru). 3C NMR (CgD¢): 6 97.96 (s,
NC(Me)CHy), 86.50 (m, CsMes), 74.67 (m, CsMes), 53.10 (dsept,
1JCH - 132.9, 2J(;H = 3.5, CHM82), 26.73 (qdq, 1J(:H = 125.2,
2Jcu = 4.8, %Jcy = 3.1, CHCH;3CH3y), 23.17 (qdq, 'Jon = 125.8,
2Jcu = 4.9, *Jen = 1.6, CHCH3CHj), 19.75 (q apparent t, 'Jcy
=125.8, 3Jcu = 2.0, NCCHz), 13.02 (q, *Jcu = 125.8, C5(CHj)s),
11.87 (q, *Jcu = 125.8, C5(CHjs)s), 3.46 (ddm, YJou = 142.6, ey
= 155.1, CHy). m/e = 571. Anal. Caled: C, 54.62; H, 7.58;
N, 2.45. Found: C, 54.27; H, 7.48; N, 2.17.

(Cp*Ru)(u-H") {u-%,n'-(CH;):CDNC(CH;3)CH'H*agostic}-
(RuCp*) (1").1* The reaction was performed as for the
perprotio product, except that LiIN{CD(CHj3).}: (LDA-d5) was
used instead of LDA. 2H NMR (CgHg): 6 2.59 (s, 1H), 0.24 (s,
0.29 H), —2.63 (s, 0.27 H), —6.03 (s, 0.15 H). Relative
intensities given are for the product after complete workup
(ca. 16 h in THF and ca. 1 h in pentane).

Cp*Ru(CO)(u-H) (u-n,n*-'PrNC(Me)CH3)RuCp* (2). In
a Schlenk flask, 1 (85.0 mg, 149 mmol) was dissolved in
benzene (6 mL), and CO was bubbled through the solution for

(9) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, I. C.
Organometallics 1990, 9, 1843.

(10) Borch, R. F.; Bernstein, M, D.; Durst, H. D. J. Am. Chem. Soc.
1971, 93, 2897.

(11) Newcomb, M.; Varick, T. R.; Goh, S.-H. J. Am. Chem. Soc. 1990,
112, 5186.

(12) The reaction has been repeated several times, with yields
ranging from 65% to 75%.

(13) All couplings are given in Hz and refer to H-H coupling (*H
NMR) or C—H coupling (13C NMR) unless otherwise specified.

(14) H' indicates partial deuterium labeling.
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15 s and then blown over (about 1 mm from the surface) the
solution, with vigorous stirring, for an additional 5 min.
Evaporation of the solvent left 2 as a dark brown oily solid.
Due to the stickiness of 2, the yield was not measured.
However, repeating the reaction in an NMR tube showed the
conversion to be quantitative. Compound 2 sublimes very
slowly at 75 °C and 5 x 1075 Torr. However, the temperature
required also leads to decomposition of 2. When 2 was
sublimed at 95 °C (to increase rate of sublimation) and 5 x
1075 Torr for 4 h, only about 20% of the material had sublimed.
While the sublimate was pure (‘H NMR), the residue was
significantly contaminated. 'H NMR (CgDs): 6 3.37 (sept, JJ
=6.0, 1H, CHMeMe), 1.94 (s, 3H, NCMe), 1.91 (s, 15H, CsMes),
1.74 (s, 15H, CsMes), 1.69 (d,J = 1.5, 1H, CHH), 1.39 d, J =
6.0 3H, CHMeMe), 1.24 (d, J = 6.0, 3H, CHMeMe), 0.60 (dd,
J =1.5,1H, CHH), —15.65 (s, 1H, RuH). 3C NMR (CsDs): 6
204.64 (d, %Jcu = 6.7, CO), 110.05 (s, NCMeCHy), 93.85 (s, Cs-
Me;), 86.10 (s, CsMes), 57.95 (d, J = 132, CHMes), 37.81 (dd,
J =160, J = 148, NCMeCHy), 28.33 (q, J = 124, CHCHs;Me),
25.07 (q, J = 125, CHMeCH3), 21.93 (g, J = 125, NCMeCHy),
11.74 (q, J = 125, CsMes), 11.63 (q, J = 126, CsMes). IR
(KBr): vco = 1893 cm~L.
Cp*Ru(*CO)(u-H)(u-n3,n'-'PrNC(Me)CH2)RuCp* (2%).
In a drybox, 1 (7.5 mg, 0.013 mmol) was dissolved in CgDs,
and the solution was transferred to an NMR tube fitted with
a Teflon valve. The solution was first subjected to three
freeze~pump—thaw degas cycles, and then an excess of 13CO
(1 atm, ca. 8 equiv) was added. The product formation was
complete after 15 min, as judged by 'H NMR. No CO exchange
was observed (*H NMR) after vigorously bubbling 2CO
through a solution of 2* in CsHg for 10 min or after tumbling
for 1 day in CgD¢ under 1 atm of 2CO in an NMR tube.
Selected 1I'I NMR (CeDs):ls o) -15.65 (d, JlBC,RuH = 67) IR
(KBr): vco = 1848 em™1.
Cp*Ru(PMe;)(H):(PrNC(Me)CH)RuCp* (3). Ten mil-
ligrams of 1 was dissolved in CgDg in an NMR tube, and an
excess (10 equiv) of PMes was added. After 15 min, ap-
proximately 50% conversion to 3 was observed. After tumbling
of the NMR tube for 1 day, all of the signals for 1 had
disappeared and only 3 and free PMe; were observed in
solution. Removal of the solvent (and excess PMe;) in vacuo
allowed isolation of 3. However, if 8 is dissolved in CgDs
without excess PMe; present, slow (24 h, 25 °C) conversion
can be seen back to 1. In addition, if 1 atm of CO is added,
complete conversion to 2 can be effected in about 1 day. Unlike
1, 3 reacts very quickly with CDyCl.. *'P{'H} NMR (Cg¢Ds): 0
6.6 (s). 'H NMR (CgDs): 6 6.92 (d, Jpu = 21.3, 1H, u-CH), 2.67
(sept, J = 6.9, 1H, CHMeMe), 2.46 (s, 3H, NCMe), 1.94 (d,
Jpu = 3.3, 15H, CsMe;), 1.78 (s, 15H, CsMes), 1.8'¢ (RuH), 1.08
(d, J = 7.8, 3H, CHMeMe), 1.05 (d, J = 6.3, 3H, CHMeMe),
—15.98 (d, Jp = 12.6 1H, RuH). '3C NMR (Cg¢Ds): 6 136.43
(d, JCH = 139, Jcp = 16.4, y-CH), 97.64 (d, 2JCH = 3.5, C5Me5),
87.41 (d, %Jcp = 80.8, C5Mes), 81.58 (s, NCMe), 48.19 (d, Jcu
= 136, CHMeMe), 24.74 (q, Jou = 127, CHMeMe), 23.63 (q,
Jou = 114, NCMe), 22.51 (q, Jcu = 124, CHMeMe), 22.24 (dqg,
Jpc = 21.3, Jeu = 120, PMey), 13.28 (q, Jeu = 125, CsMes),
12.28 (q, Jcu = 125, CsMes).
Cp*Ru(PMe:Ph)(H):(‘PrNC(Me)CH)RuCp* (4). PMe,-
Ph (5 equiv) reacts with 1 to form a product analogous to that
formed with PMe;. By 'H NMR, 70% conversion was observed
after 2 h, and 100% conversion, after 1 day. 3'P{'H} NMR
(CeDe): 0 25.9 (s). 'H NMR (C¢Ds): 6 PMesPh: 8.16 (t, J =
8.6, 1H), 7.36 (t,J = 6.8, 1H), 7.29 (t,JJ = 7.4, 1H), 7.12(d, J
=6.8,1H),7.08 (d,J = 7.0, 1H), 7.06 (d, Jur = 19.8, 1H, u-CH),
2.72 (sept, J = 6.0, 1H, CHMeMe), 2.50 (s, 3H, NCMe), 1.84
(d, Jup = 1.0, 15H, CsMes), 1.69 (s, 15H, CsMes), 1.55 (d, Jup
= 7.5, 3H, PMe), 1.50 (d, Jup = 7.8, 3H, PMe), 1.12 (d, J = 6.0,

(15) No other Juicy couplings were observed.

(16) This signal is not observed in 'H NMR, presumably because of
overlap with Cp* resonances. When PMe; is added to 17, 2H signals
are observed at 2.7, 1.8, and —16 ppm.
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Table 1. Crystallographic Data for
(Cp*Ru)2(u-H)(u-'PrNC;3H;)

C26H43NRU2 fw

chem formula 571.77

a, A 10.939(1) space group P1

5 A 15.242(2) T, °C -90

c, A 8.422(1) A A 0.710 69
o, deg 101.78(1) Qcalcd; € cmM ™3 1.469

B, deg 109.75(1) Re 0.0370
v, deg 83.58(1) R} 0.0408
Vv, As 1292.44

z 2

@R = 3||Fo| = |Fell/Z|Fo|. bRy =
where w = 1/0%(|F,}).

[Zw(|Fo| ~ {Fe|)?/Zw|Fo?]2

3H, CHMeMe), 1.09 (d, J = 6.0, 3H, CHMeMe), —15.77 (d, Jup
= 11.7, 1H, RuH).

Cp*Ru(PMePh;)(H):((PrNC(Me)CH)RuCp* (5). PMe-
Ph; (2 equiv) was added to 1, and the reaction was followed
by 'H NMR. The reaction was very slow and apparently
reached equilibrium after about 7 days, when consecutive
measurements found [11:{5] of about 1:1. 3'P{'H} NMR
(CeDg): 6 459 (s). 'H NMR (CgDg): 0 8.5—6.9 (several
resonances, 11H, PMePh; and 4-CH), 2.77 (sept, J = 4.6, 1H,
CHMeMe), 2.57 (s, 3H, NCMe), 1.68 (Jpu = 1.0 Hz, 15H Cs-
Mes), 1.58 (s, 15H, CsMes), 1.13 (d, J = 5.1, 3H, CHMeMe),
1.08 (d, J = 4.2, 3H, CHMeMe), —15.69 (d, %Jup = 11.4, 1H,
RuH).

Cp*Ru(P(OEt)s)(H)2:((PrNC(Me)CH)RuCp* (6). This was
synthesized as above for 3, with quantitative conversion after
1 h. 3P{!H} NMR (CgD¢): 6 173.5 (s). 'H NMR (CeDs): ¢
7.04 (d, Jup = 2.1, 1H, u-CH), 3.90 (m, 6H, POCH,CH3), 2.61
(qq, J = 8.0, 5.2, 1H, CHMeMe), 2.30 (s, 3H, NCMe), 2.05 (d,
Jup = 3.8, 15H, CsMe;), 1.78 (s, 15H, CsMes), 1.19 (¢, J = 7.1,
9H, POCH;CHj3), 1.15 (d, J = 6.0, 3H, CHMeMe), 1.08 (d, J =
5.2, 3H, CHMeMe), ~16.27 (d, Jup = 24.3, 1H, RuH).

Structure Determination of 1. A crystal of suitable size
was attached to a glass fiber with silicone grease in a nitrogen
atmosphere glovebag. It was then transferred to the go-
niostat and cooled to —150 °C. Due to some “abnormal”
reflections at —150 °C, it was suspected that the crystal might
be undergoing a phase transition.!” The crystal was therefore
warmed to —90 °C, at which point the “abnormal” reflections
had disappeared. A systematic search of a limited hemisphere
of reciprocal space yielded a set of reflections which exhibited
no systematic extirnictions and no symmetry, other than 1. Plots
of the four standard reflections (040, 500, 333, 002) measured
every 400 reflections showed no significant trends. Details of
the data collection (6° < 28 < 45°) and refinement are given
in Table 1. No correction for absorption was made.

The structure was solved using a combination of direct
methods (SHELXS-86) and Fourier techniques. Initial at-
tempts at solving the structure in P1 failed. The Ru atoms
were located by finding the four Ru atoms in the acentric space
group P1. When the atoms were located, the center of
symmetry was readily located and the structure solution
proceeded normally in P1. Following initial refinement of all
of the non-hydrogen atoms, almost all of the hydrogen atoms
(on C atoms) were located in a difference Fourier map. In a
subsequent difference map, the bridging hydrogen atom was
located as well as all of the hydrogen atoms on the 'PrNC3;H;
group. The full-matrix least-squares refinement was com-
pleted using anisotropic thermal parameters on all non-
hydrogen atoms and isotropic thermal parameters on the
hydrogen atoms.!®* The total number of variables was 375
(including the scale factor and an overall isotropic extinction
parameter). All of the unique reflections were used. Reflec-
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Table 2. Fractional Coordinates® and Isotropic
Thermal Parameters? for Selected Atoms of
(Cp*Ru)z(u-H)(u-'PrNC;3H;5)

x y z 10Bis,, A2
Rul 9114.1(4) 7833.2(3) 7367(1) 18
Ru2 6797.3(4) 7246.4(3) 7243(1) 19
N3 7255(4) 8512(3) 6851(6) 18
C4 6868(5) 8626(4) 8288(7) 22
C5 7807(6) 8189(4) 9539(9) 29
Cé6 5733(7) 9202(5) 8582(11) 35
Cc7 6537(6) 9003(4) 5453(8) 26
C8 6583(8) 8463(6) 3758(9) 36
C9 7097(8) 9925(5) 5839(11) 38
C10 11147(5) 7792(4) 8732(8) 25
C11 10859(5) 8530(4) T187(7) 22
Ci12 10334(5) 8152(4) 6019(8) 24
C13 10284(5) 7204(4) 5865(8) 26
Cl4 10829(5) 6978(4) 7567(9) 30
C15 11715(8) 7894(7) 10624(10) 42
Ci6 11180(8) 9482(5) 8511(11) 37
C17 10070(8) 8647(6) 4559(10) 36
Ci8 9831(9) 6555(6) 4192(11) 43
C19 11059(9) 6054(6) 7982(15) 49
C20 4774(6) 6870(4) 6083(9) 33
Cc21 5549(10) 6296(6) 5186(9) 56
Cc22 6457(8) 5829(4) 6508(17) 62
C23 6185(8) 6146(6) 8002(11) 48
C24 5212(6) 6744(5) 7742(9) 35
C25 3603(8) 7467(7) 5267(19) 106
C26 5311(20) 6166(12) 3281(13) 179
c27 7420(14) 5109(7) 6065(35) 219
c28 6884(13) 5793(11) 9667(20) 141
C29 4547(12) 7183(8) 9071(16) 92

H1 836(6) 688(4) 717(8) 47(12)

2 Fractional coordinates are x10* for non-hydrogen atoms and
x 103 for hydrogen atoms. ¢ Isotropic values for those atoms refined
anisotropically are calculated using the formula given by: Hamil-
ton, W. C. Acta Crystallogr. 1959, 12, 609.

tions having F < 3.00(F) were given zero weight. The final
difference map was essentially featureless, with the largest
peak at 0.95 /A% and the deepest hole at —0.75 ¢/A3. The
majority of the peaks were in the area of the methyl groups of
one Cp* (atoms C20—C29).

Results and Discussion

Bimetallic Cp*Ru complexes have displayed impres-
sive ability to cleave strong bonds. For example, Suzuki
et al. have shown that (Cp*Ru)s(u-H), reacts with PPh;
by breaking a C~P bond to form (Cp*Ru)a(u-H)(u-PPhg)-
(u-n2,1%-CeHs)® (eq 1). Girolami et al. have observed the

Ph Ph
H \P/
FH
N ‘\ PPh,

Cp"Ru=RuCp —=» Cp*RU

\VZ

reversible cleavage of a C—Si bond in the product of a
reaction between (Cp*RuCl); and Mg(CH,SiMe3)s.2° The
resulting product exhibits a fluxional process, which is
explained by migration at MesSi from one face of Ru to
the other via bridging methylene (eq 2). In this work,
formation of the dimer [Cp*RuCH:SiMegs); is ruled out

\H/RuCp m

(17) The structure was actually solved later using data collected at
—150 °C, in the space group P1, but with a cell of twice the volume as
that at —90 °C. Results of thls structure determination were nearly
identical in all ways to those at —90 °C and are available as supporting
information (formerly known as supplementary material). In particu-
lar, the bridging hydride and the agostic hydrogen were evident in
both independent molecules in the unit cell at ~150 °C.

(18) Atoms H29—-H43 were excluded. The carbon atoms C20—-C29
had rather large thermal parameters, presumably due to rotation of
the Cp* group.

(19) Omari, H.; Suzuki, H.; Takei, Y.; Moro-oka, Y. Organometallics
1989, 8, 2270.

(20) Lin, W.; Wilson, S. R.; Girolami, G. S. Organometallics 1994,
13, 2309.
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P Cp* O,
Cp’-—RuFRU: == Cp*-Ruts==miRy-Cp* ==
CHY  SiMe, ‘?42’

SiMe,

d, SiMe,
Cp*=Ru St Ry ] )
Sen?  ce

since alkyl is a very unlikely bridging ligand. In this
sense, our result is similar to Girolami’s: inhibited
dimerization leads to activation of a ligand.

Synthesis of (Cp*Ru):(H)(PrNC3zH;5) (1). The
reaction of (Cp*RuCl), with 4 equiv of LiN'Pr; (one LDA
per Ru atom)?! in THF at room temperature gives 1 in
74% yield, after extraction with pentane. The other
products of this reaction are LiCl and ProNH (see
Scheme 1). The generation of 'ProNH was confirmed
by repeating the experiment in THF-ds, where 'H NMR
signals corresponding to this amine were observed. The
compound is inert to reaction with alkanes or CHyCl;
for at least a week, and for a few days in arene solvents
(CsHs, CeHsCH3). It reacts quickly with Og to form
uncharacterized products and is unstable in the pres-
ence of protic solvents (H,O, CH30H).

Crystal Structure of 1. Although 1 is often isolated
as an oily solid, X-ray-quality crystals are best obtained
by very slow sublimation in a sealed tube. The struc-
ture has been successfully determined (Figure 1) both
at —150 °C and at —90 °C. It undergoes a phase
transition on warming from —150 to —90 °C, to a cell of
half the volume and with one independent molecule
instead of two. The bond distances and angles are
virtually identical at the two temperatures. All hydro-
gen atoms were located except for those on the cyclo-
pentadienyl ligand of Ru2, where disorder problems
precluded their detection.

The molecule has no symmetry axis of rotation nor
plane of symmetry and therefore belongs to point group
C1. The two Cp*Ru moieties are joined at an Ru—Ru
separation of 2.743(1) A and are additionally linked by
a bridging hydride and a bridging nitrogen atom. The
Rul—N3 distance (2.124(4) A) is slightly shorter than
Ru2-N3 (2.161(4) A). One intact isopropyl group
remains on N, while the other has been doubly dehy-
drogenated. Multiple-bond character which results
from this dehydrogenation is shared among N3, C4, and
C5, so that both N3—C4 (1.385(7) A) and C4-C5
(1.418(9) A) have bond lengths intermediate between
the normal ranges for single and double bonds; these
three atoms comprise an azaallyl moiety.??2 Correspond-
ingly, the atoms N3, C4, C5, and C6 are coplanar. A
remarkable feature of the structure is the agostic
interaction of C5—H2 with Rul. This interaction satis-
fies the 18-electron rule for Rul, which would otherwise
be formally 16e. Rul—C5 (2.622(7) A) and Rul—-H2
(2.24(7) A) bonds are certainly longer than normal o
bonds, yet within the range for an agostic interaction.?3
To our knowledge, all other 5°-azaallyl complexes have

(21) It was later found that 1 is unreactive with LDA, and therefore
excess LDA can be used to ensure complete conversion, in the event
of accidental hydrolysis of part of the LDA.

(22) Bond lengths are quite comparable to those of a previously-
reported Ru—azaallyl complex: Polm, L. H.; van Koten, G.; Vrieze,
K.; Stan, C.; van Tunnen, W. C. J. J. Chem. Soc., Chem. Commun.
1983, 1177.
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Figure 1. ORTEP drawing of (Cp*Ru)g(u-H)(-' PrNC3Hj5),
showing selected atom labeling.

Scheme 1
(Cp*RuCly4 4 LiCl
THE R /N::&R
+ ¢ 2UNC =" + ¢t
4 LI.N‘.Pf}_ \ 'I 2 I'PerH
W H

Table 3. Selected Bond Distances (A) and Angles
(deg) for (Cp*Ru);(p-H)(u-"PrNC;H;)

Rul—-Rul 2.7431(7) Ru2-C22 2.160(6)
Rul-N3 2.124(4) Ru2-C23 2.156(7)
Rul-C5 2.622(7) Ru2-C24 2.166(6)
Rul-C10 2.131(6) N3-C4 1.385(7)
Rul-C11 2.178(5) N3-CT7 1.472(7)
Rul-C12 2.168(6) C4-C5 1.418(9)
Rul-C13 2.117(6) C4-C6 1.499(9)
Rul-C14 2.139(6) C7-C8 1.509(10)
Ru2—-N3 2.161(4) C7-C9 1.525(9)
Ru2-C4 2.107(6) Rul-HI 1.70(7)
Ru2-C5 2.192(7) Ru2-H1 1.76(7)
Ru2-C20 2.186(6) Rul-H2 2.24(T)
Ru2-C21 2.187(7)
Ru2-Rul-N3 50.79(12) C4-N3-C7 119.5(4)
Rul—Ru2-N3 49.62(11) N3-C4-C5 108.8(5)
Rul—-Ru2-C4 71.75(15) N3-C4-Cé 126.3(6)
Rul-Ru2-C5 63.04(19) C5-C4-C6 124.5(6)
Rul-N3-Ru2 79.60(15) N3-C7-C8 110.1(5)
Rul—-N3-C4 109.0(3) N3-C7-C9 109.1(5)
Rul-N3-C7 130.1(4) C8-C7-C9 112.6(6)
Ru2—-N3-C4 69.0(3) Rul-H1-Ru2 105(3)
Ru2-N3-C7 127.5(4)

N-C—-C angles ranging from 110 to 116°.2* The ob-
served N3—C4—C5 angle of 108.8(5)° in 1 is slightly
below this range, which supports the idea of C5 “reach-
ing” toward Ru2 to form the agostic interaction. Crab-
tree has used the distance of the CH bond from one
covalent radius of the metal (r,;,) as a semiquantitative
measure of the extent of agostic interactions.?> For 1,
rp = 1.05 A28 indicating a relatively weak agostic

(23) Bond lengths of a Ru—~CH.geic moiety for comparison: Ru—C
= 2.315(5), Ru—H (idealized) = 1.786(6) A. See: Arliquie, T.; Chaudret,
B.; Jalon, F. A.; Otero, A.; Lopez, J. A.; Lahoz, F. J. Organometallics
1991, 10, 1888.

(24) (a) Adams, R. D.; Chodosh, D. F. J. Am. Chem. Soc. 1977, 99,
6544. (b) Muller, F.; van Koten, G.; Kraakman, M. J. A.; Vrieze, K.;
Heijdenrijk, D.; Zoutberg, M. C. Organometallics 1989, 8, 1331. (c)
Muller, F.; van Koten, G.; Vrieze, K.; Duineveld, K. A. A; Heijdenrijk,
D.; Mak, A. N. 8.; Stam, C. H. Organometallics 1989, 8, 1324. (d)
Green, M.; Mercer, R. J.; Morton, C. E.; Orpen, A. G. Angew. Chem.,
Int. Ed. Engl. 1985, 24, 422. (e) Filippou, A. C.; Griinleitner, W;
Kiprof, P. J. Organomet. Chem. 1991, 410, 175. (f) Yang, G.-M.; Lee,
G.-H.; Peng, S.-M.; Liu, R.-S. Organometallics 1991, 10, 1305.

(25) Crabtree, R. H.; Holt, E. M.; Lavin, M.; Morehouse, S. M. Inorg.
Chem. 1985, 24, 1986.
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interaction. The rpp of 1 is longer than those of 11 of
the 17 complexes reviewed by Crabtree.

Spectroscopic Characterization of 1. 'H and 13C
NMR experiments are consistent with retention of the
solid-state molecular structure in CgDg solution. In the
'H NMR spectrum, two singlets at 1.89 and 1.81 ppm
are easily assigned to the Cp* hydrogens. A septet at
2.62 ppm and doublets at 1.63 and 0.64 ppm correspond
to the methine and diastereotopic methyl hydrogens of
the isopropyl group, respectively. Remaining are a
singlet at 2.05 ppm, which represents the methyl of the
dehydrogenated isopropyl group, and three unit inten-
sity upfield resonances at 0.24 (d, J = 5.1), —2.76 (dd,
J=5.1, 3.3),and —6.09 ppm (d, J = 3.3). The assigned
coupling was confirmed by selective spin decoupling
studies. The doublet of doublets must correspond to the
agostic hydrogen (H2), which shows coupling to the
hydride (H1) and the other methylene hydrogen (H3).
This upfield shift is characteristic of an agostic interac-
tion.?”7 It seems very unlikely (in fact, it would be
unprecedented) that H1 would resonate upfield of H2,
so the signal at 0.24 ppm is assigned to H3. Therefore,
the hydride (H1) is the most upfield, at —6.09 ppm.
Although this assignment requires an unusually large
gem coupling constant?® (2Juz_us = 5.5 Hz), this phe-
nomenon has been seen before in a similar system.?®

The gated-coupled 3C NMR spectrum also shows
some diagnostic features. A doublet of doublets (3.46
ppm, ‘Jcu = 143 Hz, 155 Hz) is seen for Cs;. Quite often,
YJcy is significantly (ca. 30—60 Hz) lower for bonds
involved in agostic interactions. However, the magni-
tude of this effect is quite variable.? The retention of
a large coupling constant provides more evidence that
this agostic interaction is a rather weak one. In sharp
contrast to that for C5, the signal for C4 appears at very
low field (98 ppm, multiplet), which is more typical for
“innocent” sp? carbon in this coordination mode. The
remaining 13C peak assignments are straightforward.

No signal is seen in the IR spectrum between 1800
and 2600 cm™!, which is consistent with the assignment
of the hydride to a bridging position.

Mechanism of Formation of 1. This product is
quite different from the (Cp*RuNHPh),, (Cp*RuOR)s,
and (Cp*RuSR); products of analogous simple metath-
esis reactions.?! On the basis of these known structures,
it does seem likely that metathesis of one NiPr; for Cl
occurs, segregating the tetramer to a dimer, Cp*Ru(u-
CD(u-ProN)RuCp* but that further chloride metathesis

(26) ry, was calculated according to the equation ry, = dp, — 1.25,
where 1.25 is the covalent radius of Ru, and dy, = [drun® + r*dcu® —
r(dryn? + den® — druc?) 2. Here dxy indicates the bond distance from
X to Y and r = 0.291. Corrections were made for bond lengths
determined by X-ray according to the equations

dyp = lyn + 0.1y + lyy” — dyc™ eyl
oy = loyg + 0.1

where Ixy is the bond length found by X-ray diffraction.

(27) Brookhart, M.; Green, M. L. H.; Wong, L.-L. Prog. Inorg. Chem.
1988, 36, 1.

(28) These constants generally fall in the range 1-3.5 Hz: Loudon,
G. M. Organic Chemistry; Addison-Wesley: Reading, MA, 1984; p 413.

(29) Horton, A. D.; Mays, M. J.; Raithby, P. R. J. Chem. Soc., Chem.
Commun. 1985, 247.

(30) In one instance, the difference in J-values was too small to be
measured. Cracknell, R. B.; Orpen, A. G.; Spencer, J. L. J. Chem, Soc.,
Chem. Commun. 1984, 326,
~_(31) Another interesting dimer for comparison is [Ru(»-C¢Hg)(N-2,6-
iProCeHs)lo: Kee, T. P.; Park, L. Y.; Robbins, J.; Schrock, R. R. J. Chem.
Soc., Chem. Commun. 1991, 121,
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Scheme 2
Prd iPrg

/
1/2 (Cp*RuCl) + d,-.LiNiPry — ﬁk<>ku‘g
/

is frustrated sterically. From this proposed intermedi-
ate, the follow steps must occur to yield the final
product: B-CH activation, y-CH activation, and dehy-
drohalogenation.

Some reasonable assumptions about the order of
occurrence of these three reaction steps can be made a
priori. Certainly, at least one CH activation must
precede dehydrohalogenation, in order to provide a
hydrogen atom at Ru. For entropic reasons, -CH
activation is faster than y-CH activation. Therefore, the
reaction step immediately following metathesis can be
reasonably assigned as 8-CH activation. However, it
remains quite uncertain which of the remaining two
steps (dehydrohalogenation or y-CH activation) precedes
the other (see Scheme 2).

In order to distinguish between the two proposed
mechanisms (mechanism I and mechanism II in Scheme
2), the reaction was repeated using selectively deuterium-
labeled lithium diisopropylamide, LiIN(CDMes):] (LDA-
dz). It was hoped that this reagent could be used to
determine whether the hydride in the product is derived
from hydrogen in the methine group (which would
incorporate deuterium in the hydride position using
LDA-ds) or from hydrogen in a methyl group (which
would remain deuterium-free at the hydride position
using LDA-ds). According to mechanism I, CD activa-
tion would be followed by dedeuteriohalogenation, and
the product would have no deuterium in the hydride or
vinylic positions. However, in mechanism II, CD acti-
vation is followed by CH activation. Therefore, both
hydrogen and deuterium are available at the metal(s)
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in the dehydro- or dedeuteriohalogenation, and some
deuterium should remain at the hydride position in the
product.

In order to make this distinction, the reaction was
monitored in THF in an NMR tube by 2H NMR. After
2 h, a 2H signal could be seen at —6 ppm for D-
incorporation at the hydride position.32 This observa-
tion demonstrates conclusively that y-CH activation
precedes dehydrohalogenation (mechanism II), and
mechanism I can be dismissed.

Exchange of Hydride with Methylene Hydro-
gens. After longer periods of time (>4 h), additional
information is obtained from this experiment. 2H
signals appear and increase in intensity at 4 0 and —3
ppm, while the signal at —6 ppm decreases. This
indicates a slow exchange (deuterium scrambling) of
these three positions.3® Integration of the 2H resonances
for this compound at equilibrium shows a preference for
deuterium on carbon, rather than on ruthenium (29%
D in the CH position, 27% D in the agostic position, and
15% D in the hydride position). The fact that the total
deuterium incorporation (D atom/molecule of 1) is only
0.71 is consistent with an intermediate containing
chloride, hydride, and deuteride ligands before dehy-
drohalogenation. Because deuterium incorporation is
observed first at the hydride position and only later in
the methylene positions, the scrambling cannot occur
in an intermediate step of the synthetic reaction (Scheme
1). That is, the exchange is intrinsic to the final product
and not to the mechanism of formation of 1.

The mechanism of this scrambling could be “complet-
ing” oxidative addition of the agostic CH bond and
return to agostic CH or CD (Scheme 3, intermediate A).
This scrambling mechanism is preferred to its con-
verse: reductive elimination and re-formation of agostic

(32) There was also a signal at ¢ 2.6 for the methine deuterium of
the unperturbed isopropyl group.

(33) No significant broadening of these signals was observed in 'H
NMR even at +90 °C in toluene-ds.
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CH or CD (Scheme 3, intermediate B). The products
of 1 with small tertiary phosphines (see below) are very
similar in appearance to A. In fact, they can be
considered trapped versions of intermediate A. Few
studies have demonstrated such an exchange of hydride
and agostic hydrogen.?* Again, this exchange in 1 is
slower than that in other known examples, which could
be a result of the weak interaction (in early stages of
CH activation) in 1.

Reaction of 1 with CO. Compound 1 reacts with
CO quickly and irreversibly to form the adduct, 2. On
the basis of its stretching frequency (1893 cm™1), the
CO is assigned to a terminal position. Upon coordina-
tion of CO, the chemical shifts of the two vinylic
hydrogens move to a region common for simple allyl-
like coordination:3® ¢ 1.69 (d, J = 1.5) and 0.60
(apparent, t, J = 1.5).3 Similarly, the 13C signal for
the vinylic carbon moves from & 3.46 in 1 to § 37.82 in
2. This type of reactivity is quite common, since agostic
CH is a very weak ligand and easily replaced. We
assign the structure shown in Scheme 4 to the CO
adduct. The hydride is shown bridging since no infrared
band is observed between 1800 and 2700 cm~!. In the
13CO analog, !3C-coupling is observed only to the hy-
dride ‘{H NMR). In !3C{IH} NMR, no coupling is
observed from !3C to any other resonance (natural
abundance spectrum). This provides excellent evidence
for CO bound to the Ru without the azaallyl ligand. In
short, this reaction must simply be a displacement of
the agostic interaction by the incoming CO ligand.

Even in the presence of excess CO, no further reaction
is observed. Furthermore, no 12CO incorporation is
observed (\H NMR) after treating a C¢Ds solution of the
13C-labeled adduct with 1 atm of CO for 1 day or after
vigorously bubbling CO through a solution for 10 min.

(34) (a) Cree-Uchiyama, M.; Shapley, J. R.; St. George, G. M. J. Am.
Chem. Soc. 19886, 108, 1316. (b) Crabtree, R. H.; Hamilton, D. G. Adv.
Organomet. Chem. 1988, 28, 299.

(35) (a) Magashima, H.; Mukai, K.; Shiota, Y.; Yamaguchi, K.; Ara,
K.; Fukahori, T.; Suzuki, H.; Akita, M.; Moro-oka, Y.; Itoch, K.
Organometallics 1990, 9, 799. (b) Koelle, U.; Kang, B.-S.; Spaniol, T.
P.; Englert, U. Organometallics 1992, 11, 249.

(36) One resonance for a methylene hydrogen appears as a doublet
of doublets, even though the hydride signal appears as a singlet.
Collapse of this methylene 'H signal to a doublet upon irradiation of
the hydride signal during acquisition confirmed the hydride as the
source of the additional coupling. The line width of the hydride is 3.2
Hz, while J = 1.5 Hz.
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Chart 1

Reaction of 1 with PR3. In contrast to its fast,
irreversible reaction with CO, 1 reacts relatively slowly
(several hours) and reversibly with PMe; to form an
adduct, 8 (Scheme 4). Analogous products are formed
from PMey;Ph (4), PMePh; (8), and P(OEt); (6). Fur-
thermore, PMe; is found not to displace the agostic
interaction but to effect oxidative addition of this CH
bond. The best evidence for this bond scission is the
observation of a doublet (not a doublet of doublets) at
136.43 ppm in the gated-coupled '3C spectrum, charac-
teristic of an alkylidene carbon. Correspondingly, the
signal for one hydride shifts upfield to —15.98 ppm (d,
Jpy = 12.6) and a signal for one methine hydrogen
appears at 6.92 ppm (d, Jpy = 21.3 Hz2).37 Unfortu-
nately, one hydride resonance is obscured by a Cp*
signal. A signal at 1.8 ppm was observed in 2H NMR
for the product of reaction of deuterium-labeled 17 (see
Experimental Section) and PMes.

There are several reasonable structures for the phos-
phine adducts of 1 (Chart 1). In I, the phosphine has
displaced nitrogen from its bridging position, while in
II, the Ru—Ru bond is broken by the incoming ligand.
According to electron-counting rules, the hydrides in I
should be either both bridging or both terminal, while
IT would be expected to have one hydride bridging and
one terminal. Because no terminal hydride stretch is
seen in the IR, we favor I with both bridging hydrides.
This structure is also relieved sterically by allowing the
{Pr group on N the freedom to move away from the bulky
phosphine ligand. One final possibility is a zwitterionic
structure (III) with a bridging hydride and the other
hydrogen attached to nitrogen. This would have a
formal +1 charge on nitrogen, and a —1 charge distrib-
uted among the two metal centers.

Despite some remaining uncertainty about the even-
tual fate of the hydrogens, it is clear that phosphines
effect a new type of reaction for agostically held CH

(37) While three-bond HP coupling through a metal generally falls
in the range 0—10 Hz, there are a few examples of values >20 Hz: (a)
3Jup = 35.7, 31.5, 29.6; Cherkas, A. A.; Mott, G. N.; Granby, R;
Maclaughlin, S. A.; Yule, J. E.; Taylor, N. J.; Carty, A. J. Organome-
tallics 1988, 7, 1115. (b) %Jyp = 29.8, 29.7, 28.5; Cherkas, A. A,
Hoffman, D.; Taylor, N. J.; Carty, A. J. Organometallics 1987, 6, 1466.
(¢) 3Jup = 27; Jeffery, J. C.; Moore, I.; Stone, F. G. A. J. Chem. Soc.,
Dalton Trans. 1984, 1571. (d) 3%Jyp = 21.8; Horton, A. D.; Mays, M.
J.; McPartlin, M. J. Chem. Soc., Chem. Commun. 1987, 424,
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bonds. There are several explanations for the differ-
ences in structure of 1, 2, and 3—6, based on the
differences in size and electronic properties of the
ligands. The bulkier PR3 ligands may require some sort
of internal “pre-equilibrium” to allow reaction. It was
noted that H1, H2, and H3 will exchange positions over
time (see Scheme 2). If this is the case, then products
3—6 can be seen as traps of the intermediate in this
exchange. Furthermore, it may be true that significant
van der Waals interactions exist between the R groups
of the phosphine and the isopropy!l group to essentially
“hold” the amide moiety out of the bridging position. Of
course, no such interactions exist when the incoming
ligand is CO.

A contributing factor in the comparison of 1 and 3 is
the donor ability of the ligand. The phosphine lone pair
is more electron-donating than the nitrogen lone pair.
Therefore, upon phosphine association, the metal cente<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>