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Summary: Dimethyldioxirane (DMDO) oxidizes the co-
ordinated alkyne ligand in (RCp)Mn(CO)«diarylalkyne)
(3) to give moderate yields of the corresponding a-keto
carbene complex (RCp)Mn(CO)x(C(Ar)C(O)(Ar)) (5), thus
illustrating the synthetic potential of dioxiranes for the
controlled oxidation of coordinated ligands. The trans-
formation 3 — § might involve initial alkyne epoxidation
to give an intermediate containing a coordinated oxirene
ligand.

Recent research has shown! that dioxiranes (1)
rapidly oxidize a wide range of organic functionalities.
Dimethyldioxirane (DMDO; la), which can be easily
prepared as a solution in acetone, and methyl(trifluoro-
methyl)dioxirane (1b) are the most commonly employed
oxidants.? These reagents have been used in a variety
of synthetic transformations, including the oxyfunction-
alization of saturated hydrocarbons (C—H bond
activation).?2¢ However, applications of these oxidants
to inorganic and organometallic systems are quite
limited to date. It is known that DMDO oxidizes Cp*Re-

® Abstract published in Advance ACS Abstracts, March 15, 1995.
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(CQO)s to Cp*ReOs and transfers an oxygen to certain
metal(II) porphyrins to produce metal oxo species.® It
has been shown that DMDO oxidizes organometallic
thiolates to sulfinato complexes? and induces the oxida-
tive decomplexation of the arene from (arene)Cr(CO)s
and the carbene (as the ketone) from Fischer carbene
complexes.’

In this paper we address the reaction of DMDO (1a)
with alkynes coordinated to a manganese center. The
oxidation of free alkynes RC=CR with DMDO® and with

(3) (a) Herrmann, W, A; Kiprof, P.; Rypdal, K.; Tremmel, J.; Blom,
R.; Alberto, R.; Behm, J.; Albach, R. W.; Bock, H.; Solouki, B.; Mink,
dJ.; Lichtenberger, D.; Gruhn, N. E. J. Am. Chem. Soc. 1991, 113, 6527.
(b) Wolowiec, S.; Kochi, J. K. Inorg. Chem. 1991, 30, 1215.

(4) (a) Schenk, W. A_; Frisch, J.; Adam, W.; Prechtl, F. Inorg. Chem.
1992, 31, 3329. (b) Pérez-Encado, A.; Perrio, S.; Slawin, A. M. Z.;
Thomas, S. E.; Wierzchleyski, A. T.; Williams, D. J. J. Chem. Soc.,
Perkin Trans. 1 1994, 629.

(5) (a) Lluch, A.-M.; Sédnchez-Baeza, F.; Camps, F.; Messeguer, A.
Tetrahedron Lett. 1991, 32, 5629. (b) Lluch, A.-M.; Jordi, L.; Sénchez-
Baeza, F.; Ricart, S.; Camps, F.; Messeguer, A.; Moretd, J. M.
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Table 1. Spectroscopic Data for a-Keto Carbene Complexes (5) Obtained by the Oxidation of Coordinated Alkynes with

Dimethyldioxirane

yield
R, R: Ra (%) vco (cm")” 'H NMR (8)
H H H 30 1989, 1931, 1641 7.38—7.70 (m, Ph), 4.98 (s, Cp)
H Me Me 42 1985, 1929, 1642 7.15~7.63 (m, Ph), 4.94 (s, Cp), 2.35 (s, Me), 2.28 (s, Me)
Me H H 25 1985, 1927, 1641 7.31—7.75 (m, Ph), 4.78—4.90 (m, Cp), 1.81 (s, Me)
Me Me Me 41 1983, 1923, 1642 7.15—=7.63 (m, Ph), 4.75—4.84 (m, Cp), 2.35 (s, Me), 2.28 (s, Me), 1.82 (s, Me)
Me H OMe 274 1983, 1925, 1640¢ 6.80—8.10 (m, Ph), 4.71—4.78 (m, Cp), 3.8! (s, OMe), 1.81 (s, Me)
Me OMe H d d 6.80—8.10 (m, Ph), 4.81—4.87 (m, Cp), 3.83 (s, OMe), 1.83, (s, Me)
Me Me OMe 294 1977, 1919, 16384 6.83—7.74 (m, Ph), 4.70—4.85 (m, Cp), 3.81 (s, OMe), 2.35 (s, Me), 1.81 (s, Me)
Me OMe Me d d 6.83—7.74 (m, Ph), 4.70—4.85 (m, Cp), 3.83 (s, OMe), 2.28 (s, Me), 1.82 (s, Me)

7 Yield based on total amount of starting complex. » In hexanes. ¢ In CD,Cls. ¢ Product consisted of a mixture of two isomers with R, and Rj interchanged

(see text).
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peroxyacids? produces a variety of products which are
believed to be derived from an oxirene intermediate (2)
formed in an initial epoxidation step. The oxirene ring
is a 47 antiaromatic system and is predicted® theoreti-
cally to undergo facile ring opening to the a-keto
carbene, which then undergoes subsequent reactions.
Direct evidence for the existence of oxirene 2 (R = CHj,
CF3) has resulted® from trapping experiments using
rare-gas matrices and from IR spectra of intermediates
formed during the photolysis of a-diazo ketones. It
occurred to us that in situ generation of a coordinated
oxirene via epoxidation of a coordinated alkyne may
provide the stability required for the generation of an
oxirene complex (e.g., the transformation 3 — 4), which
might then evolve to the a-keto carbene complex 5
(Scheme 1).

A series of alkyne complexes 3 were synthesized by
published procedures.!® Reaction of 8 with DMDO
typically proceeded as follows: under nitrogen, 3 (0.080

(7) For example, see: (a) Ciabattoni, J.; Campbell, R. A.; Renner,
C. A,; Concannon, P. W. J. Am. Chem. Soc. 1970, 92, 3826. (b) Ibne-
Rasa, K. M.; Pater, R. H.; Ciabattoni, J.; Edwards, J. O. J. Am. Chem.
Soc. 1978, 95, 7894.

(8) (a) Strausz, O. P.; Gosavi, R. K,; Denes, A. S.; Csizmadia, 1. G.
J. Am. Chem. Soc. 1976, 98, 4784. (b) Strausz, O. P.; Gosavi, R. K;;
Gunning, H. E. J. Chem. Phys. 1977, 67, 3057. (c) Fowler, J. E,;
g}albga;th, dJ. M.; Vacek, G.; Schaefer, H. F. J. Am. Chem. Soc. 1994,

16, 9311.

(9) (a) Debti, F.; Monnier, M.; Verlaque, P.; Davidovics, G.; Pourcin,
J.; Bodot, H.; Aycard, J.-P. C. R, Acad. Sci. Paris, Ser. 2 1988, 303,
897. (b) Torres, M.; Bourdelande, J. L.; Clement, A.; Strausz, O. P. J.
Am. Chem. Soc. 1983, 105, 1698.

mmol) was dissolved in 10 mL of anhydrous HPLC
grade methylene chloride and cooled to —20 °C. A
solution of DMDO was prepared as previously de-
scribed? and stored at —78 °C; assays showed that these
solutions typically contained DMDO at 0.07 M. A
volume of the DMDO solution containing 0.4 mmol (ca.
6 mL) was quickly added to the solution of 3, and the
reaction mixture was stirred for ca. 20 h at —20 °C. The
solvent was then stripped to leave a viscous oil that was
dissolved in benzene and chromatographed through
deactivated neutral alumina. Hexanes eluant removed
unreacted starting material, and hexanes/diethyl ether
(4/1 to 10/1) removed the product as a yellow-green
band.

IR and 'H NMR spectra (Table 1) suggested that the
products were a-keto carbene complexes (5). This was
verified by obtaining the X-ray structure of one of the
products (5; R1 = Rs = R3 = Me), which is illustrated in
Figure 1.1 (Selected bond lengths and angles are
provided in Figure 1.) The yields of 5 were modest
(Table 1) and were found to depend markedly on the
temperature and the molar ratio of DMDO to complex
3. Along with product 5, the final reaction mixture
generally contained some starting material, unidentified
insoluble brown metal-containing species (probably
oxides), and a-diketones (from the further oxidation of
5). It is likely that the reactions with DMDO could be
optimized to provide better yields than have been
obtained so far.12 It is pertinent to note that an attempt
to epoxidize 3 in CHyCly with the common oxidant
m-chloroperbenzoic acid led to rapid and complete
decomposition, with no evidence for species 4 or 5. In
contrast, the dioxirane DMDO effected the controlled
oxidation of the coordinated alkyne.

(10) (a) Strohmeier, W.; Laporte, H.; Hobe, D. V. Chem Ber. 1962,
95, 455. (b) Strohmeier, W.; Hellmann, H. Chem. Ber. 1965, 98, 1598,
(c) Butler, 1. S.; Coville, N. J.; Cozak, D. J. Organomet. Chem. 1977,
133, 59. (d) Cash, G. G.; Pettersen, R. C. J. Chem. Soc., Dalton Trans.
1979, 1630. (e) Caulton, K. G. Coord. Chem. Rev. 1981, 38, 1. (f) Alt,
H. G.; Engelhardt, H. E. J. Organomet. Chem. 1988, 342, 235. (g)
Coughlan, 8. M.; Yang, G. K. J. Organomet. Chem. 1998, 450, 151.

(11) A single crystal of 8 (R; = Rz = R3 = Me) of dimensions 0.50 x
0.44 x 0.40 mm was grown by ether diffusion from a solution of 5 in
pentane/ether (2/1). Crystal data: triclinic, space group P1, with a =
8.07U2) A, b = 8.373(2) A, ¢ = 15.909(3) A, o = 77.64(3)°, § = 86.87°,
y'=172.25°, V = 1000.1(4) A%, Z = 2, Degreq = 1.369 g cm~%; data collected
at 25 °C with Mo Ko radiation, u = 6.81 em~!, 8 range 2.61—26.00°,
256 variables refined with 3905 independent reflections (I > 2a(I)) to
R = 0.0427, wR2 = 0.01114, and GOF = 0.981. Refinement based on
F 2 was carried out using the SHELXL 93 package.

(12) The reaction of 3 with DMDO was attempted in three solvents
(CH,Clp, MesCO, CgH1y), at five temperatures (—78, —40, —20, 0, 25
°C), and with six /DM DO ratios (1.0, 0.50, 0.33, 0.25, 0.20, 0.10). The
best results were obtained in CHCly at —20 °C with a 3/DMDO ratio
of 0.20. (Indeny)Mn(CO)2(alkyne) analogues of 3 were also found to
react with DMDO to give a-keto carbene complexes, although the yields
were low.
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Figure 1. Molecular structure and labeling scheme for
complex 3 (R; = Ry = Rs = Me). Selected bond lengths (A):
Mn-C(7), 1.887(2); C(7)—C(8), 1.499(3); C(7)—C(9), 1.466-
(3); C(8)—0(1), 1.224(3); C(8)—C(16), 1.483(3). Selected
bond angles (deg): Mn—C(7)—C(9), 132.2(2); Mn—C(7)—
C(8), 114.9(2); C(9)—-C(7)—C(8), 112.8(2); C(7)—C(8)—C(16),
118.4(2); C(1)—C(8)—-0(1), 121.2(2); C(1)—C(8)—C(16), 120.6-
(2).

The a-keto carbene complex § (R; = Me, Ry = Rg =
H) has been previously synthesized in 37% yield,'3? and
a low-resolution X-ray structure of § (R = Ro = Rs =
H) has been described.1® The reported synthesis of 5
consisted of the direct reaction of (MeCp)Mn(CO)o(THF)
with the appropriate a-diazo ketone carbene precursor
(e.g., diazodeoxybenzoin). The reaction 3 — § is fun-
damentally different in that carbene formation is the
consequence of alkyne oxidation. It is quite likely that
an intermediate oxirene complex 4 is formed, which
rapidly undergoes ring opening to give 5. When Ry =

(13) (a) Herrmann, W. A, Angew. Chem. 1974, 86, 556. (b) Redhouse,
A. D. J. Organomet. Chem. 1975, 99, C29.
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R3in 8, oxidation with DMDO gave an isomeric mixture
of 5 (as determined from 1H NMR data). Thus, the
isomers (Ry = Me; R3 = OMe) and (R = OMe; R; =
Me) were formed in a 1:1 ratio when 3 had the
substituent set (Me, OMe) on the alkyne ligand. The
isomeric ratio of 5 formed at —20 °C with the alkyne
substituent set (H, OMe) was 4:1 in favor of the complex
having (R; = OMe; R; = H); however, the isomer ratio
was reversed at low temperatures. It might become
possible to stabilize (and hence detect) an oxirene
intermediate in the epoxidation of coordinated alkynes
by increasing the barrier to metal slippage via increased
rigidity at the metal—alkyne bond. Experiments along
this line are planned using caged alkynes as well as
alkynes anchored to the metal via appended phosphine
ligands.

In conclusion, we have shown that dimethyldioxirane
oxidizes the coordinated alkyne ligand in 3 to generate
moderate yields of the corresponding a-keto carbene
complex 5. It is speculated that this reaction involves
initial alkyne epoxidation to give an intermediate
containing a coordinated oxirene ligand. Whether or not
this is the case, the reaction 8 — 5 illustrates that
dioxiranes are potentially useful reagents for the con-
trolled oxidation of coordinated ligands.
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Summary: Reaction of zirconium—silyl complex 1, which
was prepared from CpsZrCls and LiSi'‘BuPh;y in THF,
with isonitriles 2 gave n?-iminosilaacyl complexes 8 by
a one-pot procedure in good to moderate yields. Treat-
ment of complex 3a with metal hydride and then
addition of alkyne gave azazirconacyclopentene 11 via
azazirconacyclopropane 7. Hydrolysis of azazirconacy-
clopentenes 11 gave (a-silylallyl)amine 10.

The reactivity of transition-metal—silyl complexes is
quite interesting because an unsaturated bond can be
inserted into the silyl—zirconium bond to provide an
alternate organometallic complex which has metal—
carbon and silyl—carbon bonds, further providing a new
method for the carbon—carbon bond-forming reaction.
A few zirconium—silyl complexes I are known, and they
were prepared by the reaction of CpeZrCly with Al-
(SiMes)s!2 or with corresponding LiSiRs!® and by oxida-
tive addition of R3SiH to CpeZr coordinated by a butene
ligand.lc* The insertion of carbon monoxide or an
isonitrile into the zirconium—silyl bond provided a #72-
silaacyl complex or an #%iminosilaacyl complex.'2t
However, the reactivities of these complexes are not
known. Here, we wish to report the syntheses and
reactivities of zirconium—silyl complexes I, #2-iminosi-
laacyl complexes II, azazirconacyclopropanes IIl, and
azazirconacyclopentenes IV. That is, the insertion of
an isonitrile into the silyl—zirconium bond of I affords
n?-iminosilaacyl complexes II. Treatment of I with
metal hydride affords the azazirconacyclopropane III.
The insertion of alkyne into the carbon—zirconium bond
of III gives azazirconacyclopentene IV,

Zirconium—silyl complex 1 was prepared from Cpo-
ZrCl; and LiSi*BuPh,? according to the modified Tilley
procedure.’® To a THF solution of LiSitBuPhy was
added a THF solution of CpZrCl; at —78 °C, and the
solution was stirred at 0 °C for 1 h. An orange Cpo-

* Hokkaido University..

! Yamanouchi Pharmaceutical Co. Ltd.

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

(1) (a) Tilley, T. D. Organometallics 1985, 4, 1452. Tilley, T. D. J.
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4031. '
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ZrSitBuPh;Cl (1) solution was obtained, but the isolation
of zirconium—silyl complex 1 was unsuccessful because
it was exceedingly sensitive to moisture. Thus, the
insertion of an isonitrile into the zirconium-silyl bond
of I was carried out in situ. To a THF solution of 1,
prepared from LiSitBuPhy; and CpyZrCl;, was added
PhNC3 (2a) in THF at —78 °C, and then the solution
was stirred at roem temperature for 10 h. Aqueous
NHC] solution was added, and the agueous layer was
extracted with AcOEt. The organic layer was dried and
concentrated. The air- and moisture-stable #2-iminosi-
laacyl complex 3a was obtained in 71% yield after
column chromatography on silica gel (mp 193—-194 °C,
from hexane—CH3Clz). The structure of 3a was deter-
mined by the X-ray diffraction method. Various 7%
iminosilaacyl complexes 3 were prepared. The chemical
shifts of imino carbon atoms in the 3C NMR spectra
are shown in Scheme 2. Evidently, the chemical shifts
of those complexes 8 having an electron-withdrawing
group at the 4-position on the aromatic ring appear at
lower field.

Monitoring the reaction of 3d with dry HCl in C¢Ds
revealed that the Cp peak of 3d (6 5.81) gradually

(3) Ugi, I.; Meyr, R. Organic Synthesis; Wiley: New York, 1973;
Collect. Vol 5, p 1060.
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Figure 1. ORTEP drawing of 3a.

Table 1. Selected Bond Distances and Angles for 3a
Bond Distances (A)

Zr—Cl 2.57 N—-C(]) 1.27
Zr—N 2.19 C(1)-Si 1.92
Zr—C(1) 2.28
Bond Angles (deg)
C(1)~Zr—N 33.1 Zr—~C(1)—-N 69.6
Zr—N—-C(1) 77.3
Scheme 3
JAr
'?f HOIELO o AT
t CgHg 0r CgDg 261V v G
CpZZr\C Si'BuPh, “sle 6 \Si'Buth

4a 53% (CgHe)
4c 73% (CqDe)
4d 62% (CgDg)

72% (CeHe)

3

changed to that of CpyZrCly (6 5.93). After the usual
workup, formidoylsilane 4d was isolated in 62% yield.
Other n%-iminosilaacyl complexes 3a,e,e were treated
with dry HCl in C¢Dg, and the reactions were followed
by NMR. The formidoylsilanes 4a,c,e were isolated in
53%, 73%, and 72% yields, respectively. However,
formidoylsilane 4b* was not obtained in a similar
manner. Surprisingly, treatment of complex 3a with
aqueous 10% HCI did not afford the formidoylsilane 4a,
and 3a was completely recovered unchanged.

The various attempts to insert an unsaturated bond
into the zirconium—carbon bond of 3 were unsuccessful.
Thus, we examined the conversion of iminosilaacyl
complex 3 into azazirconacyclopropane 7 and then the
insertion of the unsaturated bond into the carbon—
zirconium bond of 7. Treatment of the n2-iminosilaacyl
complex 3a with LiEt;BH (1.3 equiv) in THF at room
temperature followed by hydrolysis gave (silylmethyl)-
aniline 5a in 82% yield.?> The results indicate that
azazirconacyclopropane 7a was formed in this reaction.
It is generally accepted that various unsaturated bonds
can be inserted into the zirconium-—carbon bond of

(4) Tto, Y.; Matsuura, T.; Murakami, M. J. Am. Chem. Soc. 1987,
109, 7888.

(5) Use of toluene instead of THF for this reaction gave a fair amount
of formidoylsilane 4a (14% yield) along with 5a (14% yield), and 3a
was recovered in 68% yield.
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Scheme 4
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Table 2. Insertion of Alkyne 9 into the C—Zr Bond of 3a

run  alkyne 9 (2.0 eq.) product 10 10 (%) 5a(%)

1 Pr—==—pPr Ry=Rg=Pr(10a) A3 52 48
(9a) Bb 73 27
2 TMS—=—Me Ry=TMS (10b) A 58 21
{9b) Ry = Me B 72 12
3 TMS—==—C:Hy, Ri=TMS (10c) A 34 65
(9¢) Ro=CsHyy B 66 23
4 1- heptyne =CgHyy (10d) A 37 48
(9d) Ro=H B 22 20
5 ROCH,—==—CH,0R =CH,OH(10e) B 61 33
(9e R = TBS) Ry = CH,OTBS
6 ROCH,—=——CH,OR R,=R,=CH,OBn B 75 17

(9f R = Bn) (10f)

a) method A: 8 was added to the ethereal solution of 7a, prepared from 3a
and LiEtzBH in THF, and the solution was stirred at room temperature for 12 h.
b) method B: To the solution of 3a and 9 was added LiEt;BH in THF at 0 °C
and the solution was stirred at room temperature for 12 h.

Si'BuPh, Hb  NHPh

Cp22r Si'BuPh,
oTBS Ha Ha'
TBSS oTes

11e
Figure 2.
NHPh NHPh
MSHBUPM MSo‘BuPhg
10a-D 10a-D,
Figure 3.

azazirconacyclopropane.® Thus, when 4-octyne (2.0
equiv) was added to the ethereal solution of azazircona-
cyclopropane 7a at 0 °C, which was prepared from 3a
and LiEt;BH in Et;0, the yellow solution changed to
red. The solution was further stirred at room temper-
ature for 12 h. After the usual workup, (a-silylallyl)-
amine 10a was obtained in 52% yield along with 5a
(48% yield).” The structure of 10a was determined by

(6) (a) Jensen, M.; Livinghouse, T. JJ. Am. Chem. Soc. 1989, 111,
4495, Ito, H.; Taguchi, T.; Hanzawa, Y. Tetrahedron Lett. 1992, 33,
4469. (b) Buchwald, S. L.; Watson, B. T.; Wannamaker, M. W.; Dawan,
J.C.J. Am. Chem. Soc. 1989, 111, 4486. Buchwald, S. L.; Wannama-
ker, M. W.; Watson, B. T. J. Am. Chem. Soc. 1989, 111, 776. Grossman,
R. B.; Davis, W. M.; Buchwald, S. L. J. Am. Chem. Soc. 1991, 113,
2321. Coles, N.; Whitby, R. J.; Blagg, J. Synlett 1980, 271. Coles, N;
Harris, M. C. J.; Whitby, R. J.; Blagg, J. Organometallics 1994, 13,
190; Tetrahedron Lett. 1994, 35, 2431. (¢) Davis, J. M.; Whitby, R. J;
Jaxa-Chamiec, A. Tetrahedron Lett. 1992, 33, 5655; 1994, 35, 1445;
Synlett 1994, 110. (d) Wolczanski, P. T.; Bercaw, J. E. J. Am. Chem.
Soc. 1979, 101, 6450.
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Scheme 5. Possible Reaction Course

Ph L Ph
h N \ N/ Hy0*
ath a st 3
3a P \ CpoZr< — 5
Metal - H Cppzr . 1, 2 - hydride migration
transmetalation \ﬁ) SiRg ( rearrangement) 7 SiR3
R'————nr?
Ph
M
Ph\N M N Ph
path b ( H H N H .
Y A Pz, B S
Metal - H CPsz\ SiR P2 '\ SiRy - stmg
reduction of C=N bond cl cl H 1

spectral data and the NOE experiment. It was ascer-
tained that the K isomer was formed in this reaction,
which indicates that the insertion of alkyne into the
C—Zr bond proceeds in a stereoselective manner and
the product is obtained as a single isomer. Various
alkynes 9 could be inserted into the zirconium—carbon
bond (Table 2, method A). The yields were improved
when LiEt;BH was added to an ethereal solution of 72-
iminosilaacyl complex 3 at 0 °C in the presence of alkyne
9 (method B). The reaction of 3a with terminal alkyne
9d afforded (a-silylallyl)amine 10d in moderate yield
(run 4). In the reaction of 3a with 9e, monosilylated
product 10e was obtained.® Since the silyl group of 9e
would coordinate to zirconium of zirconacyclopentene
11e (see Figure 2), the bond cleavage of the O—Si bond
would occur during the aqueous workup to give 10e.
To confirm the formation of azazirconacyclopropane
7, treatment of 3a with LiEtsBD? in the presence of
4-octyne was carried out to give 10a-D (D content
~100%) in 84% yield. Furthermore, when the same
reaction was carried out and then the solution was
treated with D20, 10a-D; (D content 86%) was obtained
in quantitative yield. These results strongly suggest
that azazirconacyclopropane III was formed. On the
basis of these results, the possible reaction course is
shown in Scheme 5. It was not clear!® whether azazir-
conacyclopropane 7 was formed by reduction of the C=N

bond with metal hydride or by transmetalation of 3a
with metal hydride followed by 1,2-hydride migration.

Although there have been a few reports on the
formation of azazirconacyclopropane (reaction of imine
with CpeZrBuy,% reaction of CpaZrMeCl with lithium
amide followed by S-elimination,® and insertion of
isonitrile into zirconacyclopentene followed by
rearrangement®), our method, which involves the reac-
tion of n%-iminosilaacyl complex 8 with metal hydride,
is different from the previous methods.

Further insertion reactions of unsaturated bonds into
the azazirconacycles are now being investigated.

Supplementary Material Available: Text giving the
general procedure for the synthesis of #%-iminosilaacyl complex
3 and formidoylsilane 4, typical procedures for the insertion
of the C—Zr bond of 3a into alkynes (methods A and B), and
characterization data for 3b—e, 4—e, 5a, 10a, 10a-D, 10a-D.,
and 10b—f and details of the X-ray structure determination
of 3a, including figures giving views of the structure, text
giving data collection and refinement details, and tables giving
atomic coordinates, thermal parameters, bond distances and
angles, and torsion angles (35 pages). This material is
contained in libraries on microfiche, immediately follows this
article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for
ordering information.
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(7) For this reaction, DIBAH can be used; the use of THF as a
solvent decreased the yield of desired product.

(8) The structure was confirmed by 'H NMR (CDCl3~D;0). The
vinylic proton Hb (8 5.70 (dd, J = 7.0, 7.0 Hz, 1 H)) was coupled with
allylic protons Ha (6 4.00 (dd, J = 12.6, 7.0 Hz, 1 H)) and Ha’ (6 4.04
(dd, J = 12.6, 7.0 Hz, 1 H)).

(9) LiEt4sBD is commercially available (Aldrich).

(10) When the reaction of 3b with LiEtsBH was carried out in the
presence of 4-octyne, the desired product was not obtained and 8b was
recovered (93%). This suggests that the reaction proceeds by reduction
of the C=N bond by M—H because the nitrogen of 3b could not
coordinate to the metal of M—H, and the C=N bond could not be
reduced by metal hydride in this case. Cf.: Waymouth, R. M,; Clauser,
K. R.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 6385.
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Synthesis and Reactivity of CpZrH(OSO:CF3), a Soluble
Alternative for Schwartz’s Reagent, and the Solid-State
Structure of Its Dimer, [Cp2Zr(OSO2CF3)(u-H)120.5THF

Gerrit A. Luinstra,* Ursula Rief, and Marc H. Prosenc

Department of Chemistry, University of Konstanz, Postfach 5560 M738,
D-78643 Konstanz, Germany

Received December 2, 19942

Summary: Comproportionation of Cp2Zr(OTf)s and Cps-
Zr(BHy; (Cp = CsHs; OTf = 0OSO03CF3y) gives Cpg-
ZrBH{OTP (1). Reaction of 1 with NEts yields CpsZrH-
(OTf) (2), which was crystallized from THF to yield
dimeric [CpsZr(OSO:CF3)(u-H)]»0.5THF (2b). The struc-
ture of 2b was determined by X-ray methods. Reaction
of 2 with hexene, (trimethylsilyl)acetylene, and ‘BuCN
yields CpsZr(hexyl)(OTf), CpsZrl CH=CH(SiMey) J(OTf),
and Cp2Zr{N=C(*Bu)H}OTf), respectively.

Schwartz’s reagent, a polymer with the stoichiometry
CpoZrH(C]) (Cp = CsHs), has proven to be very useful
reagent. It has been applied extensively in both orga-
nometallic and organic research (e.g. hydrozirconation
of olefins).! It is commerically available and easy to
handle. However, it has one significant drawback in
that it is poorly soluble in commonly used solvents such
as toluene, THF, and dichloromethane, and purification
is difficult, also because of disproportionations. The
hydrozirconation mixture of Cp’2ZrHs and Cp'3ZrCl, (Cp’
= CsHMe), which is assumed to comproportionate to
give the Cp’ analog to Schwartz’s reagent, Cp’yZrH(C1),
is more reactive,? but its solubility in THF is still
marginal and the lower symmetry makes it less ideal
for application in NMR studies. In our investigations
on the hydrozirconation of metal-bonded vinyls, a
soluble and monomeric hydride was needed. We con-
cluded that substitution of the chloride in Schwartz’s
reagent by the larger triflate anion would cbstruct the
formation of larger polymeric structures, at the same
time yielding a very reactive hydride by virtue of the
weak coordination properties of the triflate anion.?

The borohydride complex CpsZrBH4(OTS) (1) is a
convenient precursor for CpeZrH(OTY) (2). The former
was obtained almost quantitatively from the compro-
portionation of CpoZr(OTf):* and CpaZr(BHy)s (eq 1). The
equilibrium lies totally to the right, and 1 can be isolated
as a white microcrystalline solid by evaporation of the
solvent.

Addition of 1 equiv of NEt;3 to a toluene solution of 1
results in the formation of [CpsZrH(OTS)] (2; eq 2). It
readily crystallizes from solution as large off-white
needles. 2 is sparingly soluble in benzene and ether but

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

(1) See e.g.: (a) Schwartz, J.; Labinger, J. A. Angew. Chem., Int.
Ed. Engl. 1976, 15, 33. (b) Hart, J. W.; Schwartz, J. J. Am. Chem,
Soc. 1974, 96, 8115. (¢) Gibson, T. Organometallics 1987, 6, 918. (c)
Wailes, P. C.; Weigold, H. J. Organomet. Chem. 1970, 24, 405. (d)
Laycock, D. E.; Alper, H. JJ. Org. Chem. 1981, 46, 289. (e) Sorell, T. N.
Tetrahedron Lett. 1978, 4983. (f) Swanson, D. R.; Nguyen, T.; Noda,
Y.; Negishi, E.-I. J. Org. Chem. 1991, 56, 2590,

(2) Erker, G.; Schlund, R.; Kriiger, C. Organometallics 1989, 8, 2349.

(3) Cf.: (a) Lawrance, G. A. Adv. Inorg. Chem. 1989, 34, 145 and
references cited therein. (b) Strauss, S. H. Chem. Rev. 1993, 93, 927.
(¢) Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325,

(4) Thewalt, U.; Lasser, W. Z. Naturforsch., B 1983, 38B, 1501.
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Cp2Zr(OTf)2 + CpZZr(BH4)2 -
2Cp,Zr(BH,(OTH) (1)
1

Cp,Zr(BH,)OTf) + NEt, —
1

Cp,ZrH(OT) + NEt;-BH, (2)
2

can be dissolved in THF (up to a concentration of about
0.10 mol/L), from which solvent it can be recrystallized.
A Zr—H stretching vibration is assigned at 940 ¢cm™!
(685 cm™! in the deuterium analog Cp2ZrD(OTY) (2d)),
in the normal range for bridging zirconium hydrides.1¢
This indicates that CpZrH(OTY) is not monomeric in
the solid state. Complex 2 has one signal in the proton
NMR for the Cp rings at 6.48 ppm (THF-ds) and one
for the hydride at 0.12 ppm. A mixture of 2 and
SiMey(C5H4)2ZrH(OTY) (8)% in THF-ds gives three sets
of resonances, assigned to the three possible dimers
(Cp2ZrOTh)o(u-H)p (2), [SiMeg(C5H4)oZrOT la(u-H), (3),
and the mixed complex [SiMea(CsH4)oZrOTf][CpoZrOT(]-
(u-H)g, illustrating that these zirconocene triflate hy-
drides are probably dimeric in solution.®

The needles of 2 obtained from synthesis in toluene
were structurally disordered and unsuitable for X-ray
diffraction studies. However, single crystals of a closely
related complex, [(CpoZrOTDa(u-H)o0.5THF (2b), could
be obtained by diffusing diethyl ether into a concen-
trated THF solution of 2.7 The results of an X-ray
structure determination are shown in Figure 1. Com-
pound 2b is a dimer of 2, where two bent-zirconocene
units are bridged by two hydride ligands. The triflates
are 7! coordinated. The hydride was located accurately
from a difference Fourier map. The inversion symmetry
operation of the space group places another hydride in
the close vicinity of the metal center. In this way an
asymmetric bridge is formed between two discrete Cp,-

(5) 83 was prepared analogously to 2. 'H NMR (THF-dg): 7.35 (m,
2H; Cp), 6.66 (m, 2H; Cp), 6.30 (m, 2H; Cp), 5.53 (m, 2H; Cp), 0.78 (s,
3H; Me), 0.64 (s, 3H; Me), 0.37 ppm (s, 1H; H).

(6) A molecular weight determination by ebullometry of 2 in THF
solution gives a molecular weight of 340, indicating that the triflate
partly dissociates from 2.

(7) Crystallographic data were collected using a Siemens R3m/V
diffractometer with Mo Ka radiation (0.710 73 A, # = 8.7 ecm™1). The
SHELXL93 program was used for structure solution and refinement.
C13H1sF304,5SZr: triclinic, P1 (a = 8.486(3) A, b = 8.703(4) 4, ¢ =
11.793(4) A, o = 86.55(3)°, B = 72.40(3)°, y = 66.55(3)°, Z =2,V =
759.8(5) A%). The intensity data were collected using a Wyckoff type
scan over the range 3.6° < 26 < 56° The 3666 unique intensities
collected were used in the least-squares full-matrix refinement on F?
with anisotropic thermal parameters for all non-hydrogen atoms to
converge at R = 0.0291 (R,2 = 0.0776) (T = 243 K). Cocrystallized
THF is disordered.

© 1995 American Chemical Society
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Figure 1. ORTEP drawing of 2b, showing terminal
ellipsoids (50% probability level). Selected bond lengths:
Zr(1)-0(3), 2.205(2) A, Zr(1)—H(2AA), 2.231(10) A; Zr(1)—
H(2A), 1.831(9) A; Zr(1)-Zr(1A), 3.4865(14) A. Selected
bond angles: H(2AA)-Zr(1)—H(24), 62.1(5)°; O(3)—Zr-
(LA)—H(24), 134.8(3)°; CE(1)—Zr(1)—CE(2), 127.6°; Zr(1)—
H(2A)-Zr(1A), 117.9(5)°.

ZrH(OTY) molecules, with alternating Zr—H distances
Zr(l)}:H(lA) = 1.831(9) A and Zr(1A)—-H(2AA) = 2.231-
(10) A.

The Zra(u-H)2 unit has been crystallographically
characterized in a number of cases. Two types are
found, those with two long bridges with characteristic
Zr—H distances of about 2.0 A (for example in the Cps
derivatives [CpoZr(SiPhMeH)lx(u-H)2 at 1.94(10) and
1.95(10) A% in [CpyZr(SiPhoH)la(u-H), at 2.01(2) and
1.96(3) A% in (Cp’2ZrH)o(u-H), at 2.05(3) and 1.94(2)
A8 and in [(tBuCp)eZrH)la(u-H): at 2.012(7) and 1.999-
(4) A,89) and those with one longer and one shorter Zr—H
distance (as in (CgHgZrOAr)(u-H)s (Ar = 2,6-di-tert-
butylphenyl)®@ with Zr—H distances of 1.85(3) and 2.03-
(3) A or in [SiMey(CsH4)2CpZrCl(u-H)1,® with alter-

(8) (a) Mu, Y.; Aitken, C.; Cote, B.; Harrod, J. E. Can. J. Chem. 1991,
69, 264. (b) Takahashi, T.; Hasegawa, M.; Suzuki, N.; Saburi, M,;
Rousset, C. J.; Fanwick, P. E.; Negishi, E.-I. J. Am. Chem. Soc. 1991,
113, 8564. (¢) Choukroun, R.; Dahan, F.; Larsoneur, A.-M.; Samuel,
E.; Petersen, J.; Meunier, P.; Sornay, C. Organometallics 1991, 10,
374. (d) Jones, S. B.; Petersen, J. L. Inorg. Chem. 1981, 20, 2889,
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nating Zr—H distances of 1.75(4) and 2.05(4) A). In our
case, the long Zr—H bond of over 2.23 A is significantly
longer than observed in the complexes mentioned above,
whereas the short bond is clearly in the range of
terminal Zr—H bond lengths (bond lengths of about 1.8
A are typical for terminal zirconium hydrides8c¢19), This
suggests that no large reorganization of the geometry
(and hence energy) would be necessary for dissociation
to the monomer.

We find that 2 is very reactive; for example, it reacts
instantaneously with 1-hexene to give the monoalkyl
complex CpsZrCe¢H;3(OTf). Terminal acetylenes are
selectively hydrozirconated at room temperature; no
acid—base reaction is observed. Addition of 1 equiv of
(trimethylsilyl)acetylene to a THF solution of 2 quan-
titatively yields CpeZrl{ CH=CH(SiMe3)(OTY) (by NMR,
trans isomer only). Hetero unsaturated molecules react
likewise quickly and selectively with 2: addition of 1
equiv of *BuC=N gives the azomethine complex CpoZr-
[N=C(tBu)H}OTN.2!1 Thus, substitution of the chlo-
ride in Schwartz’s reagent for triflate gives a well-
defined, easily accessible hydrozirconation reagent.
Studies of the reactivity of 2 toward other substrates
(C=0) as well as convenient ways to prepare hydrozir-
conation reagents with other weakly coordinating an-
ions are in progress.
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Supplementary Material Available: Full details of the
X-ray structure of 2b, including tables of atomic coordinates,
bond lengths and angles, and anisotropic displacement coef-
ficients and figures giving additional views of the structure,
and text giving details on the synthesis and characterization
of 1-3 and the reactivity of 2 toward 1-hexene, (trimethylsilyl)-
acetylene, and pivalonitrile (17 pages). Ordering information
is given on any current masthead page.
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(9) (a) Beerno, P.; Floriani, C.; Chiesi-Villa, A.; Guastini, G. J. Chem.
Soc., Chem. Commun. 1991, 109. (b) Reddy, K. P.; Petersen, J. L.
Organometallics 1989, 8, 547.

(10) Cf.: (a) Kot, W. K.; Edelstein, N. M.; Zalkin, A. Inorg. Chem.
1987, 26, 1339, (b) Highcock, W. J.; Mills, R. M.; Spencer, J. L.;
Woodward, P. J. Chem. Soc., Chem. Commun. 1986, 821. (¢) Erker,
G.; Kropp, K.; Kriiger, C.; Chiang, A.-P. Chem. Ber. 1982, 115, 2447.

(11) Cf.: (a) Bercaw, J. E.; Davies, D. L.; Wolczanski, P. T.
Organometallics 1988, 5, 443. (b) Gambarotta, S.; Floriani, C.; Chiesi-
Villa, A.; Guastini, G. J. Am. Chem. Soc. 1983, 105, 1690.
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The Silolyl Anion C/4HSiH™ Is Aromatic and the Lithium
Silolide C/4H,SiHLi Even More So
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D-91054 Erlangen, Germany
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Summary: The %% coordination of Li* in lithium silolide
Li*(CH) SiH~ (4), increases the delocalization and aro-
maticity relative to C4H/SiH™ (1a) strongly: 4 exhibits
80% of the stabilization energy of Lit*CsHs~, decreased
pyramidality of the silicon center, and increased CC
bond length equalization. In addition, 6(%°Si) in 4 is
shifted downfield, 8(13C) is shifted upfield, and the
diamagnetic susceptibility is exalted (A). Likewise,
experimental X-ray data on {Cp*Ru(H)[n’-Me,C,SiSi-
(SiMeg)sJ} BPh4] (2) and NMR studies on lithium 1-tert-
butyl-2,3,4,5-tetraphenylsilolide (3) suggest delocalized
silole rings.

Why is the parent silolyl anion C;H;SiH™ (1) still
unknown, in contrast to the well-characterized cyclo-
pentadienyl anion?! Could the lack of aromaticity or
appreciate resonance stabilization in 1 be responsible?
The available information is in disagreement. Gordon’s
early theoretical conclusion that 1 is “approximately
25% as aromatic as the cyclopentadienyl anion” was
based on very low level (STO-2G) ab initio theory as
well as an assumed planar geometry for 1.22 Damewood
employed a better 6-31G* basis set (but one also lacking
diffuse functions) which indicated that the silicon
environment is nearly as pyramidal in 1 as in the parent
silyl anion, SiHs;~.2> Although the inversion barrier in
1 (16.2 kcal/mol) was reduced relative to SiHz;~ (26.0
keal/mol), he concluded that the ground state of 1 “has
only ca. 3% of the resonance stabilization of CsHs™".
Damewood predicted “a significantly lower stability of
n°-metal complexes than that found for the all-carbon
analogues”. Nevertheless, the first #5-silolyl complex,
{Cp*Ru(H)[#5-Me4C4SiSi(SiMe3)s1}[BPhy] (2), was syn-
thesized and characterized by X-ray and NMR recently.?
The planar silole ring and the bond length equalization
in the butadiene moiety of 2 indicate delocalization.
Furthermore, recent NMR investigations of a derivative
of 1, lithium 1-tert-butyl-2,3,4,5-tetraphenylsilolide (3),

@ Abstract published in Advance ACS Abstracts, March 1, 1995.

(1) (a) Paquette, L. A.; Bauer, W.; Sivik, M. R.; Biihl, M.; Feigel,
M.,; Schleyer, P. v. R. J. Am. Chem. Soc. 1990, 112, 8776 and references
therein. (b) Bordwell, F. G.; Drucker, G. E.; Fried, H. E. J. Org. Chem.
1981, 46, 632. (¢) Li, W. K,; Nobes, R. H.; Poppinger, D.; Radom, L. In
Comprehensive Carbanion Chemistry, Buncel, E., Durst, T., Eds;
Elsevier: Amsterdam, 1987; Vol. C and references therein. (d) Lambert,
C.; Schleyer, P. v. R. Angew. Chem., Int. Ed. Engl. 1994, 33, 1129. (e)
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4th Ed., 1952- 1993, E19d, p 1.
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(b) Griitzmacher, H. Angew. Chem. 1995, 107, 323; Angew. Chem., Int.
Ed. Engl., in press. Compare: (c) Chesnut, D. B.; Quin, L. D. J. Am.
Chem. Soc. 1994, 116, 9638. These authors also studied the aromaticity
in a series of five- as well as six-membered heterocycles but did not
include the silolyl anion.
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Figure 1. Silolyl anion la (C;, RMP2(fc)/6-31+G** level,
bond length in A).

Figure 2. Silolyl anion 1b (Cy,, RMP2(fc)/6-31+G** level,
bond length in A).

support “delocalization of the negative charge, justifying
an aromatic resonance contributor”.*
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On the basis of the mutually related structural,
energetic, and magnetic criteria for aromaticity,® we now
demonstrate that (CH),SiH~ (1) exhibits a much higher
degree of delocalization and aromaticity than has been
deduced before.? This revises the conclusions of the
previous theoretical studies.? Calculations on Li*-
C4H,SiH"™ (4; a model system for 2 and 38) reveal that
the 7% coordination of Li* in 4 is similar to that in
Li*CsHs~. Moreover, we find that 4 is even more
aromatic than 1.

The C4H4SiH™ ground state (C;) 1a (Figure 1) and the
planar inversion transition structure (Cy,) 1b (Figure
2) were optimized at the RMP2(fc)/6-31+G** level
(GAUSSIAN 92)8 and characterized by frequency analy-

(6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-
Gordon, M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari,
K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D.
J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. GAUSSIAN 92/DFT,
Revision F.2; Gaussian, Inc., Pittsburgh, PA, 1993.

© 1995 American Chemical Society
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Table 1. Angle Sums (£Y) at Silicon, Si—C, Bond Lengths, CpCs—CoCg Bond Length Differences, and Julg Parameters (4)*

1a (C\) 1b (CZV) 2 4 (va ] (sz)b
ZZ(Sh (deg) 321.6°(293.89) (290.5%) 360.0" (360.0) (360.14) 355.1 340.2
Si~Ca (A) | 1.847% (1.916¢) (1.9244) 1.794" (1.7879) (1.7884) 1.830(7) 1.823 1.875
CpCp—CoCp (A) +0.034% (+0.121°) (+0.131) —0.008” (+0.001°) (+0.004¢) 0.07 (2) 0.004 0.124
A 0.971% (0.620°) (0.552¢) 0.998% (1.0) (0.9996¢) 0.874 0.9996 0.608

“ Reference 8. » RMP2(fc)/6-31+G** geometry. ¢ RHF(fc)/6-31+G** geometry. ¢ RHF/6-31G* geometry.?® ¢ Data were obtained from the X-ray structure

of 2.7 fRMP2(fc)/6-31G** geometry.

Table 2. Calculated Total Energies and Zero-Point Energies

(ZPE)
la(C,)* 1b (Cy¥ 4(Cyr 5(Cy)?
ZPE (kcal/mol)* 42.2 41.6 45.1 49.1
tot. energy (au) —443.89356 —443.88656 —451.37169 —444.47930
min TS (=410 cm™' min min

“Scaled by 0.94.19 PRMP2(fc)/6-31+G**//RMP2(fc)/6-31+G**,
¢ RMP2(fc)/6-31G**//RMP2(fc)/6-31G**. “Value of the imaginary fre-
quency.

Table 3. Aromatic Stabilization Energies (ASE; Eq 1) for
CsHs~, CiH,SiH™, and Their Lithium Complexes

ASE
(kcal/mol)

X =CH"~ 6 7 8

tot. energy (au)’ —193.9906 —195.15096 —192.86967 —-23.6
ZPE (kcal/mol)® 60.0 (0) 739 (0) 47.2(0)

X =SiH~ 9 10 la

tot. energy (au)® —445.02291 —446.21414 —443.85217 -129
ZPE (kcal/mol)®  56.2 (0) 69.9 (0) 42.5(0)

X =CHLIi 11 12 13
tot. energy (au)* —201.47025 —202.64253 —200.36418 -40.2
ZPE (kcal/mol)?  62.9 (0) 76.8 (0) 50.3 (0)

X = SiHLi 14 15 4
tot. energy (au)* —452.47673 —453.67380 —451.33142 -32.0
ZPE (kcal/mol)¥  58.2 (0) 72.2(0) 447 (0)

4 RMP2(fc)/6-314+-G*//RMP2(fc)/6-31+G*. » RHF(fc)/6-31+G*//RHF(fc)/
6-314+G*, scaled by 0.89;'9 number of imaginary frequencies in parentheses.
¢ RMP2(fc)/6-31G*//RMP2(fc)/6-31G*. ¢ RHF(fc)/6-31G*//RHF(fc)/6-
31G*, scaled by 0.89;'° number of imaginary frequencies in parentheseis.

sis. In contrast to earlier RHF/6-31G* calculations,?
1a has a strongly flattened pyramidal silicon center
(angle sum 321.6°; Table 1) relative to SiH3~ (Cj,,
RMP2/6-31+G**, angle sum 289.3°),

Our 3.8 kcal/mol inversion barrier (1a — 1b; Table
2) is much smaller than that computed previously (16.2
kcal/mol).2> A correlation between such inversion bar-
riers of silyl anions and the degree of planarization at
silicon has been noted.”

The CsCp—CoCps bond length difference in 1a (0.034
A) is reduced significantly relative to that in the neutral
C4H,SiH, (5;0.124 A) (Table 1). In addition, 1a exhibits
a large Julg parameter (A = 0.971).8 While the
C4H,SiH™ ground state 1a is delocalized, the silicon lone
pair is aligned optimally for conjugation with the
hydrocarbon moiety in planar 1b (Figure 2), which is
even more aromatic. The Julg parameter (A = 0.998)
is not only nearly unity, but 1b also exhibits a CsCg
distance which is shorter than the C,Cs bond length
(—0.008 A). The SiC, bond distance in 1b decreases to
1.794 A.

(7) Damewood, J. R., Jr.; Hadad, C. M. J. Phys. Chem. 1988, 92,
33.

(8) Julg’s parameter (A) defines the degree of aromaticity in terms
of deviations of (n) individual CC bond lengths (r;) from the mean
carbon bond length (r): A = 1 for benzene (D¢,) and A = 0 for Kekulé
benzene (D3;), assuming CC distances of 1.33 and 1.52 A. A =1 —
(225/m)Y (1 —ryr)2. (a) Julg, A.; Francois, P. Theor. Chim. Acta 1967,
7, 249. (b) Kerk, S. M. v. d. J. Organomet. Chem. 1981, 215, 315.

Figure 3. Lithium silolide 4 (C,, RMP2(fc)/6-31G** level,
bond length in A).

Li* coordination influences these structures signifi-
cantly. Optimization of LitC4H4SiH~ at RMP2(fc)/6-
31G** results in the 75 complex 4 (Figure 3), which is
characterized as a minimum (Table 2). The Si—H group
is bent toward lithium. This preference for inverted
coordination of silicon centers in alkali-metal silanides
has precedents.® The nonplanar silole rings in 4 and
in 1a differ significantly. Relative to the anion 1a, the
silicon environment in 4 is significantly less pyramidal
(the angle sum at silicon increases by 18.6°), the SiC,
distance is shortened by 0.024 A, and the CC bonds have
nearly the same length (A = 0.9996) (Table 1). The
increased delocalization due to lithium coordination is
apparent. Although the silicon center in 4 is slightly
less planar than that in 2 (note the angle sums in Table
1), bond length equalization is more pronounced in 4
than in 2. As experimental evidence suggests, delocal-
ization of electron density in the silole ring of 2 is
enhanced when the hydride ligand on ruthenium is
removed.?

We employ eq 1 to evaluate the aromatic stabilization
energies (ASE) for the CsH;~ and the C4H,SiH™ anions
as well as their lithium complexes (Table 3). The

D00 o

X=CH- 6 (Cy) 7(Cs) 8 (Dsp)
X=SiH- 9(Cy) 10 (Cy) 1a (Cy)
X=CHLi  13-11(Cy) N12(C) 1513 (Csy)
X=SHL 1314 (Cy) N-15(Cy)  15-4(Cy)

reference carbocycles and silacarbocycles in eq 1 are
calculated in their most stable conformations. In the
(sila)cyclopentane, (sila)cyclopentene, and (sila)cyclo-
pentadiene systems, the lithium ions are 71, 8, and %5
coordinated, respectively. Whereas 1a exhibits 55% of
the ASE of for CsHs~ (similar results were obtained
without diffuse functions),?® the ASE in 4 increases to
80% of that computed for Li*CsHs~. The enhancement
of ASE by Li* coordination in both cases (Table 3) can

(9) (a) Pritzkow, H.; Lobreyer, T.; Sundermeyer, W.; Hommes, N.
J. R. v. E.; Schleyer, P. v. R. Angew. Chem., Int. Ed. Engl. 1994, 33,
216. (b) Schleyer, P. v. R.; Clark, T. J. Chem. Soc., Chem. Commun.
1986, 1371.
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Table 4. NPA Charges,® Chemical Shifts 4,> Magnetic Susceptibilities y° and Susceptibility Exaltations A¢

Si charge 4(Si) Cq charge (Cq) Cg charge 8(Cp) Li charge O(Li) 4 A

la +0.618 -50.6 —0.755 +153.4 —0.335 +134.6 =723 -10.4
1b +0.896 —6.6 -0.905 +100.5 -0.356 +121.1 —80.4 —18.5
2de —27.14 +74.36 +108.83

34f +25.1 +139.51 +155.76

4 +0.920 —224 —0.930 +123.6 —0.388 +130.0 +0.914 —6.2 —-76.7 —14.1
5 +1.317 —42.0 —0.704 +136.2 -0.220 +163.2 —52.2 +4.8
164/ +3.62 +144.77 +158.04

CsHs™ ¢ —0.397 +109.2 —0.397 +109.2 —67.8 -17.3
CsHsLi* -0.423 +112.9 —0.423 +112.9 +0.912 —9.1 (—8.6)% —65.7 —14.5

“n au.'* ® The IGLO (basis II)'* chemical shifts are relative to the absolute shielding constants (o) of TMS (T, RMP2(fc)/6-31+G**) and Li(H20),*
(D24, RMP2(fc)/6-314++G*): o(C) = 197.5, o(Si) = 379.4, o(Li) = 92.1. ¢ x and A (in ppm cgsu) are obtained from IGLO (basis IT)!? calculations; see text.
4 Experimental result. ¢ Reference 3. f Reference 4. £ Optimized at the RMP2(fc)/6-31+G** level in Ds, symmetry. # Optimized at the RMP2(fc)/6-31G**

level in Cs, symmetry. { Reference la.

be attributed to “aromaticity in three dimensions™? and
stabilization Yy the favorable polarization of the x
electrons by the cation.!! The Li* coordination increases
the ASE in C4H,SiHLi (4) even more than in Li*CsH5™.

Delocalization of the negative charge from silicon to
the hydrocarbon moiety in 3 was suggested experimen-
tally by an unusual downfield 2°Si NMR chemical shift
(+25.10 ppm) and an upfield shift of the carbon signals
in the butadiene moiety relative to the corresponding
neutral disilole bis(1-tert-butyl-2,3,4,5-tetraphenylsilole)
(16; 5(%°Si) = +3.62).* Compared to their neutral
disilanes, only upfield shifts of 2°Si have been reported
for silyl anions before.1? A progression of 6(2%Si) to lower
fields has been noted in going from MesC4Si(H)Si-
(SiMes)s (6(2°Si) —32.68) (precursor of 2) to 2 (5(29Si)
—27.14 ppm) and then to —7.35 in {Cp*Rul[n?-Me,sCq-
SiSi(SiMes)s]}) (the HBPhy elimination product of 2).3
This suggests enhanced delocalization in the same
order.?

The computed (IGLO) chemical shifts!® of 4 are
consistent with these experimental NMR data (Table
4). Lithiation of 5 (§ — 4) and coordination of Li* to 1a
(1a — 4), both result in downfield 4(2°Si) and 5(13C)
uptield displacement (Table 4). In the latter case, this
can be attributed to a partial electron transfer from
silicon to the carbon atoms (note the NPA!4 charges in
Table 4). However, this charge—chemical shift relation-

(10) Jemmis, E. D.; Schleyer, P. v. R. J. Am. Chem. Soc. 1982, 104,
4781.

(11) Jiao, H.; Schleyer, P. v. R. Angew. Chem., Int. Ed. Engl. 1998,
32, 1760.

(12) (a) Sollradl, H.; Hengge, E. J. Organomet. Chem. 1983, 243,
257. (b) Olah, G. A.; Hunadi, R. J. J. Am. Chem. Soc. 1980, 102, 6989.

(13) Kutzelnigg, W.; Schindler, M.; Fleischer, U. NMR Basic Princ.
Prog. 1990, 23, 165.

(14) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988,
88, 899. (b) Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1990,
112, 1434,

(15) For a discussion of 4(2°Si) see for example: Williams, E. A. In
The Chemistry of Organic Silicon Compounds; Patai, S., Rappoport,
Z., Eds.; Wiley: New York, 1989; Chapter 8, p 511, and references
therein.

(186) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.; Mithlenkamp, V.
J. Am. Chem. Soc. 1994, 116, 5298.

(17) (a) Heine, A.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D.
Inorg. Chem. 1998, 32, 2694. (b) Edlund, U.; Lejon, T.; Pyykks, P.;
Venkatachalam, T. K.; Buncel, E. J. Am. Chem. Soc. 1987, 109, 5982.
(¢) Edlund, U.; Lejon, T. J. Am. Chem. Soc. 1985, 107, 6408,

ship is not general. Lithiation of 5 results in a 4(2°Si)
downfield shift, although the negative charge on silicon
is increased.!®

As in CsHsLi, the upfield 6("Li) value in 4 (—6.2, Table
4) can be attributed to the aromatic ring current
anisotropy.!® In contrast to o-bonded lithium silanes,!”
derivatives of 4 should exhibit a high-field 6(°Li) and,
due to the ionic 7-bonding,'d no scalar lithium—silicon
coupling.

The diamagnetic susceptibility exaltation A provides
a good measure of aromaticity.52>18 This parameter is
calculated as the difference between the magnetic
susceptibility of the system (ym) and the susceptibility
estimated by an increment scheme for the hypothetical
system without cyclic delocalization (ym): A = ym — xm-
The negative A value of 4 (—14.1 ppm cgsu, Table 4) is
nearly as large as that for LitCsHs~ (—14.5 ppm cgsu).
Whereas 1a exhibits a less negative A value (—10.4 ppm
cgsu) than CsH;™ (—17.3 ppm cgsu), A of 1b is even more
negative (—18.5 ppm cgsu). The magnetic criterion
leads to the same conclusion as the structural and
energetic criteria: Li* coordination increases the aro-
maticity of 4 over that in 1a strongly.

Hence, the structural, energetic, and magnetic criteria
all agree that lithium silolide, C4H,SiHLi (4), is delo-
calized and shows significant aromatic character. These
results are consistent with recent experimental conclu-
sions on 2 and 3, derivatives of 4.3¢ The silolyl anion
C4H,SiH™ (1a) exhibits at least moderate aromaticity,
which is enhanced strongly by #° coordination of Li*.
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(18) (a) Dauben, H. J.; Wilson, J. D.; Laity, J. L. J. Am. Chem. Soc.
1969, 91, 1991. (b) Jiao, H.; Schleyer, P. v. R. Angew. Chem., Int. Ed.
Engl. 1993, 32, 1763 and references therein.

(19) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. 4b Initio
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Summary: The reaction of (Z)-(phenylvinyl)acetylenes
and carbene complexes provides benzannulation prod-
ucts in fair to good yields. Similarly, the reaction of (Z)-
(cyclopropylvinyl)acetylenes and carbene complexes pro-
vides cyclopentenone derivatives. When the carbene
complex is capable of further ring-forming reactions,
subsequent ring-forming steps occur preferentially from
the substituent on the enyne.

The reaction of o,3-unsaturated chromium carbene
complexes (1; Scheme 1) and alkynes leads very reliably
to hydroquinone derivatives (3) (the Détz reaction),!
while cyclopropylcarbene complexes and alkynes reli-
ably afford cyclopentenone derivatives (4).2 An essential
intermediate common to both annulation reactions in
Scheme 1 is vinylcarbene complex 2, formed via a
regioselective and stereoselective alkyne insertion reac-
tion.? The reaction of an appropriately substituted (Z)-
vinylacetylene derivative (5; Scheme 2) and a simple
carbene complex can also provide an intermediate
having the essential structural features of intermediate
2 (6, 9; Scheme 2).4% The first objective of the studies
in this paper is to evaluate the efficacy of a mechanism-
based alternative to the annulation processes in Scheme
1, which employs simple carbene complexes and (Z)-
(phenylvinylacetylenes (5; R; = Ph) to effect benzan-
nulation and (Z)-(cyclopropylvinylacetylenes (5; Ry =
cyclopropyl) to effect cyclopentannulation. The second
objective is to determine the relative ability of carbene
complex substituents and R; substituents of enynes to
undergo subsequent annulation processes.

Initially, the reaction between (Z)-(phenylvinyl)acety-
lene 5A and simple carbene complex 1A was examined
(Table 1, entry A). The expected benzannulation prod-
uct, enol ether 7TA, was never observed; however, the
ketal 8A was obtained in 61% yield. Ketalization might
occur during purification by chromatography on silica

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

(1) Wulff, W. D. In Comprehensive Organic Synthesis; Trost, B. M.,
Fleming, I., Paquette, L. A., Eds.; Pergamon: Oxford, U.K., 1991; Vol.
5, pp 1065-1113.

(2) Tumer, S. U.; Herndon, J. W.; McMullen, L. A. J. Am. Chem.
Soc. 1992, 114, 8394—8404.

(3) (a) Bos, M. A,; Wulff, W, D.; Miller, R. A.; Chamberlain, S;
Brandvold, T. A. J. Am. Chem. Soc. 1991, 113, 9293-9319. (b)
Anderson, B. A.; Wulff, W. D; Rheingold, A. L. J. Am. Chem. Soc. 1990,
112,8615-8617. (c) McCallum, J. S.; Kunng, F.-A ; Gilbertson, S. R.;
Wulff, W. D. Organometallics 1988, 7, 2346—2360. (d) Hofmann, P.;
Hammerle, M.; Unfried, G. New J. Chem. 1991, 15, 769--789. (e)
Barluenga, J.; Aznar, F.; Martin, A.; Garcfa-Granda, S.; Pérez-Carrefio,
E. J. Am. Chem. Soc. 1994, 116, 11191-11192. (f) Anderson, B. A;
Bao, J.; Brandvold, T. A.; Challener, C. A.; Wulff, W. D.; Xu, Y. C,;
Rheingold, A. L. J. Am. Chem. Soc. 1993, 115, 10671—10687.

(4) In some cases, enynes are suitable substrates for the benzan-
nulation reaction. Wulff, W. D.; Chan, K.-S.; Tang, P.-C. J. Org. Chem.
1984, 49, 2293-2295. See also ref 2.
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Scheme 1
e Fiu R _Gr(CO),
R NOCH; t ‘E -»CHSO)TKRL -
1 s 2 S
o}
Ry
CH304 Rs

If R = Phenyl If R = Cyclopropyl
gel. This reaction proceeded similarly for the internal
alkyne 5B (entry D) and less substituted enyne 5C
(entry E). The ability of (cyclopropylvinyl)acetylene 5D
to undergo cyclopentannulation reactions upon treat-
ment with methylcarbene complex 1A was then tested.
From this reaction, cyclopentenone 11A (45%) and the
analogous trienone 12A (5%) were obtained (entry F).
Trienone 12A presumably results from a competing
vinylogous enolization of cyclopentadienone intermedi-
ate 10. Predominantly the E enol ether was obtained
for both 11A and 12A,

In the next phase of these studies, carbene complexes
which can undergo competitive annulation processes
were tested in their reactions with enynes 5A and 5D.
As noted in entry C, exclusive benzannulation onto the
enyne phenyl was observed from the reaction of phen-
ylcarbene complex 1C and (phenylvinylacetylene 5A.
In this case, the exclusive product of the reaction was

(5) For additional mechanism-based alternatives to the Détz reac-
tion, see: (a) Wulff, W. D.; Kaesler, R. W.; Peterson, G. A,; Tang, P.-
C.J.Am. Chem. Soc. 1985, 107, 1060-1062. (b) Semmelhack, M. F;
Ho, S.; Steigerwald, M.; Lee, M. C. J. Am. Chem. Soc. 1987, 109, 4397—
4399. (c) Merlic, C. A.; Xu, D.; Gladstone, B. G. J. Org. Chem. 1993,
58, 538—545. (d) Krysan, D. J.; Gurski, A.; Liebeskind, L. S. J. Am.
Chem. Soc. 1992, 114, 1412—-1418. (e) Danheiser, R. L.; Cha, D. D.
Tetrahedron Lett. 1990, 31, 1527—1530. (f) Perri, S. T.; Moore, H. W.
J. Am. Chem. Soc. 1990, 112, 1897-1905.

(6) Procedure for Benzannulation: Dioxane (20 mL) was heated
to reflux under nitrogen in a flask fitted with a condenser and syringe
port. To the dioxane was added a solution of alkyne 5A (0.110 g, 0.604
mmol) and carbene complex 1A (0.137 g, 0.549 mmol) in dioxane (10
mL). This solution was added dropwise via syringe pump over a 2-h
period. The reaction mixture was heated for an additional 4 h, after
which the solvent was evaporated. The residue was redissolved in
ethyl acetate and the solution filtered through a pad of Celite. After
removal of the solvent on a rotary evaporator, this residue was
subjected to flash chromatography on silica gel. A single fraction
identified as ketal 8A (0.090 g, 61%) was obtained. 8A: 'H NMR
(CDCly) 6 8.00—7.90 (m, 2 H), 7.45—-7.35 (m, 2 H), 3.36 (s, 3 H), 3.32
(d, 1 H,J = 17.5 Hz), 3.16 (d, 1 H, J = 17.5 Hz), 3.09 (m, 2 H), 2.73
(m, 2 H), 1.95 (m, 4 H), 1.73 (s, 3 H); 13C NMR (CDCl;) 8§ 151.3, 132.7,
131.4,127.4,125.5,124.0, 123.1,121.8,119.0, 118.4, 112.2, 49.8, 40.0,
27.8, 25.5, 25.1, 23.2, 22.7; IR (CDCl3z) 3079 (w), 3019 (w), 2939 (s),
1600 (m) cm~!; MS (EI) m/e 268 (M*, 100); HRMS calcd for C15H3002
268.1463, found 268.1470.

© 1995 American Chemical Society
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Scheme 2

ir(CO)s
R NOCH;  * 1

(from 1 + 5D)

Table 1.

(from 1 + 5A-C)

R
CHG&%
10

R o
CHaO
12

CH o‘(’:‘ o

(See Tabie for correlation of substituents with letters)

Reaction of Conjugated Z Enynes with Carbene Complexes

Entry Carbene Complex

Cr(

Product(s) and Yield“
CHiQ

b CO)s >_=-§ CHg g
Al CHGJLOCHS (1A) (5A) (8A) (61%)

CHeQ o

(SB) (68%)

Ph
(0]
Cr(CO)s
13) (7
C oo 10 sA ‘OO ) (78%)
CH CH0
J
CH
D 1A PP (SB)  os QO
OCH
E 1A o (SE)(SO%)
0] o]
[}
Fd 1A g(sm (114) (45%) + sqé\g(m)(%)
3
G 1B 5D W(M)"f(%%) + muzs)(s%)
) e
P
H 1C 5D '}(\8(15)&#(45% + O ) (16) (25%)h

OCHy

¢ In all cases, the yield refers to isolated compounds which are pure by TLC and high-field NMR analysis, unless otherwise noted. # For a procedure, see
ref 6.  Compound 8D was very sensitive to air oxidation and could not be purified; the air oxidation products 8D-I and 8D-II were characterized. ¢ For a
procedure, see ref 7. ¢ Obtained after exposure of the crude reaction mixture to aqueous acid. In separate experiments the enol ether isomers of 11 were
isolated; however, higher yields of adduct could be obtained after hydrolysis. / Compound 11B was obtained in a 6:1 E:Z ratio. ¢ Compound 11C was
obtained in a 3:1 E:Z ratio; partial hydrolysis occurred during chromatographic purification. # The yield was determined by integration of the crude '"H NMR

spectrum.

benzofuran derivative 13, and none of the product from
benzannulation onto the carbene phenyl, 17 (Figure 1),
was observed. As noted in entry G, exclusive cyclopen-
tannulation onto the enyne cyclopropyl was observed
from the reaction of cyclopropylcarbene complex 1B and
(phenylvinyl)acetylene 5D; none of the product from
annulation onto the carbene cyclopropyl, 18, was ob-
served. Benzannulation was the exclusive reaction

pathway observed from the reaction of cyclopropylcar-
bene complex 1B and (phenylvinyl)acetylene 5A (entry
B); none of the expected cyclopentannulation product,
19, was observed in this reaction. When the location
of the cyclopropyl and phenyl groups was reversed
(entry H), cyclopentannulation giving 11C was the
predominant reaction pathway. In this reaction, a
sizable amount of benzannulation product 16 was
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Scheme 3

{COY
Ph C_ Ph
CHLO™

CHso% 21
20

Figure 1. Hypothetical products predicted if annulation
occurs at the carbene complex substituent.

observed. In all of the cases involving competing annu-
lation reactions (entries B, C, G, and H), the predomi-
nant reaction pathway observed was annulation onto
the R; substituent on the enyne.

The reason for preferential annulation onto the enyne
substituent relative to the carbene complex substituent
is not completely clear at present. A possible mecha-
nistic rationale is depicted in Scheme 3. According to
previous mechanistic studies, insertion of an alkyne into

(7) Procedure for Cyclopentannulation: Dioxane (20 mL) was
heated to reflux under nitrogen in an flask fitted with a condenser
and syringe port. To this mixture was added a solution of alkyne 5D
(0.094 g, 0.643 mmol) and carbene complex 1A (0.162 g, 0.648 mmol)
in dioxane (10 mL). This solution was added dropwise via syringe
pump over a 2-h period. The reaction mixture was heated for an
additional 6 h, after which the solvent was evaporated. The residue
was redissolved in ethyl acetate and the solution filtered through a
pad of Celite. After removal of the solvent of a rotary evaporator, this
residue was subjected to flash chromatography on silica gel pretreated
with triethylamine. The product in the first fraction was identified
as a mixture of enol ether isomers 11A (0.060 g, 45%). The product in
the second fraction was identified as trienol 12A (0.007 g, 5%). 11A,
E Isomer: 'H NMR (CDCl;) 6 4.84 (s, 1 H),3.61(s,3 H), 2.71(dt, 1 H,
J = 10.4, 3.0 Hz), 2.61 (m, 1 H), 2.59 (dd, 1 H, J = 12.8, 5.2 Hz), 2.17
(brd, 1H,J =104 Hz), 2.06 (td, 1 H, J = 10.4, 4.4 Hz), 1.99 (d4, 1 H,
J=12.8,4.0Hz),1.98 (m, 1 H), 1.83 (br d, 1 H, J = 10.8 Hz), 1.66 (s,
3H), 1.49(qt, 1 H,J = 104, 3.0 Hz), 1.33 (qt, 1 H, J = 10.4, 3.0 Hz),
1.09 (qd, 1 H, J = 10.4, 3.0 Hz); 3C NMR (CDCl 3) ¢ 208.0, 175.7,
157.9, 134.4, 87.5, 54.7, 41.6, 40.1, 35.1, 29.7, 26.3, 25.4, 18.2; IR
(CDCl3) 1700 (s), 1656 (s) em~1; MS (EI) m/e 206 (M*, 100); HRMS
caled for Cy3H,309 206.1307, found 206.1310. Irradiation of the methyl
group (6 1.66) led to enhancement of the signal for the methoxy group
(6 3.61). Irradiation of the methoxy group (6 3.61) led to enhance-
ment of the signals for the vinylic hydrogen (6 4.84) and the methyl
group (6 1.66). The enhancements were determined by subtrac-
tion of the original *H NMR spectrum. 11A, Z Isomer: 'H NMR
(CDCl3) 6 4.92 (s, 1 H), 3.56 (5,3 H), 2.81 (brd, 1 H, J = 10.4 Hz), 2.60
(m, 2 H), 2.30-1.70 (m, 5 H), 1.97 (s, 3 H), 1.65~1.05 (m, 3 H).
Extensive attempts to purify this compound resulted in no better
than a 9:1 ratio of 11A-Z to 11A-E. 12A: 'H NMR (CDCl;) 6 5.91
(brt,1H,J =74 Hz),4.96 (s, 1 H), 3.63 (s, 3 H), 2.92 (br s, 2 H), 2.51
(t, 2 H, J = 7.4 Hz), 227 (br q, 2 H, J = 7.4 Hz), 1.79 (quintet, 2
H, J = 7.4 Hz), 1.73 (s, 3 H); IR (CDCl3) 1700 (s) cm~t; MS (EI) m/e
ggz 1(1\/61; 100); HRMS (ED caled for C;3H;602 204.1150, found

.1169.

* 0O

Phg Ph

2
-— e CHOY

(CO)4Cr
23

(Precursor to 13)

a carbene complex initially provides an internally
coordinated vinylcarbene complex,? where the chromium
is complexed to the newly formed carbon—carbon double
bond as in intermediate 6C. Since the alkene appears
to be weakly coordinated in these complexes,® equili-
bration between vinylcarbene complexes 6C and 21 and
coordinatively unsaturated carbene complex 20 would
be expected.? Since electron-donor substituents sup-
press the CO-insertion step in vinylcarbene complexes,®
conversion of vinylcarbene complex 21 to vinylketene
complex 23 should occur faster than the analogous
conversion of 8C to 22. On the basis of the extremely
facile conversion of chromium-complexed (Z)-(phenylvi-
nyl)ketenes to naphthols, vinylketene complex 23 is
expected to provide naphthol 7C, while complex 22
would provide naphthol 17. The observed preferential
annulation onto enyne cyclopropyl groups (entry G) is
also predicted from this argument if vinylketene com-
plexes are involved in the cyclopropane ring-opening
step; however, mechanistic details of the cyclopentan-
nulation process are not as clear.? Further examination
of other enynes and evaluation of these reactivity trends
are currently under investigation.
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Supplementary Material Available: Text giving spectral
data for the compounds listed in Table 1 including 'H NMR,
13C NMR, infrared, and mass spectral data (6 pages). Ordering
information is given on any current masthead page.

OM940969U

(8) A similar equilibrium has been proposed for vinylearbene—
titanium complexes: (a) Wallace, K. M.; Liu, A. H,; Davis, W. M;
Schrock, R. R. Organometallics 1989, 8, 644—654. (b) Doxsee, K. M.;
Juliette, J. J. J.; Mouser, J. K. M.; Zientara, K. Organometallics 1993,
12, 4742-4744.

(9) Notable examples of this effect have been observed in the reaction
of aminocarbene—chromium complexes with alkynes: (a) Grotjahn, D.
B.; Kroll, F. E. K.; Schéfer, T.; Harms, K.; Détz, K. H. Organometallics
1992, 11, 298-310. (b) Hoye, T. R.; Rehberg, G. M. Organometallics
1989, 8, 2071-2073. (c) Yamashita, A. Tetrahedron Lett. 1986, 27,
5915—5918.
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n%Thiophene Complexes of Pentaammineosmium(II) and
Their Reversible Protonation To Form Novel
n%-2H-Thiophenium Species
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Summary: A series of complexes of the type [Os(NHg)s-
(4,5-72-L)J(OTf); (where L = thiophene (1a), 2-methyl-
thiophene (1b), 3-methylthiophene (1c), 2,5-dimethyl-
thiophene (1d), 2-methoxythiophene (1e), 3-methoxythio-
phene (1f), and benzo[bjthiophene (1g)) were prepared
and characterized by NMR and cyclic voltammetry (CV).
Treatment of 1a—d with 1 equiv of HOTY yields novel
isolable 2H-thiophenium complexes with the osmium
bound to C(5) and sulfur.

The development of hydrodesulfurization (HDS) tech-
nology has spawned considerable interest in the coor-
dination chemistry of thiophenes.! Although a number
of different bonding modes for thiophene complexes have
now been identified, including #!, #2, #%, »%, and #5,
remarkably little is known about n2-coordinated species,
even though this form is often invoked as an intermedi-
ate in C—S bond activation.! Herein, we report the
synthesis and characterization of a series of complexes
of the type [Os(NHj)5(4,5-72-L)I(OTf); (where L =
thiophene (1a),?2 2-methylthiophene (1b),® 3-methyl-
thiophene (1¢), 2,5-dimethylthiophene (1d), 2-methoxy-
thiophene (1e), 3-methoxythiophene (1f), and benzo[b]-
thiophene (1g)). For complexes 1la—d,f, treatment with
triflic acid generates an unprecedented series of (1,5-
7?)-2H-thiophenium complexes, resulting from the direct
protonation of an a-carbon.

Complexes 1la—g were prepared in 85—95% yield from
Os(NH3)5(0Tf)s by reducing the osmium(III) precursor
(3.00 g, 4.16 mmol) in N,N-dimethylacetamide (2.12 g)
with Mg (1.84 g) in the presence of an excess of the
desired thiophene (~3.5 g).2 H and 3C NMR spectra
for the parent complex 1a each show four well-resolved
signals corresponding to the organic ligand, with the
atoms associated with metal coordination significantly
shifted upfield relative to those of the uncoordinated
thiophene. In addition, widely spaced cis and ¢rans
ammine 'H signals at 2.91 and 4.19 ppm (CDsCN) and
an oxidation wave in the cyclic voltammogram of 1a at
E,a=0.55 V(NHE) are consistent with a pentaammine
unit bound #? to an olefinic fragment.? The similarity
of these data to those of the analogous #2-pyrrole and
n?-furan complexes confirms that the thiophene ligand
of 1a is bound across C(4) and C(5).5

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

(1) For comprehensive reviews of transition-metal thiophene chem-
istry see: Rauchfuss, T. B. Prog. Inorg. Chem. 1991, 39, 259. Angelici,
R. J. Coord. Chem. Rev. 1990, 105, 61.

(2) Experimental values cited correspond to the preparation of 1b.
The synthesis of the parent thiophene complex [Os(NH;)s(n2-thio-
phene)}?* has been previously reported. See: Cordone, R.; Harman,
W. D.; Taube, H. J. Am. Chem. Soc. 1989, 111, 5969,

(3) Numbering in 1a—g is consistent with that for the uncoordinated
ligand (Figure 1).

(4) E.g. the pentaammineosmium(II) complex of cyclohexene has an
E 5 =0.55V and ammine resonances at 3.95 and 2.88 ppm (CD;CN).
See: Harman, W. D.; Taube, H. J. Am. Chem. Soc. 1988, 110, 7906.

0276-7333/95/2314-1559$09.00/0

Similar trends in 'H and 13C data for the complexes
la—f (supplementary material) indicate that the 72
binding mode is present in all thiophenes investigated,
even with the hindered 2,5-dimethylthiophene (1d).
Except for benzo[blthiophene (vide infra), a single
regioisomer is observed for all thiophene complexes
examined; when the heterocycle bears a single substitu-
ent, the osmium metal center is always located on the
unsubstituted side of the ring. Showing remarkable
thermal stability for a n%-coordinated aromatic system,
compounds la—f are stable at 120 °C in DMF-dy
solution and show no signs of fluxional behavior by 1H
NMR (300 MHz).

In contrast to the simple thiophene ligands, the
reaction of benzo[b]thiophene and pentaammineosmium-
(II) initially produces a 4:1:1 mixture of regioisomers
thought to correspond to the 2,3-#%, 4,5-52, and 6,7-52
isomers, respectively.® Over time (36 h, 20 °C; 5 min,
80 °C) in CH3CN, the mixture of isomers resolves into
a single species, the 2,3-52 complex similar to that
reported by Angelici et al. for ReCp*(CO)a(52-ben-
zothiophene).”

Owing to differences in the heteroatom, thiophene is
considerably less basic than furan or pyrrole.® However,
the strong back-bonding interaction between osmium-
(II) and this ligand enhances the basicity of the hetero-
cycle: the thiophene complexes la—d,f are readily
protonated with triflic acid in acetonitrile and isolated
as their conjugate acids (2a—d.f; 80—90%, Figure 1).

(5) For crystal structures of these other 52-heterocycle complexes
see the following. For pyrrole: Myers, W. H.; Sabat, M.; Harman,
W. D. J. Am. Chem. Soc. 1991, 113, 6682. For furan: Chen, H,;
Hodges, L. M,; Liu, R.; Stevens, W. C.; Sabat, M.; Harman, W. D. J.
Am. Chem. Soc. 1994, 116, 5499.

(6) Two sets of cis and ¢{rans ammine resonances (2.89, 4.19 ppm
and 2.77, 4.12 ppm) are observed in a 2:1 ratio, and six coordinated
olefin signals are initially observed. A cyclic voltammogram shows
two reversible oxidation waves at 0.37 and 0.51 V (NHE). Upon
heating in acetonitrile (5 min, 80 °C), all signals vanish except for those
assigned to 1g. Characterization of 1g: 'H NMR (300 MHz, CD;CN)
$ 7.61 (m, 1H), 7.41 (m, 1H), 7.25 (m, 2H), 5.80 (d, J = 5.8 Hz, 1H),
5.43 (d, J = 5.8, 1H), 4.19 (br s, 3H), 2.89 (br s, 12H); 13C NMR (75
MHz, CD;CN) 6 146.5 (C), 139.7 (C), 126.7 (CH), 125.8 (CH), 124.2
(CH), 123.1 (CH), 62.5 (CH), 55.6 (CH); CV (CH3CN/TBAH; 100 mV/s)
E,. = 0,51V (NHE).

(7) Robertson, M. J.; Day, C. L.; Jacobson, R. A.; Angelici, R. J.
Organometallics 1994, 13, 179.

(8) A 'H NMR of a mixture of thiophene and an excess of HOTf in
CD3;CN shows no reaction after 1 h.

(9) Synthesis and characterization of 2a: A solution of 206 mg of
HOTS in 120 mg of CH3CN was added to a solution of 1a (229 mg,
0.349 mmol) in 878 mg of CH;CN. The resulting deep red solution
was added to 150 mL of stirred diethyl ether and filtered through a
30 mL fine-porosity frit. The filter cake was washed with ether (3 x
20 mL portions) and dried in vacuo, affording 257 mg (91%) of pink
powder: 'H NMR (CD;3;CN, 300 MHz) é 7.96 (s, 1H), 6.90 (dd, J = 5.9,
1.9 Hz, 1H), 6.76 (dd, J = 5.9, 1.9, 1H), 5.21 (br s, 3H), 3.71 (br s,
12H), 3.08 (dd, J = 20.7, 1.9, 1H), 2.62 (dd, J = 20.7, 1.9, 1H); 13C
NMR (CD3CN, 75 MHz) 6 136.81 (CH), 131.35 (CH), 71.29 (CH), 43.47
(CHy); CV (CH3CN/TBAH; 100 mV/s) E,, = 159 V, E,. = 025 V
(NHE). Anal. Calcd for CtH30N5;00S.F90s: C, 10.41; H, 2.50; N, 8.67.
Found: C, 10.54; H, 2.73; N, 8.94.

© 1995 American Chemical Society
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H H H 2a
Me H 2b

H
H H Me 2b
H Me H 2
Me H Me 2d

"Os” = [Os(NHg)g2*

Figure 1. Reaction scheme for the n2-thiophene complexes
la—f.

2a,° obtained from protonation of the thiophene complex
la, shows in its 'H NMR spectrum cis and trans
ammine resonances shifted downfield ca. 1 ppm from
their original values, three methine resonances (7.96,
6.90, 6.76 ppm), and a pair of diastereotopic methylene
signals (3.08, 2.61 ppm; J = 20.7 Hz).1? 13C NMR data
indicate that only one of the ring carbons is coodinated
to osmium.!! An NOE enhancement is observed for the
proton on C(5) (5.8%) and the endo proton (i.e. that
pointing toward the metal) on C(2) (4.8%) upon irradia-
tion of the cis ammines, indicating their close proximity
to the osmium (vide infra). Compound 2a is stable in
acetonitrile solution for about 1 day at 20 °C. The
thiophenium complexes of 2-methylthiophene, 3-meth-
yithiophene, and 2,5-dimethylthiophene (2b—d) show
'H and 3C NMR spectra that are virtually identical
with those of 2a, except where a methyl group is
substituted for a proton. Finally, treatment of any of
the protonated thiophene products (2a—d.f) with 1 equiv
of Hunig’s base (i-ProNEt) restores these compounds to
their conjugate bases (i.e. la—d,f). When they are
taken together, these observations are consistent with
protonation occurring at C(2) to give a 2H-thiophenium
complex where the metal is coordinated across C(5) and
sulfur (Figure 1). From 'H/*H coupling data and
chemical shifts, the 2-methylated thiophene species 2b
protonates away from the methyl substituent while the
3-methylated species, 2¢, protonates adjacent to the
alkyl substituent. For the latter compound, an analo-
gous protonation and isomerization process has been
observed for the pentaammineosmium(II) complex of
3-methylpyrrole.l2 For the 2,5-dimethylthiophenium

(10) Carbon multiplicities were determined by DEPT and proton—
carbon assignments by 'H-13C HETCOR.

(11) The possibility of an 73-allyl complex is ruled out on the basis
of 13C NMR data; pentaammineosmium(II) complexes of 73-allyl cations
have !3C resonances for the allyl group in the range of 70—85 ppm.
Harman, W. D.; Taube, H. Inorg. Chem. 1991, 30, 453. Kopach, M.
E.; Spera, M. L.; Winemiller, M. D.; Harman, W. D. Unpublished
results.

(12) Hodges, L. M.; Gonzalez, J.; Koontz, J. I.; Myers, W. H.;
Harman, W. D. J. Org. Chem., in press.

(13) Protonation at C(2) anti to the metal has also been observed
for the 2,5-dimethylpyrrole analog. See: Myers, W. H.; Koontz, J. L;
Harman, W. D. J. Am. Chem. Soc. 1992, 114, 5684.
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species (2d), an NOE interaction (3.4%) is observed
between the C(2) methyl group and the cis-ammine
protons, indicating that protonation occurs anti to the
metal 13

In acetonitrile, treatment of the parent 2H-thiophe-
nium complex 2a with 1.2 equiv of 2,6-di-tert-butylpy-
ridine (pK, = 3) slowly generates the conjugate base 1a,
but no reaction is observed with the base diphenylamine
(pKa = 0.8).14 These experiments establish an ap-
proximate pK, for the thiophenium complex of 1 < pK,
< 38.15 Remarkably, the 2H-thiophenium complexes
2a-c are stable even in aqueous solution. In contrast,
the 2,5-dimethylthiophene analog (2d) is considerably
more acidic and rapidly deprotonates in solvents as
weakly basic as diethyl ether; as a result, NMR char-
acterization for this complex was carried out in acidic
CDsCN solution. Although the methy! groups of 1d
would be expected to make the heterocycle more electron-
rich than the parent, protonation from the ring face
opposite of metal coordination forces a methyl group into
a severe steric interaction with the pentaammineosmi-
um moiety,'6 thereby making 2d more susceptible to
deprotonation than its analogs (2a—e¢). The case of the
5-methylthiophenium complex (2b) also deserves com-
ment since its formation from 1b requires that the metal
isomerize from the 4,5-52 position to the 2,3-#2 position.
If the dominant isomer of 1b (i.e. 4,5-#%) was protonated
at C(2) from the exo face (i.e. 2b* in Figure 1), as is
observed for the 2,5-dimethylthiophene analog 2d, the
methyl group again would be forced into a steric
interaction with the ammine ligands. Thus, the hypo-
thetical isomer 2b* (not observed) resulting from direct
protonation of 2a is probably kinetically favored, yet is
unstable relative to its linkage isomer 2b.

Finally, in an attempt to observe a stable 3H-thiophe-
nium complex, complexes of 2- and 3-methoxythiophene
(1e,f) and benzolblthiophene (1g) were also exposed to
acidic conditions. Of these, only the 3-methoxythiophene
species gave rise to a stable protonated species, 2f.17 On
the basis of the strong correlation between the spectral
data for 2f and 2a—d, we assign the former species as
[Os(NH3)5((1,5-72)-3-methoxy-2H-thiophenium)3+.

A transition-metal-assisted protonation of thiophene
represents a potential mechanism for hydrogen transfer
in the hydrodesulfurization (HDS) process.’® For com-
parison, the C(2) protonation of thiophene has also been
reported for (CsMeg)Ru%C4H,4S).1° In contrast to our
observations, this d® system undergoes protonation
initially at the metal. Such an action is followed by
hydride transfer from ruthenium(II) to C(2) of the #*-
thiophene ligand and results in an endo addition of

(14) Reaction conditions: [Os] = 0.13 M; [diphenylamine] = 0.51
M; no reaction observed over a period of 6 h at 20 °C.

(15) Given that protonation of 1a in methanol (pK, ~ —2) is rapid
and quantitative, it is unlikely that the inactivity of 2a with PhyNH
is a kinetic phenomenon.

(16) A similar steric interaction is observed for the 2,5-dimethyl-3-
pyrrolene complex of pentaammineosmium(II).12

(17) After 24 h, no reaction is observed for the benzo[b]thiophene
complex in a 6 M HOTS solution of CH3CN. Protonation of the
2-methoxythiophene complex le resulted in an intractable mixture of
paramagnetic materials.

(18) Gates, B. C. Catalytic Chemistry; Wiley: New York, 1991.

(19) Luo, S.; Rauchfuss, T. B.; Wilson, S. R. J. Am. Chem. Soc. 1992,
114, 8515.

(20) Although by convention one can describe the 2H-thiophenium
species as Os(IV) complexes, we believe they are chemically and
spectroscopically most similar to pentaammineosmium(II) complexes
of electron-deficient olefins. Similar exo protonations have been
observed for n2-pyrrole complexes of pentaammineosmium(II),12.13
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hydrogen to the heterocycle. The protonations described
herein for compounds la—f are unique in that the d8
metal activates the thiophene toward direct protonation
from the exo face without a required change in metal
oxidation state.2’ Studies are in progress to determine
if the direct electrophilic addition to the C(2) carbon of
thiophene is general and if the resulting 2H-thiophe-
nium species are susceptible to nucleophilic attack.
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Summary: The cationic aminomethylidyne complex [Fe-
(=CN'Pr2)(CO)3(PPh3)]* has been prepared by two un-
expected routes: (i) Iodination of the carbamoyl complex
[Fe(n?-OCN'Pr3)(CF3)(CO)s(PPhs)] and (ii) O-trifluoro-
acetylation of the carbamoylate [Fe{C(=0)NPr;}(CO)4/-
Li, a reaction which shows an unusual solvent depen-
dence.

Alkylidyne complexes of group 8! remain very rare,
with only one example known for iron.2 Recent ad-
vances in the chemistry of osmium? in addition to
Roper’s studies on the complexes [M(=CR)CI(CO)-
(PPh3)2]*5 would however suggest that there is nothing
inherently unstable about late transition metal alkyli-
dynes, merely that many of the synthetic routes used
for groups 5—7 are not generally applicable to the later
transition metals. We have been concerned recently
with the preparation of alkylidyne complexes of iron.
These efforts are based on the realization that if
alkylidyne complexes are to have the extensive applica-
tion to stoichiometric organic synthesis enjoyed by
alkylidene complexes, economic and expedient synthetic
strategies are required. We have previously attempted,
unsuccessfully, to adapt Mayr’s oxide-abstraction ap-
proach® to iron(0) acylates.” Our failure resulted from
a generally encountered problem with the O-alkylation
of acylate complexes of the form [Fe{C(=0)R}(CO)4]™,
this being that the metal center offers an alternative
site for electrophilic attack by any but the hardest of
electrophiles. Thus the sequential treatment of [Fe-
(CO)s] with LiN'Pry, (CF3C0);0, and PPh; in diethyl
ether provides [Fe(72-OCNPr2)(CF3)(CO)o(PPh3)] (1)7
rather than the desired alkylidyne complex [Fe(=CN!-
Pr2)(02CCF3)CO)(PPhs)]. Semmelhack has discussed
the effect of solvent on the O- vs Fe-alkylation of acyl
complexes of iron and shown that very hard electro-
philes and strongly solvating solvents (thf, HMPA) favor
attack at the oxygen atom of the acyl ligand and the
formation of alkylidene complexes.® In applying these
ideas to the reaction of [Fe{C(=0)N'Pr,}{CO),]~ (2) with

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

(1) Gallop, M. A.; Roper, W. R. Adv. Organomet. Chem. 1986, 25,
121. For a recent review of group 8 alkylidyne complexes, see: Hill,
A. F. In Comprehensive Organometallic Chemistry II; Abel, E. W.,
Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press: Oxford, UK.,
1995; Vol. 7.

(2) Fischer, E. O.; Schneider J.; Neugebauer, D. Angew. Chem., Int.
Ed. Engl. 1984, 23, 1820.

(3) Hodges, L. H.; Sabat, M.; Harman, W. D. Inorg. Chem. 1993,
32, 37. Lapointe, A. M,; Schrock, R. R. Organometallics 1993, 12, 3379.

(4) Roper, W. R. J. Organomet. Chem. 1986, 300, 167.

(5) Roper, W. R. In Transition Metal Carbyne Complexes; Kreissl,
F. R, Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1993; pp 155—168.

(6) Mayr, A.; McDermott, G. A. J. Am. Chem. Soc. 1986, 108, 458.

(7) Anderson, S.; Hill, A. F; Clark, G. R. Organometallics 1992, 11,
2323.

(8) Semmelhack, M. F.; Tamura, R. J. J. Am. Chem. Soc. 1983, 105,
4099.
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(CF3C0O)2;0/PPh;, we have met with comprehensive
failure. For a variety of thf, EtoO, and HMPA solvent
combinations the only products observed were [Fe(CO)s-
(PPh3)2] and [Fe(72-OCNiPr2)(CF3)(CO)(PPhs)] (1). It
was therefore with some surprise that we find that if
the carbamoylate (2) (preformed in diethyl ether) is
dissolved in dichloromethane and treated with (CFs-
C0)20 and PPhg, the product isolated in moderate yield
is the salt [Fe(=CN!Pry)(CO)3(PPh3){(0:CCF3) (3a) (13%
based on 15 mmol of [Fe(CO);1)%2 in addition to [Fe(n?-
OCNiPrg)(CO)o(PPh3))(O:CCF3) (4a) (3%).1° The latter
complex may be prepared independently, and in high
yield, as the BF,~ salt (4b) from the reaction of [Fe(2-
OCNiPr)(CF3)(CO)o(PPhs)] (1) with HBFy to provide
[Fe(r72-OCNPr2}(CO)3(PPh3)IBF ) (5)!! followed by treat-
ment with PPhs which results in substitution of one
carbonyl ligand. Alternatively reaction of 2 with iodine
and triphenylphosphine provides the iodo complex {Fe-
(72-OCNPr3)I(CO)2(PPhj3)] (6)!2 and the halide of this
complex may be abstracted with AgBF4 in the presence
of CO to provide 5. The ultimate retention of the 52

(9) (a) {[Fe(=CNiPr;)(CO)3(PPh3)l0,CCF; (3a): [Fe(CO)s] (3.0 g, 15
mmol) was diluted in diethyl ether (50 cm?) under nitrogen and LiNi-
Pry (10.2 em3, 1.5 mol dm~2 in hexane, 15 mmol) added dropwise. The
ether was removed in vacuo, the residue was redissolved in dry CH,-
Cl,, the solution was cooled (dry ice/acetone), and a solution of (CF;-
CO)20 (2.4 cm?, 17 mmol) in ether (20 cm?) was added dropwise. After
the solution was stirred for 15 min, PPh; (6.0 g, 23 mmol) was added
and the mixture allowed to warm slowly to room temperature to
provide an oily precipitate. Petroleum ether (40—60) (25 cm?) was
added and the reaction mixture filtered through Celite. The filtrate
was concentrated and cooled to —30 °C to provide 4 [Yield: 0.24 g
(2.5%)].1° The yellow precipitate remaining on the Celite was then
eluted through with THF, diluted with petroleum ether, and cooled
(=30 °C) to provide 3a. Yield: 1.2 g (13%). (b) [Fe(=CNiPry)}(CO);-
(PPhy)il (38¢): lodine (0.17 g, 0.68 mmol) and 1 (0.39 g, 0.68 mmol)
were combined under nitrogen. Diethyl ether (30 cm?) was then added
and the mixture stirred for 3 h. The gray precipitate which formed
was isolated and extracted into CHzCly/petrol (2:1), and the extracts
were filtered through Celite. On concentration of the solution under
vacuum, the product crystallized. Yield: 0.16 g (36%). (c) Data for
[Fe(=CN'Prs)(CO)3(PPh3)iX [X = CF3CO,, (3a), I (3¢)] are as follows.
IR: CH,Cly, 2083, 2034, 2012 (CO), 1664 cm~1 (CNJ; Nujol, 2079, 2041,
1992 (CO), 1642 (CN) cm~!. NMR [(CD3).CO, 25 °C}: 'H, 6 1.17 [d,
12 H, CHMe,, J(HH) 6.3 Hz], 3.96 [h, 2 H, CH Me;], 7.58—7.76 {m, 15
H, CsH;] ppm; 13C{'H}, 266.5 [d, Fe=C, J (PC) 42.8 Hz], 2086.5 [d,
FeCO, J(PC) not resolved], 134.4-130.3 [CsHs], 58.5 [s, CHMes], 22.0
[s, CHMe;,] ppm; 3'P{'H}, 58.4 ppm. These data are essentially
identical to those reported? for 8b. FAB-MS (nba matrix, correct
isotope patterns): m/z = 514, [M]-, 486 [M — COJ*, 458 [M — 2(CO)7*,
318 [FePPh;s]* (M refers to the cationic complex).

(10) [Fe(#2-OCNiPry)(CO)o(PPh3)2 I1BF, (4): PPhy (0.13 g, 0.5 mmol)
and 5!! (0.20 g, 0.30 mmol) were heated in refluent THF (20 cm?3) for
1 h, and then the THF was removed under vacuum. The residue was
titurated ultrasonically with diethyl ether (30 cm?®) and the resulting
yellow solid recrystallized from CHyCly/petroleum ether. Yield: 0.16
g (58%). IR: CHyCly, 2039, 1968 (CQO), 1605 cm~! (NCO); Nujol, 2026,
1960 (CO), 1612 (NCO) em~t. NMR (CDCl3, 25 °C): 'H, ¢ 0.08, 1,03
[d x 2,12 H, CHMe;}, 3.06, 5.16 [h x 2, 2 H, CHMe,}, 7.33-7.53 [m,
30 H, C¢Hs] ppm; 13C{1H}, 214.0 [t, FeCO, J(PC) 30.1 Hz], 211.4 [t,
FeCO, J(PC) 21.3 Hz], 184.0 [t, OCN, J(PC) 23.0 Hz], 133.6—129.4
[Ce Hj, virtual triplicity of C{(CgHs) confirms trans FePs], 56.2, 49.6
[CHMey], 21.5, 19.2 [CHMe;] ppm; 81P{!H}, 54.6 ppm. FAB-MS (nba
matrix, correct isotope patterns): m/z = 764[M]*, 708 [M — 2(CO)]*,
580 {Fe(PPh3)s]* [M refers to complex cation].

© 1995 American Chemical Society
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Scheme 1. Synthesis and Interconversion of Carbamoyl and Aminomethylidyne Complexes of Iron (L =
PPhy)
[Fe(CO)s]
LiNPr, L
(CF3C0),0,L N
/ Et (6] Ihy,,. -
——  (0C)Fe==C{ 2 '/Fe\(l:/ -
, NPPr, oc? | i
(2) (1) CFs N'Pr,
(CF3C0),;0, L
| CH,Cl, 1,
21 HBF4,
L l } H0
L * T ’
OC/”""l'e //(/:) OC/"”"FeEC—NiPrZ
v | Yo OC/I
ocC - C
N‘Pl’z 0
(4) (3
L, thf
A Cco
||_ +
AgBF4
OClln..A' -0 cO OC/I““'FG//?
e Fe\ Il 4 ' \C —
OC( | C\ . oc C \NiPr
[ NPr, 5 2
(6) (5)

carbamoyl coordination mode in these transformations
is noteworthy, although #! intermediates cannot yet be
excluded.

The salt [Fe(=CNiPry)(CO)3(PPh3)I(BCly) (8b) has
been reported by Fischer? as resulting from the reaction
of [Fe{=C(OEt)N'Pry}{CO)3(PPhj3)] with BCls. Fischer’s
multistep procedure requires comparatively sophisti-

(11) [Fe{n2-OCNPry}(CO)3(PPh3)]BF, (5): To 1(1.00 g, 1.75 mmol)
in diethyl ether (50 cm?®) was added HBF,(aq) (0.12 mL {wt/mL = 1.31
g}, 1.75 mmol). A bright yellow precipitate slowly formed which was
isolated and then recrystallized from CHyCly/petroleum ether. Yield:
0.89 g (82%). IR: CH,Cly, 2102, 2058, 2023 cm~! (CO): 1650 cm™!
(NCO); Nujol, 2099, 2053, 2011 cm~! (CO); 1652 cm~! (NCO). NMR
(CDCl3, 25 °C): 'H, 6 0.55, 1.24, 1.36, 1.45 [4 x d (br), 12H, CHMe,],
3.64,4.68 {2 x h, 2H, CHMe,], 7.30, 7.53 {2 x m, 15H, CgH;]; 13C{'H]},
206.6 [d, FeCO, J(PC) 31.4 Hz], 202.2 [d, FeCO, J(PC) 26.5 Hz], 197.1
[d, FeCO, J(PC) 51.0 Hz], 185.9 [d, OCN, J(PC) = 18.8 Hz], 133.2—
127.5 [C¢Hs), 56.7, 50.3 [2 x s, CHMe.], 21.8, 19.7, 19.4, 19.1 ppm [4
x s, CHMe,); 3'P{'H}, 22.4 ppm. FAB-MS: m/z = 530 (M]*, 502 [M’
— COJ+, 474 [M’ — 2CO], 446 [M’ — 3CO}*, 318 [FePPh3]* [M refers
to complex cation].

(12) [Fe(2-OCNPrp)I(CO)o(PPh;)] (6): To [Fe(CO)5]1(3.0 g, 15 mmol)
in diethyl ether (50 em3) was added LiNiPr; (1.5 mol dm~3 in hexane,
10.2 em?, 15 mmol) dropwise. The reaction mixture was cooled (dry
ice/acetone) and I, (3.88 g, 15 mmol) added. When all the iodine had
dissolved, PPh; (6.0 g, 23 mmol) was added, and the reaction was left
to warm slowly to room temperature. The resulting purple precipitate
was isolated and extracted with CH;Cly/petroleum ether (2:1). The
combined extracts were filtered through Celite and chromatographed
(silica gel, —40 °C). Concentration and cooling of the purple band
eluted with CH;Cl; provided 6. Yield: 6.9 g(72%). Yield: 8.5 g (88%)
using preformed I,PPh;. IR: CH,Cl,, 2017, 1958 (CO), 1634, 1614 cmL
(NCO); Nujol, 2012, 1964 (CO), 1634 (NCO) em~1. NMR (CDCl3, 25
°C) H, 6 1.28,1.41, 1.46, 1.563 [d x 4, 12 H, CHMe;], 3.87, 4.67 [h x
2, 2H, CHMe;), 7.34~7.69 [m, 15 H, CgH5] ppm; 1¥C{'H}, 218.6 [d,
FeCO, J(PC) 26.8 Hz], 210.4 [d, FeCO, J(PC) 21.4 Hz], 197.4, OCN,
J(PC) 19.7 Hz], 134.2-127.4 [C¢Hs], 53.8, 49.5 [CHMe2], 21.7, 21.4,
20.9, 20.7 [CHMe;] ppm; 3'P{'H}, 78.56 ppm. FAB-MS (nba matrix,
cgr}*)rﬁc;:]isotope patterns): m/z = 629 [M1*, 573 [M - 2(CO)]*, 445 [Fel-
( 3.

cated synthetic techniques. Clearly the procedure
described here offers considerable economy and expedi-
ence; however, we have subsequently found an even
more convenient if somewhat more curious route to this
complex. The carbamoyl complex [Fe(?-OCNiPr,}CF3)-
(CO)o(PPh3)] (1) reacts cleanly with iodine to produce
[Fe(=CNiPr)(CO)3(PPh3)1I (3¢) (Scheme 1)%° (36% non-
optimized yield based on 0.68 mmol of precursor). If
the somewhat arbitrary description of an alkylidyne
ligand as [CRI]* (isolobal with [NOI") is accepted, we
are faced with a situation where iodine has acted
formally as a reductant [Fe(II) — Fe(0)].1® The nature
of the salt 3¢ was not initially appreciated, and so we
can confidently say that it is stable in the solid state
for up to 3 years.

We are still investigating and somewhat equivocal
about the actual mechanism by which this unusual
transformation takes place; however, the following
observations should be noted: The trifluoromethyl
group is of critical importance, since no 3¢ is obtained
from the reaction of [Fe{C(=0)NPrs}(CO)4]~ (2) with
I; and PPhg, or preformed IoPPhj;, the sole product being
the new complex [Fe(52-OCNiPro)Il{CO)2(PPhy)]} (6).12
This is also the product of the reaction of [Fe(72-OCN-
IPry)(SnPh3)(CO)o(PPhy))’ with iodine.!* Furthermore,

(13) The assignment of formal oxidation states for alkylidyne—
carbyne complexes offers more debate than utility, with both extremes
[=CR]*- and [=CR]* having their proponents. If infrared data of
carbonyl coligands are taken as indicative of metal electron density,
then the effect of an alkylidyne ligand on a metal center is most
comparable to that of a linear nitrosyl, i.e., [CR]* isolobal with [NO1*,
e.g., see ref 5. The alternative trianionic formulation would make the

compound 3 a somewhat implausible tricarbonyl derivative of tetrava-
lent iron.
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as the complexes 5 and 6 are isolable and indefinitely
stable, they may be excluded as intermediates.

The two approaches to the synthesis of thermally
stable iron alkylidyne complexes presented here, while
surprising, do further illustrate that late transition
metal alkylidynes can be easily prepared if suitable
synthetic strategies can be found, which need not have
precedent in the chemistry of groups 5—7. Further-
more, the expedient methods described do not require

(14) Anderson, S.; Berridge, T.; Hill, A. F. Unpublished observations.

Communications

sophisticated preparative techniques, are economic, and
may be carried out on large scales using commercially
available starting materials. We hope that these factors
will facilitate the study of these complexes as synthons
in organic synthesis, and we are currently exploring this
avenue, in particular with respect to C—C bond-forming
processes.

Acknowledgment., We are grateful to the SERC for
the award of a post-graduate studentship (to S.A.).
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Summary: The first example of the protonation of acyl-
lithium reagents by dichloromethane and dichloroaryl-
methane is described. The reaction affords the corre-
sponding a,a-dichloro alcohols in excellent yields.

Introduction. The transformation of organometallic
reagents into useful synthetic intermediates has played
an important role in organic chemistry for many years.
Recently, studies involving acyl anion reagents gener-
ated via the carbonylation of organometallic reagents
with carbon monoxide have proven to be an especially
productive area of research.1”7

Much attention has been focused on the nucleophilic
acylation of electrophiles utilizing acyllithium reagents.
For example, Seyferth reported that acyllithium re-
agents, generated in situ from an alkyllithium and
carbon monoxide, react with aldehydes,! ketones,! es-
ters,® lactones,® isocyanates,1¢ isothiocyanates,1? carbo-
diimides,!! carbon disulfide,'2 carbonyl sulfide,!? organic
disulfides,'® and trimethylchlorosilanes!¢ to give acy-
lated products. Nudelman found that the acyllithium
generated from phenyllithium and carbon monoxide, in
the presence of alkyl bromides at —78 °C, gave diphe-
nylalkylcarbinols.!516 Although Seyferth predicted that
nucleophilic acylation might also be applied in proto-
nation and alkylation reactions to give aldehydes and
ketones,? no report on the protonation and alkylation
of acyl anion reagents has appeared in the literature.
Recently, we found that trialkylboranes reacted with
acyllithium reagent to afford ketones in modest yields.’
During our investigation of this reaction, the acyllithium
reagent was preformed from r-butyllithium and carbon

® Abstract published in Advance ACS Abstracts, April 1, 1995.
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Scheme 1
1. -110°C, 1h oH
RiLi + CO + CHCLR2 e R1CHCCI,R2
2. 0%, NH4C!
1 2 3

R1=n-Bu, s-Buy, -Bu, R2=H, Ar

monoxide according to Seyferth’s method! and then
equimolar quantities of a butylborane reagent in
methylene chloride were added. After the reaction
mixture was worked up oxidatively, we found that the
reaction produced the desired ketone along with a
significant quantity of 1,1-dichloro-2-hexanol. These
results encouraged us to investigate the reaction of acyl
anions with dichloromethane, and its derivates, since
a,0-dichloroalcohols are important synthetic intermedi-
ates, which can be transformed into substituted
chloroethylene oxides or a-chlorocarbonyl compounds,18-22
The synthesis of a,a-dichloro alcohols is usually achieved
via reduction of a,a-dichloro ketones!®20 or by the
addition of the dichloromethyl anion to aldehydes or
ketones.21-22 However, no general method exists for the
synthesis of a,a-dichloro a-aryl alcohols.2? We wish to
report the preliminary results of a study involving the
reaction of acyllithium reagents with dichloromethane
(or dichloroarylmethane) to afford a,a-dichloro alcohols
(Scheme 1).

Results and Discussion. The reactions are straight-
forward. Commercially available alkyllithium reagents
(n-butyl-, s-butyl-, and tert-butyllithium) were utilized
in this initial study. However, as demonstrated by
Seyferth for the nucleophilic acylation of chlorosilane,!4
other alkyllithium reagents may be used. The reaction
is initiated by the slow addition of the alkyllithium
reagent to a solution of dichloromethane (or a dichlo-
roarylmethane) in a 4:4:1 (by volume) solvent system
of THF—Et;0—pentane saturated with carbon monoxide
at —110 °C. After the alkyllithium is added, the
reaction mixture is stirred at ~110 °C for 1 h, and then
the reaction mixture is hydrolyzed using saturated
aqueous NH4Cl at 0 °C. After separation of the organic
layer, and silica gel column chromatography, pure
products are obtained in excellent yields (Table 1).

(18) Kimpe, N. D.; Corte, B. D. Tetrahedron 1992, 48, 7345.

(19) Gralak, J.; Valnot, J.-Y. Org. Prep. and Proced. Int. 1979, 11,
107.

(20) Duhamet, P.; Duhamel, L.; Gralak, J. Bull. Soc. Chim. Fr. 1970,
3641.

(21) Villieras, J.; Bacquet, C.; Normant, J. F. J. Organomet. Chem.
1975, 97, 325.

(22) Normant, H. J. Organomet. Chem. 1975, 100, 189.

(23) 1,1-Dichloro-1-phenyl-2-hexanol was prepared by cathodic ad-
dition of trichloromethylbenzene to pentanal in only 25% yield:
Steiniger, M.; Schaefer, H. J. Buil. Chem. Soc. Jpn. 1988, 61, 125.
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Table 1. Synthesis of o,a-Dichloro Alcohols

entry 2:1
no? product® R! R? (molar equivy yield (%)¢
1 3a n-Bu H 15:1 81
2¢ 3a n-Bu H 15:1 58
3 3a n-Bu H 6:1 84
4 3a n-Bu H 4:1 81
5 3a n-Bu H 4:1 59
6 3a n-Bu H 2:1 74
7 3a n-Bu H 1:1 62
8 3b s-Bu H 6:1 23
9 3b s-Bu H 4:1 34
10 3¢ t-Bu H 15:1 32
11 3c t-Bu H 6:1 40
12 3c t-Bu’ H 4:1 36
13 3d n-Bu Ph 2:1 97
14 3d n-Bu Ph 1:1 89
15 3e n-Bu a-naphthyl 2:1 90
16 3e n-Bu a-naphthyl 1:1 87
17 3f n-Bu p-CHs;CgHy 2:1 74
18 3f n-Bu p-CH3CgH,4 1:1 62
19 3g n-Bu p-ClCeHy 2:1 90
20 3g n-Bu p-ClCgHy 1:1 80
21 3h n-Bu p-BrCsHy 2:1 90
22 3h n-Bu p-BrCeH, 1:1 86

@ Acyllithium reagents were generated in the presence of the
dichloro compounds at —110 °C in all experiments except where
noted. ? All new products were characterized by appropriate
spectral and elemental analyses. All known compounds were
characterized by comparing their spectral and physical properties
with those in the literature. ¢ Ratio of dichloro compound 2 to
alkyllithium 1. ¢ Isolated yields based on alkyllithium reagent.
¢ Acyllithium reagent was generated prior to the addition of
dichloromethane. / Experiment was carried out at —78 °C.

Scheme 2
110°%C ('?e ® CHChLR2
RILI + CO ——» RICTU 2
-110°C
(]
. 9 ]
RICHO +SCChLR2 110% —=» 0% | gidpcepre
0% oH
NH4CI R1ICHCCLR2

The reaction presumably occurs via the intermediate
formation of an aldehyde generated by proton abstrac-
tion from the dichloro reagent by the initially formed
acyl anion. The aldehyde then reacts with the chlorine-
stabilized anion as outlined in Scheme 2.

As shown in Table 1, generation of the acyllithium in
the presence of dichloromethane (Table 1, entry 1) was
more efficient than generating the acyllithium prior to
the addition of dichloromethane (Table 1, entry 2). In
addition, product yields decreased when higher tem-
peratures (—78 °C) were used (Table 1, entry 5). In most
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cases, excess dichloro reagent (2) resulted in an in-
creased product yield; however, a large excess was not
required. The reaction of a stoichiometric quantity of
the dichloro compound (2) and the acyllithium also gave
a,0-dichloro alcohols in good yields (Table 1, entries 7,
14, 16, 18, 20, and 22). The reaction is most efficient
when R is a primary alkyl group. Acyl anion reagents
generated from secondary or tertiary alkyllithium re-
agents react with dichloromethane to give o,a-dichloro
alcohols in modest yields (Table 1, entries 8—12). The
lower yields observed with secondary and tertiary
alkyllithium reagents may be due to the steric interac-
tions between the bulkier aldehyde intermediates and
the chlorinated anion.

The preparation of 1,1-dichloro-1-phenyl-2-hexanol
(3d) is representative: in a three-necked, 250 mL,
round-bottomed flask equipped with magnetic stirrer,
glass-enclosed thermocouple probe, and a fritted-glass
gas dispersion tube were added a,a-dichlorotoluene
(1.61 g, 10.0 mmol) and 150 mL of a 4:4:1 (by volume)
mixture of THF, diethyl ether, and pentane. The
solution was cooled to —110 °C by means of a low-
temperature bath. Carbon monoxide was then continu-
ously bubbled into the solution. After 30 min of carbon
monoxide addition, n-butyllithium (5.0 mmol, 3.1 mL
of a 1.6 M solution, in hexane) was added slowly via
syringe over a period of approximately 45 min, forming
a pale yellow solution. After the addition was complete,
the reaction mixture was stirred at —110 °C for 1 h and
warmed to 0 °C. Hydrolysis was achieved by adding
saturated aqueous ammonium chloride (40 mL). The
two phases were separated, and the aqueous phase was
extracted with diethyl ether (3 x 20 mL). The organic
phases were combined, washed with a saturated NaCl
solution (20 mL), and then dried over anhydrous MgSOj,.
The solvent was removed under reduced pressure, and
the residue was isolated by silica gel chromatography
(9:1 hexane—ethyl acetate (v/v) as eluent) to give 342
(1.195 g, 97% (Table 1, entry 13)).

The reaction described in this communication pro-
vides a useful, one-pot synthesis of primary alkyl-
(dichloroalkyl)carbinols and is the first example of
acyllithium reagents being protonated to form aldehydes
which further react with anions to afford alcohols.
Further examination of the scope of this reaction is in
progress.

Acknowledgment. We wish to thank the Depart-
ment of Energy and the Robert H. Cole Foundation for
support of this research.
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The addition of LiCH; to TpMo(CHRYXNAr)XOTf) (1; Tp = hydridotris(1-pyrazolyl)borate;
R = C(CHj3)2Ph; Ar = 2,6-i-Pr-CgHs; OTf = OS04(CF3)) gave TpMO(CHR)XNAr)(CHj3) (2).
Compound 2 was used to prepare several solvent-bound, cationic complexes by abstracting
the methyl ligand. The addition of tetrakis(3,5-bis(trifluoromethyl)phenyl)boric acid to 2
in Et;0 gave [TpMo(CHR)YNAr)Et:0)[BAr'y] (8; Ar' = 3,5-C¢H3(CFs):) and CHy. The
reaction of 2 and trityl tetrakis(pentafluorophenyl)borate in the presence of excess acetonitrile
gave [TpMo(CHR)(NAr)YNCCH3)I[B(CsF5)4] (4) and PhsCCH;. The Lewis acid B(CgFs)s
abstracted the methyl ligand of 2 in the presence of acetonitrile or tetrahydrofuran to give
the compounds [TpMo(CHRXNAr)(S)I[B(CH3)(CeF5)3] (5, S = NCCHs; 6, S = THF). The
triflate ligand of 1 was displaced by trimethylphosphine to give [TpMo(CHRYNAr)(P(CHj3)3)]-
[OTf] (7). Stirring 1 in the presence of methanol and Florisil gave TpMo(CHR)(NAr)XOCH3)
(8). The addition of excess potassium methoxide to 1 gave TpMo(CR)YNHAr)(OCHs) (9).
Attempts to convert 8 to 9 by heating, photolysis, and the addition of NEt; or PMe; were
unsuccessful. Since only excess methoxide converts 8 to 9, a methoxide-mediated proton
transfer mechanism is proposed. X-ray structures of syn-8 (P2,2:2;, a = 12.620(2) A, b =
13.492(2) A, ¢ = 19.682(2) A, Z =4, V=3351.3(7) A3, M, = 647.48, deate = 1.283 g/em8, R =
6.00%, Ry = 5.89%) and syn-9 (P1, a = 10.624(2) A, b = 11.766(2) A, ¢ = 13.980(2) A, o =
86.96(2)°, B = 86.54(2)°, y = 67.77(2)°, Z = 2, V = 1635.8(7) A3, M, = 647.48, d. = 1.283
g/em®, R = 4.84%, Ry, = 4.87%) were obtained, and a trans-influence series has been
established for several ligands. Rotational isomers due to rotation about the Mo—alkylidene
bond were observed for all compounds, and marked differences in rates of rotamer
interconversion are observed for 1, 2, and 8. Compounds 1 and 2 in the presence of AlCl;
successfully catalyzed the ring-opening metathesis polymerization of cyclooctene and
norbornylene and the oligomerization of 1,9-decadiene via acyclic diene metathesis poly-
merization.

Introduction

The chemistry of transition-metal—ligand multiple
bonds is widely encountered throughout the literature,
especially concerning high-oxidation-state metal alkyl-
idene complexes and their role in olefin metathesis
reactions.!* Our efforts have focused on developing
and studying metal alkylidene compounds employing
ancillary chelating ligands. Previous communications
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from our group have described the function of hydri-
dotris(pyrazolyl)borate (Tp) ligands® in the stabilization
of tungsten(VI) alkylidene complexes. The Tp ligand,
serving as a template to bind and stabilize the metal
center, has led to the development of neutral and
cationic tungsten alkylidene complexes.f~8 These com-
pounds serve as precursors to ring-opening metathesis
polymerization (ROMP) and acyclic diene metathesis
(ADMET)?10 oligomerization catalysts in the presence
of Lewis acid cocatalysts.
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Recently we reported the synthesis, characterization,
and crystal structure of a new molybdenum imido
alkylidene complex, TpMo(CHC(CH3):Ph)(NAr)OTY) (1;
Ar = 2,6-i-Pr-CgH3).1112 Compound 1 has been a useful
starting material for the synthesis of several neutral
and cationic alkylidene complexes. These compounds
are synthesized by displacing the triflate ligand to give
compounds of the general formula TpMo(CHC(Me),Ph)-
(NAr)X).

In this paper, we report the synthesis of TpMo(CHC-
(CH3):Ph)NAr)CHs) (2) by the alkylation of 1. The
methyl ligand of 2 can be abstracted by several methods
to give solvent-bound, cationic alkylidene complexes
with noncoordinating anions. Also, we report the direct
formation of a cationic complex from the displacement
of the triflate ligand of 1 by phosphine to give [TpMo-
(CHC(CHj3):Ph)(NAT)(P(CH3)3)[OTS] (7). Substitution
of the electron-withdrawing triflate ligand with the
z-donating methoxide ligand gives the alkylidene com-
plex TpMo(CHC(CH;)Ph)(NAr)(OCHj;) (8) or the alkyl-
idyne complex TpMo(CC(CHjz);Ph)}NHAr}OCHs) (9),
depending on the method of preparation. The crystal
structures of the related tautomers, compounds 8 and
9, are presented. Rotational isomers arising from
rotation about the metal—carbon double bond are
observed for many of the reported alkylidene complexes.
Also, the metathesis activity of compounds 1, 2, and the
cationic alkylidenes is reported herein.

Results and Discussion

The stability imposed at the molybdenum metal
center by the tridentate Tp ligand enables the modifica-
tion of the TpMo(CHC(CHj3):Ph)NAr) template by vary-
ing the ligand in the sixth coordination site. Thus, we
have prepared a number of new molybdenum imido
alkylidene compounds from the parent compound 1 by
displacing the labile triflate ligand. One goal of this
research was to prepare cationic molybdenum alkyl-
idenes and to observe how the increased electrophilicity
of the metal center modifies the properties of these
compounds. The general scheme that was employed for
such a transformation was to abstract an alkyl group
from a complex of the type TpMo(CHC(CHj3)oPh)(NAr)-
(alkyl) in the absence of a coordinating anion to give
the desired cationic metal complex. By employing large,
noncoordinating counterions, the open coordination site
of the cationic complex should readily bind olefin sub-
strates or coordinating solvent molecules. Similar
schemes have been successful in preparing and isolating
cationic catalysts for olefin-insertion polymerizations,!3.1¢
Cationic tungsten alkylidenes have been prepared by
using Brgnsted acids of noncoordinating anions to pro-
tonate the complex followed by loss of the alkyl ligand.2

Synthesis and Characterization of TpMo(CHC-
(CH3)2Ph)(NAr)(CHg) (2). For the purposes of eventu-
ally preparing cationic alkylidenes, the alkylation of 1
with a methyl group proved to be the most facile route.
The transmetalation of 1 with a moderate excess of
methyllithium in EteO at ambient temperature gave
TpMo(CHC(CH3):Ph)NAr)(CHz) (2; eq 1) in good yield.
Compound 2 exhibits marked air and moisture stability.

(11) Vaughan, W. M.; Abboud, K. A.; Boncella, J. M. J. Organomet.
Chem. 1995, 485, 37.

(12) Vaughan, W. M.; Boncella, J. M.; Abboud, K. A. Acta. Crystal-
logr., Sect. C in press.
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Compound 2 can be purified over neutral alumina and
is stable as a solid in air indefinitely. Stirring 2 in THF
with 1 equiv of H2O showed no reaction. In dg-toluene
at 80 °C over 3.5 h, compound 2 decomposes, forming
unidentified products.

The 'H NMR spectrum of 2 at 22 °C is complicated
by the chirality of the compound, resulting in nine
distinct pyrazolyl ring proton resonances and diastereo-
topic neophyl methyl resonances. The alkylidene proton
resonance is shifted upfield from that of 1 at 14.73 ppm
to 13.11 ppm, and the Jcy value observed in the
13C{1H} spectrum is reduced slightly to 115 Hz. The
methyl proton signal at 1.29 ppm is a sharp singlet, and
the methyl carbon resonance at 18.0 ppm in the 13C
NMR has a 'Jcy value of 123 Hz. This !H—13C coupling
constant is normal for sp® C centers!® and does not
suggest any interaction of the C—H ¢ bond with the
metal center as is expected for a coordinatively and
electronically saturated metal complex.!® The proton
signals for the isopropyl groups of the arylimido ligand
are broadened and occur in a 6:3:3 ratio, suggesting
sterically hindered rotation about the carbon—nitrogen
bond. Hindered rotation has been observed in other Tp
arylimido alkylidenes.”1!

Protonation of 2 with 1 equiv of triflic acid in CgDs
resulted in a quantitative conversion to TpMo(CHC-
(CH3)oPh)(NAr)(OTf) (1) and methane. Addition of a
second equivalent of triflic acid causes loss of the alkyli-
dene proton resonance and formation of unidentified de-
composition products. In the presence of 1 equiv of H;O,
treatment of 2 with triflic acid in Et;0 only yielded 1.

Synthesis of Cationic Molybdenum Alkylidene
Complexes. Removing the methyl group from com-
pound 2 led to several cationic molybdenum alkylidene
complexes. Three methods were successfully employed
to remove the methyl ligand: protonation by the acid
of a noncoordinating anion, abstraction by the trityl
cation, and abstraction by a boron-containing Lewis
acid. The anions used were fluorinated aryl borates that
have been used as noncoordinating anions to stabilize
group 4 metallocene cations.1314

The addition of tetrakis(3,5-bis(trifluoromethyl)phen-
yDboric acid (HBAr'4+2Et20, Ar’ = 3,5-CeH3(CF3)2)!” to
a Et0 solution of 2 at —78 °C gave the thermally un-

(13) Chien, J. C. W.; Tsai, W.-M.,; Rausch, M. D. J. Am. Chem. Soc.
1991, 113, 8570.

(14) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991,
113, 3623.

(15) Silverstein, R. M.; Bassler, G. C. Spectrometric Identification
of Organic Compounds; Wiley: New York, 1981.

(16) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry, 2nd
ed.; University Science Books: Mill Valley, CA, 1987; p 989.
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stable cation [TpMo(CHC(CH;3);Ph)(NAr)Et,0)I[BAr/4]
(3; eq 2) as a brown oily solid and methane. Compound

”Af HsC.__Ph
Tp— Mo™= CHy _MoAT«
H Et,0, 78 °C
CHs
2
N
ﬁAr HsC.__Ph
Tp—Mo:—gH< CHs | BArg- + cHe (@)
/o\
3

3 is insoluble in hydrocarbons and benzene, and the
cation decomposes within hours at room temperature
in CDoCl,.

The 'H NMR spectrum of 3 indicates the highly
electrophilic nature of this cationic complex. The chemi-
cal shift of the alkylidene proton is at é 14.79 and is
shifted significantly downfield from that of compound
2. A diethyl ether molecule is tightly bound to the metal
center, as indicated by the ABX; coupling pattern for
the methylene protons. The ether molecule freely
rotates on the NMR time scale, interchanging the two
sets of diastereotopic methylene protons. At room
temperature, four doublets and two septets are observed
for the isopropyl groups of the arylimido ring, indicating
that the C—N bond of the arylimido group does not
rotate on the NMR time scale.

Using the trityl cation to abstract the methyl ligand,!?
the reaction of 2 and trityl tetrakis(pentafluorophenyl)-
borate in the presence of excess acetonitrile gave [TpMo-
(CHC(CH3):PLYNAr)INCCH3)I[B(CsF5)4] (4; eq 3) and

Ph3C*B(CsFs)i™, NCCHg

Et,0, -78 °C to room temp, 30 min

+

NAr HsC._ _Ph
N Ha )
Tp— Mo [B(CeFs)a]~ + PhaCCH;  (3)
NCCHs
4

Ph3CCHj. The cationic product was obtained as a
yellow-brown solid which was insoluble in benzene and
saturated hydrocarbons. Efforts to obtain crystals of 4
failed, but precipitation from Et;O afforded an analyti-
cally pure solid.

The TH NMR spectrum of 4 at —40.0 °C shows two
distinct alkylidene rotamers in equilibrium which is ca.
10% in the minor isomer. The chemical shifts of the
alkylidene protons of the major and minor isomers are
shifted downfield relative to the neutral complexes and
occur at 6 14.47 and 15.28, respectively. The presence
of the tetrakis(pentafluorophenyl)borate anion is con-
firmed by its broad doublets in the 1C NMR spectrum.
The 'H and 3C NMR resonances of the Tp, arylimido,
and alkylidene ligands are similar to those observed in
the parent compounds, and the new resonance for the
acetonitrile ligand is prominent at 2.35 ppm in the
proton spectrum.

(17) Brookhart, M.; Grabt, B.; Volpe, A. F., Jr. Organometallics 1992,
11, 3920.
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The Lewis acid tris(pentafluorophenyl)boron, B(CeFs5)s,
has been shown to abstract alkyl ligands, forming
cationic metal complexes.!* The addition of B(CgFs)s to
an Eto0 solution of 2 in the presence of acetonitrile gives
the compound [TpMo(CHC(CHj3):Ph)}NAr)(NCCHj)l-
[B(CH3)CsF5)3] (5; eq 4), in which the Lewis acid

B(CGFs)g, NCCHg or THF
Et,0, -78 °C to room temp, 30 min

+

ﬁAr HsC_ _Ph
— CH
Tp— Mo 8 | IB(CH3)(CeFs)al™  (4)
S
56

5,5 =NCCHg; 6, S = THF
abstracts the methyl ligand to give methyltris(pen-
tafluorophenyl)borate as the noncoordinating anion. The
cationic product was obtained as a yellow-brown solid
which was insoluble in hydrocarbons. Efforts to obtain
crystals of 5 failed, but precipitation from Et;0 afforded
an analytically pure solid. '

Similar to 4, compound 5 is a mixture of two rotamers
which is composed of ca. 10% of the minor rotamer. The
alkylidene proton resonances are deshielded with re-
spect to the neutral complexes and occur at § 14.53 and
15.32 for the major and minor rotamers, respectively.
The resonance of the methyl protons of the borate anion
is a broad singlet at 0.47 ppm. The remaining NMR
spectral data for 5 are similar to those data for 4. This
is not surprising, since the only difference between 4
and 5 is the substitution of a methyl group for a
perfluorophenyl group on the borate anion.

The THF-coordinated analogue of 5, [TpMo(CHC-
(CH;):Ph)YNArXTHF)I[B(CH3)XCgF35)3] (B; eq 4), was also
prepared and isolated as was compound 5. NMR
spectral data of 6 are similar to those of 5, and the
coordinated THF ligand is observed to be rotating slowly
on the NMR time scale, showing two sets of diastereo-
topic methylene proton triplets at 6 3.65 and 3.55.

We later found that a cationic complex, [TpMo(CHC-
(CH3)oPh)(NAr)P(CH3)3)I[OTf] (7; eq 5), could be pre-
pared directly from compound 1 in quantitative yield
by the addition of trimethylphosphine at room temper-
ature. Compound 7 is isolated as a pale yellow powder,

NAr H,C _Ph
Tp——l\\/|10_ CHy __ P(CHs)s
H CH,Cly, room temp
OTf
1

+

HAF HsC.__Ph
Tp— Mo== CHs | o111~ (5)
P(CHa)s
7

and it is soluble in methylene chloride and insoluble in
pentane and benzene.

The 'H NMR spectrum of 7 in CDyCle at —20 °C is
comparable to those of its parent compound 1 and the
other cationic complexes 3—6. The distinctive feature
of the 'H NMR spectrum of 7 is the 3Jpy coupling to
the bound phosphine observed for the alkylidene protons
of the two rotamers. The chemical shifts for the
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alkylidene proton for the major rotamer (6 14.51, 5.4
Hz, 84%) and the minor rotamer (6 14.73, 6.2 Hz, 16%)
are shifted slightly downfield from that of 1 (6 14.44).
The 3C resonance for the alkylidene a-carbon of the
major rotamer is also a doublet (6 335.9, 2Jpc = 17.6
Hz). The %P NMR signals for the coordinated phos-
phine ligand are observed at —2.83 and —7.81 ppm for
the major and minor rotamers, respectively. The F
signal for the ionic triflate (6 —78.8 vs H3POy) is slightly
upfield from the signal for the covalently bound triflate
ligand of 1 (6 —77.7 vs CFCl;).}® Evidence for an ionic
triflate species in 7 is best seen by a comparison of its
vibrational spectrum with that of 1.1 The S=O stretch-
ing frequency of the free triflate anion of 7 (1268 cm™!)
is split into two observable stretching modes in 1 (1332,
1202 cm~1). Also, a S=0O stretch at 1048 ¢cm™! for 7 is
shifted to 1011 cm~! for 1.2

Obviously, the ability of the triflate ligand of 1 to be
displaced by trimethylphosphine suggests that the
triflate ligand is not as tightly bound as originally
considered, and possibly an equilibrium exists between
the bound triflate complex (1) and a base-free, ionic
triflate complex. Such an equilibrium would lie mark-
edly toward the coordinatively and electronically satu-
rated complex 1, but in the presence of the strongly
coordinating phosphine ligand, the base-free cationic
complex is consumed to give 7. Attempts to observe
adducts analogous to 7 in CD2Cl; by 'H NMR by mixing
1 with 30 equiv of ethylene or 50 equiv of phenylacet-
ylene were unsuccessful, showing only unreacted 1.

Synthesis and Characterization of TpMo(CHC-
(CH3)2Ph)(NAr){OCHjs) (8). So far, the compounds of
the general formula TpM(CHC(CHj3):RYNArXX) M =
Mo, W; R = CHj;, C¢Hs; X = Cl, Br, OT{, pyrazolide,
alkyl) described in this paper and elsewhere have X
being electron-withdrawing substituents and/or poor =
donors.5-811.21 We were interested in replacing the
triflate ligand in compound 1 with a better 7-donating
substituent, namely methoxide, to observe how this
substitution would effect the chemistry of these mol-
ecules.

Similar to the hydrolysis of 1 to give TpMo-
(CHC(CH3)sPh)(NAr)(0),!! TpMo(CHC(CHj3)ePh)(NAr)-
(OCHjs;) (8; eq 6) was prepared by the methanolysis of 1
stirred in the presence of Florisil. Extraction and

NAr H,Cc._ _Ph
To— 'Uk) - CHa CH4OH, Florisil
H Et,0, room temp, 24 h
OTf
1
HAr HsC. _Ph
Tp— Mo— CH, (8)
H
OCH3
8

recrystallization of 8 afforded yellow crystals, An un-
identified insoluble white powder remained from the
pentane extraction; however, a low-resolution mass
spectrum indicated the presence of molybdenum.

(18) Wu, T. K.; Pruckmayr, G. Macromolecules 1975, 8, 77.

(19) Lawrance, G. Chem. Rev. 1986, 86, 17.

(20) Schnabel, R. C.; Roddick, D. M. Organometallics 1993, 12, 704.
76(2212) Blosch, L. L.; Gamble, A. S.; Boncella, J. M. J. Mol. Catal. 1992,

, 229,
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The 'H NMR spectrum of compound 8 at 22 °C is
comparable to that of its parent compound. The spec-
trum has nine distinct pyrazole proton resonances and
diastereotopic methyl groups for the neophylidene ligand
and isopropyl groups of the arylimido ligand. The
broadening of the isopropyl group proton resonances
suggests hindered rotation about the nitrogen—aryl
bond due to the steric demands of the Tp ligand. The
chemical shift of the alkylidene proton is 6 13.14. This
is one of the highest field shifts for these molybdenum
alkylidene compounds, indicating a more electron-rich
metal center. The new resonance corresponding to the
methyl protons of the methoxide ligand is found at 6
4.60. Absorptions due to the methoxide ligand are also
observed in the IR spectrum at 2778.2 and 1081.8 cm ™1,
corresponding to the methoxy C—H and C—O stretches,
respectively.

Synthesis and Characterization of TpMo(CC-
(CHj3)2Ph)(NHAr)(OCHs) (9). In a separate attempt
to prepare TpMo(CHC(CHj3):Ph)(NAr)(OCHjs), com-
pound 1 was allowed to react with 1 equiv of potassium
methoxide in THF at room temperature. The solution
color changed from yellow to red-orange, and recrystal-
lization of the product from pentane gave orange
crystals. A TH NMR spectrum of the product showed
loss of the alkylidene resonance and the appearance of
two broad singlets at  9.55 and 10.26 and two meth-
oxide singlets at 6 5.11 and 4.98. A 13C {lH} NMR
spectrum confirmed the presence of sp-hybridized alkyl-
idyne carbons art 6 301.7 and 298.7, and the structure
was determined to be the major and minor rotamers of
TpMo(CC(CHj3).Ph)Y(NHAr)(OCHzs) (9; eq 7). This mo-

H Ar
N/
NAr H,C._ _Ph
I CH,  KOCHs | Ch
Tp—Mo M THF, room temp Tp—Mo= Ph @
oT CHa
OCH3;
1 9

lybdenum amido alkylidyne complex is formally the
tautomer of 8. The major and minor isomers arise from
rotational isomers of the molybdenum—amide bond.
Variable-temperature 'H NMR experiments showed
that the two amide proton resonances coalesce at 65 °C.
This corresponds to an activation energy, AG¥, of 15.7
kcal/mol. Cooling the solution to room temperature
reestablishes the same equilibrium ratio of rotamers
and shows that AG® for the two rotamers is 0.8 kcal/
mol. The IR spectrum of 9 reveals a single sharp
absorption at 3308.7 cm™! for the N—H stretch of the
amido ligand.

Since compounds 8 and 9 are formally related by
transfer of the alkylidene proton to the nitrogen of the
imido ligand, we tried to convert 8 to 9. Compound 8
was stable toward tautomerization for 1 week in ds-
toluene. Photolysis, continued heating at 110 °C, and
addition of Lewis bases (NEts;, P(CHj3)s) did not cause
tautomerization of 8 to give 9. Only the addition of
excess potassium methoxide caused the proton to trans-
fer from the alkylidene to the imido ligand. To avoid
adding excess methoxide, a THF solution of 0.9 equiv
of potassium methoxide was added dropwise to 1.
However, only 9 resulted from this method of addition.

The experimental results concerning the formation of
9 and orbital considerations suggest that the mechanism
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for the formation of 9 involves a methoxide-mediated
proton transfer.

In Scheme 1, a methoxide anion deprotonates the
alkylidene ligand of either the starting material 1 or
compound 8, forming an anionic molybdenum species
with the negative charge localized on the imido nitrogen.
Following this step is a reprotonation of the metal
complex at the nitrogen by methanol. The reverse
reaction to deprotonate the amido ligand and re-form
the alkylidene is less likely due to the stability of the
strong metal—carbon triple bond. Also, the amide would
be expected to be less acidic in complexes with good 7
donors versus those with electron-withdrawing triflates.
The conversion of 8 to 9 is the reverse of the proton
transfer reaction observed by Schrock and co-workers
for the NEts-catalyzed conversion of M(NHAr)(C-¢-Bu)-
{dme)Cl; to M(NAr)(CH--Bu)dme)Cly; (M = W, Mo).
They observed that the same reaction was impossible
when the chlorides of the metal amido alkylidyne
complexes were replaced with hexafluoro-tert-butoxide
ligands.34.22

Attempts to isolate derivatives of 8 with the stoichi-
ometry TpMo(CC(CHj3):Ph}NHAr)(X) (X = N(CHa)y,
O-p-tol, OPh) were unsuccessful, giving complex mix-
tures of imido—alkylidene, amido—alkylidyne, and other
species which have proven impossible to separate.

Crystal Structure Determination of 8 and 9. The
structure of compound 8 was determined by X-ray
diffraction methods, and a thermal ellipsoid plot is found
in Figure 1. Selected bond distances and angles are
given in Table 1. The structure consists of well-
separated molecules with the coordination geometry
around the molybdenum atom in 8 being a distorted
octahedron. The geometric constraints of the facially
bound Tp ligand force the alkylidene, imido, and meth-
oxide ligands to be mutually cis.?® The N—Mo bond
lengths of the chelating pyrazole rings range from
2.327(10) to 2.232(8) A and are consistent with the
decreasing trans influence of the ligands imido >
alkylidene > methoxide.!

The cis orientation of the arylimido ligand and alkyl-
idene ligand allows for maximum dz—pn bonding
between the molybdenum and the multiply bonded
ligands.! The Mo—~N1 bond length of 1.741(9) A and
Mo—N1-C11 bond angle of 169.7(8)° are within normal
ranges for molybdenum imido complexes in which the
molybdenum—nitrogen bond can be considered to be
triply bound with the lone pair of the nitrogen donating

(22) Schrock, R. R.; DePue, R. T.; Feldman, J.; Schaverien, C. J.;
Dewan, J. C.; Liu, A. H. J. Am. Chem. Soc. 1988, 110, 1423,

(23) Hinkle, R. J.; Stang, P. J.; Arif, A. M. Organometallics 1993,
12, 3510.
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Table 1. Bond Lengths () and Angles (deg) for the Non-H
Atoms of Compound 8

I 2 3 [-2 [-2-3
Ol Mo N1 1.960(7) 100.6(4)
0Ol Mo N2 155.1(4)
01 Mo N4 81.7(3)
0Ol Mo N6 84.9(3)
N1 Mo N2 1.741(9) 99.2(4)
Nl Mo N4 168.5(4)
N1 Mo N6 90.9(4)
N1 Mo Ci 102.1(5)
N2 Mo N4 2.232(8) 76.0(4)
N2 Mo N6 79.8(3)
N2 Mo Cl 90.5(4)
N4 Mo N6 2.327(10) 78.0(3)
N4 Mo Cl 88.5(5)
N6 Mo Cl 2.295(8) 165.0(4)
Cl Mo 01 1.963(10) 100.0(4)
C32 0l Mo 1.37(2) 130.1(7)
Cll N1 Mo 1.390(14) 169.7(8)
C4 Cl Mo 1.56(2) 136.8(10)

Figure 1. Molecular structure of 8, showing 50% thermal
ellipsoids and the atomic labeling scheme.

to an empty dr orbital of the d° molybdenum atom. The
Mo~C1 bond length, 1.963(10) A, lies within the ex-
pected range for molybdenum—carbon double bonds,
and the —C(CHj);Ph group of the alkylidene is in the
syn, or s-cis, orientation with respect to the imido ligand.
The steric requirements of the bulky arylimido group
force the Mo—C1—-C4 angle to open to 136.8(10)°. The
syn orientation is preferred to the anti orientation due
to the apparently unfavorable steric interaction of
wedging the —C(CHj3)2Ph group between two pyrazole
rings of the Tp ligand.

The crystal structure of compound 9 was also deter-
mined by X-ray diffraction methods, and a thermal
ellipsoid plot is found in Figure 2. Selected bond
distances and angles are given in Table 2. Similar to
8, the geometry around the molybdenum is a distorted
octahedron dictated by the geometric and electronic
constraints of the Tp ligand. The N—Mo bond lengths
of the chelating pyrazole rings range from 2.386(4) to
2.235(4) A and are also consistent with the decreasing
trans influence of the ligands alkylidyne > amido >
methoxide.! The Mo—C1 bond length and angle (1.765(4)
A, 177.2(4)°) are within accepted ranges for d° molyb-
denum—alkylidyne bonds, and the sp-hybridized alkyl-
idyne carbon donates to two metal d orbitals of n
symmetry. Thus, compound 9 is formally a 16-electron
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ellipsoids and the atomic labeling scheme.

Table 2. Selected Bond Lengths (;\) and Angles (deg) for
the Non-H Atoms of Compound 9

1 2 3 -2 1-2-3
0Ol Mo N1 1.928(3) 102.9(2)
0l Mo N2 155.46(12)
Ol Mo N4 83.56(14)
) Mo N6 85.36(14)
N1 Mo N2 1.952(3) 94.2(2)
N1 Mo N4 i 160.7(2)
N1 Mo N6 80.48(14)
N1 Mo Cl 97.6(2)
N2 Mo N4 2.2354) 74.87(13)
N2 Mo N6 80.24(14)
N2 Mo Cl 93.7(2)
N4 Mo N6 2.265(3) 81.95(12)
N4 Mo Cl 99.0(2)
N6 Mo Cl 2.386(4) 173.5(2)
Cl Mo Ol 1.765(4) 101.2(2)
C32 O1 Mo 1.398(7) 131.7(3)
Cll1 N1 Mo 1.419(5) 141.1(3)
C4 Cl Mo 1.510(6) 177.2(4)
Hl Nl Cl1 0.76(4) 109(3)

H1 N1 Mo 109(3)

complex with one dz metal orbital available for electron
donation from the arylimido and/or methoxide ligands.
The molybdenum—arylamido bond length and the
Mo—N-C angle (1.952(3) A, 141.1(3)°) differ markedly
from the triply bound and linear arylimido ligand of 8.
The amido proton was located for compound 9, and the
geometry about the amido nitrogen is essentially planar.
This planar geometry is consistent with the lone pair
of the nitrogen being donated to the empty metal dx
orbital, making compound 9 an 18-electron complex.
Notably, the orientation of the arylamido ring is that
of the syn rotamer in the solid-state structure with the
ring situated toward the alkylidyne ligand, though in
solution both rotamers are present. The syn rotamer
is assumed to be the major rotamer in solution. The
molybdenum—methoxide bond in compound 9 is slightl
shorter than the Mo—O bond of compound 8 by 0.032 X
and may indicate a higher degree of 7 bonding between
the oxygen atom in 9 versus 8. However, as evidenced
by the geometry about the nitrogen and the respective
trans influence of the amido and the methoxide ligands,
the amide is a better 7 donor than the methoxide.
The values for the molybdenum—pyrazole bond dis-
tances in these two compounds in addition to the values
from other related Tp molybdenum compounds pub-
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lished elsewhere!l:12 make it possible to rank a number
of ligands with respect to their trans influence: alkyl-
idyne =~ oxo > imido ~ alkylidene > amido > alkoxy >
alkyl ~ u-oxo > triflate.

Rotational Isomerism of the Molybdenum-
Alkylidene Bond. Rotational isomers are observed for
many of the compounds reported in this paper. These
isomers arise from restricted rotation about the molyb-
denum—alkylidene double bond and result in syn and
anti rotamers with the neophyl group oriented toward
and away from the imdo ligand, respectively. Rotational
studies for other metal—alkylidene complexes have also
been reported in the literature, and electronic effects
and orbital considerations best describe the energetic
differences between the related syn and anti
rotamers.?4~27 Interestingly, it has been reported that
the different alkylidene orientations of Mo(CHC(CHj).-
Ph)YNAr)OC(CH3)CFs3)2)2 can have profound effects on
the rates of olefin metathesis.2>2 Due to the unique
stabilizing ability of the Tp ligand versus the more
active alkylidene complexes reported, extensive kinetic
studies have been possible for a number of tungsten
alkylidene complexes.? Here we report preliminary
studies and evidence for rotational isomerism in several
Tp molybdenum alkylidenes.

Irradiating TpMo(CHC(CH;3).Ph)}(NAr)(OTY) (1) with
a sun lamp at —50 °C for 1 h generated a minor rotamer
in a 1:4 ratio with the major rotamer. The alkylidene
proton signal for this minor rotamer was observed at
14.82, which is 0.09 ppm downfield from the major
rotamer. The !Jcy value of the minor rotamer is 126
Hz, compared to 120 Hz for the major rotamer. Large
coupling constants (145—155 Hz) have been observed
for the anti rotamers of four-coordinate alkylidene
complexes, and differences in lJcy values have been
used to assign syn/anti orientations.?526 The electroni-
cally and coordinatively saturated nature of 1 minimizes
interaction of the alkylidene C—H bond with the metal
center that would give rise to large differences in
coupling constants for the two rotamers. The major
rotamer was determined to be the syn rotamer by 'H
NOE differences spectroscopy. The rates of thermal
conversion of the anti rotamer to the syn rotamer were
measured from +40.0 to +60.0 °C. The activation
parameters for this unimolecular process were deter-
mined to be AH* = +21.5 + 0.3 keal/mol and AS¥ = —8.9
£ 0.8 eu. The reduction of entropy in the transition
state is consistent with restriction of ancillary bond
rotation during alkylidene rotation.

For TpMo(CHC(CHj3);Ph)}(NAr)(CHs) (2), only one
rotamer is observed at room temperature. Irradiation
of 2 in dg-toluene by a sun lamp at —50 °C generated a
new rotamer, observed in the low-temperature 'TH NMR
spectrum at ¢ 13.78, downfield from the major rotamer
at 0 13.04. The rate of thermal conversion of the minor
rotamer to the major rotamer is 3.7 x 107¢s71 at —20.0
°C. Similar rates were found for 1 at higher tempera-
tures of +40.0 and +50.0 °C.

The cationic molybdenum alkylidene complexes, com-
pounds 4—7, each have two rotamers present at equi-

(24) Schrock, R. R.; Crowe, W. E.; Bazaz, G. C.; DiMare, M,;
O’Regan, M. B.; Schofield, M. H. Organometallics 1991, 10, 1832.

(25) Oskam, J. H.; Schrock, R. R. JJ. Am. Chem. Soc. 1992, 114, 7588.

(26) Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1998, 115,
11831,

(27) Cundari, T. R.; Gordon, M. S. Organometallics 1992, 11, 55.

(28) Blosch, L. L. Ph.D. Thesis, University of Florida, 1993.
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librium at ambient temperatures. The irradiation of
[TpMo(CHC(CHs);PhYNAr)NCCHa3)J[B(CsF5)4] (4) by a
sun lamp at —40 °C increased the population of the
minor rotamer to 32%, enabling 'H NMR peak assign-
ments for both isomers. The most notable difference
between the spectra of the two rotamers is the 0.8 ppm
downfield shift for the alkylidene proton resonance of
the minor rotamer versus that of the major rotamer.
The rotamer distribution of 4 returned to equilibrium
over time upon warming the sample. Irradiation of
compounds 3, 5, 6, and 7 was not performed.

Rotamers for TpMo(CHC(CHj3):Ph)(NAr)(OCHj3) (8)
were not observed at room temperature. Photolysis at
=50 °C for 90 min in dg-toluene using a sun lamp
generated a minor rotamer (6 13.44, 12.5%) which
isomerizes thermally to the major rotamer very rapidly.
The rate of thermal conversion of the minor rotamer to
the major rotamer was measured at —40.0 °C with & =
3.7 x 1074571, From the crystal structure of 8 discussed
above, the major rotamer in solution is reasoned to be
the syn rotamer. This rate compares with the anti to
syn thermal isomerization rate of compound 1 at +40.0
°C, where k = 8.2 x 1075 s~1. The extremely fast rates
of the alkylidene rotation of 8 made repeated rate
measurements at low temperatures difficult, and thus
activation parameters were not determined for the
compound.

The marked difference in the rates of alkylidene
rotation for compounds 1, 2, and 8 is best understood
by considering the competition for the empty dx orbitals
of molybdenum by the psz orbitals of the alkylidene,
imido, and X groups, where X is a triflate, methyl, or
methoxide ligand, respectively. Inthe ground state, the
alkylidene carbon p, orbital interacts with the metal d.,
orbital, and the p. and p, orbitals of the imido ligand
interact with the metal d,, and d,. orbitals, respectively.
In the transition state, where the alkylidene ligand is
rotated 90°, the carbon px orbital is of the appropriate
symmetry to compete with the imido p, orbital for the
metal d,, orbital. Rehybridization of the nitrogen atom
allows the filled alkylidene px orbital to fully donate to
the empty d.. orbital, thus lowering the barrier to the
transition state. Such a scheme has been proposed and
supported by ab initio calculations for four-coordinate
tungsten and molybdenum imido alkylidenes.2427

The Tp ligand system employed in compounds 1, 2,
and 8 force the alkylidene, imido, and X ligands to be
‘oriented mutually cis. For ligands X with n-donor
capabilities, the bonding situation described above is
further complicated. Considering 8, when X is a 7-do-
nating methoxide, a pr orbital of oxygen can interact
with either the d,; or the d., orbitals, but not the d..
orbital. Interaction of the oxygen p. orbital with the
d,. orbital competes only with a metal—imido #-bond, a
bond that is unaffected during alkylidene rotation.
Shown in Figure 3, interaction of the oxygen p, orbital
with the d., orbital competes directly with the metal—
alkylidene & bond in the ground state. Such an inter-
action should raise the ground-state energy of the
metal—alkylidene bond, resulting in a decrease in the
barrier for alkylidene rotation. The kinetic data for
alkylidene rotation in 8 versus that in 1 and 2 support
this argument. A similar explanation was offered to
describe changes in activation barriers for alkylidene
rotation due to changes in the ancillary ligands for d°,
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Figure 3. Orbital diagram showing competitive donation

to the metal d,, orbital by the alkylidene and methoxide x
electrons.

five-coordinate W(CHR)(OCHg-#-Bu), X4, complexes.2®
Other reports regarding alkylidene rotation rates for
molybdenum arylimido neopentylidenes also show in-
creased rotational rates as alkoxide substituents become
more electron donating, as in the series OR = OC(CHj3)s
> OC(CHj3)s(CF3) > OC(CH3)XCF3); > OC(CF3)o(CFoCF2-
CF5).2526 Such a relationship is consistent with our
finding for the relative rates of rotation for the series X
= QOCH; > CH;3 > OSO.CFs.

Polymerization Studies. Compound 1 is inert
toward the metathesis of neat cyclooctene or 1,9-
decadiene, and no polymerization was observed for 1
and 500 equiv of norbornylene in o-dichlorobenzene at
80 °C. However, in the presence of the Lewis acid AlCls,
1 quantitatively catalyzed the ring-opening metathesis
polymerization of cyclooctene. With a 1:6:500 mixture
of 1, AlCl3, and neat cyclooctene, poly(octenamer) (M,
= 57 000, M./M, = 1.30) was formed. This result
compares with that for the tungsten analogue of 1,
which quantitatively polymerizes cyclooctene in the
presence of a Lewis acid.”

A mixture of 1, AICl;, and 1,9-decadiene at 90 °C
under static vacuum only dimerized a small fraction of
the monomer to give a degree of polymerization of 2.3
before the catalyst became inactive. The stepwise
fashion of ADMET condensation polymerizations re-
quire quantitative conversion (>99%) of end groups to
achieve high polymer. The tungsten analogue of 1
shows very little conversion of 1,9-decadiene to dimer.
This result that molybdenum is more active than
tungsten for the metathesis of terminal olefins agrees
with other reports.37.22:30,31

Compound 2 in the presence of AlCl; polymerized
norbornylene to give a quantitative yield of poly-
(norbornylene) in toluene at room temperature. With
a 1:7:500 mixture of 2, AlCls, and neat norbornylene,
poly(norbornylene) with M,, = 75 000 and M,/M, = 1.8
was formed. A related compound, TpW(CHC(CHs)s)-
(NAr)(CH3C(CHj)y), also catalyzes the ROMP of cyclo-
octene under similar conditions.?

As with 1, compound 2 and AlCl; did not successfully
polymerize 1,9-decadiene via ADMET. With a 1:5:500
mixture of 2, AlCl;, and neat 1,9-decadiene, only 7% of
the monomer was converted to dimer during 8 h of
stirring under static vacuum.

Attempts to trap and isolate any unsaturated metal
complex from the catalytic mixture of 1 or 2 and AlCl;

(29) Kress, J.; Osborn, J. A. J. Am. Chem. Soc. 1987, 109, 3953.

(30) Patton, J. T.; Boncella, J. M.: Wagener, K. B. Macromolecules
1992, 25, 3862.

(31) Wagener, K. B.; Patton, J. T. Macromolecules 1993, 26, 249.
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with P(CHj3)s were unsuccessful. Observation of 1 or 2
with AlICl;3 in C¢Dg by 'H NMR initially gave a complex
mixture, and after several days free pyrazole was
observed.

Lewis acids are proposed to play a role in generating
a four-coordinate cationic active catalyst in W(CHR)-
(OCH3R):Xo/Al:Xs metathesis systems.3233 Also, W(O)-
(CHC(CHj3)3)(PEt3),Cly/AlC]3 metathesizes olefins while
the five-coordinate, neutral complex W(O)(CHC(CHs)3)-
(PEt3)Clg is an active catalyst in the absence of a Lewis
acid.3¢ In contrast to a mechanism involving the Lewis
acid simply removing the triflate or methyl ligand of 2
or 3 to generate a five-coordinate, cationic active cata-
lyst, no metathesis activity is seen for the solvent-bound,
cationic complexes 8 and 4. Contributing to the inactiv-
ity of the cationic complexes, the high electrophilicity
of the metal center does not allow dissociation of the
bound solvent molecule to open a coordination site on
these electronically and coordinatively saturated com-
pounds. Heating a CD2Cly solution of 4 pressurized
with ethylene at 60 °C for 24 h showed no reaction or
loss of acetonitrile.

Though five-coordinate metathesis catalysts are
known,¥23¢ other reported five-coordinate complexes
have coordinated bases that are most likely lost to give
four-coordinate, active catalytic species.353 We propose
that though the role of the Lewis acid may include
abstraction of a triflate or methyl ligand to give a five-
coordinate, cationic complex, the Lewis acid also reacts
with the Tp ligand system and removes a pyrazole ring
from the coordination sphere of molybdenum. This
would result in a four-coordinate, 14-electron, cationic
complex in which the Tp ligand is bound to the metal
center by only two pyrazolyl rings.

Indirect evidence for this proposal is the production
of free pyrazole from 1 and 2 in the presence of AlCl;
mentioned above and the observation that [TpMo-
(CHC(CH3)oPh)(NArXTHF)I[B(CH3)CsF5)3] (8) and 2
equiv of AlCl; in toluene quantitatively polymerizes 500
equiv of norbornylene. Further indirect evidence in-
cludes the observation that the closely related complex
[TpW(NPh)CHCMe3)(i-Pr:O)}[BAr's] does not initiate
the polymerization of norbornylene, even though the
diisopropyl ether ligand readily dissociates and is
displaced by other Lewis bases such as diethyl ether
and acetonitrile.®

Experimental Section

Materials and Methods. All syntheses were performed
under a dry argon atmosphere using standard Schlenk tech-
niques. Tetrahydrofuran (THF), diethyl ether (Et;0), toluene,
and pentane were distilled from sodium benzophenone ketyl,;
dichloromethane (CH>Cl;) was distilled from P;0s. Methanol
and acetonitrile were dried over 3 A molecular sieves. Mo-
(CHC(CHj3):Ph)(NAr)OT)o(DME)® (NAr = 2,6-i-Pry-CsHs, Ph
= Cg¢Hs;, OTf = OSO0:CF;, DME = CH;OCH;CH.OCHysy),
TpMo(CHC(CH;3)Ph)XNAr)(OTf) (1),}! potassium hydridotris-

(32) (a) Kress, J.; Aguero, A.; Osborn, J. A. J. Mol. Catal. 1986, 36,
1. (b) Kress, J.; Osborn, J. A. J. Am. Chem. Soc. 1983, 105, 6346.

(33) Kress, J.; Osborn, J. A.; Greene, R. M. E,; Ivin, K. J.; Rooney,
J.dJ.J. Am. Chem. Soc. 1987, 109, 899.

(34) Wengrovius, J. H.; Schrock, R. R.; Churchill, M. R.; Missert, J.
R.; Youngs, W. J. J. Am. Chem. Soc. 1980, 102, 4515.

(35) Schrock, R. R.; Luo, S.; Zanetti, N. C.; Fox, H. H. Organo-
metallics 1994, 13, 3396.

(36) VanderLende, D. D.; Abboud, K. A.; Boncella, J. M. Organo-
metallics 1994, 13, 3378.
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(1-pyrazolyDborate (KTp),’ and HBAr' +Et.0 (Ar’ = 3,5-C¢H;-
(CFa),17 trityl tetrakis(pentafluorophenyl)borate,!® and tris-
(pentafluorophenyl)boron3”) were prepared according to
literature methods.

1H and !3C NMR spectra were recorded on a Varian VXR-
300 (300 MHz) or a General Electric QE-300 (300 MHz)
spectrometer. Elemental analyses were performed by the
University of Florida Analytical Services. IR spectra were
recorded on a Perkin-Elmer 1200 series spectrometer, and the
samples were prepared as KBr pellets unless otherwise noted.
GPC analyses were carried out with the use of Phenomenex
Phenogel 5500 A and 5000 A coupled columns, a Waters
Associates differential refractometer, and a Perkin-Elmer LC-
75 spectrophotometric detector on polymer samples 0.1-0.3%
(w/v) in THF. The GPC columns were calibrated versus
commercially available 1,4-polybutadiene standards ranging
from 430 to 25 000 g/mol.

TpMo(CHC(CHj;);Ph)(NAr)(CHj3) (2). To a stirred solu-
tion of 1 (0.39 g, 0.51 mmol) in 50 mL of Et;0 was added an
ether solution of CH3Li (0.6 mL, 1.4 M, 0.84 mmol) at room
temperature under argon. A yellowish brown solution resulted
after 3 h, and the solvent was removed under reduced
pressure. The residue was extracted with pentane (2 x 10
mL), and the combined extracts were passed through Celite.
Removal of the solvent yielded oily, yellowish brown solids.
Extracting the solids in Et;0 and filtering through a column
of neutral alumina resulted in a yellow solution. Removal of
the solvent gave the product as a yellow solid (0.24 g, 0.38
mmol, 74.5% yield). The product can be recrystallized from
Et,0. 'H NMR data (300 MHz, C¢Ds, 22 °C; 6): 13.11 (s, 1H,
CHC(CHj3):Ph); 8.00, 7.62, 7.45, 7.36, 7.32, 7.23 (each as d, 1
H each, Tp ring H’s, 3,5-positions); 7.54 (d, 2 H, ortho H’s of
neophylidene phenyl); 7.25 (t, 2 H, meta H’s of neophylidene
phenyl); 7.12—6.85 (m, 4 H, para H of neophylidene, pheny],
meta, and para H’s of arylimido); 5.78, 5.76, 5.74 (each a t, 1
H each, Tp ring H’s, 4-position); 4.54, 3.28 (each a broad sept,
1 H each, CH(CHa),); 1.95, 1.78, 1.29 (each a s, 3 H each,
CHC(CH3)2Ph, CHj); 1.42, 1.02, 0.29 (each a broad d, 6:3:3 H,
CH(CHg3s)p). 3C NMR data (75 MHz, C¢Ds, 22 °C; 6): 302.5
(*Jen = 115 Hz, CHC(CH;),Ph); 148.4, 146.8, 142.3, 142.1,
135.5,134.4, 127.0, 126.5, 125.8,124.0, 123.3, 105.9, 105.2 (Tp,
Ph, Ar); 53.7 (CHC(CH3),Ph); 32.0, 30.9, 27.9, 26.7, 24.0, 23.7,
22.9, (CH(CHjs)e, CHC(CHj3):Ph); 18.0 (!Jcu = 123 Hz, CHa).
Anal. Calcd for C3;HieBMoN7: C, 60.86; H, 6.70; N, 15.53.
Found: C, 60.94; H, 6.87; N, 15.55. IR: vay = 2484 cm™L.

Reaction of TpMo(CHC(CHj3):Ph)(NAr)(CHs) (2) with
HOTf. Compound 2 (0.023 g, 0.036 mmol) was dissolved in
CeDs in an NMR tube under nitrogen. HOTY (3.3 ulL, 0.037
mmol) was added by syringe. After 10 min, a 'H NMR
spectrum of the reaction mixture showed that 2 was completely
converted to 1. The formation of CH4 was observed as a singlet
at ¢ 0.20.

[TpMo(CHC(CHj;):Ph)(NAr)(Et,0)][BAr'(] (3). A10mL
Et20 solution of HBAr'#2Et,0 (0.16 g, 0.16 mmol) and a 10
mL ethereal solution of 2 (0.10 g, 0.16 mmol) were each cooled
to —78 °C. The two solutions were mixed and stirred for 12 h
under argon at —78 °C. The solvent was removed under
reduced pressure at —78 °C; the brown solids were washed
with pentane at —78 °C. The residual product was dried under
reduced pressure to give oily brown solids. 'H NMR data for
3 (CDyCly, 22 °C; 6): 14.79 (s, 1 H, CHC(CHj;):Ph); 8.28, 7.89,
7.82, 7.77, 7.48, 6.62 (each a d, 1 H each, Tp ring H’s, 3,5-
positions); 7.83 (s, 8 H, 0-Ar’); 7.64 (s, 4 H, p-Ar"); 7.60—-7.18
(m, 8 H, Ph, Ar); 6.51, 6.28, 6.12 (t, 1 H each, Tp ring H’s,
4-position); 3.93, 3.60 (each an ABX; m, 2 H each, O(CH,-
CHs)g); 4.03, 2.50 (each a broad sept, 1 H each, CH(CHjs)s);
2.01, 1.99 (each a s, 3 H each, CHC(CH;);Ph); 1.62, 1.48, 0.92,
—0.08 (each a broad d, 3 H each, CH(CH3)y); 0.89 (t, 6 H,
O(CH3CH3),). '3C NMR data for 3 (CDyCly, 22 °C; 6): 337.4
(CHC(CHj);Ph); 162.2 (!Jsc = 50 Hz, ipso-Ar’ carbon); 153.0—

(37) Massey, A. G.; Park, J. J. Organomet. Chem. 1964, 2, 245.
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107.0 (23 resonances, Ph, Ar’, Tp); 125.2 (1Jyc = 270 Hz, CF3);
76.9 (O(CH2CHs)e); 30.8, 30.6 (CHC(CHj),Ph); 28.8, 28.6
(CH(CH3s)y); 25.2, 25.0, 23.4, 22.6 (CH(CH3)); 12.5 (O(CH2CHs)y).
[TpMo(CHC(CH3):Ph)(NAr)(NCCH3)1[B(CeF5)4] (4).
Compound 2 (0.331 g, 0.524 mmol) and trity! tetrakis(penta-
fluorophenyl)borate (0.515 g, 0.558 mmol) were dissolved
separately in Et,0 at —78 °C and mixed to give a yellow
solution. The solution was stirred and warmed to room
temperature over 30 min to give a yellow-brown solution. A
5 mL portion of acetonitrile was transferred to the reaction
mixture, which was then recooled to —78 °C and stirred for 1
h. The solvent was removed under reduced pressure, and the
oily brown residue was washed with pentane. Attempts to
recrystallize the product from Et;O were unsuccessful, but
evaporation of an ethereal solution results in an analytically
pure solid. The yield is essentially quantitative. 'H NMR data
for major rotamer (CD:Cl;, —40.0 °C; d): 14.47 (s, 1H,
CHC(CH3)Ph); 7.94, 7.88, 7.82, 7.80, 7.73, 6.94 (each as d, 1
H each, Tp ring protons, 3,5-positions); 7.38—7.09 (m, 8 H, Ph,
Ar); 6.36, 6.27, 6.20 (each a t, 1 H each, Tp ring protons,
4-position); 3.96, 2.40 (sept, 1 H each, CH(CHj3)s); 2.35 (s, 3H,
NCCH3); 1.89, 1.81 (each a s, 3H each, CHC(CH3),Ph); 1.49,
1.30, 0.81, —0.02 (each a d, 3 H each, CH(CHj3);). *C NMR
data (6): 340.6 (*Jcy = 124.3 Hz), 148.6, 138.6, 136.7 (br d,
tJer = 244.4—238.8 Hz), 149.7, 148.2, 148.0, 146.4, 142.2,
142.1, 141.7, 138.8, 137.1, 136.7, 135.5, 130.5, 129.2, 127.3,
126.5, 124.6, 107.2, 106.8, 106.7, 57.9, 30.1, 29.6, 29.1, 28.4,
263, 238, 23.4, 22.3, 4.0. Anal. Calcd for 057H42B2F20M0N32
C, 51.22; H, 3.17; N, 8.38. Found: C, 50.81; H, 2.95; N, 7.69.
'H NMR data for minor rotamer (CD;Cly, —40.0 °C; §): 15.28
(s, 1H, CHC(CH;).Ph); 7.98, 7.65, 7.52, 7.30, 7.03, 6.01 (each
as d, 1 H each, Tp ring protons, 3,5-positions); 6.45, 6.20, 6.07
(each a t, 1 H each, Tp ring protons, 4-position); 2.32 (s, 3H,
NCCHs;); 1.983, 1.87 (each a s, 3H each, CHC(CHj;).Ph); Ar, Ph,
and i-Pr resonances are not distinguishable in the spectrum.
[TpMo(CHC(CHs):Ph)(NAr)(NCCHS;)1[B(CHs)(CeF's)s] (5).
Compound 2 (0.153 g, 0.242 mmol) and tris(pentafluoro-
phenyl)boron (0.124 g, 0.242 mmol) were dissolved separately
in Et;0 at —78 °C and warmed to room temperature over 30
min to give a yellow-brown solution. A 5 mL portion of
acetonitrile was transferred to the reaction mixture, which was
then recooled to —78 °C and stirred for 1 h. The solvent was
removed under reduced pressure, and the oily brown residue
was washed with pentane. Attempts to recrystallize the
product from EtoO were unsuccessful, but evaporation of an
ethereal solution results in an analytically pure solid. The
yield is essentially quantitative. 'H NMR data for major
rotamer (CDsCl,, 22 °C; 6): 14.53 (s, 1H, CHC(CHj3):Ph); 7.94,
7.90, 7.84, 7.82, 7.33, 7.12 (each as d, 1 H each, Tp ring protons,
3,5-positions); 7.40—7.07 (m, 8 H, Ph, Ar); 6.41, 6.34, 6.32 (each
at, 1 H each, Tp ring protons, 4-position); 3.98, 2.46 (sept, 1
H each, CH(CHs)s); 2.34 (s, 3H, NCCH3); 1.97, 1.81 (each a s,
3H each, CHC(CHj;).Ph); 1.52, 1.35, 0.87, 0.08 (eacha d, 3 H
each, CH(CH3)s); 0.47 (br s, 3 H, BCH3). 3C NMR data (8):
340.9 (*Jey = 125.9 Hz), 148.6, 138.6, 136.7 (br d, Jcr =
244.4—238.8 Hz), 149.6, 148.1, 148.0, 146.3, 142.13, 142.07,
141.7, 138.8, 137.0, 136.7, 135.4, 130.5, 129.2, 128.8, 127.3,
126.4, 124.6, 107.2, 106.8, 58.0, 30.1, 29.8, 29.1, 28.4, 26.3, 25.2,
23.8, 23.4, 22.3, 4.2. Anal. Caled for CseHysBoF1:MoNg: C,
52.73; H, 3.83; N, 9.46. Found: C, 53.09; H, 3.59; N, 9.14.
[TpMo(CHC(CH3):Ph)(NAr)(THF)1[B(CHs)(CesF's)s] (6).
Compound 2 (0.084 g, 0.133 mmol) and tris(pentafluoro-
phenyl)boron (0.068 g, 0.134 mmol) were dissolved separately
in Et2O at —78 °C and warmed to room temperature over 30
min to give a yellow-brown solution. A 5 mL portion of THF
was transferred to the reaction mixture, which was then
recooled to —78 °C and stirred for 1 h. The solvent was
removed under reduced pressure, and the oily brown residue
was washed with pentane. Attempts to recrystallize the
product from Et;O were unsuccessful, but evaporation of an
ethereal solution results in an analytically pure solid. The
yield is essentially quantitative. 'H NMR data for major
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rotamer (CD3Cls, 22 °C; 6): 14.46 (s, 1H, CHC(CH3).Ph); 8.00,
7.90, 7.85, 7.78, 6.46 (each as d, 1 H each, Tp ring protons,
3,5-positions); 7.46—7.04 (m, 9 H, Ph, Ar, one Tp ring proton);
6.51, 6.23, 6.11 (each a t, 1 H each, Tp ring protons, 4-position);
3.81, 2.48 (sept, 1 H each, CH(CHj,).); 3.65, 3.55, 1.82 (t:t:t,
2:2:4, THF); 1.98, 1.91 (each a s, 3H each, CHC(CH3),Ph); 1.58;,
1.39, 0.94, —0.12 (each a d, 3 H each, CH(CH3);); 0.47 (br s, 3
H, BCHjs). 3C NMR data (6): 336.4, 148.8, 138.6, 136.7 (three
br d, Jer = 244—240 Hz), 148.4, 146.2, 144.2, 142.6, 140.5,
138.8, 137.4, 136.2, 133.6, 129.6, 128.2, 126.6, 125.7, 124.6,
128.6, 107.9, 107.5, 107.1, 106.9, 106.3, 82.9, 57.5, 31.8, 30.7,
30.3, 28.9, 28.4, 26.9, 25.9, 25.4, 24.4, 22.7. Anal. Calcd for
CssH50BoF1sMoN;O: C, 53.36; H, 4.15; N, 8.07. Found: C,
52.95; H, 4.26; N, 7.81.

[TpMo(CHC(CHjs):Ph)(NAr)(P(CHbs)3)][0OSO.CFs] (7). A
0.5 mL amount of a 0.17 M P(CH3); solution in CgDs (0.085
mmol of P(CH3)s) was added to 1 (0.032 g, 0.042 mmol) in a
sealable NMR tube. Pale yellow solids formed over 2 h, the
CsDs was removed under reduced pressure, and the resulting
solids were dissolved in CD2Cl;. The yield was quantitative
by 'H NMR. 'H NMR data for major rotamer (CDyClz, —20
°C; 6): 14.51 (d, 1H, CHC(CHs)zPh, 3Jpy = 5.4 Hz); 8.23, 7.99,
7.88, 7.85, 7.38, 7.28 (each as d, 1 H each, Tp ring protons,
3,5-positions); 7.45—7.06 (m, 8 H, Ph, Ar); 6.48, 6.38, 6.25 (each
at, 1 H each, Tp ring protons, 4-positions); 3.74, 2.23 (sept, 1
H each, CH(CHj)s); 2.03, 1.86 (each a s, 3H each, CHC(CH3),-
Ph); 1.60, 1.42, 0.59, 0.31 (each a br d, 3 H each, CH(CHj3),);
1.12 (d, 9H, P(CHjy)s, 2Jpy = 9.9 Hz). 13C NMR data (CD:Cl,,
22 °C; 6): 335.9 (Jen = 122.1 Hz, %Jpc = 17.6 Hz), 147.7, 147.2,
143.9, 143.1, 138.2, 137.9, 137.8, 130.2, 129.4, 127.3, 126.2,
125.0, 123.7, 119.4, 107.9, 107.1, 107.0, 57.0, 31.6, 30.2, 28.3,
26.2,24.9, 17.6 (\Jpc = 30.2 Hz). °F NMR data (282 MHz, vs
CFCl3; 6): —78.75. 3P NMR data (121 MHz, vs HsPOy; 6):
—2.83. Anal Calcd for 035H43BF3MON703PS: C, 49.95; H,
5.75; N, 11.65. Found: C, 49.58; H, 5.68; N, 11.25. IR (CD,-
Cl; film): 1268, 1048 cm™! (S=0).

TpMo(CHC(CH;):Ph)(NAr)(OCH3) (8). A 5 g amount of
Florisil was slurried for 1 h in dry methanol. Compound 1
(0.475 g, 0.620 mmol) was dissolved in 3 mL of Et;O and
transferred to the Florisil slurry, giving a faint yellow solution.
After it was stirred at room temperature for 24 h, the mixture
was filtered and the methanol solution was reduced to dryness
under reduced pressure. The yellow solids were extracted with
pentane, leaving a white powder. Concentration of the pen-
tane solution gave yellow microcrystals, which were deter-
mined to be a mixture of 1 (10%) and 8. Further recrystalli-
zations of the product from pentane gave 0.163 g (0.252 mmol,
40.5% yield) of 8. TH NMR data (6): 13.14 (s, 1H, CHC(CHj)s-
Ph), 8.24, 7.62, 7.32, 7.30, 7.28, 6.99 (each as d, 1 H each, Tp
ring protons, 3,5-positions); 7.4—6.8 (m, 8 H, Ph, Ar); 5.90, 5.71,
5.64 (each a t, 1 H each, Tp ring protons, 4-position); 4.82,
3.42 (br m, 1 H each, CH(CHj;),); 4.60 (s, 3H, OCHs); 2.02, 1.79
(each a s, 3H each, CHC(CH;),Ph); 1.59, 1.00, 0.14 (each a br
d, 6:3:3 H, CH(CH3)2). 3C NMR data (8): 302.2 ({Jey = 121
Hz, CHC(CH;).Ph), 151.3, 150.6, 146.6, 141.2, 139.9, 135.5,
134.4, 133.8, 128.6, 127.3, 127.0, 126.6, 125.8, 123.9, 123.0,
105.4, 105.0, 104.8, 72.7 (OCH,, 'Jcu = 137.3 Hz), 53.7, 33.1,
31.5, 28.2, 274, 25.7, 24.3, 23.0. Anal. Calcd for CsoHae-
BMoN;O: C, 59.36; H, 6.54; N, 15.14. Found: C, 59.36; H,
6.58; N, 15.13. IR: vome 2778.2 cm™!, vpy 2472.6 cm™!, vome
1081.8 cm™,

TpMo(CC(CHs):Ph)}(NHAr)(OCHs) (9). Compound 1
(0.664 g, 0.867 mmol) and an excess of potassium methoxide
(0.300 g, 4.28 mmol) were dissolved in THF at ~78 °C to give
a yellow slurry. The mixture was warmed to room tempera-
ture, and stirring continued for 24 h. The solution became
red-orange, and the white solids remained. The THF was
removed under reduced pressure, and the residue was ex-
tracted with Et;0. Concentration of the Et,O extract and
cooling to —20 °C gave orange crystals of the product 8. Two
further crops of crystals were obtained to give a combined yield
of 78% (0.439 g, 0.678 mmol). 'H NMR data of major rotamer
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(CDyCly, —40.0 °C; 6): 9.55 (br s, 1 H, NH); 8.06, 7.72, 7.71,
7.69, 7.60, 6.19 (each as d, 1 H each, Tp ring protons, 3,5-
positions); 7.38, 7.19, 7.09 (t:d:d, 1:1:1 H, Ar ring protons); 6.61,
7.01, 5.98 (d:t:t, 2:2:1 H, Ph ring protons); 6.30, 6.24, 5.81 (each
at, 1 H each, Tp ring protons, 4-position); 5.11 (s, 3H, OCHj);
2.79, 2.13 (sept, 1 H each, CH(CHs),); 4.52 (br s, 1 H, HB);
1.49, 1.38 (each a s, 3H each, CHC(CHj3):Ph); 1.56, 1.20, 0.96,
0.60 (each a d, 3 H each, CH(CHj3)2). 3C NMR data (6): 301.3,
155.2, 145.2, 144.9, 142.6, 142.4, 139.7, 139.3, 135.4, 135.0,
134.9, 128.3, 126.2, 125.8, 123.8, 123.2, 121.8, 105.5, 105.1,
103.9, 73.7, 57.6, 30.8, 28.0, 27.0, 26.4, 24.7, 24.0, 21.5, 21.0.
Anal. Caled for C32Hi:BMoN,O: C, 59.36; H, 6.54; N, 15.14.
Found: C,59.30;H, 6.57; N, 15.11. IR: vxy 3308.7 cm™, vome
2781 em™Y, vay 2472.9 cm™!, voye 1083.9 cm~!. 'H NMR data
of minor rotamer (CD,Clz, —40.0 °C; 6): 10.26 (br s, 1 H, NH),
8.08, 7.76, 7.66, 7.54, 7.45, 6.63 (each as d, 1 H each, Tp ring
protons, 3,5-positions); 6.29, 6.23, 5.66 (each a t, 1 H each, Tp
ring protons, 4-position); 4.98 (s, 3H, OCHjy); 3.68, 2.90 (sept,
1 H each, CH(CHas),); 1.73, 1.53 (each a s, 3H each, CHC(CHj3)e-
Ph); 1.31, 0.96, 0.44, ~0.28 (each a d, 3 H each, CH(CH3)2); Ar
and Ph protons of minor isomer not discernible. *C NMR data
(8). 298.7,149.0,145.4, 144.8, 144.7,142.0,141.4, 135.6, 134 4,
133.8, 129.0, 126.4, 126.0, 124.8, 122.6, 122.2, 122.1, 105.2,
103.8, 72.4, 57.4, 31.1, 27.7, 26.7, 25.3, 24.1, 22.7, 22.2, 20.0.

X-ray Data Collection and Structure Refinement.
Compound 8: Cs;:HsBN;OMo, M, = 647.48, orthorhombic,
P2:2:21, 0 = 12.620(2) A, b = 13.492(2) A, ¢ = 19.682(2) A, V
=3351.3(7) A%, Z = 4, date = 1.283 g cm~2, Mo Ko (4 = 0.710 73
A), T =298 K. Compound 9: C3:Hi:BN;OMo, M, = 647.48,
triclinic, P1, @ = 10.624(2) A, b = 11.766(3) A, ¢ = 13.980(3)
A, o =86.96(2)°, B = 86.54(2)°, y = 67.77(2)°, V = 1635.8(7)
A3, Z=12da.=1315gem™% Mo Ka (A =0.71073 A), T =
298 K. Data were collected at room temperature on a Siemens
R3m/V diffractometer equipped with a graphite monochroma-
tor utilizing Mo Ka radiation (1 = 0.710 73 A); 32 reflections
from each structure with 20.0° < 26 < 22.0° were used to refine
the cell parameters. Totals of 4317 and 6094 reflections, for
8 and 9, respectively, were collected using the w-scan method
(8, 20 range 3—55°, 1.2° scan range, and 3-6° min~! scan speed
depending on intensity; 9, 26 range 3—50°, 1.2° scan range,
and 3—6° min~! scan speed depending on intensity). Four
reflections from each data set were measured every 96
reflections to monitor instrument and crystal stability (maxi-
mum corrections on I were <1% and 4%, respectively).
Absorption corrections were applied based on the basis of
measured crystal faces using SHELXTL plus.?® Absorption
coefficients: 8, u = 0.43 mm~! (minimum and maximum
transmission factors are 0.928 and 0.950, respectively); 9, u =
0.44 mm™! (minimum and maximum transmission factors are
0.850 and 0.948, respectively).

The structures were solved by the heavy-atom method in
SHELXTL plus, from which the positions of the Mo atoms were
obtained. The rest of the non-H atoms were obtained from
subsequent difference Fourier maps. The structures were
refined in SHELXTL plus using full-matrix least squares. In
8, the alkylidene ligand was found to be disordered by a 20°
rotation around the C1—C4 bond. The site occupation value
for one partial moiety was refined to 0.69(1); thus, the other
part of the disordered moiety had a site occupation value of
0.31(1). All of the non-H atoms were refined with anisotropic
thermal parameters except the disordered atoms (C2, C3, C5
to C10 and C2/, C3’, C5 to C10’). All of the H atoms were
calculated in idealized positions, and their thermal parameters
were fixed (the boron H atom was located from a difference
Fourier map and was refined without any constraints). In 9,
all of the non-H atoms were refined with anisotropic thermal
parameters. The H atoms were calculated in idealized posi-
tions, and their thermal parameters were fixed; the boron H
atom was located from a difference Fourier map and was
refined without any constraints. Totals of 352 and 463

(38) G. M. Sheldrick, Nicolet XRD Corp., Madison, W1, 1990.
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Table 3. Fractional Coordinates and Equivalent Isotropic?
Thermal Parameters (AZ) for the Non-H Atoms of

Compound 8
atom X ¥ b4 U
Mo 0.38168(8) 0.95336(7) 0.35907(5) 0.0408(3)
(6] 0.4455(6) 1.0699(5) 0.4022(4) 0.055(3)
N1 0.2483(7) 0.9862(6) 0.3612(5) 0.049(3)
N2 0.3733(9) 0.8293(6) 0.2843(4) 0.042(3)
N3 0.4306(7) 0.8260(7) 0.2250(5) 0.043(3)
N4 0.5582(8) 0.9199(7) 0.3336(5) 0.049(4)
NS 0.5958(8) 0.9067(6) 0.2690(5) 0.042(3)
N6 0.4048(7) 1.0395(7) 0.2596(4) 0.042(3)
N7 0.4606(7) 1.0051(7) 0.2057(4) 0.042(3)
B 0.5158(11) 0.9041(11) 0.2090(7) 0.043(5)
Cl1 0.1481(9) 1.0289%(7) 0.3587(7) 0.052(4)
Cl12 0.0756(12) 0.9985(10) 0.3097(7) 0.061(5)
Cl3 —0.0213(12) 1.0449(14) 0.3077(8) 0.087(6)
Cl4 —0.0456(14) 1.1189(13) 0.3515(11) 0.102(8)
Cls 0.027(2) 1.1496(11) 0.3993(8) 0.088(7)
Cl6 0.1276(13) 1.1079(8) 0.4044(7) 0.065(5)
C17 0.1007(13) 0.9153(12) 0.2624(7) 0.083(6)
Cl18 0.113(2) 0.942(2) 0.1917(8) 0.199(14)
Cl19 0.029(2) 0.8323(13) 0.2702(11) 0.159(12)
C20 0.2030(13) 1.1446(12) 0.4555(8) 0.083(7)
C21 0.1561(13) 1.1495(12) 0.5265(7) 0.107(8)
C22 0.248(2) 1.2434(11) 0.4357(10) 0.137(10)
C23 0.3208(11) 0.7432(9) 0.2860(7) 0.057(5)
C24 0.3398(10) 0.6852(10) 0.2332(7) 0.057(5)
C25 0.4123(11) 0.7379(9) 0.1944(6) 0.056(5)
C26 0.6449(9) 0.9177(8) 0.3724(6) 0.053(4)
Cc27 0.7347(11) 0.9056(10) 0.3355(7) 0.062(5)
C28 0.6999(10) 0.8972(8) 0.2697(8) 0.053(5)
C29 0.3685(10) 1.1282(8) 0.2419(6) 0.051(4)
C30 0.4030(11) 1.1548(9) 0.1778(6) 0.055(5)
C31 0.4612(9) 1.0754(8) 0.1574(6) 0.050(4)
C32 0.4851(11) 1.0819(10) 0.4666(7) 0.081(6)
Cl 0.3915(11) 0.8580(8) 0.4341(5) 0.052(4)
C4 0.3162(12) 0.8165(10) 0.4902(6) 0.065(5)
C2 0.346(2) 0.8606(14) 0.5584(9) 0.069(6)
C3 0.1932(15) 0.8515(14) 0.4810(10) 0.064(6)
Cs 0.3198(12) 0.7056(8) 0.4875(8) 0.053(6)
Cé 0.2454(12) 0.6455(8) 0.4551(8) 0.078(7)
Cc7 0.2597(12) 0.5430(8) 0.4533(8) 0.085(7)
C8 0.3486(12) 0.5006(8) 0.4838(8) 0.089(7)
C9 0.4230(12) 0.5607(8) 0.5162(8) 0.082(7)
Cl0 0.4087(12) 0.6631(8) 0.5181(8) 0.065(6)
c2’ 0.250(3) 0.879(3) 0.512(2) 0.063(13)
c3’ 0.409(3) 0.805(3) 0.556(2) 0.054(12)
Cs’ 0.287(2) 0.711(2) 0.471(2) 0.041(10)
C6’ 0.191(2) 0.706(2) 0.437(2) 0.061(12)
Cc7 0.152(2) 0.615(2) 0.415(2) 0.10(2)
Ccg’ 0.209(2) 0.528(2) 0.428(2) 0.11¢2)
cy 0.306(2) 0.533(2) 0.462(2) 0.059(12)
Clo’ 0.345(2) 0.625(2) 0.484(2) 0.10(2)

“For anisotropic atoms, the U value is U, calculated as Uy =
1h2.X,Uya*a*Ay, where A is the dot product of the ith and jth direct
space unit cell vectors.

parameters for 8 and 9, respectively, were refined, and Jw(|F,|
— |F.|)? was minimized: w = 1/(0|F,|)?, o(F,) = 0.5 kI"V2{[a(])]?
+ (0.020)?}2, I(intensity) = (Ipeak — Ibackground)(scan rate), and
() = (Ipeax + Ibackground)(scan rate), where k is the correction
due to decay and Lp effects, 0.02 is a factor used to downweight
intense reflections and to account for instrument instability.
R = 0.0600 and R., = 0.0589 for 8, and R = 0.0484 and R. =
0.0487 for 9, in the last cycle of refinement using 2298 (with
I > 30(I)) and 4596 (with I > 20(])) reflections for 8 and 9,
respectively. Fractional coordinates for the atoms of com-
pounds 8 and 9 are given in Tables 3 and 4, respectively.
Determination of Activation Parameters for the Ther-
mal Isomerization of the anti to the syn Rotamer of 1.
An NOE difference study of the major isomer of 1 indicated it
to be the syn rotamer. Irradiation of the alkylidene proton
showed 0% enhancement of the methine proton of the isopropyl
groups. Irradiation of the methyl groups of the alkylidene
ligand caused a 8.7% enhancement of the methine protons.
To determine the rotational rates of conversion for the minor
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Table 4. Fractional Coordinates and Equivalent Isotropic?
Thermal Parameters (Az) for the Non-H Atoms of

Compound 9
atom X v z U
Mo 0.25571(4) 0.14529(3) 0.23974(3)  0.02951(13)
Ol 0.4338(3) 0.1543(3) 0.2327(2) 0.0427(12)
N1 0.1497(3) 0.2966(3) 0.1754(3) 0.0328(14)
N2 0.1026(3) 0.0567(3) 0.2267(2) 0.0334(13)
N3 0.1241(4) —0.0406(3) 0.1712(3) 0.0407(15)
N4 0.3664(3) —0.0550(3) 0.2681(3) 0.0397(14)
NS5 0.3645(4) —0.1398(3) 0.2060(3) 0.0408(15)
N6 0.3021¢4) 0.0860(3) 0.0771(3) 0.0391(15)
N7 0.3009(4) —0.0230(3) 0.0504(3) 0.0398(15)
B 0.2631(6) —0.1069(5) 0.1243(4) 0.045(2)
Cl 0.2030(4) 0.1884(4) 0.3587(3) 0.035(2)
C2 0.2391(6) 0.1188(5) 0.5263(3) 0.063(2)
C3 0.1776(6) 0.3385(5) 0.4847(3) 0.056(2)
C4 0.1541(5) 0.2212(4) 0.4607(3) 0.043(2)
C5 0.0040(5) 0.2406(4) 0.4707(3) 0.043(2)
C6 —0.0472(7) 0.1667(6) 0.5294(4) 0.063(3)
c7 —0.1827(9) 0.1855(8) 0.5345(6) 0.084(4)
C8 —0.2695(9) 0.2756(10) 0.4832(6) 0.091(4)
Cc9 —0.2205(7) 0.3513(7) 0.4242(5) 0.077(3)
Ci0  —0.0855(6) 0.3330(5) 0.4195(4) 0.054(2)
Cll 0.0628(4) 0.4157(4) 0.1957(3) 0.032(2)
Cl12 —0.0722(4) 0.4537(4) 0.1689(3) 0.037(2)
C13  —0.1335(5) 0.5720(5) 0.1882(4) 0.050(2)
Cl4  —0.1056(6) 0.6499(5) 0.2310(4) 0.058(2)
Cl15 0.0255(6) 0.6126(5) 0.2557(4) 0.050(2)
16 0.1135(5) 0.4961(4) 0.2373(3) 0.037(2)
C17  -0.1223(5) 0.3683(5) 0.1189(4) 0.046(2)
C18 —0.0861(6) 0.3680(6) 0.0118(4) 0.070(3)
C19 —0.2724(5) 0.3912(6) 0.1351(5) 0.081(3)
C20 0.2616(5) 0.4601(5) 0.2558(4) 0.045(2)
C21 0.3449(5) 0.4549(5) 0.1618(4) 0.061(2)
c22 0.2953(6) 0.5389(5) 0.3267(4) 0.070(3)
C23 —0.0243(5) 0.0860(5) 0.2612(3) 0.041(2)
C24  —0.0846(5) 0.0102(5) 0.2285(4) 0.050(2)
C25 0.0123(5) —0.0690(5) 0.1720(4) 0.049(2)
C26 0.4600(5) —0.1120(5) 0.3296(4) 0.048(2)
c27 0.5189(6) ~0.2321(5) 0.3088(5) 0.058(2)
C28 0.4561(5) —0.2465(5) 0.2304(4) 0.052(2)
C29 0.3360(5) 0.1392(5) —0.0025(3) 0.046(2)
C30 0.3583(5) 0.0655(5) -0.0801(4) 0.053(2)
C31 0.3359(5) —0.0357(6) —0.0441(4) 0.053(2)
C32 0.5146(5) 0.1679(5) 0.3034(4) 0.062(2)

“ For anisotropic atoms, the U value is Ueq, calculated as U, =
1hZiiUja*a*Ay, where Ay is the dot product of the ith and jth direct
space unit cell vectors.

anti rotamer to the major syn rotamer, 0.02 g of 1 was
dissolved in approximately 1 mL of ds-toluene and the solution
sealed in an NMR tube. The NMR tube was placed in a Pyrex
beaker containing dry ice/isopropyl aleohol as a coolant and
irradiated by a 275 W tungsten lamp for 1 h to give a syn:anti
rotamer ratio of approximately 4:1. A temperature of —50 °C
was typically employed. The alkylidene proton signal for the
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minor isomer is 6 14.82. The thermal isomerization of the anti
to the syn rotamer was followed by !H NMR at 40.0, 50.0, and
60.0 °C by integration of the alkylidene resonances for a
minimum of 3 half-lives. Rates were also determined by this
method for 2 and 8. Decomposition of 1 was determined to be
less than 1% by summing the integration of the syn and anti
rotamers over time. The rate constants # were determined
by plotting the natural logarithm of the integral of the anti
rotamer versus time. The rate constants were (8.2 + 0.1) x
1075, (2.4 £ 0.1) x 1074, and (7.0 + 0.1) x 107* s~ for 40.0,
50.0, and 60.0 °C, respectively. A AH* value of +21.5 + 0.3
keal/mol and a AS* value of —8.9 + 0.8 eu were determined
from a plot of In(k/T) vs U/T.

ROMP Reactions by 1 and 2 with AICls. In a typical
reaction, recrystallized 1 or 2 was dissolved in 500 equiv of
neat cyclooctene or norbornylene. An excess of AlCl; (6 equiv)
was added, and a red solution immediately formed. The
solution became viscous, and stirring ceased within 10 min.
The polymer was dissolved in 10 mL of toluene, and the
viscosity increased over 24 h. The polymer was precipitated
in methanol with 20 mg of BHT (three times), filtered, and
dried under reduced pressure to yield a white solid. Molecular
weights were determined by GPC and reported relative to poly-
(1,4-butadiene) standards. For 1, poly(octenamer) of M, =
57 000 and M./M, = 1.3 was obtained. For 2, poly(nor-
bornylene) of M, = 75 000 and M./M, = 1.8 was obtained.
Polymer yields were greater than 90%. No vinyl addition
products were evident by the 13C NMR attached proton test
(APT).

Oligomerization of 1,9-Decadiene by 1 and 2 with
AlCl;. In a typical reaction, compounds 1 or 2 and 5 equiv of
AlCl; were dissolved in 500 equiv of neat 1,9-decadiene. The
solution was stirred at ambient temperature under static
vacuum for 12 h with no obvious change. The excess monomer
was removed under reduced pressure, leaving a brown gum.
'H NMR in CDCl; showed the gum to be only dimer by
integration of internal versus terminal olefinic protons. 3C
NMR of the product showed both cis and ¢trans internal olefins.
No vinyl addition products were evident by the *C NMR
attached proton test (APT). The yields of these reactions were
less than 10% dimer relative to monomer.
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A series of salts containing cations of the form [Mes*NP(arene)]* (arene = benzene, toluene,
mesitylene) have been isolated and structurally characterized, representing the first arene
m-complexes of phosphorus. X-ray crystal structures reveal hexahapto association of the
arene to the phosphorus center in all cases with the distance between phosphorus and the
centroid of the arene decreasing from benzene [P—benzenecentroid, 2.820(4) A] to toluene
[P—toluenecentroid, 2.767(7) Al to mesitylene [P—mesitylene entroia, 2.687(4) Al in the hepta-
chlorodigallate (GasCl;™) salts {crystal data: [Mes*NP(benzene)][GaClyl, Pbca, a = 24.948(4)
A b =201954) A, ¢ = 11.953(3) A, V = 6022(4) A3, Z = 8, D, = 1.279(1) Mg m~%, R =
0.0419, R, = 0.0419; [Mes*NP(toluene)l[GaCly], Pbca, a = 25.006(9) A, b = 20.358(8) A, ¢ =
12.126(5) A, V = 6173(8) A%, Z = 8, D, = 1.278(2) Mg m™3, R = 0.0760, Ry, = 0.0760;
[Mes*NP(benzene)[Ga;Cls], P1, a = 11.579(2) A, b = 16.350(3) A, ¢ = 11.085(3) A, a =
90.74(2)°, f = 118.00(2)°, y = 73.53(2)°, V = 1559(1) A%, Z=2,D,=1428(1)Mgm3, R =
0.0386, R,, = 0.0386; [Mes*NP(toluene)l[Ga,Cl;], P1, ¢ = 11.571(4) A, b = 16.335(5) A, ¢ =
11.326(3) A, a = 91.47(4)°, B = 117.87(2)°, y = 105.34(3)°, V= 1797(1) A3, Z = 2, D. = 1.423(1)
Mg m™3, R = 0.0464, R,, = 0.0464; [Mes*NP(mesitylene)][Ga;Cl7], P1,a = 12.1193) A, b =
16.575(4) A, ¢ = 11.309(3) A, a = 93.22(2)°, B = 115.62(2)°, y = 107.64(2)°, V = 1905(1) A3,
Z =2,D. = 1.391(1) Mg m=3, R = 0.0420, R, = 0.0450}. In the solid state and in
dichloromethane solution, the 13C and 'H NMR chemical shifts for the arene units of the
complexes are significantly deshielded with respect to those for the corresponding free arene.
In addition, there are notable differences in the positions of characteristic combination bands
in the IR spectra (1700—-2000 cm™!). The new cations are viewed as models for z-complex
intermediates of electrophilic aromatic substitution.

Introduction

The electrophilic aromatic substitution reaction (1)
and its mechanism have fascinated chemists for dec-
ades.! Kinetic studies first revealed the o-complex

(D)

?

He ®

r-complex

intermediate (most commonly referred to as the Whe-
land intermediate? ), and numerous examples of stable

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

(1) Taylor, R. Electrophilic Aromatic Substitution; John Wiley and
Sons: New York, 1990.

(2) Wheland, G. W. J. Am. Chem. Soc. 1942, 64, 900—908.
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o-complexes have been characterized spectroscopically.?
More recently, two g-arene complexes 1 (E = Et3Sit)46
and 2 (C1*)” have been isolated and X-ray crystal
structures provide unambiguous support for such spe-
cies (the drawings indicate the observed long E- - -C
bond). Furthermore, Olah et al. have shown that
derivatives of these silicon cations ultimately transform
into the phenylsilanes, products of electrophilic aromatic
substitution.’

A 7-complex intermediate was proposed for the elec-
trophilic aromatic substitution reaction by Dewar,? and
kinetic data were provided by Olah who defined the
complex as “an electrophile interacting with the aro-
matic substrate with little deformation of the latter in

(3) See for example: Olah, G. A,; Lin, H. C.; Mo, Y. K. J. Am. Chem.
Soc. 1972, 94, 3667—3669. Olah, G. A.; Schlosberg, R. H.; Porter, R.
D.; Mo, Y. K.; Kelly, D. P.; Mateescu, G. D. J. Am. Chem. Soc. 1972,
94, 2034—-2043.

(4) Lambert, J. B.; Zhang, S.; Stern, C. L.; Huffman, J. C. Science
1993, 260, 1917-1918. Lambert, J. B.; Zhang, S. J. Chem. Soc., Chem.
Commun. 1993, 383—384. See also: Pauling, L. Science 1994, 263, 983.
Lambert, J. B.; Zhang, S. Science 1994, 263, 984. Reed, C.; Xie, Z.
Science 1994, 263, 985,

(5) Olah, G. A.; Rasul, G.; Li, X,; Buchholz, H. A.; Sandford, G.;
Prakash, G. K. S. Science 1994, 263, 983.

(6) Lambert, J. B.; Zhang, S.; Ciro, S. M. Organometallics 1994, 13,
2430—2443.

(7) Rathore, R.; Loyd, S. H.; Kochi, J. K. J. Am. Chem. Soc. 1994,
116, 8414—8415.

(8) Dewar, M. J. S. J. Chem. Soc. 1946, 406—408, 777781, Nature
1945, 176, 784.

© 1995 American Chemical Society
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the transition state”.® A rate determining formation of
n-complex intermediates has been contested,® and
evidence for such systems is limited.

Here we report the isolation and comprehensive
characterization of the first arene (benzene, toluene, and
mesitylene) complexes 3 of a phosphoazonium 4 cat-
ion!112 (cation 4, also called an iminophosphenium
cation,!® can be considered a phosphorus analogue of
the diazonium cation). The new complexes 3 involve a
hexahapto (%) association of the arene with the phos-
phorus center and represent models of z-complex in-
termediates in electrophilic aromatic substitution. In
addition, we relate other known structures which have
perhaps been overlooked in the context of this important
reaction.

Results and Discussion

Reactions of [(2,4,6-tri-tert-butylphenyl)iminolchloro-
phosphine (Mes*NPCD!® and GaCls in three arene
solvents (benzene, toluene, or mesitylene) produce salts
of the form [Mes*NP-arene]lanion]. Observation of a
single signal in the 31P NMR spectra of the reaction
mixtures indicates a quantitative reaction in each case.
The salts contain either the GaCly~ (gallate) or the
GayCl;~ (digallate) anion which are obtained on the
basis of the selected stoichiometry. Reaction mixtures
generally separate into oily layers or produce oils upon
removal of solvent in vacuo, but crystalline materials
have been obtained in good yield by redissolution and
recrystallization from various solvents, as described in
the experimental section. The gallate salts are suscep-
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tible to loss of the arene from the solid,4 and under
dynamic vacuum (24 h at 1072 Torr) benzene and
toluene can be quantitatively removed from the respec-
tive salts. In contrast, the digallate salts remain
unchanged under vacuum over long periods of time (>60
h).

Solid State Structures. Five salts of the general
formula [Mes*NP(arene)][anion] have been isolated and
comprehensively characterized, including X-ray crystal
structures. The crystal data are presented in Table 1,
atomic positional parameters are listed in Tables 2—6,
and selected bond lengths and angles are compared in
Table 7. Table 8 lists pertinent structural features, solid
state and solution NMR data, and IR data for the five
salts in comparison to data obtained for the material
from which the arene has been removed in vacuo
(containing the uncomplexed cation, Mes*NP™), as well
as literature data for the free arenes.

Each salt is composed of discrete ions with a typical
tetrahedral geometry observed for GaCl,~ anions and
predictable structural parameters for Ga;Cl;~ anions.1%
Nevertheless, there are a number of close contacts
evident. In the gallate salts the cation engages two
anions with phosphorus to chlorine contacts (P- - -Cl)
as short as 3.083(4) A. The digallate salts adopt an ion
pair arrangement with the closest contacts (P- - -Cl) at
3.395(3) A (see Table 7 for a complete listing of ion
contacts). The contacts are all substantially longer than
a typical covalent P—Cl bond (PCl3, 2.043 A; PCls™, 2.14
A)18 or than in the covalent compounds Mes*NPCl
[2.142(4) Al'® and Mes*NPCl; [2.017(1) and 2.004(1)
AlY The interactions are, however, significantly shorter
than the interion contacts observed in other salts of
phosphorus cations. For example, the closest P- - -Cl
contacts for the diaminophosphenium cations 5 and 6

A e A
L~ Y

are 3.867(6) and 3.548(1) A, respectively.}8 Such cation—
anion contacts are routinely observed in salts of non-
metal cations and have been interpreted as donations
from anion to cation;!® however, they do not appear to

(9) Olah, G. A. Acc. Chem. Res. 1971, 4, 240—248,

(10) Caille, S. Y.; Corriu, R. J. P. Tetrahedron 1969, 25, 2005—2022.
Christy, P. F.; Ridd, J. H.; Stears, N. D. J. Chem. Soc. B 1970, 797~
801. Ridd, J. H. Acc. Chem. Res. 1971, 4, 248—253. Taylor, R.; Tewson,
T. J. J. Chem. Soc., Chem. Commun. 1973, 836.

(11) Preliminary communication: Burford, N.; Clyburne, J. A. C,;
Bakshi, P. K.; Cameron, T. S. J. Am. Chem. Soc. 1998, 115, 8829—
8830.

(12) Curtis, J. M.; Burford, N.; Parks, T. M. Org. Mass Spectrom.
1994, 29, 414—418.

(13) Niecke, E.; Nieger, M.; Reichert, F. Angew. Chem., Int. Ed. Engl.
1988, 27, 1715—-1716.

(14) As previously noted for the AICL, salt by: Curtis, R. D.; Schriver,
M. J.; Wasylishen, R. E. J. Am. Chem. Soc. 1991, 113, 1493—1498.

(15) Klinzing, P.; Willing, W.; Miiller, U.; Dehnicke, K. Z. Anorg.
Allg. Chem. 1985, 520, 35—45.

(16) Corbridge, D. E. C. Phosphorus; Elsevier: Amsterdam, 1990.

(17) Burford, N.; Clyburne, J. A. C.; Gates, D. P.; Schriver, M. J.;
Richardson, J. F. J. Chem. Soc., Dalton Trans. 1994, 997—1001.

(18) Burford, N.; Losier, P.; Macdonald, C.; Kyrimis, V.; Bakshi, P.
K.; Cameron, T. S. Inorg. Chem. 1994, 33, 1434—1439.

(19) Bader, R. F. W,; Gillespie, R. J.; MacDougall, P. J. In From
Atoms to Polymers; Molecular Structure and Energetics; Liebman, J.;
Greenberg, A., Eds.; VCH: New York, 1989; Vol. 11, p 1.
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Table 1. Crystallographic Data

compd [Mes*NP(benzene)]- [Mes*NP(toluene)]-
[GaCls} {GaCly)

formula C24H3sNPCLGa CysHasNPCl4Ga

crystl size (mm?) 0.20 x 0.25 x 0.35 0.5 x0.25x0.10

system orthorhombic orthorhombic

space group Pbca (No. 61) Pbca (No. 61)

a(A) 24.948(4) 25.006(9)

b(A) 20.195(4) 20.358(8)

c(A) 11.953(3) 12.126(5)

o (deg) 90 90

[ (deg) 90 90

y (deg) 90 90

V(A% 6022(4) 6173(8)

Z 8 8

D. (Mg m~3) 1.279(1) 1.278(2)

F(000) 2400 2464

u(em™h) 13.32 13.01

no. of measd reflns 5002 3719

no. of unique refins 1463 1136

100R merg

no. of obsd reflns [I > 30(/)] 1463 1136

no. of params refined 280 289

transm factors (min, max) 0.61:1.00 0.56:1

weighting scheme unit 2.444/c*(F) + 0.0038F?

100R 4.19 7.60

100Rw 4.19 7.60

goodness of fit 3.28 217

residual electron density —0.26,0.28 —0.58, 0.69

(min, max) (e/A™%)

Table 2. Fractional Atomic Positional Parameters and
Equivalent Isotropic Temperature Factors (A2) for

[Mes*NP(benzene)]- [Mes*NP(toluene)]- [Mes*NP(mesitylene)]-
[Ga;Cl7] [GazCls] [Ga,Cl7]

C24H35NPG8.2C17 C25H37NPGa2C17 C27H4|NPGazC17

050 x 045 x 035 040x0.15 x 0.35 0.20 x 0.30 x 0.40

triclinic triclinic triclinic

P1 (No. 2) P1(No.2) P1(No.2)

11.579(2) 11.571{4) 12.119(3)

16.350(3) 16.335(5) 16.575(4)

11.085(3) 11.326(3) 11.309(3)

90.74(2) 91.47(4) 93.22(2)

118.00(2) 117.87(2) 115.62(2)

73.53(2) 105.34(3) 107.64(2)

1759(1) 1797(1) 1905(1)

2 2 2

1.428(1) 1.423(1) 1.391(1)

764 780 812

21.23 20.80 19.64

5175 4807 7068

3338 2416 3009

2.00 4,70 4.60

3338 2416 3009

377 391 343

0.70:1.0 0.59:1.0

unit unit unit

3.86 4.64 4.20

3.86 4.64 4.50

1.31 2.11 243

—0.33,041 —0.41, 0.50 —0.38,0.54

Table 3. Fractional Atomic Positional Parameters and
Equivalent Isotropic Temperature Factors (A?) for

[Mes*NP(benzene)][GaCl,) [Mes*NP(benzene)][GaCl,]
atom xla yib e Ueq atom xla yib e Ueq
Ga(l) 0.3182(0) 0.0637(0) 0.0986(1) 0.0670 Ga(l) 0.31653(9) 0.55624(9) 0.09355(17) 0.0531
Cl(1) 0.2933(1) 0.0394(1) —0.0718(2) 0.0970 CI(1) 0.3397(2) 0.4620(2) 0.1650(4) 0.0804
Cl(2) 0.2504(1) 0.1072(1) 0.1840(2) 0.0933 Cl(2) 0.2898(2) 0.5350(3) ~0.0743(4) 0.1009
Cl(3) 0.3417(1) —0.0275(1) 0.1796(2) 0.1005 CI(3) 0.3819(2) 0.6220(3) 0.0899(6) 0.1090
Ci(4) 0.3831(1) 0.1328(1) 0.0950(3) 0.1130 Cl4) 0.2502(2) 0.5991(2) 0.1842(4) 0.0807
P(1) 0.6989(1) 0.1126(1) 0.0538(2) 0.0749 P(1) 0.3011(2) 0.3820(2) —-0.0516(5) 0.0624
N 0.6490(2) 0.1448(3) 0.0942(6) 0.0521 N(1) 0.3526(5) 0.3495(6) —0.0922(10) 0.0425
C(1) 0.6047(3) 0.1794(4) 0.1336(6) 0.0491 C(1) 0.3981(7) 0.3200(8) —0.1345(13) 0.0458
C(2) 0.5638(3) 0.1434(4) 0.1878(7) 0.0516 C(2) 0.4389(6) 0.3552(7) —0.1853(13) 0.0307
C(3) 0.5229(3) 0.1800(4) 0.2342(7) 0.0548 C(3) 0.4782(6) 0.3196(7) —0.2359(14) 0.0449
C4) 0.5214(3) 0.2500(4) 0.2322(7) 0.0563 C(4) 0.4806(7) 0.2503(8) —0.23069(14) 0.0588
CS 0.5613(3) 0.2819(4) 0.1727(7) 0.0574 C(5) 0.4410(7) 0.2184(8) —0.1701(15) 0.0585
C(6) 0.6039(3) 0.2503(4) 0.1221(6) 0.0499 C(6) 0.3983(6) 0.2513(9) -0.1197(12) 0.0419
C(7) 0.5612(3) 0.0668(4) 0.1942(7) 0.0589 C(7) 0.4370(8) 0.4316(7) —0.1941(17) 0.0597
C(8) 0.5086(4) 0.0417(4) 0.2488(10) 0.0945 C(8) 0.4892(10) 0.4555(8) —0.2496(19) 0.0850
C(9) 0.5608(3) 0.0369(4) 0.0752(8) 0.0771 C(9) 0.4396(8) 0.4621(8) —0.0755(16) 0.0681
C(10) 0.6069(3) 0.0386(4) 0.2657(7) 0.0700 C(10) 0.3917(8) 0.4595(7) —0.2614(15) 0.0511
C(1n 0.4778(3) 0.2894(4) 0.2902(8) 0.0737 C(11) 0.5244(7) 0.2141(8) -0.29199(17) 0.0835
C(12) 0.5023(4) 0.3387(5) 0.3704(10) 0.1161 C(12) 0.4997(9) 0.1584(10) —0.3634(22) 0.1321
C1(3) 0.4376(5) 0.2482(6) 0.3531(13) 0.1665 C(13) 0.5612(12) 0.1782(16) -0.2077(23) 0.2399
C(14) 0.4459(5) 0.3286(7) 0.2027(11) 0.1538 C(14) 0.5598(11) 0.2562(11) —0.3650(26) 0.1939
C(15) 0.6458(3) 0.2892(3) 0.0572(6) 0.0519 C(15) 0.3584(6) 0.2080(7) —0.0561(14) 0.0552
C(16) 0.6503(3) 0.2638(4) —0.0641(6) 0.0667 C(16) 0.3762(8) 0.1356(7) —0.0459(17) 0.0744
C(17) 0.6308(3) 0.3632(4) 0.0498(8) 0.0845 cun 0.3035(6) 0.2093(10) —-0.1159(14) 0.0818
C(18) 0.6995(3) 0.2872(4) 0.1205(7) 0.0704 C(18) 0.3520(7) 0.2331(9) 0.0638(13) 0.0738
C(19) 0.8019(4) 0.0746(6) 0.9029(13) 0.1189 C(19) 0.6716(8) 0.0979(14) 0.0094(20) 0.1118
C(20) 0.7893(4) 0.1331(9) 0.8532(9) 0.1148 C(20) 0.6741(10) 0.1573(16) 0.0645(23) 0.1368
c@n 0.7934(5) 0.1904(6) 0.9118(14) 0.1288 ceL 0.6952(11) 0.2019(13) —0.0103(28) 0.1412
C(22) 0.8145(5) 0.1883(7) 1.0171(14) 0.1276 C(22) 0.7189(13) 0.2055(15) —0.1138(30) 0.1744
C(23) 0.8305(5) 0.1300(9) 1.0648(9) 0.1321 C(23) 0.7111(9) 0.1430(¢16) —0.1506(24) 0.1461
C(24) 0.8259(5) 0.0719(7) 1.0062(14) 0.1360 C(24) 0.6926(8) 0.0892(12) —0.0959(20) 0.0938
C(25) 0.6461(14) 0.0362(14) 0.0617(26) 0.1894

affect the structural features of the cation.?® We
interpret these significant differences in contact dis-
tance in terms of the relative acidic character of the
phosphorus centers, which is likely mediated more
effectively in the diaminophosphenium cations (such as
5 and 6) by virtue of z-resonance of positive charge over

(20) See, for example: Burford, N.; Mason, S.; Spence, R. E. v. H.;
Whalen, J. M.; Richardson, J. F.; Rogers, R. D. Organometallics 1992,
11, 2241-2250.

three atomic centers, 7. All structures consist of the
novel [Mes*NP(arene)]t cation in which the arene is
best described as hexahapto bound (%) to the phos-
phorus center. A crystallographic view of the mesityl-
ene derivative [Mes*NP(mesitylene)]* is shown in Fig-
ure 1. The arene carbon atoms for all salts are es-
sentially equidistant from the phosphorus center, and
the largest angle deviation from 90° between the
phosphorus center, the arene centroid, and a carbon
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Table 4. Fractional Atomic Positional Parameters and
Equivalent Isotropic Temperature Factors (A for
[Mes*NP(benzene)][Ga,Cl,]
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Table 5. Fractional Atomic Positional Parameters and
Equivalent Isotropic Temperature Factors (AZ) for
[Mes*NP(toluene)][Ga,Cl;]

atom xla yib Je U atom xla ylb e Ueq
Ga(l) 0.10912(7) 0.78079(4) 0.28540(7) 0.0613 Ga(l) 0.88762(14) 0.27725(9) 0.22694(13) 0.0710
Ga(2) —0.25324(7) 0.78813(4) 0.18563(7) 0.0569 Ga(2) 1.25120(14) 0.28186(8) 0.33209(13) 0.0665
Cl(1) -0.0116(1) 0.8899(0) 0.1258(1) 0.0759 Cl(1) 0.7243(4) 0.2973(3) 0.0506(3) 0.1385
Cl(2) 0.2737(2) 0.8053(1) 0.4611(2) 0.1245 Ci(2) 0.8300(4) 0.1622(2) 0.2986(4) 0.1230
Cl(3) 0.1660(2) 0.6641(1) 0.2094(2) 0.1050 CI(3) 1.0042(3) 0.3886(2) 0.3841(3) 0.0923
Cl(4) —0.0308(1) 0.7591(1) 0.3686(1) 0.0719 Cl(4) 1.0309(3) 0.2539(2) 0.1500(2) 0.0791
CI(5) —0.3418(2) 0.9236(1) 0.1496(2) 0.1022 CI5) 1.2260(3) 0.2244(1) 0.4899(3) 0.0873
Cl(6) —0.3446(1) 0.7243(1) 0.2661(1) 0.0934 Cl(6) 1.3435(3) 0.2180 0.2506(3) 0.1069
CI(7) ~0.2306(1) 0.7315(1) 0.0191(1) 0.0771 Cl(7) 1.3412(3) 0.4179(1) 0.3799(3) 0.1020
P(1) 0.0959(1) 0.1948(0) 0.1742(1) 0.0604 P(1) 0.9051(3) 0.6955(1) 0.3165(3) 0.0711
N(1) —0.0187(3) 0.2511(2) 0.1888(3) 0.0442 N(1) 1.0188(7) 0.7500(4) 0.3018(7) 0.0486
C(1) —0.1261(4) 0.3040(2) 0.2066(4) 0.0387 ) 1.1250(9) 0.8014(5) 0.2846(8) 0.0448
C() —=0.1252(4) 0.3880(2) 0.2384(4) 0.0387 C@) 1.1241(9) 0.8858(5) 0.2553(8) 0.0447
C(3) —0.2345(5) 0.4374(3) 0.2552(4) 0.0468 c3) 1.2340(9) 0.9343(6) 0.2424(9) 0.0541
C4) —0.3410(4) 0.4084(3) 0.2428(4) 0.0446 C4) 1.3405(9) 0.9056(6) 0.2534(9) 0.0523
Cco) —0.3354(4) 0.3250(3) 0.2133(4) 0.0464 C5) 1.3347(9) 0.8220(6) 0.2794(9) 0.0532
C(6) —0.2320(4) 0.2708(2) 0.1937(4) 0.0423 C(6) 1.2312(9) 0.7686(5) 0.2960(9) 0.0502
cn —0.0101(5) 0.4248(3) 0.2543(5) 0.0505 C?) 1.0074(10) 0.9232(6) 0.2403(9) 0.0552
C@®) —0.0361(6) 0.5176(3) 0.2907(7) 0.0787 C@®) 1.0322(11) 1.0145(6) 0.2063(12) 0.0823
C) —0.0056(6) 0.4299(4) 0.1186(6) 0.0778 C(9) 0.8672(10) 0.8684(7) 0.1235(10) 0.0811
C(10) 0.1295(5) 0.3714(3) 0.3747(6) 0.0723 C(10) 1.0043(12) 0.9300(7) 0.3740(10) 0.0830
(4%} —0.4584(5) 0.4678(3) 0.2601(5) 0.0529 can 1.4571(10) 0.9644(6) 0.2396(10) 0.0604
C(12) —0.4019(6) 0.5061(4) 0.3944(6) 0.0875 C(12) 1.4027(12) 1.0037(8) 0.1111(¢12) 0.0988
C(13) —0.5394(6) 0.5436(4) 0.14225(6) 0.1004 C(13) 1.5532(12) 0.9201(8) 0.2369(14) 0.1119
C(14) —0.5554(6) 0.4243(4) 0.2607(8) 0.1097 C(14) 1.5366(12) 1.0389(7) 0.3571(12) 0.1001
C(15) —0.2344(5) 0.1789(3) 0.1599(6) 0.0583 cas) 1.2336(10) 0.6776(6) 0.3247(11) 0.0702
C(16) —0.2413(6) 0.1666(4) 0.0150(6) 0.0884 C(16) 1.3605(11) 0.6596(7) 0.3297(13) 0.0952
C17) —0.1085(6) 0.1111(3) 0.2768(7) 0.0808 can 1.2453(12) 0.6668(8) 0.4645(12) 0.1036
C(18) —0.3624(5) 0.1628(3) 0.1502 0.0810 C(18) 1.1078(11) 0.6088(6) 0.2105(13) 0.0946
C(19) 0.4111(6) 0.1094(6) 0.2955(9) 0.1465 C(19) 0.3864(13) 0.4240(9) 0.7470(14) 0.1434
C(20) 0.3629(7) 0.0454(5) 0.2319(7) 0.1349 C(20) 0.3251(13) 0.4848(10) 0.7532(14) 0.1474
c@n 0.2960(8) 0.0094(4) 0.2762(8) 0.1310 c@n 0.2788(14) 0.4819(8) 0.8464(14) 0.1382
C(22) 0.2790(7) 0.0355(5) 0.3835(8) 0.1159 C(22) 0.3100(12) 0.4222(9) 0.9294(12) 0.1203
Cc23) 0.3259(7) 0.0981(5) 0.4475(6) 0.1233 C23) 0.3748(12) 0.3616(9) 0.9344(14) 0.1329
C(24) 0.3920(7) 0.1355(5) 0.4042(8) 0.1464 C(24) 0.4093(13) 0.3661(10) 0.8343(14) 0.1494
C(25) 0.2683(17) 0.4243(13) 1.0342(15) 0.2565

center of the arene is 6.2(8)°. Therefore, the phosphorus
center represents a perpendicular projection from the
centroid of the arene. Although there are clear differ-
ences between gallate and digallate salts, the decreasing
P- - -arenecentroia distance for the three digallate salts
(benzene > toluene > mesitylene) is in accord with the
n-donor capabilities of the arene. The benzene units in
[Mes*NP(benzene)l[GaCly] and [Mes*NP(benzene)l-
[GazCly] are each structurally identical to free ben-
zene,2! and there are no obvious distortions from
planarity of the arene in any of the structures {maxi-
mum deviations (A) from planarity: benzene [GaCly],
0.0029; benzene [GazCl+], 0.005; toluene [GaCly], 0.033;
toluene [GasCly]l, 0.028; mesitylene [GayCly], 0.014}.
Nonetheless, it is interesting to note that the P- - -Cl
contacts increase in length as the P---arenecentroid
distances decrease.

The N—P bond lengths in the new cations are predict-
ably short and are comparable to the shortest yet
reported in the trihaloiminophosphoranes [Mes*NPCls,
1.467(4) A;17 (CF3)sCNPCl;, 1.504(2) A;22 (CCly)y(Cl)-
CNPClg, 1.505(3) A28 ], which are themselves substan-
tially shorter than typically observed in monomeric
iminophosphoranes [PhNPPh;, 1.602(3) A;24 PyNPPhs,

(21) Cameron, T. S.; Borecka, B.; Kwiatkowski, W. J. Am. Chem.
Soc. 1994, 116, 1211-1219,

(22) Antipin, M. Y.; Struchkov, Y. T.; Yurchenko, V. M.; Kozlov, E.
S. J. Struct. Chem. 1982, 227, Antipin, M. Y.; Struchkov, Y. T.; Kozlov,
E. S. J. Struct. Chem. 1988, 575.

(23) Miiller, U. Z. Anorg. Allg. Chem. 1980, 463, 117.

(24) Bohm, E.; Dehnicke, K.; Maurer, A.; Fenske, D. Z. Naturforsch.
1988, 438, 138—144.

1.574(2) A;25 NC(NMe2)NC(C)NCNPPh;, 1.622(5) A%],
The original report of 4 revealed a N—P bond length of
1.475(8) A,1® which was considered a triple NP bond,
and this model is supported by theoretical modeling.”

The CP/MAS solid state 3P NMR spectra reveal a
significant shielding (15 ppm) of the phosphorus center
after removal of the arene from solid [Mes*NP(toluene)]-
[GaCly] in vacuo. CP/MAS solid state 13C NMR data
for [Mes*NP(benzene)l[GasCl;] and [Mes*NP(toluene)]-
[GaxCl;] show shifts to higher frequency as large as 5
ppm relative to the values for pure liquid arene, and
the values are consistent with the data observed in
dichloromethane solution (see below).

The FT-infrared spectra of the salts are complex;
nonetheless, overtone and combination bands in the
2000—1750 cm™! region corresponding to the C—H out-
of-plane deformations?® are well separated from other
bands in the spectra. These bands are distinctive for
the arene (Table 8), and their significant shift to higher
energy with respect to those of the pure (free) arene is
further evidence of interaction between the arene and
the phosphorus center.

(25) Kulpe, S.; Seidel, I.; Bodeker, J.; Kockritz, P. Cryst. Res.
Technol. 1984, 19, 649—654.

(26) Cameron, T. S.; Mannan, K.; Biddlestone, M.; Shaw, R. A. Z.
Naturforsch. 1975, 30B, 973—974.

(27) Glaser, R.; Horan, C. J.; Haney, P. E. J. Phys. Chem. 1993, 97,
1835—1844. Glaser, R.; Horan, C. J.; Choy, G. S-C.; Harris, B. L. J.
Phys. Chem. 1992, 96, 3689~3697. Buenker, R. J.; Bruna, P. J,;
Peyerimbhoff, S. D. Isr. J. Chem. 1980, 19, 309—316.

(28) Bellamy, L. J. The Infrared Spectra of Complex Molecules;
Chapman and Hall: London, 1975; p 75. Socrates, G. Infrared
Characteristic Group Frequencies; Wiley and Sons: New York, 1980;
p 85.
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Table 6. Fractional Atomic Positional Parameters and
Equivalent Isotropic Temperature Factors (A?) for
[Mes*NP(mesitylene)][Ga,Cl-]

atom x y z Beg

Ga(l) 0.26421(9) 0.27867(6) 0.3570(1) 4.69(3)
Ga(2) —0.08402(9) 0.27402(6) 0.2463(1) 5.184)
CK1) 0.3541(2) 0.4159(1) 0.4131(3) 7.4(1)
Cl(2) 0.2358(3) 0.2200(2) 0.5104(2) T
ClI(3) 0.3495(2) 0.2205(2) 0.2625(3) 7.2(1)
Cl4) 0.0568(2) 0.2460(1) 0.1784(2) 5.23(8)
CI(5) —0.1606(3) 0.1577(2) 0.3045(4) 10.6(2)
Cl6) 0.0270(3) 0.3845(2) 0.4110(3) 7.6(1)
CT) —0.2188(3) 0.2971(3) 0.0691(3) 11.6(2)
P(1) —1.0978(2) —0.3095(1) 0.2899(2) 4.05(71)
N -0.9797(5) —0.2498(3) 0.2904(6) 3.5(2)
C() —0.8721(6) —0.1956(4) 0.2805(7) 3.2(2)
C(2) —0.8718(6) —0.1125(4) 0.2523(7) 3.3(2)
C3) —0.7636(7) —0.0620(4) 0.2401(7) 3.8(3)
C4) =0.6622(7) —0.0889(5) 0.2519(7) 4.03)
C(5) —0.6671(7) —0.1701(5) 0.2799(7) 4.0(3)
C(6) —0.7695(7) ~0.2255(4) —0.2956(7) 3.5(2)
(6[g))] —0.9798(7) —0.0780(4) 0.2385(8) 3.9(3)
C(®) -0.992(1) —0.0726(6) 0.370(1) 6.3(4)
(o)) —1.114(8) -0.1330(5) 0.1158(9) 5.7(3)
C(10) —0.9494(9) 0.0147(5) 0.212() 6.1(4)
can ~0.5464(8) —0.0284(5) 0.236(1) 5.1(3)
C(12) —0.600(1) 0.0076(8) 0.110(1) 9.3(5)
C(13) —0.469%(1) 0.0482(7) 0.354(1) 8.7(5)
C(14) —0.462(1) =0.0732(7) 0.222(2) 10.7(6)
c(15) —0.7647(7) —0.3129(5) 0.331(8) 4.5(3)
C(16) —0.6412(9) —0.3267(6) 0.343(1) 6.6(4)
camn ~0.8839(9) —0.3902(5) 0.223(1) 6.2(4)
C(18) —0.760(1) —0.3144(6) 0.472(1) 6.6(4)
C(19) 0.6623(8) 0.5188(5) 0.2059(8) 4.9(3)
CQ0) 0.6083(7) 0.5818(6) 0.1984(9) 5.2(3)
c@2n 0.6132(8) 0.6385(5) 0.112(1) 5.1(3)
C(22) 0.6710(8) 0.6291(5) 0.0321(8) 4.7(3)
C(23) 0.7254(8) 0.5656(5) 0.0369(8) 4.8(3)
C(24) 0.7217(8) 0.5120(5) 0.1276(8) 4.7(3)
C(25) 0.654(1) 0.4562(6) 0.297(1) 7.4(4)
C(26) 0.555(1) 0.7076(7) 0.102(1) 8.7(5)
c@2n 0.783(1) 0.5521(7) —0.054(1) 7.9(5)

Solution Features. Solution NMR data have been
obtained for all salts both in the corresponding arene
and in CD2Cls. 3P NMR chemical shifts for the salts
seem to be independent of the type of arene solvent, but
there is a significant chemical shift difference (as large
as 15 ppm) between the gallate and digallate salts. In
general, the solution chemical shifts are consistent with
those observed in the solid state. The arene free salt
[Mes*NP][GaCly] reacts slowly with dichloromethane;
however, spectra obtained within minutes of sample
preparation reveal a 3P chemical shift (76 ppm) identi-
cal to those of the benzene and toluene complexes. This
is in contrast to the 15 ppm difference observed between
[Mes*NP][GaCls] and [Mes*NP(toluene)l[GaCly] in the
solid state spectra, and we conclude that solvation of
the arene free salt involves a significant interaction with
dichloromethane which has an affect comparable to that
of the coordinated arene. It is interesting to note that
the nature of the anion has a more dramatic effect on
the 31P chemical shift, thus supporting the existence of
substantial ion pairing in solution.1®

The arene units of the salts in dichloromethane
solution exhibit a significant deshielding of the 13C and
'H nuclei with respect to those of the pure arene, and
the data are consistent with the solid state NMR
spectra. Most importantly, the observed deshielding of
resonances due to the arene confirms retention of the
P- - -arene interaction in CDyCl; solution.

Isolable #-Complexes as Models for Intermedi-
ates in Electrophilic Aromatic Substitution. The
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extensive and diverse coordination chemistry that has
been established for metal elements, including those
from the s and p block, represent an enormous compo-
nent of our understanding of inorganic chemistry. The
non-metal elements of the p block are rarely considered
in this context, except in the typical adducts of boranes.
A rich and diverse coordination chemistry of the non-
metal elements is in fact demonstrated by compounds
such as Is~, SF5~, and PCls~, which represent o-com-
plexes of halide ions coordinated to non-metal acids (I,
SFy, PCl;). Non-metals are also observed to accom-
modate n-ligands such as cyclopentadienide,?® as in
Cp*2As™,%® which may be considered a non-metal ana-
logue of the metallocenes. Examples of 78-arene com-
plexation to the heavier p-block metals and metalloids
are also well established,?! including a series of com-
plexes involving benzenes coordinated to group 15
trihalides (EX3: E = As, Sb, Bi; X = Cl, Br, )3 and
cationic centers such as Ga(I),33 In(I),3¢ and Sn(II).35 The
classical benzene- - -dihalogen complexes,3® referred to
as charge transfer complexes, represent examples of
m-complexation to neutral non-metal elements. Most
fascinating are the arene 7-complexes of NO* which are
reported to have much greater stability®? than the group
15 trihalide complexes. Interestingly, these complexes
have not been discussed in the context of the electro-
philic aromatic substitution reaction despite being obvi-
ous examples of stable models for the #-complex inter-
mediate (where E = NO*).

The arene—phosphaazonium complexes 3 described
in this report are also examples of stable z-complex
intermediates in electrophilic aromatic substitution. The
kinetic stability for the derivatives of 3 is implied by
the fact that reaction of the phenyliminophosphine 838

tBu "=P tB @=P
tBu tBu
tBu tBu
8 9

with triflic acid (HSO3CF3) quantitatively generates a
compound with a 3P NMR shift of 187 ppm, which we
assign to the aminophenylphosphenium cation 9, dem-

(29) Jutzi, P. J. Organometl, Chem. 1990, 400, 1~17; Chem. Rev.
1986, 86, 983—996.

(30) Jutzi, P.; Wippermann, T.; Kriiger, C.; Kraus, H. -J. Angew.
Chem., Int. Ed. Engl. 1983, 22, 250~251.

(31) See, for example, Maslowsky, E. J. Chem. Educ. 1998, 70, 980~
984.

(32) Schmidbaur, H.; Nowak, R.; Steigelmann, O.; Miiller, G. Chem.
Ber, 1990, 123, 1221-1226. Schmidbaur, H.; Nowak, R.; Steigelmann,
O.; Miiller, G. Chem. Ber. 1990, 123, 1922, Probst, T.; Steigelmann,
Q.; Riede, J.; Schmidbaur, H. Chem. Ber. 1991, 124, 1083—1093.
Schmidbaur, H.; Bublak, W.; Huber, B.; Miiller, G. Angew. Chem., Int.
Ed. Engl. 1987, 26, 234—236.

(33) See, for example: Schmidbaur, H. Angew. Chem., Int. Ed. Engl.
1985, 24, 893—1008. Schmidbaur, H.; Bublack, W.; Huber, B.; Miiller,
G. Organometallics 1986, 5, 1647—1651. Schmidbaur, H.; Thewalt, U.;
Zafiropoulos, T. Angew. Chem., Int. Ed. Engl. 1984, 23, 76-71.
Schmidbaur, H.; Thewalt, U.; Zafiropoulos, T. Organometallics 1983,
2, 1550~1554,

(34) Ebenhoch, J.; Miiller, G.; Riede, J.; Schmidbaur, H. Angew.
Chem., Int. Ed. Engl. 1984, 23, 386—388.
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Table 7. Selected Bond Lengths (A) and Angles (deg)

[Mes*NP(benzene)]- [Mes*NP(toluene)]- [Mes*NP(benzene)]- [Mes*NP(toluene)]- [Mes*NP(mesitylene)]-
[GaCl} [GaCL] [Ga,Clv] {Ga,Clh] [Ga,Clh]
P—-N 1.484(7) 1.529(15) 1.463(5) 1.464(9) 1.471(6)
N—=CpMes* 1.391(11) 1.39Q2) 1.396(7) 1.393(13) 1.395(8)
Cmes»—N—P 175.5(7) 177.0(13) 178.5(4) 178.7(8) 175.7(5)
1—Cuo 3.232(14) 3.313) 3.102(10) 3.201(3) 3.122(7)
P1~C 3.318(14) 3.28(3) 3.135(9) 3.144(3) 3.117(8)
1—Ca 3.30(2) 3.24(3) 3.079(9) 3.021(3) 2.989(8)
1—C2 3.30(2) 3.384) 3.011(9) 2.956(3) 2.874(7)
P;—Cy3 3.306(15) 3.37(3) 2.989(9) 3.017(30 2.899(8)
1—Caa 3.32(2) 3.30(3) 3.028(9) 3.140(3) 2.983(8)
P- - -arenecentroid 3.0012(6) 3.038(13) 2.820(4) 2.767(7) 2.687(7)
P1—Ceentroia—Ci9” 87.3(6) 90.8(13) 87.5(4) 91.7(7) 94.2(7)
P1—Ceentroia—C20 91.7(7) 86.9(13) 89.7(4) 93.4(7) 93.4(7)
Pi—Ceentroic—C21 90.3(7) 88(2) 88.6(4) 87.3(D) 87.6(7)
P —Ceenmroia—C22 89.4(7) 87.1(13) 86.0(4) 83.8(8) 83.5(7)
Pi—Ceentroia—C23 88.9(6) 91.4(13) 84.0(4) 85.0(7) 84.6(7)
P1—Ceentroia=C24 89.6(7) 90.0(12) 84.7(4) 87.7(7) 89.0(7)
P- - -Clanion 3.083(4) 3.139(9) 3.395(3) 3.487(4) 3.5134)
P- - -Clanion 3.389(4) 3.237(9) 3.570(3) 3.584(4) 3.805(4)
P- - -Clanion 3.429(4) 3.474(8)
2 Note: C19—C24 are the aromatic carbons of the coordinated arene (benzene, toluene, or mesitylene).
Table 8. Selected Bond Lengths (A) and Angles (deg)
[Mes*NP- [Mes*NP- [Mes*NP- [Mes*NP- [Mes*NP-
[Mes*NP]- benzene]- toluene]- benzene]- toluene]- mesitylene]-
[GaCly] [GaCl4] [GaCly] [GayCl4] [Ga,Cl7] [Ga,Cl;] benzene toluene mesitylene
P—aren€centroid (A) 3.0012(6) 3.038(13) 2.820(4)  2.767(7) 2.687(4)
1P NMR (ppm, HiPOy)
in arene 71 78 93 91 91
in CD,Cl, 76 76 76 93 95 91
in solid 634 ¢ 792 90 89 c
65k
13C NMR, arene only
(ppm, TMS) :
in CD,Cl, 128.7 C; 1324 132.6 C; 1344 131.1 128.5¢ (712939 12747
Ci 1314 C,133.1 CH;21.6 C;1285 CH;21.2
Cq128.1 C4 1300 Cy 1257
CH; 22.0 CH; 223 CH; 214
in solid 1294 120
'H NMR in CD,Cl,
(ppm, TMS)
arene only 7.38 7.56—~7.47 (m) 7.80 7.76—17.66 (m) 7.21 7.23¢ 7.04maxf 6.69¢
7.49max CH3 2.48 7.69max CH3 2.56 242 2.29 CH;2.23
IRNujol mutt (cm™1)
arene only 1979 w and br 1981 1971 1813 19607 1943/ 1759
1842 1849 1892 1784 1815 1860 1713
1842 1759 1803
1787 1735
mp (°C) >100dec 90 dec 157—160 78—81 87—89 105-107

2 This work. ? See ref 14.  Not obtained. ¢ Kalinowski, H. O.; Berger, S.; Braun, S. Carbon-13 NMR Spectroscopy; Wiley: New York, 1981. ¢ Simons,
W. W. Ed. The Sadtler Handbook of Proton NMR Spectra; Sadtler Research Laboratories: Philadelphia, 1978. f Aldrich Library of Infrared Spectra; Nicolet

Instrument Corp.: Madison, WI, 1988.

onstrating the relative thermodynamic stability of 9
with respect to 3 or other possible structural arrange-
ments. We are currently investigating the conditions

(35) See, for example: Weininger, M. S.; Rodesiler, P. F.; Amma,
E. L. Inorg. Chem. 1979 18, 751-755. Lefferts, J. L.; Hossain, M. B,;
Molloy, K. C.; van der Helm, D.; Zuckerman, J. J. Angew. Chem., Int.
Ed. Engl. 1980, 19, 309—310. Schmidbaur, H.; Probst, T.; Huber, B.;
Miiller, G.; C. Kriiger, C. J. Organomet. Chem. 1989, 365, 53—60.
Probst, T.; Steigelmann, O.; Riede, J.; Schmidbaur, H. Angew. Chem.,
Int. Ed. Engl. 1990, 29, 1397-1398. Luth, H.; Amma, E. L. J. Am.
Chem. Soc. 1969, 91, 7515—7516. Weininger, M. S.; Rodesiler, P. F.;
Gash, A. G.; Amma, E. L. J. Am. Chem. Soc. 1972, 94, 2135-2136.
Rodesiler, P. F.; Auel, Th.; Amma, E. L. J. Am. Chem. Soc. 1975, 97,
7405—-7410.

(86) Hassel, O.; Stremme, K. O, Acta Scand. 1958, 12, 1146~—1147;
1959, 13, 1781-1786.

(37) Brownstein, S.; Gabe, E. J.; Lee, F.; Tan, L. J. Chem. Soc.,
Chem. Commun. 1984, 1566—1568. Brownstein, S.; Morrison, A.; Tan,
L. Can. J. Chem. 1988, 64, 265—269. Brownstein, S.; Gabe, E. J.; Lee,
F.; Piotrowski, A. Can. J. Chem. 1986, 64, 1661—-1667.

(38) Prepared in situ as alluded to by: Niecke, E.; Nixon, J. F;
Wenderoth, P.; Trigo Passos, B. F.; Nieger, M. J. Chem. Soc., Chem.
Commun. 1993, 846—848.

under which 3 is transformed into 9 in order to confirm
the intermediacy of 3.

The new phosphorus complexes 3 offer important
comparisons with the recently reported silicon complex
1. The novel salt [EtsSi(toluene)[B(CgF5)4]*® contains
a formally cationic silicon center bound to a toluene
molecule in an 5! 7-coordination 1,39 or as a o-complex,*
and is viewed as an example of a stabilized Wheland
intermediate (where E = Et3Si7).3® The dramatic dif-
ferences in coordinative strength and hapticity {E—
arene distance, Si---C = 2.18 A in [EtsSi (y!-tolu-
ene)]*;46 P-- -cavg = 3.31(3) A for [Mes*NP(z5-

toluene)[GaCly]; P- - -C,y = 3.080(3) A for [Mes*NP(5-
toluene)l[GasCl7]} are related to the relative acidities
of the cationic centers. While the Si center of EtsSit is
‘08 (39) Reed, C. A.; Xie, Z.; Bau, R.; Benesi, A. Science 1998, 262, 402—

(40) Schleyer, P. v. R.; Buzek, P.; Miiller, T.; Apeloig, T.; Siehl, H.
U. Angew. Chem., Int. Ed. Engl. 1993 32, 1471 1473.
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Figure 1. Crystallographic view of the cation in [Mes*NP-
mesitylene][GasCl;].

truly electron deficient, 10, Mes*NP* can be described
®g;.
. ®
rsw | R—N=P: R—C=F:

10 11 12

as an iminiophosphine, 11, isoelectronic to the phospha-
alkynes 124! In view of the significantly shorter
Si- - -toluene interaction observed in the erystal struc-
ture of [EtsSi(toluene))[B(CsFs)s],*® we expect more
pronounced spectroscopic features for the coordinated
arene in the solid state than observed for salts of
[Mes*NP(arene)]*. More importantly, the [Et;Si-tolu-
enel’ complex should remain intact in other solvents,
such as dichloromethane, as observed for the [Mes*NP-
(arene)]” salts. We anticipate the discovery of numer-
ous o-arene and s-arene cationic complexes as kineti-
cally stable species in suitable environments.

Experimental Section

Mes*NPCl was prepared following the literature proce-
dure.*? GaCl; was sublimed under vacuum before use. Ben-
zene, toluene, and mesitylene were dried over sodium/
benzophenone. Hexanes were dried over CaH,. NaBPh, and
HSO03CF3 were used as received from Aldrich. Solids were
handled in a Vacuum Atmospheres nitrogen-filled drybox.
Reactions were performed in an evacuated (1073 Torr) reac-
tor,** and all glassware was flame-dried under vacuum before
use. Melting points were recorded on a Fisher-Johns ap-
paratus and are uncorrected. Elemental analyses were per-
formed by Beller Laboratories, Géttingen, Germany. Infrared
spectra were recorded as Nujol mulls on Csl plates on a Nicolet
510P spectrometer. Solution NMR spectra were recorded on
a Bruker AC-250 spectrometer in 5 mm flame-sealed Pyrex
tubes. Solid state 3'P NMR spectra were obtained on a Bruker
AMX 400 spectrometer and spin speeds are reported in hertz.
All chemical shifts are reported in ppm referenced to external
standards, 85% H3;PO, for *'P, and TMS for 'H and 13C.

[Mes*NP(benzene)][GaCL]. A solution of GaCls (0.21 g,
1.2 mmol) in benzene (=15 mL) was added over a period of
~5 min to a stirred solution of Mes*NPCI (0.38 g, 1.2 mmol)
in benzene (=215 mL), giving a bright yellow solution [*'P NMR

(41) Regitz, M. Chem. Rev. 1990, 90, 191-213.

(42) Burford, N.; Clyburne, J. A. C.; Losier, P.; Parks, T. M.
Handbuch der Preparativen Anorganischen Chemie, English ed., in
press.

(43) Burford, N.; Miiller, J.; Parks, T. M. /. Chem. Educ, 1993, 71,
807-809.
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spectrum of the reaction mixture, 71 ppm]. Solvent was
removed in vacuo overnight to yield a yellow powder which
was characterized as [Mes*NP][GaCly]. Recrystallization from
benzene through repeated cycles of warming to =60 °C and
slow cooling to room temperature gave [Mes*NPCgHs)[GaCly],
dp ~90 °C. Elemental analysis was not obtained. NMR (CD.-
Cly): P, 76 ppm; 'H, 7.47 (d, 5%Jpu = 2 Hz, 2 H), 1.56 (s, 18
H), 1.33 (s, 9 H) [Mes*], 7.38 ppm (s, 6 H) [benzene]; 13C, 123.8
(d, *Jpc = 3 Hz), 30.9 (s), 30.1 (d, 5%Jpc = 2 Hz) [Mes*], 128.7
ppm () [benzene], quaternary carbon nuclei not observed. IR:
1979 (w), 1842 (w), 1597 (s), 1267 (m), 1245 (m), 1134 (m),
1066 (m), 1033 (m), 927 (w), 886 (s), 764 (m), 699 (s), 674 (s),
393 (s), 361 (s), 263 (m) em™1.

Benzene is quantitatively removed from the crystals under
dynamic vacuum for 24 h to give [Mes*NP][GaCly], as char-
acterized by IR and elemental analysis, dp 122—-123.5 °C.

Anal. Caled: C, 43.07; H, 5.82; N, 2.79. Found: C, 43.02;
H, 5.79; N, 2.97. *'P NMR (CH:Clz): 76 ppm. IR: 1594 (s),
928 (m), 885 (m), 842 (m), 763 (m), 693 (m), 650 (w), 474 (w),
464 (m), 401 (s), 373 (s), 360 (s), 261 (m) em™*. *'P CP/MAS
NMR: 63 ppm (4000, 7000 Hz).

[Mes*NP(toluene)][GaCL]. A solution of GaCl; (0.08 g,
0.47 mmol) in toluene (=2 mL) was added over =5 min to a
stirred solution of Mes*NPCI (0.15 g, 0.47 mmol) in toluene
(2 mL), giving a yellow solution [*'P NMR, 78 ppm]. Solvent
was removed in vacuo to give a vellow powder which was
recrystallized from a minimum amount of toluene to give
[Mes*NPC;H;l[GaCl,](0.13 g, 0.21 mmol, ~50%), dp 157160
°C. Elemental analysis was not obtained. NMR (CD:Cly): *'P,
76 ppm; 'H, 7.36 (s, 2 H), 1.45 (s, 18 H), 1.28 (s, 9 H) [Mes™*],
7.56—T.47 (multiplet, 5 H), 2.48 ppm (s, 3 H) [toluene]; 1*C,
123.7 (4, %Jpc = 3 Hz), 30.6, 29.4 [Mes*], 132.4, 131.4, 128.1,
22.0 ppm [toluene], quaternary carbon nuclei not observed.
IR: 1594 (w), 1267 (m), 1243 (w), 1133 (m), 886 (m). 762 (w),
722 (m), 699 (m), 674 (w), 400 (s), 368 (s), 266 (s) cm™".

Toluene is quantitatively removed from the crystals under
dynamic vacuum for 24 h to give [Mes*NP][GaCl,]. IR: 1596
(s), 928 (m), 887 (m), 842 (m), 764 (m), 694 (m), 464 (m), 402
(s), 373 (s), 362 (s) cm™".

[Mes*NP(benzene)][GazCl;]. A solution of GaCl;(0.41 g,
2.3 mmol) in benzene (=10 mL) was added over a period of
75 min to a stirred solution of Mes*NPCI (0.38 g, 1.2 mmol)
in benzene (=10 mL). Upon standing for ~5 min, a small
amount of yellow oil formed under a bright yellow solution
[*'P NMR: 93 ppm]. Solvent was removed in vacuo to yield a
yellow powder which was recrystallized from benzene in
hexane (75% v/v) with repeated cycles of warming to =60 °C
and slow cooling to room temperature to give
[Mes*NPCgHg][GazCl4] (0.71 g, 0.95 mmol, 82%), mp 78—81
°C. Anal. Caled: C, 38.12; H, 4.67; N, 1.85%. Found: C,
37.97; H, 4.47; N, 1.89. NMR (CD,Cly): *'P, 93 ppm; 'H, 7.40
(s, 2 H), 1.48 (s, 18 H), 1.30 (s, 9 H) [Mes*], 7.80 ppm (s, 6 H)
[benzenel; 1*C, 124.0, 30.6, 29.3 [Mes*], 132.6 ppm [benzene],
quaternary carbon nuclei not observed. IR: 1981 (w), 1849
(w), 1597 (m), 1268 (m), 1135 (m), 1068 (m), 1025 (w), 986 (w),
929 (w), 887 (m), 763 (w), 700 (s), 400 (s), 367 (s), 265 (s) cm~L.
3P CP/MAS NMR: 90.0 ppm (3000, 7000 Hz).

[Mes*NP(toluene)][GazCl7]l. Mes*NPC1(0.34 g, 1.1 mmol)
in toluene (=30 mL) was added over a period of =5 min to a
stirred solution of GaCl; (0.38 g, 2.1 mmol) in toluene (=30
mL) [*'P NMR: 91 ppm]. An orange oil formed on removal of
the solvent in vacuo. Fresh toluene (=25 mL) was distilled
onto this oil, and yellow orange crystals formed upon standing
overnight. Solvent was decanted from the crystalline material
which was washed with hexanes and characterized as
[Mes*NPC:H;][GasCl;] (0.65 g, 80%), mp 87.5—89 °C. Anal.
Caled: C, 38.99; H, 4.84; N, 1.82. Found: C, 38.72; H, 5.01;
N, 1.81. NMR (CD:Clz): 3'P, 95 ppm; 'H, 7.42 (s, 2 H), 1.50
(s, 18 H), 1.31 (s, 9 H) [Mes*], 7.76—7.66 (multiplet, 5 H), 2.56
ppm (8, 3 H) [toluene]; *C, 124.0, 30.6, 29.4 [Mes*], 134.2,
133.1, 130.0, 22.3 ppm [toluene], quaternary carbon nuclei not
observed. IR: 1971 (w), 1892 (w), 1842 (w), 1787 (w), 1594
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(m), 1266 (s), 1244 (m), 1134 (m), 1067 (m), 887 (s), 764 (m),
419 (s), 401 (s), 362 (s), 263 (8) cm~!. 3P CP/MAS NMR: 98.4
ppm (3137, 4045 Hz).

[Mes*NP(mesitylene)l[GasCl;]l. Mes*NPCI (0.35 g, 1.1
mmol) in mesitylene (=7 mL) was added to a solution of GaCl,
(0.38 g, 2.2 mmol) in mesitylene (=3 mL), and a yellow oil
formed under a clear yellow solution [3'P NMR: 91 ppml.
Hexanes (~10 mL) were distilled onto this solution giving a
light yellow precipitate, which was isolated by decantation and
recrystallized from a warm solution of hexane/mesitylene (20/
80). Two crops of crystals were isolated and characterized as
[Mes*NP(mesitylene)][GazCls] (total yield 0.76 g, 0.97 mmol,
90%), mp 105—107 °C. Anal. Caled: C, 40.63; H, 5.18; N, 1.75.
Found: C, 38.38; H, 5.54; N, 1.71. NMR (CD,Cl,): %P, 91 ppm;
H, 7.41 (d, %Jpu = 2 Hz, 2 H), 1.50 (s, 18 H), 1.30 (s, 9 H)
[Mes*], 7.21 (s, 3 H), 2.42 ppm (s, 9 H) [mesitylene]; 13C, 123.8
(), 31.0 (s), 30.3 (s) [Mes*], 131.1 (s), 21.6 ppm (s) [mesitylene],
quaternary carbons not reported. IR: 1813 (w), 1784 (w), 1759
(w), 1589 (m), 1302 (m), 1265 (m), 1243 (m), 1219 (m), 1194
(m), 1134 (m), 885 (m), 856 (m), 762 (m), 676 (m), 407 (s), 367
(m), 360 (m), 265 (m) cm™1.

Protonation Reaction of Mes*NPPh. A blue solution of
Mes*NPPh (0.61 mmol), prepared in situ by the reaction of
Mes*NPCl with NaBPh, in CH2Cl; (=10 mL), was added to a
solution of HSO3CFj3 (0.61 mmol) in CHCl; (=10 mL). A 3P
NMR spectrum of the yellow reaction mixture showed a single
signal at 187 ppm assigned to [Mes*N(H)PPh][SO3;CFs].

X-ray Crystallography. Crystals suitable for crystal-
lography were obtained as described above and were selected
and mounted in Pyrex capillaries in the drybox. Unit cell
parameters were obtained from the setting angles of a mini-
mum of 16 carefully centered reflections having 26 >20°; the
choice of space groups was based on systematically absent
reflections and confirmed by the successful solution and
refinement of the structures. All pertinent crystallographic
data are summarized in Table 2.

Data were collected at room temperature (18 + 1 °C) on a
Rigaku AFC5R diffractometer (Mo Ka radiation, A = 0.710 69
A) using the w—26 scan technique, and the stability of the
crystals was monitored using three standard reflections; no
significant decay was observed. Data were corrected for
Lorentz and polarization effects. An empirical absorption
correction was applied using y-scan corrections.

Structures were solved by direct methods which revealed
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the positions of all non-hydrogen atoms. The non-hydrogen
atoms were refined anisotropically. All of the hydrogen atoms
were placed in geometrically calculated positions with a C—H
distance of 108 pm. Their positions were not refined and they
were assigned fixed isotropic temperature factors with a value
of 1.28.q of the atom to which it was bonded. Neutral atom
scattering factors for non-hydrogen atoms were taken from
Cromer and Waber,*5 and the scattering factors for hydrogen
atoms were taken from Stewart, Davidson, and Simpson.*®
Anomalous dispersion effects were included in F;*” the values
for Af’ were those of Cromer.*® All calculations were per-
formed using the TEXSAN/SHELX 93.4°
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Reactions of Tricarbonyl(vinylketene)iron(0) Complexes
with Imines
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Tricarbonyl(vinylketene)iron(0) complex 1 underwent reaction with a variety of imines to
produce #3-allyl-5!-alkyl iron complexes 47, resulting from insertion of the imine into an
iron—acyl carbonyl bond. Complex 4 was characterized by X-ray crystallography, confirming
the proposed structure: monoclinic, space group P2:/n, a = 11.098(2) A b=98372)A, ¢c=
16.531(3) A, B = 108.67(3) A, Z = 4, R = 0.0443, and R, = 0.0669 for the 2862 reflections
observed. Oxidative degradation of these complexes with I,/MesNO produced 2-pyridones
or unsaturated é-lactams, along with minor amounts of 8-lactams.

Introduction

Over the last decade, transition metal complexes of
vinylketenes have been proposed as key intermediates
in a wide range of transition metal mediated organic
reactions.! In addition, a number of stable vinylketene
complexes, including those of chromium,? cobalt,? and
iron,* have been isolated and characterized, and their
reaction chemistry has been extensively developed. The
reactions of the n*-vinylketene iron complexes, 1, syn-
thesized by the reaction of the corresponding n*-vinylke-
tone iron complexes with organolithium reagents, under
an atmosphere of carbon monoxide,? have been particu-
larly well developed.

. R R
MeLi, CO
Ph—//T\< o - - Ph—/ﬁ-\\
Fe(CO)s re ©
(CO)s
1a R
RI—=—F pn—/@o
Fe
(CO)
R 1b
Ph—/7 =0
(CO)3Fe/ — j
R R R
2 P NegS0 (D
(CO)k
1c

Although usually represented as the 7-vinylketene
species 1a, both the X-ray crystal structure® and the

reactivity of these complexes suggest that the 7-allyl-
nl-acyl resonance form 1b is an important contributor
to the description of the Fe(CO)s-bound vinylketenes.
For example, complexes 1 insert alkynes into the iron—
acyl carbon bond to produce 7%-allyl-n'-alkenyl iron
complexes 2¢ and undergo attack at the iron acyl group
by ylides to give #*-vinylallene complexes.®

These laboratories have had a long-standing interest
in the reactions of chromium ketene’ and chromium
vinylketene!d complexes with imines, the former provid-
ing efficient routes to S-lactams.® Herein we describe
the reactions of n*vinylketene iron complexes 1 with
imines.

Results and Discussion

The methyl-substituted tricarbonyl(vinylketene)iron-
(0) 85 was treated with a variety of imines (2.5 equiv)
in toluene at room temperature to produce tricarbonyl-
(n3-allyl—n'-alkyliron(0) complexes 4—7, resulting from
formal insertion of the imine into the iron—acyl carbon
bond (or, alternatively, by nucleophilic attack of the
imine nitrogen on the ketene carbonyl group) (eq 2).

M Me
e
PhCH V7
ph_//—_\<. + R'CH=NR? — 2= PP °
N . (CO)sFe

i o) 25°C 3 TN

Fe H* ; ‘HZ

(CO)s R

3 4 R'-R2 = ~0~(CHy)~CHo- 87%

§ R'-R? = ~CHy~(CHy),~CH,~ 63%
6 R'-R?=—CH,~CH,~CH,~  46%
7 R'=OMe; R2=CH,Ph 58% (2)

These compounds were stable yellow crystalline solids,
with physical data consistent with the assigned struc-

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

(1) The most prominent of these is the Détz benzannulation reaction.
For reviews, see: (a) Dotz, K. H. Angew. Chem., Int. Ed. Engl. 1984,
23, 587. (b) Wulff, W. D. Metal Carbene Cycloadditions. In Compre-
hensive Organic Synthesis; Trost, B. M., ed.; Pergamon: London, 1991;
Vol. 5, pp 1065—1113. For other classes of transformations proposed
to involve metal—vinylketene complexes, see the following: (c) Sem-
melhack, M. F.; Tamura, R.; Schnatter, W.; Springer, J. J. Am. Chem.
Soc. 1984, 100, 5363 (pyrones). (d) Hegedus, L. S.; Miller, D. B. J. Org.
Chem. 1989, 54, 1241 (bicyclo[3.1.01lactams). (e) Hoye, T. R.; Rehberg,
G. M. J. Am. Chem. Soc. 1990, 112, 2841 (butenolides). (f) Cho, S. H.;
Liebeskind, L. S. J. Org. Chem. 1987, 52, 2631 (phenols, pyrones).
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(2) (a) Anderson, B. A.; Wulff, W. D.; Rheingold, A. L. J. Am. Chem.
Soc. 1990, 112, 8615. (b) Anderson, B. A.; Bao, J.; Branvold, T. A
Challener, C. A.; Wulff, W.D.; Xu, Y.-C.; Rheingold, A. L. J. Am. Chem.
Soc. 1993, 115, 10671.

(3) (a) Wulff, W. D,; Gilbertson, S. R.; Springer, J. P. J. Am. Chem.
Soc. 1986, 108, 520. (b) Huffman, M. A.; Liebeskind, L. S.; Pennington,
W. T. Organometallics 1992, 11, 255, and references therein.

(4) Morris, K. G.; Saberi, S. P.; Salter, M. M.; Thomas, S. E.; Ward,
M. F.; Slawin, A M. Z.; Williams, D. J. Tetrahedron 1993, 49, 5617,
and references therein.

(5) Alcock, N. W.; Richards, C. J.; Thomas, S. E. Organometallics
1991, 10, 231.
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Figure 1.
Table 1. Selected Bond Lengths (A) and Angles (deg) in
Complex 4
Bond Lengths
Fe—C(5) 2.189(2) N-C(1) 1454 (3) C(3)—C(4) 1.424(4)
Fe—C(4) 2.071(2) N-C(2) 1.342(3) C4)—C(5) 1.4004)

Fe—C(3) 2.134(3) C()—-C(3) 1510(3) O(H-C2) 1.230(3)
Fe—C(1) 2.060(2)

Bond Angles
C(1)—Fe--C(3) 82.3 (1) C(3)—C(4)—C(5) 123.4(2)
C(3)—Fe—C4) 39.5(H C(16)—Fe—C(18) 102.6 (1)
C4)—Fe—C(5) 383 (D C(17)—Fe—C(18) 90.0 (1)

ture. Complex 4 was further characterized by X-ray
crystallography (Figure 1), which confirmed the as-
signed structure. Selected bond lengths and angles
are collected in Table 1, and non-H atomic coordinates
are reported in Table 2. The structure is quite compa-
rable to those resulting from the insertion of alkynes
into the iron—acyl bond (2),* with the 5®-allyl frag-
ments having similar bond distances and bond angles,
and the other structural features being very similar. The
regiochemistry of insertion is that expected from a
process involving nucleophilic attack of the imine ni-
trogen on the electrophilic #*-vinylketene carbonyl
group, although the mechanism of insertion is not
known.

A number of imines failed to react cleanly with
complex 3 to produce insertion complexes. Although
5,6-dihydro-4H-1,3-0xazine was the most efficient imine
studied for insertion complex formation (to give 4), the
five-membered analog 2H-2-o0xazoline failed to insert
under mild conditions and led to decomposition under
more severe conditions. (Oxazolines similarly fail to
efficiently trap photogenerated chromium ketene com-
plexes,® while oxazines are among the most efficient in
this process.) The simple 2H-2-thiazoline reacted with
complex 3 at room temperature to give an intractable
mixture of organic and organometallic compounds, while
at —78 °C, the B-lactone resulting from dimerization of
the vinylketene ligand was obtained. In this instance,

(6) Saberi, S. P.; Thomas, S. E. J. Chem. Soc., Perkin Trans. 1 1992,
259.

(7) Hegedus, L. S.; deWeck, G.; D’Andrea, S. J. Am. Chem. Soc. 1988,
110, 2122,

(8) Narukawa, Y.; Juneau, K.; Snustad, D.; Miller, D. B.; Hegedus,
L. 8. J. Org. Chem. 1992, 57, 5453, and references therein.

(9) Hegedus, L. S.; Schultze, L. M.; Toro, J.; Chen, Y. Tetrahedron
1985, 41, 5833.
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it is likely that the divalent sulfur of the thiazoline
displaced the vinylketene ligand intact, since iron forms
very stable sulfur complexes. Thiazolines bearing sub-
stituents a to the sulfur failed to react at all. Acyclic
imines formed complexes that were considerably less
stable than those from cyclic imines. Although com-
plex 7 from the acyclic imidate was isolable, it slowly
decomposed on handling, and analytically pure ma-
terial was never obtained. The N-benzylimine of ac-
etaldehyde appeared to form a complex but decomposed
so readily on handling that characterization was not
possible.

n%-Allyl-n'-acyl, alkyl, and alkenyl complexes undergo
oxidative or thermal decomposition with resultant
coupling of the #!-terminus with either terminus of the
ne-allyl ligand, to give four- or six-membered rings,!?
although occasionally five-membered ring compounds
resulting from insertion of an additional carbon mon-
oxide are obtained.* Thermolysis of the oxazine-derived
complex 4 under a variety of conditions, in both the
presence and absence of trimethylamine N-oxide led to
intractable mixtures of organic compounds. Other
oxidizing procedures utilizing reagents such as ceric
ammonium nitrate, m-chloroperbenzoic acid, iron trichlo-
ride, or nitrosonium tetrafluoroborate also led to un-
characterized mixtures of organic compounds. Ulti-
mately, a two-stage oxidation procedure involving initial
oxidation of complexes 4—7 with iodine, until the iron
tricarbonyl absorptions in the infrared (vco = 2070,
2014, and 1995 ¢cm™!) disappeared and were replaced
by a broad band at 1966 cm™!, followed by treatment
with trimethylamine N-oxide, was developed.

Treatment of complex 4 under these conditions pro-
duced pyridone 8, in good yield, which was acetylated
to give 9 in order to facilitate characterization (eq 3).

Me

Me
Ph‘/;—%:O 1) I, ELO " Y=o
(CO)aFe 2 Ety -

N o
s > 2) MegNOs2H,0 o
4
j 61%
Me Me
Ph 0 Ph o] 3)
\_\ 83% \_
AcO %
° HO
8

This reaction is likely to proceed by oxidatively driven
reductive elimination (coupling) to form the six-mem-
bered lactam, followed by elimination of the attached
alkoxy group. Complex 7, from addition of an imidate,-
underwent a similar cleavage producing pyridone 10 in
modest yield (eq 4). Complexes 5 and 6, produced from

(10) For the production of 8-lactones and S-lactams from oxidative
decomposition of “ferrilactone” and “ferrilactam” 73-allyl-nt-acyl iron
complexes see: (a) Ley, S. V. Philos. Trans., R. Soc. London A 1988,
326, 633. (b) Annis, G. D.; Hebblethwaite, E. M.; Hodgson, S. T.;
Hollingshead, D. M,; Ley, S. V. J. Chem. Soc., Perkin Trans. 1 1988,
2851,
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Me Me
Ph :{-
— 1 L, Et,0
gg)r—'/ ° : r:o-z (o] " N
e 2) Me
( e ) Meahorere YMeO  \—Ph

N
MeO  \—Ph
7.
l 40%
Me
om0
\—ph
10
Me Me
1) I, E,O =
Ph‘/_$= V7 N=o 2B Ph o 5)
Fe N 2) Me,NO#2H,0 N
(>n) o7
5n=2 M n=2 (7%)
6n=1 2n=1 (38%)

carbocyclic imines, lack a leaving group o to the amide
nitrogen, and cleavage of these complexes under the
above conditions produced d-lactams 11 and 12 in poor
to modest yield (eq 5), as single diastereoisomers (rela-
tive stereochemistry unknown).

Compounds 8—12 all resulted from reductive elimina-
tion between the n'-alkyl group and the y-terminus of
the #3-allyl system, producing six-membered lactams.
A careful examination of the oxidative cleavage products
from complexes 4—6 led to isolation of small amounts
of -lactams 13—185, respectively, resulting from reduc-

Ph Y
Ph 0
\/j:_( =
N N

Q

13 (14%) 14 n=2(16%)

15 n=1(12%)
tive elimination between the n!-alkyl group and the
a-terminus of the 73-allyl system. These had charac-
teristic infrared absorptions for the strained lactam
carbonyl group (1746 and 1735 cm ™1, respectively). 'H
NMR spectra and mass spectra were also consistent
with the assignment. (Both compounds were obtained
as single diastereoisomers whose relative configurations
could not be assigned.) Studies to expand the range of
imines that insert into 7*-vinyketene iron complexes and
procedures to control the site of reductive elimination
are ongoing.

Experimental Section

General Procedures. All reactions involving metal com-
plexes were performed using standard vacuum line tech-
niques!! under an atmosphere of argon.

Melting points were taken on a Mel-Temp apparatus and
are uncorrected. The 300 MHz 'H NMR and 75 MHz 3C NMR
spectra were obtained with a Bruker AC-300P NMR spectrom-

(11) Shriver, D. F.; Drezdon, M. A. The Manipulation of Air-Sensitive
Compounds; Wiley: Chichester, U.K., 1986.

Reducto des Reis and Hegedus

Table 2. Atomic Coordinates (x10°) and Equivalent
Isotropic Displacement Coefficients (A2 x 10%)

X v z Uleq)
Fe(l) 95403(3) 20716(3) 18104(2) 213(2)
N(I) 102142(19) 46975(19) 12750(11) 235(6)

o 89676(23) 9917(21) 765(12) 520(8)
0Q) 98640(21) —6335(18) 26335(14) 517(8)
0(3) 70397(18) 22125(19) 20676(12) 3717
O4) 123021(17) 45798(18) 13743(11) 357(6)
a(s) 82583(15) 46960(15) 15398(9) 250(5)
() 91851(24) 13906(24) 7612(16) 314(8)
C(2) 79927(25) 21600(23) 19496(14) 264(8)
C@3) 97978(25) 2943(23) 23196(16) 325(8)
C4) 101223(23) 30335(21) 37700(14) 220(7)
C(5) 103864(21) 32992(24) 29572(14) 223(T)
C© 11277721 25595(24) 26982(14) 224(7)
(M 114141(23) 26822(24) 18735(14) 239(7)
C(8) 113484(22) 40752(23) 14778(13) 240(7)
c® 100518(26) 60848(23) 9320(16) 312(8)
C(10) 90554(28) 68231(23) 12198(16) 326(9)
can 79026(25) 59491(24) 10795(15) 311(8)
C(12) 90717(21) 39191(22) 12033(13) 227(7)
C(13) 123241(26) 17087(28) 16570(17) 353(9)
C(14) 107151(24) 19892(23) 43361(15) 260(8)
C(15) 104320(25) 18191(26) 50954(15) 314(8)
C(16) 95791(26) 26684(27) 52960(15) 325(9)
ciun 89803(24) 36924(25) 47395(16) 310(8)
C(18) 92604(23) 38763(23) 39765(14) 268(7)

eter. All chemical shifts are quoted in ppm relative to Me,Si
(6 0.0, 'H) or CDCl; (6 77.23, 13C). IR spectra were recorded
on a Perkin-Elmer 1600 FTIR spectrometer and mass spectra
were obtained on a V. G. Micromass Ltd. Model 16F spectrom-
eter.

Elemental analyses were performed by M-H-W Laborato-
ries, Phoenix, AZ.

Materials. Tetrahydrofuran and diethyl ether were pre-
dried over CaH; and distilled from benzophenone ketyl under
a nitrogen atmosphere just prior to use. Toluene was dried
over sodium wire, distilled over CaH;, and stored over 4 A
molecular sieves. Hexane was distilled at atmospheric pres-
sure.

Tricarbonyl(3-methyl-5-phenyl-1-oxapenta-1,2,4-triene)iron-
(0) (1) was prepared according to a reported procedure.’
Methyllithium (1.4 M in diethyl ether) was purchased from
Aldrich and its concentration checked by titration against
diphenylacetic acid.!? 5,6-Dihydro-4H-1,3-0xazine,!® 3,4,5,6-
tetrahydropyridine,** 3,4-dihydro-2H-pyrrole,! and methyl
N-benzylformimidate!¢ were prepared according to literature
procedures. All other chemicals were used as obtained from
commercial sources. Nonacarbonyldiiron was prepared by a
published procedure.'?

Column chromatography was performed on Merck silica gel
(230—400 mesh). The alumina used for filtrations was deac-
tivated with HyO (Brockmann grade 4, Al,03:Ho0 = 10:1 w/w).
For Celite filtrations, Celite 545 from Fischer Chemicals was
used.

General Procedure for the Reaction of Tricarbonyl-
(3-methyl-5-phenyl-1-oxapenta-1,2,4-triene)iron(0) (1) with
Imines. The vinylketene complex 1 was dissolved in dry
toluene (25 ml/g) under an argon atmosphere. A solution of
the imine (2.5 equiv) in dry toluene (6 mL/g) was then added
dropwise and the reaction mixture was stirred at room
temperature, under argon, for 18—24 h. The resultant brown
reaction mixture was filtered through a small plug of Celite,
using diethyl ether as eluent. The yellow/orange solution

(12) Kofron, W, G.; Baclawski, L. M. J. Org. Chem. 1976, 41, 1879.

(13) Tto, Y.; Inubushi, Y.; Zenbayashi, S. T.; Saegusa, T. J. Am.
Chem. Soc. 1973, 95, 4447.

(14) Quick, J.; Oilrson, R. Synthesis 1976, 745.

(15) Nomura, Y.; Ogawa, K.; Takeuchi, Y.; Tomoda, S. Chem. Lett.
1977, 693.

(16) Guzman, A.; Muchowski, J. M.; Naal, N. T. J. Org. Chem. 1981,
46, 1224,

(17) Braye, E. H.; Hubel, W. Inorg. Synth. 1986, 8, 178.
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obtained was evaporated under vacuum to give an orange oil.
Column chromatography on silica gel, followed by crystalliza-
tion, yielded the »',/5-tricarbonyl(amide)iron(0) adducts 4—7
as yellow crystalline solids.

Synthesis of Adduct 4. A solution of 5,6-dithydro-4H-1,3-
oxazine (0.265 g, 3.11 mmol) in toluene (1.5 mL) was added to
a solution of vinylketene complex 1 (0.355 g, 1.19 mmol) in
toluene (9 mL) and the reaction mixture was stirred at room
temperature, under argon, for 18 h. Filtration through Celite
followed by evaporation of solvent gave a “foamy” orange oil.
Crystallization from hexanes/diethyl ether (1:1) yielded the
adduct 4 as a yellow crystalline solid (0.40 g, 87%): mp 128—
130 °C; 'H NMR 6 1.51 (m, 1H, OCH;CH5), 1.74—-1.85 (m, 1H,
OCH,CH>), 2.11 (s, 3H, Me), 2.92 (dt, J = 4.0 and 12.9 Hz,
1H, NCH,), 3.65 (dt, J = 2.0 and 12.0 Hz, 1H, OCH>), 4.11
(m, 2H, NCH,CH,CH.0), 4.92 (d, J = 12.8 Hz, 1H, PhCH),
4.99 (s, 1H, OCHN), 5.58 (4, J = 12.8 Hz, 1H, PhCHCH), 7.22—
7.44 (m, 5H, Ph); 13C NMR (75.5 MHz, CDCl3) 6 24.2 (Me),
25.2 (OCH,CHjy), 43.5 (NCH3), 71.1 (OCHy), 78.2 (PhCH), 83.1
(CMe), 86.8 (OCHN), 92.8 (PhCHCH), 126.1 (Ph, meta), 128.1
(Ph, para), 129.3 (Ph, ortho), 138.5 (Ph, ipso), 169.0 (C=0),
204.7, 207.6 and 211.2 (C=0); IR (CsHi2) 2070, 2014 and 1995
(vs, C=0), 1666 (s, C=0) em~1; MS (EI) m/z 384 (MH*, 0.05),
355 (2.7, M* — CO), 327 (43.2, M* — 2CO), 299 (29.5, M* —
3C0), 242 (20.6, M* — Fe(CO); — H), 214 (56.5, M* — 3CO —
OCH,CH,CH,NCH), 186 (75.3, M™ — 3CO — OCH,CH,CH,-
NCHCO), 184 (100, M* — 2H — 3CO — OCH,CH;CH,NCHCO),
128 (48.6, PhCH=CHCMe -~ 2H); MS (CI, NH3) m/z 384
(MH*, 100). Anal. Caled for C1sH17FeNOs: C, 56.42; H, 4.47;
N, 3.66. Found: C, 56.51; H, 4.56; N, 3.72.

X-ray Crystallographic Analysis of Adduct 4. Crystal
Data. Single crystals of 4 suitable for X-ray crystallography
were grown from hexanes/diethyl ether. CisH17FeNOs;, M =
383.2, monoclinic, @ = 11.098(2), b = 9.837(2), ¢ = 16.531(3)
A, B =108.67(3)°, U = 1710 A3, space group P2i/n, Z = 4, D.
= 1.49 g/cm?; yellow air-stable plates, dimensions 0.04 x 0.20
x 0.44, f(MoK,) = 9.10 cm~?, and F(000) = 792. A total of
3167 independent measured reflections were collected on a
Siemens P4/IRIS diffractometer, w-scan method, (4 < 26 <
50°), graphite monochromated MK, radiation (4 = 0.710 73
A) with 2862 observed [|F,| > 2.50 ({F,)] and corrected for
Lorentz and polarization factors. No absorption corrections
were applied. The structure was solved by direct methods,
and the non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were idealized (C—H = 0.96 A), assigned
isotropic thermal parameters U(H) = 0.08, and allowed to ride
on their parent carbons. Refinement was by full-matrix least-
squares analysis to give R = 0.0443, R,, = 0.0669 for all data
(w™! = o¥F) + 0.0018F?). The maximum residual electron
density in the final AF maps was 0.52 /A%, and the mean and
maximum shift/error in the final refinement cycle were 0.006
and 0.033, respectively. Computations were carried out on an
Silicon Graphics 4D35 using the SHELXTL PLUS (UNIX)
program system.!® Atom coordinates, bond lengths and angles,
and thermal parameters have been deposited at the Cambridge
Crystallographic Data Center.

Synthesis of adduct 5. A solution of 3,4,5,6-tetrahydro-
pyridine (0.316 g, 3.80 mmol) in toluene (2 mL) was added to
a solution of vinylketene complex 1 (0.435 g, 1.46 mmol) in
toluene (11 mL), and the reaction mixture was stirred at room
temperature, under argon, for 24 h. The reaction mixture was
then filtered through Celite, and the yellow solution obtained
was evaporated under vacuum to give a dark yellow oil.
Column chromatography on SiO;, 5% EtOAc/hexanes, followed
by crystallization from hexanes/diethyl ether (1:1) yielded the
adduct 5 as a yellow crystalline solid (0.100 g, 32%): mp 120—
122 °C; 'H NMR 6 1.21-1.37 (m, 1H, NCH,CH,), 1.41-1.58
(m, 1H, NCH,CH>), 1.62—1.72 (m, 1H, NCHCH:CH>), 1.74~
1.96 (m, 2H, NCHCH,CH>), 2.08—2.18 (m, 1H, NCHCH5), 2.13

(18) Sheldrick, G. M. SHELXTL PC Rev. 4.2, PLUS version, Siemens
Analytical X-Ray Instruments Inc., Madison, WI, 1990.
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(s, 3H, Me), 2.64 (dt, J = 3.3 and 12.9 Hz, 1H), 3.25 (dd, J =
3.3 and 11.7 Hz, 1H), 3.73 (d, J = 12.0 Hz, 1H, PhCH), 4.04
(dq, J = 2.2 and 13.0 Hz, 1H), 5.56 (d, J = 12.0 Hz, 1H,
PhCHCH), 7.22~17.39 (m, 5H, Ph); 13C NMR 6 24.3 (Me), 24.8
(NCH:CHjy), 28.6 (NCHCH:CHy,), 38.0 (NCHCHy), 44.6 (NCH2),
46.7 (NCH), 76.9 (PhCH), 83.8 (CMe), 92.2 (PhCHCH), 125.9
(Ph, meta), 128.2 (Ph, para), 129.5 (Ph, ortho), 138.3 (Ph, ipso),
170.5 (C=0), 205.0, 210.1 and 212.0 (C=0), 13C assignments
were confirmed by a DEPT experiment; IR (CgHp) 2059, 2001
and 1993 (vs, C=0), 1656 (s, C=0) cm™}; MS (EI) m/z 325
(M* — 2CO, 0.4), 297 (0.6, M* —~ 3CO), 241 (7.6, M* — Fe-
(CO)3), 158 (40.9, PhCHCHCMeCO), 129 (43.7, PhCHCHCMe
— H), 128 (51.4, Ph\CHCHCMe ~ 2H), 115 (61.0, PhCHCHC),
91 (100, PhCHz2); MS (FAB, MNBA) m /z 382 (MH*, 100), 354
(26.1, MH* — CO, 325 (59.4, M* — 2C0), 297 (27.9, M* — 3CO).
Anal. Calced for CisH;gFeNO,: C, 59.86; H, 5.02; N, 3.68.
Found: C, 60.00; H, 5.16; N, 3.60.

Synthesis of Adduct 6. A solution of 3,4-dihydro-2H-
pyrrole (0.084 g, 1.22 mmol) in toluene (0.5 mL) was added to
a solution of vinylketene complex 1 (0.140 g, 0.47 mmol) in
toluene (3.5 mL), and the reaction mixture was stirred at room
temperature, under argon, for 19 h. The reaction mixture was
then filtered through Celite, and the yellow solution obtained
was evaporated under vacuum to give an orange oil. Column
chromatography on SiO., 5% MeOH/CH:Cl;, followed by
crystallization from hexanes/diethyl ether (1:1) yielded the
adduct 6 as a yellow crystalline solid (0.060 g, 43%): mp 134—
136 °C; 'H NMR ¢ 1.58—1.72 (m, 1H, NCH,CH,), 1.74—1.93
(m, 1H, NCH,CH>), 1.94—-2.06 (m, 1H, NCHCHpy), 2.17—-2.28
(m, 1H, NCHCHy,), 2.19 (s, 3H, Me), 2.74 (d, J = 12.0 Hz, 1H,
PhCH), 3.18—3.43 (m, 3H, NCH and NCH3), 5.53 (d, J = 12.0
Hz, 1H, PhCHCH), 7.19-7.32 (m, 5H, Ph); 1*C NMR 6 23.2
{Me), 23.8 (NCH.CH,), 34.7 (NCHCHb), 42.8 (NCH), 44.8
(NCHy), 72.8 (PhCH), 88.3 (CMe), 90.3 (PhCHCH), 125.5 (Ph,
meta), 127.7 (Ph, para), 129.2 (Ph, ortho), 138.0 (Ph, ipso),
167.6 (C=0), 205.2, 210.6 and 211.0 (C=0), 13C assignments
were confirmed by a DEPT experiment; IR (C¢Hiz) 2059, 2002
and 1994 (vs, C=0), 1660 (s, C=0) cm™*; MS (EI) m/z 339
(M* = CO, 3.7), 311 (29.4, M* — 2C0), 283 (40.3, M* — 3CO),
214 (30.8, M* — 3CO — CH,CH:CH,CHN), 186 (46.0, M* —
3CO - CH,CH.CH,;CHNCO), 184 (100, M* — 2H-3CO — CHs-
CH,CH,CHNCO), 128 (68.3, P\CHCHCMe — 2H), 115 (82.1,
PhCHCHC); MS (CI, NHg) m/z 227 (M* — Fe(CQ)s, 71.8); MS
(FAB, MNBA) m/z 368 (MH™, 49.4), 311 (15.9, M* — 2CO),
283 (10.4, M* — 3CO). Anal. Caled for CisHi7FeNOy: C,
58.90; H, 4.67; N, 3.82. Found: C, 59.04; H, 4.60; N, 3.80.

Synthesis of Adduct 7. A solution of N-benzylformimidate
(0.089 g, 0.596 mmol) in toluene (0.4 mL) was added to a
solution of vinylketene complex 1 (0.069 g, 0.23 mmol) in
toluene (1.7 mL), and the reaction mixture was stirred at room
temperature, under argon, for 3.5 days. Filtration through
neutral alumina followed by evaporation of solvent yielded
crude adduct 7 as a yellow 0il (0.060 g, 58%): 'H NMR ¢ 2.19
(s, 3H, Me), 3.36 (s, 3H, OMe), 4.14 (d, J = 12.1 Hz, 1H, PhCH),
4.73 (s, 1H, NCHOMe), 4.77 (d, J = 14.8 Hz, 1H, NCH:Ph),
4.80 (d, J = 14.8 Hz, 1H, NCH,Ph), 5.63 (d, J = 12.1 Hz, 1H,
PhCHCH), 7.18—17.43 (m, 10H, Ph); 13C NMR 27.1 (Me), 48.2
(NCH;Ph), 59.8 (OMe), 78.9 (PhCH), 81.2 (CMe), 89.4
(NCHOMe), 92.8 (PhCHCH), 126.1 (CHPh, meta), 127.4
(NCH3Ph, meta), 127.9 (NCHoPh, para), 128.1 (CHPh, para),
128.7 (NCHgPh, ortho), 129.3 (CHPh, ortho), 137.2 (NCHyPh,
ipso), 138.4 (CHPAh, ipso), 170.1 (C=0), 204.2, 207.9 and 211.6
(C=0); IR (CgHiz) 2062, 2004 and 1993 (vs, C=0), 1662 (s,
C=0) cm™!. This complex lacked sufficient stability for further
characterization.

General Procedure for the Oxidation of Tricarbonyl-
(%-allyl-yl-alkyl)iron(0) complexes 4—7 by lodine/Tri-
methylamine N-Oxide. To a stirred solution of iodine (4
equiv) in anhydrous, deoxygenated diethyl ether (30 mLl/g),
at room temperature, was added under argon a solution of the
tricarbonyl(x2-allyl-yl-alkyl)iron complex in diethyl ether (150
mL/g). The reaction was monitored by infrared spectroscopy.
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When all the starting material complex was consumed, tri-
methylamine N-oxide dihydrate (5 equiv) was added and the
reaction mixture stirred at room temperature for 18 h. The
mixture was then poured into water and extracted with diethyl
ether. The combined organic extracts were washed with
aqueous sodium thiosulfate saturated solution and then with
water, dried (MgS0,), and evaporated to give crude prod-
uct, which was purified by column chromatography on silica
gel.

Synthesis of 3-Methyl-5-phenyl-1-(3-hydroxypropyl)-
2-pyridone (8). A solution of the amide complex 4 (0.390 g,
1.02 mmo)) in diethyl ether (40 mL) was added to a solution
of iodine (1.03 g, 4.06 mmol) in diethyl ether (27 mL). After 5
h, no iron tricarbonyl absorptions corresponding to complex 4
were detected by infrared spectroscopy. Trimethylamine
N-oxide dihydrate (0.578 g, 5.10 mmol) was then added and
the reaction mixture stirred at room temperature for 16 h.
Workup followed by column chromatography on silica gel (1:9
MeOH/CH,Cl2) yielded the title pyridone 8 as a white solid
(0.618 g, 61%): mp 90—92 °C; 'H NMR 6 1.88-1.96 (m, 2H,
NCH,CH.,), 2.18 (s, 3H, Me), 3.51 (t, J = 5.6 Hz, 2H, NCHj),
414 (t, J = 6.3 Hz, 2H, HOCH,), 4.3-5.1 (v br s, 1H, OH),
7.22—7.28 (m, 1H, CMeCH), 7.29—7.38 (m, 5H, Ph), 7.49 (m,
1H, NCH); 3C NMR ¢ 17.7 (Me), 32.7 (NCH:CH3), 46.4
(NCHy), 57.8 (HOCHy), 121.1 (CMe), 126.0 (Ph, meta), 127.5
(Ph, para), 129.2 (Ph, ortho), 129.8 (CPh), 132.3 (NCH), 136.7
(Ph, ipso), 137.4 (CMeCH), 163.3 (C=0), 1*C assignments were
confirmed by a DEPT experiment; IR (CsHi2) 3444 (w, OH),
1658 (s, C=0), 1612 and 1601 (m, C=C) ecm™; MS (EI) m/z
244 (MH", 6.5), 243 (35.9, M), 226 (29.7, M* — OH), 199 (100,
MH* — (CH3);OH), 185 (54.1, MH* — (CH3)3sOH), 156 (30.5,
M* — CH:N(CH;);0H), 128 (32.5, PhCCHCMe — H). This
compound was converted to its acetate 9 for further charac-
terization.

The pyridone 8 (0.046, 0.19 mmol) was converted to the
corresponding acetate 9 by reaction with acetic anhydride (0.54
g, 5.30 mmol) in dry pyridine (1.8 mL). The reaction mix-
ture was stirred at room temperature, under argon, for 19 h
and then poured into water (5 mL) and extracted with di-
ethyl ether (3 x 5 mL). The combined organic extracts were
dried (MgSO.), and the solvent was evaporated to give a light
yellow oil. Purification by column chromatography on silica
gel (1:9 MeOH/CH,Cl,) yielded 1-(acetoxypropyl)-3-methyl-5-
phenyl-2-pyridone (9) as a colorless, clear oil (0.045 g, 83%):
TH NMR 6 2.04 (s, 3H, MeCOy), 2.10—2.18 (m, 2H, NCH:CHy>),
2.19 (s, 3H, Me), 4.07 (t, J = 7.2 Hz, 2H, NCH>), 4.13 (t, J =
6.0 Hz, 2H, AcOCHs5), 7.30 (m, 1H, CHCMe), 7.33—7.59 (m,
5H, Ph), 7.50 (m, 1H, NCH); ®C NMR 6 17.5 (Me), 21.0
(MeCOy), 28.2 (NCH,CHb), 48.0 (NCHy), 61.7 (AcOCHy), 120.2
(CMe), 126.0 (Ph, meta), 127.4 (Ph, para), 129.2 (Ph, ortho),
130.1 (CPh), 132.5 (NCH), 136.9 (Ph, ipso), 137.0 (CMeCH),
162.4 (NC=0), 171.1 (AcC=0), 13C assignments were con-
firmed by a DEPT experiment; IR (C¢H;z) 1752 (s, MeOC=0),
1664 (NC=0), 1624 and 1602 (C=C) cm™!; MS (EI) m/z 286
(MH*, 8.8), 285 (46.1, M*), 226 (66.7, M* — OAc), 199 (86.1,
MH* — (CHy)2:0Ac), 185 (64.1, MH* — (CHj)30Ac), 156 (44.2,
M+ — CH:N(CH:);0Ac), 128 (65.8, PhCCHCMe — H). Anal.
Caled for C17H;sNOg: C, 71.56; H, 6.71; N, 4.91. Found: C,
71.49; H, 6.56; N, 4.86.

Synthesis of 1-Benzyl-3-methyl-5-phenyl-2-pyridone
(10). A solution of complex 7 (0.060 g, 0.134 mmol) in diethyl
ether (5 mL) was added to a solution of iodine (0.136 g, 0.537
mmol) in diethyl ether (4 mL), under argon. After 3 h, no
starting complex 7 could be detected by infrared spectroscopy.
Trimethylamine N-oxide dihydrate (0.076 g, 0.670 mmol) was
then added and the reaction mixture stirred at room tempera-
ture for 22 h. Workup followed by column chromatography
on silica gel (1:1:8 Et:O/hexanes/CHCl;) yielded the title
pyridone 10 as a white crystalline solid (0.015 g, 40%): mp
129-130 °C; 'H NMR 6 2.24 (s, 3H, Me), 5.20 (s, 2H, CH;Ph),
7.25—~7.39 (m, 11H, CHCPh and CHyPh), 7.48—7.50 (m, 1H,
NCHCPh); 33C NMR 6 17.8 (Me), 52.8 (CH;Ph), 120.2 (CMe),
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126.0 (CHyPh, meta), 127.4 (Ph, meta), 128.2 (CHoPh, para),
128.4 (Ph, para), 129.1 (CHgPh, ortho), 129.2 (Ph, ortho), 130.3
(NCHCPh), 132.1 (NCH), 136.7 (CHPh, ipso), 136.9 (CMeCH),
137.1 (Ph, ipso), 162.2 (C=0), 13C assignments were confirmed
by a DEPT experiment; IR (C¢Hys) 1664 (s, C=0), 1624 (m,
C=C), 1602 (w, C=C) cm™!; MS (EI) m/z 275 (M*, 82.6), 198
(8.9, M* — Ph), 184 (22.9, M* — CH;Ph), 169 (16.5, M* — CH,-
Ph — N), 128 (8.7, PhCCHCMe — H). Anal. Calcd for C1oHi7-
NO: C, 82.88; H, 6.22; N, 5.09. Found: C, 82.69; H, 5.98; N,
4.96.

Synthesis of 5,6,7,8,9,10-Hexahydro-3-methyl-5-phen-
yl-2-quinolizone (11). A solution of the amide complex 5
(0.245 g, 0.64 mmol) in diethyl ether (24 mL) was added to a
solution of iodine (0.652 g, 2.57 mmol) in diethyl ether (18 mL).
After 11 days, all the starting material complex 5 had been
consumed according to the infrared spectrum of the reaction
nixture. Trimethylamine N-oxide dihydrate (0.36 g, 3.21
mmol) was added, and the reaction mixture was stirred at
room temperature for 24 h. Workup followed by column
chromatography on silica gel (1:9 MeOH/CH:Cly) gave the title
compound 11 as a colorless 0il (0.010 g, 7%): 'H NMR 6 1.23—
1.33 (m, 1H, CH,), 1.42-1.51 (m, 2H, CH3), 1.61-1.72 (m, 3H,
CHy), 1.91 (s, 3H, CH3), 2.49 (dt, J = 3.3, 12.9 Hz, 1H, CH3N),
3.37 (m, 2H, CHN, CHPh), 4.54 (m, 1H), 6.15 (m, 1H, HC=),
7.17-7.35 (m, 5H, Ph); 13C NMR 4 17.8, 24.2, 25.3, 33.1, 43.9,
48.0,62.6,127.6,128.6, 129.1, 136.6, 142.5, 166.4. IR (CeHi2)
1679, 1644 (C=0) em~!. MS (FAB, MNBA) m/z 242 (MH",
100). In addition, B-lactam 14 was obtained (0.025 g, 16%):
1H NMR 6 1.28—-1.50 (m, 2H, CHy), 1.49 (s, 3H, CHjs), 1.60—
1.70 (m, 2H, CH,), 1.92 (m, 1H, CH,), 2.24 (m, 1H, CH,), 2.78
(dt, J = 2.6, 11.7 Hz, 1H, CH:N), 4.16 (m, 1H), 5.05 (m, 1H),
6.36 (d, J = 17.0 Hz, PhCH=CH), 6.75 (d, J = 17.0 Hz, 1H,
PhCH=C), 7.16—7.46 (m, 5H, Ph). IR (C¢H;3) v 1725 (CO)
cm~l, MS (FAB, MNBA) m/z 242 (MH*, 100).

Synthesis of 3-Methyl-5,6,7,8,9-pentahydro-5-phenyl-
2-indolizone (12). A solution of the amide complex 6 (0.309
g, 0.84 mmol) in diethyl ether (27 mL) was added to a solu-
tion of iodine (0.854 g, 3.37 mmol) in diethyl ether (26 mL).
After 18 h, all the starting complex 6 had been consumed
according to the infrared spectrum of the reaction mixture.
Trimethylamine N-oxide dihydrate (0.477 g, 4.21 mmol) was
then added and the reaction mixture stirred at room temper-
ature for 18 h. Workup followed by column chromatography
on silica gel (1:9 MeOH/CH:Cly) yielded the title indolizone
12 as a white solid (0.072 g, 38%): mp 108—109 °C; 'H NMR
8 1.58—1.69 (m, 2H, NCH,CHCH5), 1.79~1.88 (m, 1H, NCH,-
CH,CH;), 1.89—1.98 (m, 1H, NCH:CHy), 1.92 (s, 3H, Me),
3.40—3.53 (m, 2H, NCH; and PhCH), 3.59-3.69 (m, 2H, NCH,
and NCHCHb), 6.16 (s, 1H, CMeCH), 7.12—-7.34 (m, 5H, Ph),
1H assignments were confirmed by !H-'H DQF COSY and
H-13C HETCOR experiments; 3C NMR ¢ 16.8 (Me), 22.9
(NCH,CHy), 32.7 (NCH,CH:CHz), 44.9 (NCHjy), 48.8 (PhCH),
63.9 (NCHCH_), 127.4 (Ph, meta), 128.2 (Ph, para), 128.9 (Ph,
ortho), 132.9 (CMe), 137.5 (CMeCH), 141.2 (Ph, ipso), 164.3
(C=0), 3C assignments were confirmed by a DEPT experi-
ment; IR (CsH2) 1672 (s, C=0), 1634 (m, C=C) cm~1; MS (EI)
m/z 226 M+ — H, 12.7), 225 (70.2, M* — 2H), 224 (60.9, M*
— 3H), 212 (15.8, M~ — Me), 196 (35.8, M* —~ Me — O), 182
(17.9, M* — Me — O — CHy), 174 (22.7, PhCHCH=CMeCON
+ 2H), 158 (16.8, PhCHCH=CMeCO + 2H), 128 (24.4,
PhCHCH=CMe), 115 (27.3, PACHCH=C), 105 (35.9, PhnCHCH
+ 2H), 77 (48.4, Ph), 67 (100, COCMe=C), 57 (47.6, COCMe
+ 2H); MS (FAB, glycerol) m/z 228 (MH*, 100). Anal. Calcd
for C1sH;7:NO: C, 79.26; H, 7.54; N, 6.16. Found: C, 78.92;
H, 7.68; N, 6.43.

Data for f-Lactam 13. 13 was obtained as a side product
in the synthesis of pyridone 8, purified by column chromatog-
raphy on silica gel (1:9 MeOH/CH,Cl): clear, colorless oil
(0.035 g, 14%); 'H NMR 6 1.75 (s, 3H, Me), 1.8~1.9 (m, 2H,
NCH,CH,), 3.62 (m, 2H, NCHy), 3.73 (m, 2H, OCHy), 6.23 (d,
J = 16.1 Hz, PhHCH), 6.79 (d, J = 16.1 Hz, PhCH), 7.28—
7.42 (m, 5H, Ph); IR (CgH2) 1747 (NC=0) cm~!; MS (EI) m/z
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242 (M* - H, 3.0), 186 (6.4, M* — O(CHy)3), 171 (16.8, M* —
O(CH3);N), 158 (52.2, PhCH=CHCMeCO - H), 131 (100,
PhCH=CHCMeH), 115 (79.9, PhCH=CHC), 103 (38.8,
PhCH=CH).

In addition, small amounts of S-lactam 15, purified by
column chromatography on silica gel (1:9 MeOH/CH:Cly; R; =
0.76) were obtained: clear, colorless oil (0.022 g, 12%); 'H NMR
6 1.53 (s, Me), 1.4—2.2 (m, NCH;CH,CH}>), 3.0—3.2 (m, CONCH
and CMeCHN), 3.5—3.9 (m, CONCH), 6.23 (d, J = 17 Hg,
PhCHCH), 6.72 (d, J = 17 Hz, PACHCH), 7.1-7.5 (m, Ph); IR
(Ce¢Hig) 1734 (NC=0) em™1.
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Treatment of CyRuPRsCl; (Cy = 58-cymene, p-isopropyltoluene; R = Ph or OMe) with
PhMgBr gave the racemic ruthenium complexes CyRuBrPh(PPh;) (3) and CyRuClPh-
(P(OMe)3) (4). Reaction of 3 or 4 with AgSbFg in the presence of 1 atm of ethylene at ambient
temperature or below leads to the styrene—hydride complexes [CyRuH(C.H3Ph)(PR3)[SbF;]
5 (R = Ph) and 6 (R = OMe). NMR and chemical studies of both 5 and 6 showed that they
exist as two diastereomers in solution. Only one rotamer of each diastereomer is present in
significant concentrations, and rotational averaging of the resonances from this process is
essentially complete at ambient temperatures. Hydrogen exchange between the olefin and
hydride causes averaging at higher temperatures than olefin rotation and also provides a
route for interconversion of the diastereomers. A significant feature of the insertion process
is that the formation of a secondary alkyl, a-phenethyl, is more facile than that of the primary
alkyl, S-phenethyl. An X-ray crystal structure determination of 5 shows a classical olefin—
hydride structure rather than an agostic Ru—H—C interaction. Racemic 5 crystallizes in
the monoclinic space group P2;/n with cell parameters of a = 10.49 Ab=1524) A, c=
24.015(4) A, B = 101.94(3)°, V = 3755(9) A3, Z = 4. The reaction of 3 with AgSbFg in the

presence of carbon monoxide gives [CyRu(CO)Ph(PPh3)ISbF; (7).

Introduction

The insertion of an olefin into a transition metal—
aryl bond is of significance in many catalytic reactions.
This is a critical step in the Heck reaction, the Pd-
catalyzed arylation of olefins.! The recently reported
catalytic addition of olefins to substituted arenes also
involves this path.? Previous results with related
transition metal—alkyl complexes have shown that
there is a high kinetic barrier to olefin insertion in d*
systems where n > 0,372 even though this is a critical
and necessary step in the Cossee—Arlman mechanism
in the Ziegler—Natta polymerization of olefins.® Inser-
tion of an olefin into a metal—aryl bond apparently has
a somewhat lower barrier than insertion into a metal—
alkyl bond,”® although at this point, the evidence is
sparse. In contrast, the insertion of an olefin into a
transition metal—hydride bond usually has a much
lower barrier.34 Consequently, the number of reported
R—M-—olefin complexes is relatively high compared to
the number of H—M—olefin complexes. Recently, how-
ever, there have been a number of reports of stable

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

(1) Heck, R. F. Org. React. (N.Y.) 1982, 27, 345.

(2) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.;
Sonoda, M.; Chatani, N. Nature 1993, 366, 529.

(3) Brookhart, M.; Volpe, A. F.; Lincoln, D. M,; Horvath, L. T.; Millar,
J. M. J. Am. Chem. Soc. 1990, 112, 5634.

(4) Brookhart, M.; Hauptmann, E.; Lincoln, D. M. J. Am. Chem. Soc.
1992, 114, 10394.

(5) Flood, T. C.; Wang, L. J. Am. Chem. Soc. 1992, 114, 3169.

(6) Jolly, C. A.; Marynick, D. S. J. Am. Chem. Soc. 1989, 111, 7968,
and references therein.

(7) Lehmkuhl, H.; Grundke, J.; Schroth, G.; Benn, R. Z. Naturforsch.
1984, 398, 1052,
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olefin—hydride complexes, including many that contain
the olefin and hydride cis to each other. These include
complexes of Mo, Co, Rh, Ir, Ru, Nb, and Ta.3479-16
Most of these complexes are fluxional and undergo
reversible migratory insertion and S-hydride elimina-
tion, as shown by variable-temperature NMR and
isotopic labeling studies. Some complexes contain a
three-center two-electron C—H—M bond; i.e., they ex-
hibit an “agostic” interaction,!! and a few have been
shown to be catalysts in olefin polymerization®1® and
dimerization reactions.*!7

We report here a novel preparation of styrene—
hydride complexes via the reaction of ethylene with the
organometallic Lewis acids, [CyRu(Ph)PR;]* (Cy = #8-
cymene, p-isopropyltoluene), which were prepared ir
situ. This process presumably involves the insertion of

(9) Osborn, J. A.; Byrne, J. W.; Blaser, H. U. J. Am. Chem. Soc.
1975, 97, 3871.

(10) Schmidt, G. F.; Brookhart, M. JJ. Am. Chem. Soc. 1985, 107,
1443.

(11) (a) Cracknell, R. B.; Orpen, A, G.; Spencer, J. L. J. Chem. Soc.,
Chem. Commun. 1984, 326. (b) Brookhart, M.; Lincoln, D. M. J. Am.
Chem. Soc. 1988, 110, 8719.

(12) (a) Werner, H.; Feser, R. J. Organomet. Chem. 1982, 232, 351.
(b) Werner, H.; Keltzin, H.; Hohn, A.; Paul, W.; Knaup, W.; Ziegler,
M. L.; Serhadli, O. J. Organomet. Chem. 1986, 306, 227. (c) Werner,
R.; Werner, H. Chem. Ber. 1983, 116, 2064. (d) Werner, H.; Werner,
R. J. Organomet. Chem. 1979, 174, C63.

(13) Klein, H. F.; Hammer, R.; Gross, J.; Schubert, U. Angew. Chem.,
Int. Ed. Engl. 1980, 19, 809.

(14) Green, M. L. H.; Sella, A.; Wong, L.-L. Organometallics 1992,
11, 2650.

(15) Doherty, N. M.; Bercaw, J. E. J. Am. Chem. Soc. 1985, 107,
2670.

(16) Burger, B. J.; Santarsiero, B. D.; Trimmer, M. S.; Bercaw, J.
E. J. Am. Chem. Soc. 1988, 110, 3134.

(17) Bennett, M. A.; Smith, A. K. J. Chem. Soc., Dalton Trans. 1974,
233.
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Scheme 1
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ethylene into a phenyl-Ru bond, followed by S-hydride
elimination, which provides excellent yields of the
moderately stable olefin hydride complexes [CyRuH-
(C2H3Ph)PR3]* at ambient temperatures and pressures.

Results and Discussion

Synthesis of Phenyl—Halide, Styrene—Hydride,
and Carbonyl Complexes. These syntheses are sum-
marized in Scheme 1. Treatment of the dimer {CyRuCl,
with triphenylphosphine or trimethyl phosphite gave
the monomeric CyRuPR;Cl; derivatives 1 and 2,17 The
reaction of 1 or 2 with excess PhMgBr in THF at room
temperature, followed by chromatography on silica gel,
gives the air-stable complexes CyRuBrPh(PPh;) (3) and
CyRuCIPh(P(OMe)3) (4) in about 90% yield. Complex
3 was formed by apparent Br/Cl exchange, either in the
reaction or in the workup. Repeated attempts to
prepare the related chloride complex using PhMgCl led
to the formation of CyRuPhsPPhs. Complex 4 surpris-
ingly does not undergo Br/Cl exchange. The ‘H NMR
spectrum of 3 exhibits a very broad peak in the phenyl
region at 20 °C, as well as a multiplet at § 6.8. The
broad peak in 8 can be ascribed to a high barrier to
rotation arising from a large steric interaction between
the triphenylphosphine and the phenyl ligand. Complex
4 in contrast, with a less bulky phosphine, exhibits a
sharp multiplet at 0 6.8 and a doublet at 6 7.69. The
chemical shifts of the phenyl peaks are consistent with
the sshifts reported for analogous compounds of rhodi-
um.!

Ru
* 1 | >rr
PR
5b, 6b
_' .
.
U
ph” | PR,
Co
7 3 X=Br, R=Ph
4 X=Cl, R=OMe
Sa, 5b R=Ph
6a, 6b R=OMe

The styrene—hydride complexes 5 and 6 were pre-
pared by the reaction of 8 and 4 with AgSbFs in the
presence of ethylene at ambient temperature and pres-
sure. After 20 to 30 min, the reaction mixture was
filtered through Celite, and the filtrate was evaporated
and washed with heptane, giving the olefin—hydrides
5 and 6 in high yield as pale yellow solids. Complex §
was found to be stable up to 90 °C in CD3NOg, but 6
decomposed very slowly (over several hours) in solution
at room temperature. A similar reaction was reported
by Lehmkuhl,? in which ethylene inserted into the Ru—
Ph bond of a coordinatively unsaturated CpRuPhPPh;
intermediate, followed by 3-hydride elimination to give
the corresponding olefin—hydride complex. However,
severe conditions (70—100 °C, 50—150 bar) were needed
to carry out this transformation. Another related reac-
tion has been reported in which ethylene inserts into
the Ru—aryl bond of a proposed orthometalated inter-
mediate [CsMegRu (C¢H4PPhy)1* to yield a derivative of
[CeMesRu (HzC=CHCGH4PPh2)]+.18

Usually the insertion of an olefin into an aryl—metal
bond is followed by S-hydride elimination and loss of
the arylated olefin, as found for insertions of olefins into
Pd—phenyl bonds via the Heck reaction.! These reac-
tions yield Pd—hydride intermediates, but there is no
observation of an olefin—hydride complex; although as
a five-coordinate Pd(II) species, the olefin—hydride
would not be expected to be stable. The formation of 5
and 8 is very similar to the Heck reaction, except that

(18) Kletzin, H.; Werner, H. J. Organomet. Chem. 1985, 291, 213.
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it does not proceed all the way to give the free styrene
but rather yields what may be considered an intermedi-
ate in the catalytic cycle of the Heck reaction. What is
remarkable is that there seems to be no tendency for
the olefin—hydride complexes 5 and 6, under conditions
of excess olefin, to undergo irreversible migratory inser-
tion of the styrene into the ruthenium—hydride bond
to give a stable alkyl—olefin complex, which occurs in
the closely related [CpRhH(C2H4)PR3]* complexes (R =
Me, OMe).4

An alkyl analogue, [CeHsRuCH;3(CoHy)PMes]™, has
been reported by Werner?¢ but shows no tendency to
undergo olefin insertion into the Ru—CHj bond, as
addition of PMe; gives instead [CsHsRuCH;3(CoH4PMej3)-
PMe;jt. It is not clear why the olefin inserts into the
Ru—Ph bond but not the Ru—Me bond. Considering the
fact that a M—phenyl bond is more stable than an
M-—methyl bond,92° one might have expected insertion
into a M—Ph bond to be less facile than insertion into a
M-CH;jbond. Comparative data on these insertions are
relatively limited, although this trend was also observed
by Lehmkuhl in CpRu complexes under extreme condi-
tions.”

Removal of bromide from 3 and treatment with CO
instead of ethylene did not yield a benzoyl—Ru—car-
bonyl complex, as one might have anticipated from
insertion into the ruthenium—phenyl bond, but rather
gave the phenyl carbonyl complex 7. This is shown
clearly by the infrared spectrum, where only a sin-
gle carbonyl stretching band at 1998 cm™! was ob-
served. The 1H NMR of 7 also shows the presence of a
o-bound phenyl group, as peaks are observed at less
than 6 7.

Characterization of the Olefin—Hydride Com-
plexes 5 and 6. These complexes were characterized
by 'H and 13C NMR spectra, and in one case by an X-ray
crystal structure determination. In both 5 and 6, two
isomers were detected in solution. The solid state
structure of 5 provides a secure point of departure for
discussion of the isomerism. Since there is a chiral
metal center and styrene is prochiral, different diaster-
eomers can be formed depending upon which face of the
styrene binds to the ruthenium. The crystal contains
a racemic mixture of the RR and SS diastereomers

Diastereomers:
_‘ + —} +
i Ro
) ‘ PR, H” \",1},3‘
Ph\/ /
Sa, 6a Sb, 6b

(Figure 1 shows only the Ry, metal center, which will
be shown in the figures and sketches that follow). #2-
Olefins generally have barriers to rotation which allow
observation of conformers or rotamers by variable-

(19) Connor, J. A.; Zafarani-Moattar, M. T.; Bikerton, J.; Saied, N.
L; Suradi, S.; Carson, R.; G. A,; Skinner, H. A. Organometallics 1982,
1, 1166.

(20) Bruno, J. W.; Marks, T. J.; Morss, L. R. J. Am. Chem. Soc. 1983,
105, 6824.
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Rotamers:
—l + —| +
3 R
U ]
Ph—_ >
— Ph
endo exo

temperature NMR.21-24 In the solid, the RR, SS dias-
tereomer exists as the endo conformer. On the basis of
analogues,®*7 one would expect that these rotamers
should be interconverting rapidly enough at room tem-
perature that the resonances would be averaged at 20
°C. Resonances for both rotamers were not observed
in any of the complexes, even at low temperature. There
is apparently a pathway for isomerization of the dia-
stereomers in solution. In both 5 and 6, the RR, SS
and RS, SR diastereomers were observed by 'H NMR,
one with very sharp olefin resonances at 20 °C and one
with broad resonances at 20 °C.

The isomerization path will be discussed below in
connection with NMR data; however, the X-ray struc-
ture provides some further structural features of note
for 5. Although one should regard the accuracy of metal
hydride position determinations by X-ray methods with
some suspicion, the hydride is found at a substantial
distance, 2.23(7) A, from the a-carbon of the styrene.
Thus it appears that there is no evidence in the solid
for an agostic interaction between the hydride and the
n?-olefin. The electronic difference between hydride and
phosphine causes a tilting of the olefin?122 go that it
tends to align with the metal-hydride bond. This
tilting alleviates some of the steric repulsion that would
otherwise occur between the phenyl of the styrene and
the cymene ring and which might ordinarily be expected
to destabilize the endo conformation (see Figure 2). The
correlation of structural data is discussed below, but
briefly summarized in Table 1. This structure is similar
to the ethylene analogue [(CsMeg)RuH(CoH4)(PPhsl™,
which also shows the olefin tilting and was reported by
Werner et al.12b

[CYRuH(C2H3Ph)PPhgl™ (5). The 300 MHz 'H
NMR spectrum of 5 at 20 °C revealed the presence of
two diastereomers in a ratio of 8.2:1. The major
diastereomer 5a exhibits sharp resonances correspond-
ing to the olefin protons at 6 3.84 (dd, J = 12.6, 8.1 Hz),
3.64 (d, J = 12.6 Hz), and 1.70 (dd, J = 8.1, 6.8 Hz).
Homonuclear decoupling experiments verified the as-
signments as in Figure 1. The extra coupling exhibited
at 6 1.70 is from coupling to phosphorus, observed for
analogous CpRh complexes.* The hydride resonance is
observed at 6 —9.00 as a doublet (Jp_yg = 35.4 Hz), and

(21) For a recent discussion of olefin rotation in diastereomeric
organometallics, see: Pu, J.; Peng, T.-S; Mayne, C. L.; Arif, A. M
Gladysz, J. A. Organometallics 1998, 12, 2686.

(22) For a recent review, see: Faller, J. W, Stereochemical Nonri-
gidity of Organometallic Complexes. In Encyclopedia of Inor-
gggic Chemistry; King, R. B., Ed.; Wiley: New York, 1994; pp 3914~
3933.

(23) Faller, J. W.; Johnson, B. V.; Schaeffer, C. D. J. Am. Chem.
Soc. 1976, 98, 1395.

(24) Alt, H.; Herberhold, M.; Kreiter, C. G; Strack, H. J. Organomet.
Chem. 1978, 102, 491.
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c17

Cc34

Figure 1. ORTEP view of 5 demonstrating that in the
solid the endo rotamer is favored and the RR, SS diaste-
reomer crystallizes. (RR)-5a is shown. Hydrogen atoms are
omitted for clarity, except for H(40), the metal hydride.
Significant bond lengths are as follows; Ru—H, 1.44(7) A;
Ru-P, 2.297(7) A; C(1)-C(2), 1.397(8) A; Ru—C1, 2.195(6)
A; Ru—C(2), 2.216(6) A. Significant bond angles are as
follows: P—Ru—C(1), 84.1(2)°; P-Ru—C(2), 97.3(2)°; P-Ru—
H, 80(3)°; H-Ru—C(2), 71(3)°.

Figure 2. PLUTO view of (RR)-5a looking from the C(1)—
C(2) midpoint toward the Ru.

the coupling constant is well within the range of a
“classical” olefin—hydride complex. This is confirmed
by the 'H-coupled 3C NMR spectrum, where the me-
thine carbon appears as a doublet at 6 62.01 (Jc-g =
161 Hz), and the methylene carbon is a triplet at 6 37.57
(Jo-g = 159 Hz). There is little, if any, coupling of the
hydride to either carbon, in contrast to that found in
agostic olefin—hydride complexes, where the hydride—
carbon coupling can be substantial. The major confor-
mation of 5a was confirmed by difference NOE experi-
ments, as there is a substantial NOE to the methine
proton upon saturation of the hydride resonance at 6
—9.00. Upon irradiation of the methine proton, the
cymene ring protons did not show a NOE. One would
expect that the most likely structure for 5a would be
that found in the solid (vide infra). The NOE experi-
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ment confirms the proximity of the methine proton to
the hydride required for this diastereomer and the endo
rotamer. (Note that this “endo—exo” terminology denotes
the positions of olefin substituents relative to the cymene
ring, whereas a similar nomenclature!56 for Cp*sM(H)-

(styrene) systems denotes positions relative to the hy-
dride.)

The minor diastereomer 5b exhibited two broad olefin
resonances at ¢ 3.40 and 3.30, as well as a hydride
resonance that appeared as a broad doublet at 6 —9.96
(2Jp_g = 43.2 Hz). The third olefin resonance was not
observed and was presumably buried under other
signals. variable-temperature 'H NMR spectra (—70 to
+40 °C and 0-90 °C) in CD,Cl; and CD3NO; reveal
information regarding the rotamer population of the two
diastereomers. The resonances assigned to diastereo-
mer 5a exhibit little, if any, noticeable change within
the entire temperature range. The spectra of diastereo-
mer 5b, however, indicate significant activity. The low
concentration of 5b, variations of 0 with temperature,
and decomposition at high temperatures make observa-
tions difficult. Heating the sample causes the olefin
(especially the 6 3.30 resonance) and hydride resonances
of 5b to broaden between 0 and 50 °C. Cooling the
sample to —70 °C in CDyCl; sharpened the broad peaks
of 5b considerably, and a resonance at 6 3.22 became a
broad doublet (J = 12.9 Hz). This doublet is assigned
to the terminal methylene proton cis to the phenyl ring
on the styrene. The resonances shift with temperature,
and 6 3.22 at —70 °C correlates with the room-temper-
ature 6 3.30 resonance. The other olefin proton was not
observed at —70 °C either. At low temperature, the lack
of new peaks that can be assigned to rotational isomers,
and the lack of broadening of the hydride resonance of
5a at any temperature, suggest that 5a and 5b exist
predominantly as single rotamers.

The hydride resonance of 5b broadens into the base-
line at higher temperatures. The crucial experiments
for analyzing the process, however, are saturation
transfer experiments at 10 °C on 8b, which confirm the
presence of exchange between the hydride and the
terminal olefin proton at J 3.30. Saturation of the
hydride resonance at § —9.96 causes the resonance at
0 3.30 to decrease drastically in intensity, while the
3.40 resonance is essentially unaffected. Both peaks are
broad and they overlap. Irradiation at ¢ 3.30 also
results in an intensity decrease in the hydride reso-
nance. It would seem reasonable that this exchange
would most readily be effected if the methylene were
adjacent to the hydride in the principal rotamer. This
would then require that the phenyl ring of the styrene
oriented toward the cymene ring in the principal rota-
mer of 5b and it would be assigned as the endo rotamer.
Although one could imagine a scenario where a major
exo rotamer rotated to a less populated endo form to
allow the exchange, it seems more likely that endo-5b
would be the predominant form. These interpretations
for 5b are somewhat tenuous owing to the low concen-
tration of the minor isomer and overlapping peaks. The
observations of saturation transfer and the analogous
assignments in 6 are much more straightforward owing
to the greater concentration of the minor isomer and
ease of observation.

[CyRuH(C;HsPh)P(OMe)s]* (6). The 'H NMR spec-
trum of 6 at 20 °C shows the presence of two diaster-
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Table 1. 'H NMR Assignments of Olefin and Hydride Resonances for Complexes 5 and 6°

—<§.?>—<j

|
Ru,

Ru
/ \PR3 / \pR3
7/4"» 7/<
Sa, 6a 5b, 6b
complex H. Hp H. Hqy

Sa 3.64,d(12.6) 1.70, dd (8.1, 6.8) 3.84,dd (12.6,8.1) —9.00,d (35.4)
5b 3.30b c 3.40 -9.96,d (43.2)
6a 3.66,d (12.3) 2.25,dd (9.0, 6.9) 4.48,dd (12.3,9.0) —-9.27,d (31.2)
6b 3.24,d(12) 2.60 m¢ 4.464 -10.97,d (30.6)

4 Chemical shifts in ppm downfield from TMS in CD,Cl;. Numbers in parentheses denote coupling constants (in Hz). d, doublet; dd, doublet of doublets.
b Observed at 6 3.22 (12,9) at —70 °C. ¢ Obscured by other resonances. ¢ Partially overlapped by other resonances.

Table 2. Crystallographic Data for X-ray Diffraction
Studies of [CyRuH(C,H3Ph)(PPh;)] SbF¢CH,Cl,

(A) Crystal Parameters at —103 £ 2 °C

formula RUPC}gHzngF@'CHzClz
space group P2y/n (No. 14)

a A 10.49(1)

b A 15.24(1)

c. A 24.015(4)

B, deg 101.94(3)

Vv, Al 3755(9)

FwW 923.41

QOcalcds g/cm‘ 1.633 (Z = 4)

abs coeff, cm™! 13.58

0.22 x 0.22 x 0.45

(B) Intensity Measurements

cryst dimens, mm

diffractometer Rigaku AFC5S
monochromater graphite
radiation Mo Ka (0.710 69 A)
scan type w—26
no. of reflctns measd +h,+k, £l
max 26, deg 60
no. of unique reflctns measd 9483
(C) Solution and Refinement
data used, F? > 30(F?) 3539
params refined 553
abs correctn empirical (0.81—1.16)
p factor 0.02
final residuals R, Ry 0.046, 0.050
convergence, largest shift/error 0.00
GOF 1.83
largest A(g) e /A* 1.09

eomers in the ratio of 2.6:1. The olefin protons of the
major isomer 6a appear as a doublet of doublets at o
4.48 (J = 12.3, 9.0 Hz), a doublet at 6 3.66 (J = 12.3
Hz), and a doublet of doublets at 6 2.25 (J = 9.0, 6.9
Hz). The hydride appears at 6 —9.27 as a doublet (2Jp_g
= 31.2 Hz). Aswith 3, the large P—H coupling constant,
as well as the 'H-coupled 13C spectrum show that this
is a “traditional” olefin—hydride complex. Homonuclear
decoupling experiments clearly assign the é 4.48 reso-
nances as belonging to the methine proton. The pre-
ferred conformation of 8a was determined by the large
NOE found between the methine proton and the hydride
from NOE difference experiments.

The minor isomer 6b displays olefin resonances at ¢
4.46 (partially masked by the 6 4.48 resonance of 6a), 6
3.24, a broad doublet (J = 12 Hz), and é 2.60, which is
partially obscured by the cymene CH(Me); septet. The

hydride is observed as a doublet at 6 —10.97 (Jp_g =
30.6 Hz). Saturation transfer experiments at 20 °C on
6b show that there is exchange between the hydride and
the protons corresponding to the doublet at ¢ 3.24 and
the resonance at 6 2.60. Irradiation of the hydride
resonance at 6 —10.97 severely diminishes the intensity
of the 0 3.24 and 2.60 resonances, while the 6 4.46
resonance was unaffected. Difference NOE experiments
on 6b show that the resonance at 6 4.46 only exhibits a
NOE to the P(OMe); and the styrene phenyl, and not
to the cymene ring. Both the NOE and the saturation
transfer experiments are good evidence that the § 4.46
resonance belongs to the methine proton and that it is
oriented away from the cymene ring in the predominant
(endo) rotamer.

Variable-temperature NMR of 6 (—90 to +20 °C)
reveals the olefin rotation of the minor isomer 6b. At
=50 °C, there is broadening of the 6 —10.97 resonance,
and at —60 °C, the signal is very broad. Cooling to —90
°C shows a resharpening of the peak, but no new
hydride resonances are observed. At —60 °C, there is
slight broadening of the 6a hydride peak, and it
sharpens up again by —90 °C. This indicates that both
of these diastereomers must have very small popula-
tions (<5%) of the exo rotamers. It is interesting to note
that the slowed olefin rotation of 6a and 6b is observed
at —50 °C, while for 5a and 5b there is no such
observation to —70 °C. In is not clear whether the
absence of broadening the 5 is a consequence of lower
barriers or extremely low populations of exo rotamers.
Brookhart observed that the more donating phosphorus-
containing ligand, MesP vs P(OMe)s, correlates with the
larger the barrier of rotation for similar CpRh com-
plexes.*

Since we know the geometry of 6a and we also know
from the saturation transfer experiment on 6b that two
hydrogens are exchanging with the hydride, it follows
that both diastereomers probably exist predominantly
as endo rotamers with the phenyl ring oriented toward
the cymene.

Reactions of 5 and 6. Complexes 5 and 6, upon
reaction with excess pyridine in CDyCly, slowly yield
styrene as one of the products. Reaction of § with excess
CH3CN yielded free styrene, but the reaction was very
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Table 3. Positional Parameters and B(eq) for [CyRu(PPh;)(H)(styrene)]SbFsCH,Cl;

atom x y b4 B(eq) atom x y z B(eq)
Sb 0.49295(5) 0.03049(3) 0.12971(2) 3.74(2) C(34) 0.3712(7) 0.4118(5) 0.0938(3) 3.4(3)
Ru 0.04563(4) 0.20436(3) 0.22272(2) 1.75(2) C(35) 0.2614(7) 0.4604(4) 0.0916(3) 3.4(3)
CI(D) 0.0246(2) 0.1947(2) 0.4712(1) 6.3(1) C(36) 0.1511(6) 0.4216(4) 0.1050(3) 2.6(2)
Cl(2) —0.2430(2) 0.2513(2) 0.4535(1) 6.6(1) C@37 -0.080(1) 0.2826(6) 0.4745(4) 5.4(4)
P 0.0093¢1) 0.27991(9) 0.13816(6) 1.83(5) H(1) 0.093(7) 0.342(5) 0.286(3) 5.0
F(1) 0.4300(4) —-0.0837(3) 0.1180(2) 5.1(2) H(Q2) 0.123(7) 0.383(4) 0.234(3) 5.0
F(2) 0.5624(5) 0.1427(3) 0.1369(3) 10.0(3) H@3) 0.279(7) 0.275(4) 0.231(3) 5.0
F(3) 0.5929(8) —-0.0011(4) 0.1969(3) 11.94) H4) 0.407(7) 0.152(5) 0.278(3) 5.0
F4) 0.629(1) -0.0035(6) 0.1002(5) 18.2(7) H(5) 0.545(7) 0.087(5) 0.352(3) 5.0
F(5) 0.3640(8) 0.0588(6) 0.1611(6) 20.7(8) H(6) 0.531(7) 0.120(4) 0.449(3) 5.0
F(6) 0.389(1) 0.0640(5) 0.0654(4) 21.5(7) H(7) 0.349(7) 0.219(5) 0.450(3) 5.0
C(1) 0.1319(6) 0.3284(4) 0.2588(3) 2.4(2) H(8) 0.228(7) 0.289(4) 0.374(3) 5.0
C(2) 0.2330(6) 0.2678(4) 0.2619(2) 2.2(2) H(9) 0.030(7) 0.179(5) 0.340(3) 5.0
C(3) 0.3059(6) 0.2244(3) 0.3143(2) 2.3(2) H(10) 0.131(7) 0.067(5) 0.305(3) 5.0
C4) 0.4024(7) 0.1626(4) 0.3101(3) 2.8(3) H(11) —0.146(7) 0.086(5) 0.161(3) 5.0
C(5) 0.4779(7) 0.1252(4) 0.3585(3) 3.7(3) H(12) —0.247(7) 0.199(4) 0.200(3) 5.0
C(6) 0.4592(7) 0.1464(4) 0.4118(3) 3.6(3) H(13) —0.120(7) 0.304(5) 0.329(3) 5.0
C(7) 0.3639(7) 0.2065(4) 0.4168(3) 3.1(3) H(14) —0.233(7) 0.305(5) 0.278(3) 5.0
C(8) 0.2883(6) 0.2458(4) 0.3690(3) 2.7(2) H(15) -0.237(7) 0.249(5) 0.327(3) 5.0
C9) —0.1153(6) 0.1999(4) 0.2775(3) 2.7(2) H(16) 0.145(7) —0.028(4) 0.225(3) 5.0
C(10) 0.0006(6) 0.1607(4) 0.3066(3) 2.5(2) H(17) -0.112(7) —0.092(5) 0.197(3) 5.0
C(11) 0.0579(6) 0.0891(4) 0.2836(3) 2.5(2) H(18) -0.002(7) —0.153(5) 0.206(3) 5.0
C(12) 0.0007(5) 0.0562(3) 0.2285(2) 2.1(2) H(19) —0.035(7) ~0.116(5) 0.254(3) 5.0
C(13) —0.1087(6) 0.1011(4) 0.1973(3) 2.2(2) H(20) 0.076(8) 0.017(5) 0.127(3) 5.0
C(14) —0.1665(6) 0.1719(4) 0.2228(3) 24(2) H(21) 0.095(7) —0.075(5) 0.131(3) 5.0
C(15) —0.1820(9) 0.2698(5) 0.3051(4) 4.3(4) H(22) —0.049(7) -0.015(5) 0.122(3) 5.0
C(16) "~ 0.0541(6) —0.0254(4) 0.2062(3) 3.0(3) H(23) —0.246(7) 0.212(4) 0.084(3) 5.0
ca1m —0.027(1) —0.1016(5) 0.2197(4) 4.8(4) H(24) —0.304(7) 0.113(5) 0.014(3) 5.0
C(18) 0.052(1) —0.0224(6) 0.1436(4) 5.7(5) H(25) —0.179(7) 0.048(4) —-0.038(3) 5.0
C(19) ~0.0518(5) 0.2098(3) 0.0765(2) 2.1(2) H(26) 0.046(7) 0.093(5) -0.017(3) 5.0
CQ0) —0.1821(6) 0.1847(4) 0.0650(3) 2.5(2) HQ27) 0.117(7) 0.190(4) 0.051(3) 5.0
C(21) ~0.2276(6) 0.1241(4) 0.0219(3) 2.8(3) H(28) —0.108(7) 0.378(4) 0.212(3) 5.0
C(22) —0.1453(7) 0.0896(4) —0.0098(3) 3.1(3) H(29) —0.265(7) 0.494(5) 0.197(3) 5.0
C(23) ~0.0173(7) 0.1149(4) 0.0007(3) 2.9(3) H(30) -0.351(7) 0.548(4) 0.113(3) 5.0
C(24) 0.0307(6) 0.1742(4) 0.0437(3) 2.5(2) H(@31) -0.286(7) 0.497(4) 0.036(3) 5.0
C(25) —0.1135(5) 0.3680(3) 0.1297(2) 2.1(2) H(32) —0.146(7) 0.379(5) 0.047(3) 5.0
C(26) ~0.1519(6) 0.4031(4) 0.1769(3) 2.4(2) H(33) 0.276(7) 0.235(4) 0.134(3) 5.0
c@27n —0.2419(6) 0.4703(4) 0.1706(3) 3.003) H(34) 0.452(7) 0.296(4) 0.118(3) 5.0
C(28) -~0.2944(6) 0.5049(4) 0.1172(3) 2.9(3) H(35) 0.438(7) 0.437(5) 0.089(3) 5.0
C(229) —0.2560(6) 0.4706(4) 0.0703(3) 3.1(3) H(@36) 0.262(7) 0.516(5) 0.080(3) 5.0
C(30) —0.1678(6) 0.4024(4) 0.0757(3) 2.8(3) H(37) 0.073(7) 0.463(4) 0.103(3) 5.0
ca3n 0.1530(6) 0.3334(4) 0.1214(2) 2.2(2) H(38) —=0.072(7) 0.303(5) 0.508(3) 5.0
C(32) 0.2677(6) 0.2865(4) 0.1253(3) 2.6(2) H(39) —0.068(7) 0.331(5) 0.452(3) 5.0
C(33) 0.3753(6) 0.3254(5) 0.1113(3) 3.03) H(40) 0.147(6) 0.167(4) 0.198(3) 5.0

sluggish, taking several hours to go to completion. The
introduction of CO to 5 at ambient pressure and
temperature did not result in substitution of the styrene
ligand or the S-phenethyl—carbonyl complex, as no
reaction occurred. As was noted previously, complexes
5 and 6 were prepared under conditions of excess
ethylene and did not produce the 3-phenethyl—ethylene
complex in either case. These reactions also demon-
strate that the styrene ligand is not especially labile.

Proposed Mechanism of Isomerization. The single
crystal used for the X-ray analysis, shown to be 5a, was
placed in an NMR tube with CD¢Cl;, and a 'H NMR
spectrum was taken as rapidly as possible. The total
time from dissolving the crystal to final acquisition of
the data was less than 15 min. The spectrum clearly
showed the two isomers 5a and 8b in a ratio of 8.2:1,
the same ratio as observed at much longer times. This
demonstrates that there is an equilibrium between
these diastereomers, and that it takes much less than
15 min to achieve equilibrium, but that the equilibration
is relatively slow on the NMR time scale. It was shown
previously (vide supra) that 5a and 5b are not rotational
isomers, so another mechanism must account for this
isomerization. A dissociation—recombination mecha-
nism, where the styrene dissociates from the ruthenium
and then binds with the other enantioface, can be dis-

counted owing to the rapid isomerization of the complex
and the sluggish reactivity of 5 in substitution reactions.

The proposed mechanism for interconversion of 5a
and 5b (Scheme 2) involves hydrogen exchange between
the metal—hydride and the methine hydrogen. This ex-
change occurs on a time scale that is effectively slower
than the NMR experiment at room temperature. This
process for Ba, followed by fast olefin rotation, will give
5b. The b diastereomers also undergo a three-site ex-
change mechanism between the two methylene hydro-
gens and the metal—hydride, a process observed for both
5b and 6b (Scheme 3). This is in agreement with the
results obtained by Bercaw for Cp,NbH(C;HsPh),!6
where the methine—hydride exchange is slower than the
methylene—hydride exchange by 1—2 orders of magni-
tude.

In summary, we conclude that olefin insertion into
the Ph—Ru bond occurs rapidly in the [CyRu(ethylene)-
(Ph)PRs]* intermediate formed by addition of ethylene
to the species formed by removal of halide from CyRu-
(Ph)PR3sX. B-Hydride elimination from the coordina-
tively unsaturated RuCHsCHoPh intermediate gives the
styrene—hydride complexes 5 and 6. NMR studies
suggest that hydride—olefin insertion occurs rapidly to
yield unobserved transient phenethyl intermediates.
Hydride—olefin insertion occurs rapidly and reversibly
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in the styrene hydrides and produces unobserved tran-
sient phenethyl intermediates. A significant feature of
the relative rates of these hydride—olefin insertion
processes is that the formation of a secondary alkyl,
o-phenethyl, is more facile than that of a primary alkyl,
B-phenethyl.

Experimental Section

All reagents were purchased from Aldrich. [CyRuCly]p, %
CyRuCl1,PPh;, and CyRuCl,P(OMe);!” were prepared as in the
literature. NMR spectra were recorded on GE-QE 300 or Yale
490 MHz instruments. AgSbFs was stored and manipulated
in a nitrogen atmosphere glovebox. CO (Linde) and ethylene
(Cryodyne) were used as received.

Preparation of {CyRuBr(Ph)PPhs] (3). 3 was prepared
by a method similar to Jones’ preparation of analogous Rh
complexes.?® 1 (1.007 & 1.77 mmol) was added to 50 mL of

(25) Bennett, M. A.; Huang, T-N; Matheson, T. W.; Smith, A. K.
Inorg. Synth. 1982, 21, 75.

Ru ——
B-hydride elim.

dry THF under nitrogen. The solution was cooled to —78 °C,
and a 3-fold excess of 3 M PhMgBr in ether (1.77 mL, 5.32
mmol) was added via syringe. The reaction was slowly
warmed to room temperature and stirred for 30 min. Wet THF
was carefully added by pipet to deactivate unreacted PhMgBr.
The mixture was opened to the air, and the solvent was
removed by rotary evaporation. The residue was then dis-
solved in CHCl; and washed through silica gel, followed by
chromatography (silica gel/CH:Cl;) to give a single yellow-
orange band, found to be pure 3 (1.000 g, 0.153 mmol, 86%):
'H NMR (CD;Cl,, 20 °C) 6 7.8—6.8 (vbr, 17H, Ph), 6.71 (m,
3H, Ph), 5.37 (d, 1H, Cy-H), 5.13 (d, 1H, Cy-H), 5.07 (d, 1H,
Cy-H), 4.97 (d, 1H, Cy-H), 2.08 (septet, 1H, CH(CHj3).), 1.53
(s, 3H, Cy-CHj3), 1.05 (d, 3H, CH(CHj;).), 0.92 (d, 3H, CH-
(CH3)g). Anal. Caled for CaH3sBrP;Ru;: (C, 62.39; H, 5.24.
Found: C, 62.64; H, 5.30. This compound crystallizes in the
monoclinic space group P2y/c (No. 14) with a = 9.683(4) A, b
= 15.480(5) A, ¢ = 19.758(4) A, § = 103.15(2)°; V = 2884(1)
A3, Z = 4. The structure, which will be published elsewhere,

(26) Jones, W. D.; Kuyendall, V. L. Inorg. Chem. 1991, 30, 2615.
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is fully consistent with the complex being the bromide with a
Ru—-Br bond length of 2.556(3) A and a normal thermal
parameter for the Br of Be,= 3.8(1) A2,

Preparation of [CyRuCl1(Ph)P(OMe);] (4). 4 was pre-
pared similarly to 8. Amounts used: 0.104 g (0.24 mmol) of
4; 0.24 mL (0.72 mmol) of 3 M PhMgBr in 25 mL of dry THF;
yield, 0.099 g, 0.21 mmol, 86%: 'H NMR (CD:Cly, 20 °C) ¢
7.69 (d, 2H, Ph), 6.86 (d, 3H, Ph), 5.43 (d, 1H, Cy-H), 5.32 (d,
1H, Cy-H), 5.19 (d, 2H, Cy-H), 3.45 (d, 9H, P(OCHj3)s), 2.68
(septet, 1H, CH(CHj;)2), 1.94 (s, 3H, Cy-CHj;), 1.18 (d, 3H, CH-
(CHs);), 114 (d, 3H, CH(CHs)2). Anal. Caled for
C19H2301103P1RU11 C, 48.36; H, 5.98. Found: C, 48.97; H, 6.01.

Preparation of [CyRuH(C.HsPh)PPh;]SbFg (5). Under
nitrogen, 3 (0.124 g, 0.19 mmol) was placed in a 100 mL
Schlenk flask equipped with a stirring bar, and 25 mL of
freshly distilled CH,Cl; was added via cannula. The orange
solution was then purged for 10 min with ethylene, and
AgSbFs (0.070 g, 0.20 mmol) was added with stirring under
an ethylene stream. The color of the solution changed almost
immediately to a very pale yellow color, and a colorless solid,
presumably AgCl, precipitated. After 20—30 min of stirring,
the pale yellow color remained, and the mixture was filtered
through Celite to remove the AgCl. The filtrate was collected
and partially evaporated by a nitrogen stream, and dry
n-heptane was added to initiate precipitation. The mother
liquor was removed via cannula, and the pale yellow solid was
washed twice times with n-heptane, dried under high vacuum,
and then placed into a drybox, giving 0.145 g (0.17 mmol, 89%)
of 5. NMR samples were prepared by adding the solid into a
screw-cap NMR tube, removing to a high vacuum line, and
distilling in dry solvent (CDyCl; or CD3sNOz). The NMR
samples were stable for many weeks under these conditions.
5 was found to be moderately air stable as a solid, but is air-
sensitive in solution. *H NMR (CD:Clg, 20 °C): Major isomer
5a,4 7.7-7.2 (m, 20H, Ph), 5.73 (d, Cy-H), 4.89 (d, Cy-H), 4.66
(4, Cy-H), 4.40 (d, Cy-H), 3.84 (d, 1H, CH,CH, J = 12.6, 8.1
Hz), 3.64 (d, 1H, CHHCH, J = 12.6 Hz), 2.61 (s, 3H, Cy-CH3),
2.55 (septet, 1H, CH(CHjs)p), 1.70 (dd, 1H, CHHCH, J = 8.1,
6.8 Hz), 1.23 (d, 3H, CH(CH3),), 1.08 (d, 3H, CH(CHs)s), ~9.00
(d, 1H, RuH, Jp-y = 35.4 Hz). Minor isomer 5b,  7.7-7.2
(m, 20H, Ph), 6.08 (d, 1H, Cy-H), 5.86 (d, 1H, Cy-H), 4.80 (d,
1H, Cy-H), 4.55 (d, 1H, Cy-H), 3.40 (br, 1H, CH,C-H), 3.30
(br, 1H, CHHCH), 2.61 (s, 3H, Cy-CHj3), 2.56 (septet, 1H,
CH(CHz)y), 1.18 (d, 3H, CH(CH3)2), 1.13 (d, 3H, CH(CH3)y),
—10.98 (d, 1H, RuH, Jp-g = 43.2 Hz). 13C NMR (CDyCl,, 20
°C): Major isomer 5a, 6 142.58 (s, Cy-CR), 135—125 (P(CsHs)s,
CyH3(CsHs)), 116.70 (s, Cy-CR), 103.84 (d, Cy-CH), 100.52 (d,
Cy-CH), 97.98 (4, Cy-CH), 91.15 (d, Cy-CH), 62.01 (d, CH,CHPh,
Jc-p = 161 Hz), 37.57 (t, CH;CHPh, Jo_y = 159 Hz), 32.29 (d,
C(CHs)p), 23.56 )q, C(CH3)(CHy)), 23.40 (g, C(CH3)(CHay)), 19.64
(g, CyCHs;). Minor isomer 5b, 6 136.61 (s, Cy-CR), 135-125
(P(Cst,)a, C2H3(CGH5)), 118.50 (S, Cy-CR), 91.59 (d, Cy-CH),
90.11 (4, Cy-CH), 90.00 (d, Cy-CH), 89.44 (d, Cy-CH), 70.16
(d, CH,CHPh, Jc-u = 165 Hz), 50.18 (t, CH,CHPh, Je_g =
162 Hz), 39.52 (d, CH(CHj;)), 22.88 (q, CHzs), 17.41 (q, CHb),
16.96 (q, CH3). Anal. Calcd for C3sHasFgP1Ru1Sby:0.5CHCls:
C, 49.76; H, 4.46. Found: C, 49.34; H, 4.50. (The amount of
CH,Cl; incorporation was variable and depended upon the
workup of the complex, as shown by 'H NMR in CD;NO;,
which always showed <1 equiv of CH;C); present in several
samples. Concentrations of CH,Cl; varied between 0.5 and 1
equiv of CHyCl,.)

Preparation of [CyRuH(C:H;Ph)P(OMe);1SbFs (6). 6
was prepared in essentially the same manner as 5. Due to
the slight thermal instability of 6 at 20 °C, the reaction was
performed at 0 °C and stored in the cold (—25 °C). The NMR
samples were quickly prepared at room temperature under a
nitrogen stream using dry CD:Cl; as solvent. Neither the solid
nor the NMR samples decomposed at —25 °C over several
weeks. 'H NMR (CD;Cl;, 20 °C): Major isomer 6a,  7.5~7.2
(5H, Ph), 5.86 (d, 1H, Cy-H), 5.58 (d, 1H, Cy-H), 5.44 (d, 1H,
Cy-H), 5.01 (d, 1H, Cy-H), 4.48 (dd, 1H, PhCHCH,, J = 12.3,
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9.0 Hz), 3.69 (d, 9H, P(OCH3)s, J = 12.0 Hz), 3.66 (d, 1H, J =
12.3), 2.58 (septet, 1H, CH(CHs)p), 2.44 (s, 3H, Cy-CHj), 2.25
(dd, 1H, J = 9.0, 6.9 Hz, PhCHCH,), 1.29 (d, 3H, CH(CH;)-
(CHs)), 1.27 (d, 3H, CH(CH3)(CH3)), —9.27 (d, 1H, RuH, Jp_y
= 31.2 Hz). Minor isomer 6b, é 7.5—7.2 (6H, Ph), 6.11(d, 1H,
Cy-H), 6.02 (4, 1H, Cy-H), 5.60 (d, 1H, Cy-H), 5.17 (d, 1H, Cy-
H), 4.46 (br, 1H, PhCHCHb), 3.64 (d, 9H, P(OCH3)3, J = 12.3
Hz), 3.24 (4 (br), 1H, trans-PhCHCHH, J = 12 Hz), 2.72
(septet, 1H, CH(CHjs)2), 2.60 (br, 1H, cis-PhCHCHH), 1.97 (s,
3H, Cy-CH3), 1.36 (d, 3H, CH(CH;XCHjy)), 1.34 (d, 3H, CH-
(CHs)CH3)), —10.97 (1H, d, RuH, Jp_g = 30.6 Hz). 3C NMR
(CD:Clg, —10 °C): Major isomer 6a, é 143.51 (s, Ph), 128.26
(d, Ph), 126.64 (d, Ph), 126.20 (d, Ph), 117.47 (s, Cy-CR), 116.65
(s, Cy-CR), 103.37 (d, Cy-CH), 100.31 (d, Cy-CH), 99.51 (d, Cy-
CH), 91.87 (d, Cy-CH), 60.41 (4, PA\CHCH,, Jc-g = 160 Hz),
53.67 (q, P(OCHS3)s), 35.20 (d, PACHCH3, J¢-u = 163, 144 Hz),
32.35 (d, CH(CHzs)y), 23.44 (g, CHj3), 19.83 (q, CH3). Minor
isomer 6b, & 143.10 (s, Ph), 110.30 (s, Cy-CR), 116.56 (s, Cy-
CR), 98.22 (d, Cy-CH), 96.40 (d, Cy-CH), 92.68 (d, Cy-CH),
89.50 (4, Cy-CH), 59.39 (4, PhCHCHa, Jc-y = 162 Hz), 48.91
(t, PhnCHCHo,, Jo-u = 172 Hz), 42.71 (d, CH(CH,)2), 22.76 (q,
CHj3), 18.43 (q, CH;). Some peaks corresponding to the phenyl
carbons in 6b were obscured by peaks from the major isomer.
No elemental analysis was performed, owing to the thermal
instability of the complex.

Preparation of [CyRu(CO)(Ph)PPh;ISbFs (7). The
preparation of 7 followed that of 5, except that CO was
substituted for ethylene. To 0.1536 g (0.23 mmol) of 8 in 25
mL of CHCl; was added 0.0870 g (0.25 mmol) of AgSbFg under
a CO atmosphere. The color of the solution became yellow
over a period of 1 min, with concomitant precipitation of AgBr.
The reaction was stirred for 30 min, then the mixture was
washed through Celite, and n-heptane was added to the yellow
filtrate to initiate precipitation. The precipitate was washed
twice with n-heptane and dried under high vacuum to give
0.1533 g (0.18 mmol, 78%) of pure 7: H NMR (CD,Cl;, 20 °C)
& 7.56 (m, 3H, Ph), 7.45 (m (br), 6H, Ph), 7.13 (m (br), 6H,
Ph), 6.94 (m, 3H, Ph), 6.85 (m, 2H, Ph), 6.48 (d, 1H, Cy-H),
6.38 (d, 1H, Cy-H), 6.25 (4, 1H, Cy-H), 6.17 (d, 1H, Cy-H), 2.10
(septet, 1H, CH(CH3).), 1.68 (s, 3H, Cy-CH3), 1.16 (d, 3H, CH-
(CH3)), 1.01 (d, 3H, CH(CH3)2). IR (CH:Clp) 1998 cm™. Anal.
Caled for CssH3:FeO1P1Ru;Sby: C, 50.14; H, 4.09. Found: C,
49.85; H, 4.10.

Crystallographic Analysis. Crystals of 5 were grown
from CH;Cly/n-heptane at —25 °C. The crystal used was cut
from a larger needle and mounted on a glass fiber. Diffraction
measurements were made on a Rigaku AFC5S fully automated
four-circle diffractometer using graphite-monochromated Mo
Ka radiation at ~103 °C. Cell constants and an orientation
matrix for data collection were obtained from a least-squares
refinement using the setting angles of 24 carefully centered
reflections in the range 20.90 < 26 < 29.46°. Data processing
was performed on a Digital Equipment Corp. Vaxstation 4000
computer using the TEXSAN crystallographic software pack-
age of Molecular Structure Corp. Neutral atom scattering
factors were calculated using standard procedures.?’” Anoma-
lous dispersion effects were applied to all non-hydrogen
atoms.”® The data were corrected for Lorentz and polarization
effects. An empirical absorption correction using the program
DIFABS?® was applied. Full-matrix least-squares refinements
minimized the function Sw(|Fo| — |F.)?, where w = 4F,%g2-
(Foz)y 02(F02) = [(Iraw)2 + (PInet2)2]/Lp2, Lp is the Lorentz
polarization factor, and p is the p factor, 0.02.

5 crystallized in the monoclinic crystal system. The space
group P2i/n for 5 was determined from the systematic ab-
sences, and the structure was solved by a combination of the

(27) Cromer, D. T.; Waber J. T. International Tables for X-ray
Crystallography; The Kynoch Press: Birmingham, England, 1974; Vol.
IV, Table 2.2 A.

(28) Cromer, D. T. International Tables for X-ray Crystallography;
The Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.3.1.

(29) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.
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Patterson methods to find the heavy atoms, direct methods
(DIRDIF), and difference Fourier syntheses. The positions of
the hydrogen atoms including the one attached to the ruthe-
nium atom were located by difference Fourier syntheses, and
their positions were refined with isotropic thermal parameters
fixed at 5.0 A2. All non-hydrogen atoms were refined with
anisotropic thermal parameters. Crystallographic data are
listed in Table 2. Selected bond distances and angles are given
in the caption for Figure 1.
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Selenolates of Aluminum and Gallium. Synthesis and
Molecular Structures of [Mes;Al(u-SeMe)l;,
[PhoGa(u-SeMe)lz, and [Mez(PhSe)Al'PPhg]
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The reaction of triorganoaluminum and -gallium derivatives, RsM, (M = Al, R = Me, Mes;
M = Ga, R = Ph) with the diselenide, R’sSe; (R" = Me, Ph) yields [RaM(u-SeR")],, (M = Al,
R=Me, R =Me, 1; R =Me, R"=Ph, 2; R = Mes, R" = Me, 3; M = Ga, R = Ph, R" = Me,
4) and the corresponding selenoether RSeR’. 1 is also prepared by a simple insertion reaction
of elemental grey selenium into the Al—C bond of trimethylaluminum. 1 reacts with
4-picoline to give the addition compound, Mex(MeSe)Al-Pic, 6. 2 reacts with PPhs to yield
Mex(PhSe)Al'PPh;, 5, with benzaldehyde to yield {Me;Al[u-OC(H)SePh)Phl},, 7, and with
methyl benzoate to give the selenoester PhC(0)SePh. The resulting derivatives have been
characterized by 'H, 13C, 81P, and 7"Se NMR spectroscopy and by chemical analyses. The
structures of 3, 4, and 5 were determined by single crystal X-ray diffraction techniques.
The crystal structure parameters of 8 are as follows: orthorhombic, space group Cmca (No.
64); cell constants a = 23.419(3) A; b = 14.830(2) A; ¢ = 12.020(2) A; and Z = 8; R = 5.3%,
Ry = 4.7% based on 996 (I > 2.00(I)) observed reflections. The (AlSe); core is planar, and
the aluminum center is in a pseudotetrahedral environment with an Al—Se bond distance
of 2.519(2) A. 4 crystallizes in the monoclinic space group P2)/c (No. 14); cell constants @ =
11.170(1) A; b = 13.637(3) A; ¢ = 18.311(2) A; 8 = 96.52(1)°; Z = 4; and R = 3.0%, R\, = 6.0%
based on 2205 (I > 2.00(I)) observed reflections. The central (GaSe); ring of the dimer is
planar with a Ga—Se bond distance of 2.509(1) A. The unit cell parameters of 5 are as
follows: triclinic space group P1 (No. 2); cell constants @ = 9.777(2) A; b = 9.817(3) A; c =
14.125(3) A; o = 82.84(2)°; B = 77.53(2)°; v = 66.40(2)°; and Z = 2; R = 4.0%, Ry, = 3.4%
based on 3292 (I > 2.00(I)) observed reflections. The aluminum center is in a pseudotetra-
hedral environment with an Al—Se bond distance of 2.394(1) A and an Al-P bond distance
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of 2.517(1) A.

Introduction

The current interest in the preparation of III-V, I1I—
VI (13-15, 13—16), and more complex films by the
MOCVD method has led to a resurgence in the organo-
metallic chemistry of group 13/16 derivatives. A num-
ber of reports have appeared on aluminum-—sulfur
compounds,! =6 and a single paper on [NpsGa(u-TePh)l,’
has appeared, but only two compounds, Cl3Al'SePPh3®
and K*[MeSe(AlMe;)s;]™,° have been reported that con-
tain direct Se—Al bonds. No neutral species with Al—
Se bonds have been described. Gallium compounds that
contain direct Ga—Se bonds include the monomeric
species Ga[Se(2,4,6-t-BusCgHg)ls! and [#-BuGaSel, with

a cubane structure.!’!2 Barron and co-workers pre-
pared the dimeric indium thiolate [(¢-Bu)oIn(u-S-¢-Bu)ls,
which decomposes under APMOCVD conditions to give
thin films of polycrystalline tetragonal InS.1314 Simi-
larly, the cubane derivatives of gallium, [(¢-Bu)GaS],,
give highly oriented thin films of GaS.1> Gysling et al.
showed that the indium selenolates, Rs—,In(SeR’),, serve
as molecular precursors in the control of phase and
stoichiometry in In,Se, films,'¢ and Beachley reported
a mixed bridged species, Np2In[u-SePh, u-P(z-Bu):])-
InNps.l” We have also found that In(ER); (E = S, Se)
complexes serve as precursors to previously unidentified
phases of In,E, materials.'® Recently, we reported the
syntheses and X-ray studies of precursors to ternary
compounds such as [RoM(u-ESnRg)le (M = Al, Ga, In;
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E=0,8, Se).1920 Ag a continuation of our studies on
group 13/16 chemistry,?1-22 we now report the synthesis
and characterization of selenolato complexes, [ReM(u-
ER")],, formed by the interaction of the diselenide R'Se,
with trimesitylaluminum, trimethylaluminum, and tri-
phenylgallium. The first crystal structures of neutral
selenolato derivatives of aluminum and gallium, [MespAl-
(u-SeMe)ly, [PhoGa(u-SeMe)lz, and [Me2(PhSe)Al'PPhs],
are described.

Experimental Section

General Experimental Procedures. All solvents were
purified and dried by standard techniques.?* Argon gas was
purified by passing it through a series of columns containing
Deox catalyst (Alfa), phosphorus pentoxide, and calcium
sulfate. Trimethylaluminum (Aldrich; Me3Al, 2 M solution in
toluene), grey selenium, dimethyl diselenide, dimesityl di-
selenide (Alfa), diphenyl diselenide, triphenylphosphine, benz-
aldehyde, methyl benzoate, and 4-picoline (Aldrich) were used
as received. Ph3Ga?* and MessAl?® were prepared as described
previously. All of the glassware used in the synthetic work
was oven-dried. The compounds are both oxygen and water
sensitive so standard Schlenk line and drybox techniques were
employed for all reactions and transfers. 'H and *C NMR
spectra were recorded on a General Electric QE-300 NMR, a
GN-300 NMR, or a Varian-U500 NMR spectrometer. The
chemical shifts were referenced to the residual proton line from
benzene-ds (6 = 7.15 ppm for 'H; 6 = 128.0 ppm for °C). The
"Se (57.23 MHz, external reference Me;Se in CDCl3) and 3P
(121.47 MHz, external reference 85% H;PO,) NMR spectra
were recorded in benzene-ds at ambient temperature. Mass
spectra were obtained on a MS-80 Autoconsole (Kratos Ana-
lytical Instruments) mass spectrometer in the EI or CI mode.
Chemical analyses were carried out by Galbraith Laboratories,
Knoxville, TN.

Preparation of [Me Al(u-SeMe)], (1). MezAl, 40 mmol
(20 mL of 2.0 M solution in toluene), was added to 3.15 g (40
mmol) of grey selenium in ca. 50 mL of benzene. The mixture
was refluxed for a period of 24 h to give a colorless solution.
The volatile materials were removed under vacuum, leaving
a white solid. The solid was sublimed (65-70 °C/0.01 mmHg),
affording the complex formulated as [Me2Al(4-SeMe)],, on the
basis of elemental analyses and NMR spectroscopic data. 1
is quite soluble in aromatic solvents at room temperature but
has limited solubility in saturated hydrocarbons such as
hexane at room temperature. Yield: 85%. mp: 111 °C. Anal.
Caled (Found) for CsHgAlSe: C, 23.86 (23.72); H, 6.01 (6.09);
Se, 52.28 (52.91). 'H NMR (C¢Ds, 6, ppm): —0.31 (dimer),
—0.26 (trimer) (s, 6H, AlMe), 1.48, %Jse-n = 7.3 Hz (dimer),
1.53 (trimer) (3H, SeMe). 3C{'H} NMR (C¢Ds, 6, ppm): —0.3,
1Jc-se = 188 Hz (dimer), —0.7 (trimer) (SeMe); —9.0 (dimer),
—17.5 (trimer) (AlMe). 7"Se NMR (C¢Ds, 6, ppm): —232. No
"Se signal was observed for the trimer because of low
concentration, nor was 'H—""Se coupling observed for the
trimer. The equilibrium between trimer and dimer, Ks» = 230,
will be discussed elsewhere.26 The CI mass spectra showed
the following ions [m/e (relative abundance)] associated with
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the fragments indicated: 591 (0.5) Mey;AlsSeqs ™, 519 (2.3) Mes-
AlsSes T, 489 (0.3), 487 (0.4), 485 (0.6) Me,Al Ses ™, 455 (0.5)
MegAlsSes'™, 439 (37.5), 438 (13.8), 437 (29.7), 436 (11.3), 435
(17.2) MesAl:Se;, MesAlsSes™t, 367 (12.4), 365 (12.9), 363 (10.1)
Me3Al3Ses™ and other ions, 305 (10.9), 303 (10.5) MegAlxSes.

Synthesis of 1 via the Reaction of Trimethylaluminum
with Dimethyl Diselenide. Dimethyl diselenide was reacted
with a 2-fold excess of trimethylaluminum in benzene-dg in a
5 mm NMR tube at room temperature and monitored over a
period of 2 h. The yellow color of the diselenide faded, giving
a colorless solution. The 'H NMR spectrum of the resulting
solution showed that the formation of 1 and Me,Se was
quantitative. No attempt was made to repeat this reaction
on the synthetic scale.

Attempted Synthesis of [Mes:Al(y-SeMes)],. The reac-
tion of MessAl (1.00 g, 2.6 mmol) with selenium (0.21 g, 2.6
mmol) was studied using the reaction conditions described for
1. Removal of the solvent followed by sublimation of the
residue gave MesySe; and a white product that was insoluble
in hydrocarbon solvents. This product was not characterized
further. Spectral data for the sublimed product, MessSes, are
as follows. 'H NMR (C¢Dg, 8, ppm) (authentic sample of Mes,-
Sey): 2.02 (2.02) (s, 3H, p-Me of Mes), 2.31 (2.32) (s, 6H, 2,6-
Me; of Mes), 6.67 (6.67) (s, 2H, aryl of Mes). 77Se NMR (C¢Ds,
6, ppm): 372 (372).

Preparation of [MeyAl(z-SePh)l, (2). Diphenyl disele-
nide (1.0 g, 3.20 mmol) was stirred in pentane (ca. 60 mL),
and Me3Al (1.60 mL, 3.20 mmol) was added over a period of 5
min. The reaction mixture was stirred for 3 days, during
which time the solution lost color. The solution was separated
by cannula from traces of a yellow precipitate, and the solvent
was removed under vacuum. The residue was stirred in ca.
50 mL of pentane for 2 h. The white solid was isolated and
washed with 10—15 mL of very cold pentane and dried under
vacuum. The solid was identified from its 'H and 3C NMR
spectra as [MesAl(u-SePh)], (2). Yield: 90%. mp: 141-144
°C. Anal. Calcd (Found) for CsH1;AlSe: C, 45.09 (46.00); H,
5.20 (5.39). 'H NMR (CgDg, 6, ppm): —0.16 (dimer); —0.05
(trimer) (s, AlMe); 6.78—6.88, 7.29—7.30, 7.55—7.56 (m, Ph).
BC{!H} NMR: —-6.2, —6.9 (AlMe); 127.5, 129.5, 129.9, 134.6,
135.0 (Ph). 7"Se NMR (Cg¢Ds, 6, ppm): 46.3, 26.6. The
equilibrium constant between monomer and dimer as a
function of concentration and temperature, K32 ~ 2.5, has been
determined. Details of this study will be described else-
where.?” Mass spectra obtained using CI and EI modes
showed the following ions [m/e ratio (relative abundance)]
associated with the fragments indicated. MS (CI mode). 625
(1.6) (MeyAlSePh);-Me*™, 553 (4.6) MeyAloSe(SePh)y'*, 489 (0.8)
MesAlgsezSePh”‘, 471 (0.5) Me5A13(SePh)2°+, 413 (21.2)
MesAly(SePh) T, 371 (3.5) MepAl(SePh)e'™, MesAloSe(SePh) ™,
PhSeSePh**, MesAl;SePh't, MesAlSePhH'*, MeAlSePh'",
MeAlSer*, PhH*t. MS (EI mode): 552 (0.3) Al(SePh)s*™, 486
(0.3) MegAls(SePh)sr™, 471 (1) MesAls(SePh)e'™, 413 (4.6) MesAly-
(SePh);**, 356 (1.1) MeAl(SePh)y't, 341 (0.4) Al(SePh)y'™, 314
(8.8) PhSeSePh'*, 271 (2.1) MesAloSePh**, 234 (5.1) PhSePh't,
214 (14.5) MeqAlSePh**, 199 (63) MeAlSePh'*, 157 (25.2)
PhSe*, 78 (49.9) PhH"*.

A mixture of MezAl and diphenyl diselenide in 20 mL of
toluene was monitored by 77Se NMR. After 14 h, the solution
showed resonances at 203 ppm (intense and sharp) and at 34
ppm (broad). The resonance at 34 ppm is assigned to
MeyAlSePh and the one at 203 ppm to MeSePh. The 'H NMR
of this solution showed resonances at 6.93 (m, SePh), 1.86 (s,
SeMe), and —0.24 ppm (s, AlMe).

Preparation of [Mes:Al(z-SeMe)]; (3). Trimesitylalumi-
num and dimethyl diselenide (1:1.5) were placed in an NMR
tube containing CeDs, and the tube was flame sealed. No
reaction was observed after 24 h at room temperature. The
tube was heated to 100 °C, and the reaction was monitored at
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regular intervals. After 100 h, the tube was slowly cooled to
room temperature, resulting in the formation of X-ray-quality
crystals of [Mes;Al(u-SeMe)l;. The crystals are slightly soluble
in benzene at room temperature. A second reaction on a large
scale was carried out in toluene under the same conditions.
Yield: 66%. mp: 248-249 °C (no decomposition). Anal.
Caled (Found) for Ci1gHo5A18e: C, 63.59 (64.74); H, 7.01 (7.29).
(Note that the sample sent for analysis was evacuated,
removing some but not all of the toluene of crystallization.)
Integrated intensities of the 'H NMR spectrum showed !/ mol
of toluene remained/dimer. Anal. Caled (Found) for
CesHipsAlSeq: C, 64.99 (64.74); H, 7.10 (7.29). 'H NMR (C¢Ds,
6, ppm): 1.25 (s, 3H, SeMe), 2.14 (s, 6H, p-Me of Mes), 2.68 (s,
12H, 0-Me of Mes), 6.72 (s, 4H, aryl of Mes), 2.10 (s, 1.5H, Me
of Tol), 6.9—7.1 (m, aryl of Tol). 13C{'H} partial NMR (CsDs,
4, ppm): 21.2 (p-Me of Mes), 25.8 (0-Me of Mes). The mass
spectral data obtained using the CI mode showed the following
ions [m/e (relative abundance)] associated with the fragments
indicated. No significant fragments were observed above 309
(0.3), 307 (0.3) 265 (6.5), and 264 (3.2) Mes,Al. Most ion
current was associated with fragments 121 (33.8), 120 (21.7),
119 (7.8) and below which are primarily organic species.

Preparation of [Ph.Ga(y-SeMe)l; (4). PhsGa, 1.59 mmol
(0.48 g), was added to a solution of 0.30 g (1.59 mmol) of Me,-
Se; in ca. 70 mL of pentane. The mixture was stirred for
approximately 24 h, at which time all the Ph3Ga had reacted
and a solution formed. At —10 °C overnight, the solution
deposited colorless crystals which were isolated, washed with
pentane, and dried under vacuum. The product was formu-
lated as [PhoGa(u-SeMe)le on the basis of its NMR spectro-
scopic data and X-ray crystallography. Yield: 70%. mp: 213
°C. Anal. Caled (Found) for CisHi3GaSe: C, 49.11 (48.32);
H, 4.12 (4.25). 'H NMR (C¢Ds, 6, ppm): 1.36 (s, 3H, SeMe),
7.15—7.66 (m, 10H, GaPh). ¥C{*H} NMR (C¢Ds, 6, ppm): 3.01
(SeMe); 141.5, 136.8, 128.9, 128.4 (GaPh). ""Se NMR (CsDs,
0, ppm): —247. Mass spectral data obtained using the CI
mode showed the following ions [m/e (relative abundance)]
associated with the fragments indicated: 563 (2.1), 561 (5),
559 (6.2), 557 (4.8) PhyGasSesMez'", 545 (5.6), 543 (13.9), 541
(13.9), 539 (6) PhuGasSeMe**, 320 (3.5), 319 (9.5), 317 (4.8) Ph,-
GaSeMe'*, 241 (13.2), 239 (6.1) PhGaSeMe*", and 223 (75.4)
PhyGa**.

Preparation of [Me:(PhSe)Al'(PPh;)] (5). The synthesis
of 5 proceeded as described for 2 up to the final workup; then
0.84 g (3.20 mmol) of triphenylphosphine was added, and the
mixture was allowed to stir for 2 h. The solution was decanted
to remove traces of yellow solid. The product was crystallized
at —20 °C. The crystals were isolated at dry ice—acetone bath
temperature, washed with pentane (10 mL), and dried under
vacuum. The product was identified as [Mey(PhSe)Al{(PPhs)]
by NMR spectral data and X-ray crystallography. Yield: 95%.
mp: 108~-110 °C. Anal. Caled (Found) for CosHzsA1SeP: C,
65.69 (65.73); H, 5.51 (5.43). 'H NMR (C¢Dg, 0, ppm): —0.09
(s, 6H, AlMe), 6.83—7.51 (m, 20H, PPh; + SePh). 3C{'H}
NMR (CgDg, 6, ppm): —6.9 (AlMe); 135.8, 134.2, 134.0, 129.9,
129.2,129.1, 129.0, 126.6 (PPh; + SePh). "7Se NMR (CgDsg, 6,
ppm): 42.1; 3P NMR (C¢Ds, 6, ppm): —5.5.

Preparation of [Mez(MeSe)Al(4-picoline)] (6). 4-Pico-
line, 0.89 mL (9.13 mmol), was added to a solution of 1.38 g
(9.13 mmol) of [Me;AlSeMel, in ca. 200 mL of pentane. The
solution was stirred at room temperature for 15 min. Colorless
crystals were obtained by cooling the solution at ca. 0 °C. The
product was isolated at 0 °C, washed with cooled pentane (dry
ice—acetone), and dried under stream of argon, followed by
vacuum. The complex showed solubility in benzene and
toluene and was slightly soluble in pentane. mp: 53 °C. Anal.
Caled (Found) for CoH1sAINSe: C, 44.26 (45.29); H, 6.55 (7.61);
N, 5.73 (5.40). 'H NMR (CgDg, 6, ppm): —0.09 (s, 6H, AlMe),
1.52 (s, 3H, SeMe), 1.91 (s, 3H, Me-picoline), 6.23—6.25; 8.28—
8.29 (4H, 4-picoline). 13C{'H} NMR (C¢Dg, 6, ppm): —6.5
(SeMe); —8.5 (AlMe), 20.5 (Me-picoline), 125.7, 146.6, 152.6 (4-
picoline). 77Se NMR (C¢Ds, 8, ppm): —300.
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Preparation of {Me;Allu-OC(H)(SePh)Ph]}, (7). The
synthesis of 7 followed the general procedure described for 2
up to the final workup; then 0.33 mL of benzaldehyde was
added, and the mixture was stirred for 2 h. The solution was
decanted to remove traces of yellow solid. The product was
crystallized at —20 °C. The crystals were isolated at dry ice—
acetone bath temperature, washed with pentane (10 mL), and
dried under vacuum. The product was identified as {MejAl-
[u-OC(H)SePh)Ph]}, by NMR spectral data. mp: 125-136
°C. H NMR (C¢Dg, S, ppm): —0.377(2), —0.383(1), —0.390(1)
(s, 6H, AlMe), 6.53, 6.56 (1H, OC(H)(SePh)Ph); 6.88—7.37 (m,
H, OC(HXSePh)Ph). BC{'H} NMR (CeDs, 6, ppm): —8.4 (1),
—-8.1(2), —7.9 (1) (AlMe); 79.4 (OC(H)(SePh)Ph); 126.6, 126.8,
127.7, 128.48, 128.51, 128.8, 128.89, 128.93, 129.21, 129.24,
135.4, 135.7, 140.6, 140.7 (OC(HXSePh)Ph). 7'Se NMR (C¢Ds
+ 4-picoline, 6, ppm): 601. Mass spectral data showed the
following fragments [m/e (relative abundance)]. MS (CI
mode): 289 (0.2) AIOC(SePh)Ph**, 247 (14) C(H)(SePh)Ph*™,
167 (4.8) C(H)(Ph)Ph**, 158 (1.8) SePhH'*, 107 (12.5) OC(H)-
PhH"*, 91 (2.6) C(H)PhH'*, 78 (2.1) PhH*". MS (EI mode): 392
(0.8) MeAl,O.C(H)(SePh)Ph**, 314 (61.3) PhSeSePh't, 234
(18.8) PhSePh*, 157 (92.5) SePh**, 105 (18.7) OCPh*, 77 (100)
Ph**.

Preparation of Selenoester PhC(0)SePh. The synthe-
sis of PhC(O)SePh was attempted by the same general
procedure as described for the synthesis of [MegAl(4-SePh)],
up to the final workup; then 0.436 g (0.40 mL) of methyl
benzoate was added, and the mixture was allowed to stir for
2 h. The solution was decanted to remove traces of yellow
solid. The solvent was completely removed under vacuum. The
residue was redissolved in pentane (ca. 30 mL) and crystallized
at —20 °C. The crystals were isolated at dry ice—acetone bath
temperature, washed with pentane (10 mL), and dried under
vacuum. The product was identified as PhC(O)SePh. Yield:
85%. mp: 36—37 (lit.22 mp 35—37 °C). 'H NMR (CeDs, 9,
ppm): 7.41 — 7.95 (m, 10H, C¢H;). Mass spectral data (EI
mode). peaks at 262 (molecular ion) PhC(0O)SePh'+, 312 (the
recombination species) (CgHs)2Seq'", and fragments at 224, 157,
105, and 77 corresponding to the ions (CgHs)2Se**, CsHsSe'™,
PhC(0)*, CeHs*" were observed.

X-ray Structure Determination of [Mes;Al(u-SeMe)l,
CeDs (3), [Ph2Ga(u-SeMe)l: (4), and [Mez(PhSe)Al'PPhs]
(5). X-ray-quality crystals of 3, 4, and 5 were grown as
described in the Experimental Section. In each case, a crystal
suitable for X-ray diffraction studies was mounted in a thin-
walled capillary tube in a drybox. The capillaries were plugged
with grease, removed from the drybox, flame sealed, mounted
on a goniometer head, and placed on a Nicolet P3/V (4) or P2;
(3 and 5) diffractometer for data collection. Selected crystal
structure parameters are presented in Table 1.

The crystals are orthorhombic (3), monoclinic (4), and
triclinic (5). Lattice constants were verified by axial photo-
graphs. 3 has two possible space groups, Cmca (No. 64) and
C2¢b (No. 41), on the basis of systematic absences and was
assigned to the former based on its successful refinement. 4
was assigned to P2y//c (No. 14) on the basis of systematic
absences. The initial data indicated that 5§ may be assigned
to space group P1 (No. 1) or P1 (No. 2); it was assigned to P1
based on successful refinement of the structure. Data re-
duction and calculations for 4 were carried out using the
SHELXTL program.?® Structure solution and refinement were
carried out using SHELXS-86%° and SHELXL-93.3! No cor-
rection for secondary extinction was made. Absorption cor-
rections were semiempirical from y scans. Data reduction,

(28) Back, T. G.; Collins, S.; Kerr, R. G. J. Org. Chem. 1981, 46,
1564.

(29) Sheldrick, G. M. SHELXTL; University of Gottingen: Gottin-
gen, Federal Republic of Germany, 1978.

(30) Sheldrick, G. M. SHELXL-86; University of Gottingen: Got-
tingen, Federal Republic of Germany, 1986.

(31) Sheldrick, G. M. SHELXL-93; University of Gottingen: Federal
Republic of Germany, 1993.
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Table 1. Selected Experimental Parameters for the X-ray Diffraction Study of Compounds, [Mes;Al(z-SeMe)1»*CsDs (3),
[Ph;Ga(u-SeMe)]; (4), and [Me(SePh)Al'PPh;] (5)

compd 3

empirical formula CaHasSeAl
mol wt (amu) 802.99

cryst syst orthorhombic
space group Cmca (No. 64)
a(A) 23.419(3)

b (&) 14.830(2)

e (A) 12.020(2)

a (deg)

B (deg)

v (deg)

vol (AY) 4174.5(9)

V4 8

dcalcd (g/cm‘) 1.28

F(000) 1656

temp (°C) 20

no. of obsd reflns 996 with (/ = 2.00(])
linear absn coeff (1) (cm™") 18.41

abs corr none applied
no. of params refined 119
obsd/param ratio 8.4:1

R =Z(|Fo| — IFVE|Fy| 53

Ry = [Zu(|Fol = |FeDYEw|Fol1"2 4.7

w™l = 0X(Fg) + g(Fo)*

goodness of fit 2.17

largest difference peak (e/A%) 0.76

largest difference hole (e/A%) -0.55

Table 2. Atomic Coordinates (x10%) and Isotropic Thermal
Parameters (x10°) for the Non-Hydrogen Atoms of
[Mes,Al(u-SeMe)],*CsDs (3)

4 5

C3H:SeGa CagHaAlSeP

635.83 475.41

monoclinic triclinic

P2y/c (No. 14) P1 (No. 2)

11.170(1) 9.777(2)

13.637(3) 9.817(3)

18.311(2) 14.125(3)
82.84(2)

96.52(1) 77.53(2)
66.40(2)

1257.8(4) 1212.0(1)

4 2

1.68 1.30

624 488

22 20

2205 with (I =z 2.00() 3292 with (f = 2.00(D)

50.46 16.59

Y scans none applied

137 262

16.09:1 12.6:1

3.0 4.0

6.0 34

1.02 2.53

0.474 0.51

-0.237 —0.48

Table 3. Atomic Coordinates (x10%) and Isotropic Thermal
Parameters (x10°) for the Non-Hydrogen Atoms of
[Ph,Ga(u-SeMe)l; (4)

atom X Y Z Uey! atom X Y Z Uey”
Se(l) 5000 118(1) 11482(1) 52(1) Se(1) 9809(1) 8813(1) 1074(1) 43(1)
Al(D 4243(1) 0 10000 38(1) Ga(l) 11483(1) 9921(1) 429(1) 38(1)
C(l) 3811(3) 1142(4) 10143(7) 38(3) C(l) 12250(3) 10535(3) 2413(4) 37(1)
C2) 3811(3) 1898(5) 9422(7) 51(3) C(2) 12240(3) 11536(3) 2663(5) 47(1)
C(3) 3506(3) 2673(5) 9653(7) 57(4) C(3) 12850(4) 11963(3) 4020(5) 58(1)
C(4) 3188(3) 2752(6) 10596(9) 59(4) C(4) 13470(4) 11392(3) 5172(5) 58(1)
C(5) 3164(3) 2020¢(7) 11322(7) 60(3) C(5) 13476(4) 10392(4) 4986(5) 61(1)
C(6) 3455(3) 1239(5) 11106(6) 46(3) C(6) 12877(4) 9977(3) 3611(5) 52(1)
C(7) 4145(3) 1854(5) 8330(8) 85(4) C(7) 12405(3) 9157(3) —995(4) 38(1)
C(8) 2876(3) 3642(6) 10855(8) 84(4) C(8) 13656(3) 9175(3) —736(5) 47(1)
C9 3395(3) 478(5) 11932(6) 66(3) C(® 14347(4) 8612(3) —1656(5) 58(1)
C(10) 5000 1403(8) 11733(15) 126(9) C(10) 13808(4) 8022(3) —2832(6) 63(1)
C(20) (benzene) 5571(7) 5000 0 137(10) C(11) 12582(4) 7984(3) -3121(5) 62(1)
C(21) (benzene) 4701(4) 4230(7) 321(9) 113(6) C(12) 11890(4) 8549(3) —2207(5) S1()
C(13) 9677(4) 9118(4) 3336(5) 66(1)

N Ueq =11 lele/ a*a*aa;.

structure solution, and refinement for 8 and 5 were carried
out using the SHELXTL PC programs.®? The direct method
routines produced acceptable solutions for the structures,
yielding positions for most non-hydrogen atoms with the
remaining heavy atoms located during subsequent refinement.
No correction for secondary extinction was made. In 8, 4, and
5, hydrogen atom positions were calculated and riding on the
carbon atoms to which they were bound (dcy = 0.96 A). In 3
the benzene molecule was located and refined. Atomic coor-
dinates and isotropic thermal parameters for the non-hydrogen
atoms of 83—5 are presented in Tables 2—4.

Results and Discussion

Compounds that have direct Al-Se bonds can be
prepared in several ways. These include the insertion
of selenium into the M—C bond in RsM derivatives,12:33
the reaction of RsM with R’:Se; to yield R;MSeR’ and
RSeR’,3* and the reaction of M’SeR with RoMX deriva-

(32) SHELXTL PC; Siemens Analytical X-Ray Instruments, Inc.:
Madison, WI, 1990,

(33) Kozikowski, A. P.; Ames, A. J. Org. Chem. 1978, 43, 2735—
2737.

(34) Kumar, R.; Mabrouk, H. E.; Tuck, D. G. J. Chem. Soc., Dalton
Trans. 1988, 1045.

4 Ueq = 1y i Uya*a*aia;.

tives.5710 The advantages of the first process are that
all of the R groups bound to M are used and that Se,
rather than a volatile organoselenium derivative, is
used. The second process makes it possible to prepare
species with R # R’ but does require use of the
diselenides. The third process requires use of the mixed
diorganometallic halide and the use of a metal seleno-
late. In the present work, the first two methods have
been used to prepare several new organoaluminum
selenolates which have been characterized by NMR
spectroscopy, elemental analysis, X-ray diffraction, and
chemical reactions. The compounds are colorless crys-
talline solids that decompose on contact with moisture.
They have moderate solubility in hydrocarbon solvents.

The reaction of MesAl with selenium powder in
refluxing benzene yields a product formulated as [Me»-
Al(u-SeMe)], (1). 1 was also obtained quantitatively by
reaction of MesAl with MegSes. Elemental analysis
confirms the stoichiometric formula of the compound.
The H, 13C, and 77Se NMR data are consistent with the
stoichiometry of the products but at high concentration
indicate formation of a second species which has been
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Table 4. Atomic Coordinates (x10%) and Isotropic Thermal
Parameters (x10°) for the Non-Hydrogen Atoms of
[Me,(PhSe)AICPPh;] (5)

atom X Y V4 Ueg"

Se(l) 3729(1) 3106(1) 3020(1) 59(1)
P(1) 8166(1) 1925(1) 2299(1) 38(1)
Al(D) 5719(1) 2995(1) 1665(1) 44(1)
C() 3755(1) 1125(1) 3202(1) S1(D)
C(2) 3687(1) 468(1) 4125(1) 75(1)
C(3) 3718(1) —-961(1) 4263(1) 103¢D)
C4) 3865(1) —1751(1) 3485(1) 102(1)
C(5) 3924(1) =111 2589(1) 80(1)
C(6) 3857(1) 318(1) 2433(1) 61(1)
C(7 8211(1) 2648(1) 3415(1) 40(1)
C(8) 7100(1) 3983(1) 3722(1) 48(1)
C(9) 7180(1) 4613(1) 4533(1) 56(1)
C(10) 8359(1) 3904(1) 5014(D) 63(1)
C(1D 9462(1) 2562(1) 4712(1) 72(1)
C(12) 9399(1) 1924(1) 3912(1) 60(1)
C(13) 9596(1) 2329(1) 1401(1) 39(1)
C(14) 9860(1) 1882(1) 454(1) 58(1)
C(1%5) 10885(1) 2207(1) —266(1) 65(1)
C(16) 11656(1) 3004(1) =70(1) 66(1)
C17 11402(1) 34721 843(1) 7D
C(18) 10394(1) 3127(1) 1577(1) 55(1)
C(19) 8875(1) —-83(1) 2496(1) 37
C(20) 7850(1) -=713(1) 2931(1) 50(1)
c@2n 8323(1) —2234(1) 3107(1) 61(1)
C(22) 9810(1) —3136(1) 2844(1) 60(1)
C(23) 10837(1) —2529(1) 2409(1) 64(1)
C(24) 10387(1) —1007(1) 2223(1) 52(1)
C(25) 6094(1) 1691(1) 615(1) 62(1)
C(26) 5522(1) 5047(1) 1320(1) 75(1)

a Ueq = l/3 2,‘ZJUUG1*(Z,*(_Z,‘(_IJ'.

formulated as a trimer, [MesAl(u-SeMe)ls. A full dis-
cussion of the concentration and temperature depend-
ence of the equilibria involved will be presented else-
where.?® The solubility and behavior in solution are
similar to those observed for [Me2Al(u-SMe)], which is
polymeric in the solid state! but rearranges to give a
dimer in the gas phase? and also has been shown to have
an equilibrium between dimer and trimer in solution.®
This behavior is consistent with a polymeric structure
in the solid state, but to this time we have been unable
to obtain crystals suitable for X-ray diffraction studies.

The mass spectra of 1—4 have all been obtained by
chemical ionization. The spectrum of 2 was obtained
also by electron ionization techniques. The fragments
produced are listed in the Experimental Section. 1
shows major fragments corresponding to the following
species: Me;1AlSey, MegAlySes, MegAlsSes, MezAlsSes,
MegAlxSes, MesAloSes, and many additional fragments
of lower molecular weight. 2 shows low concentrations
of high-mass fragments corresponding to MesAlzSezPhs,
Ph3AlsSes, with most of the ion current carried by the
dimeric fragment, Me3Al;SesPhy, and the smaller ions,
MezAlSePh and MeAlSePh derived from the monomer.
3 shows no heavier fragments. It is dominated by ions
associated with the monomeric unit, MesAlSeMe, with
the major peak the ion associated with the MespAl
moiety. 4 shows major fragments associated with the
dimer, including Ph3GazSesMeg and PhyGasSeMe, and
the monomeric species, including PheGaSeMe and Ph-
GaSeMe. A large ion current is carried by PhyGa. For
1, these studies strongly support some form of higher
aggregate in the solid state such as a polymer, [MegAl-
(u-SeMe)].., similar to that observed for [MezAl(u-
SMe)l..! The mass spectra of [MesAl(u-SePh)ls, using
CI and EI modes, also show trimeric aggregates in
addition to the dimeric species observed in the solid
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state. These observations, the large fragments observed
in the gas phase, and the decomposition patterns are
consistent with the known properties of these com-
pounds, including formation of trimers and higher
aggregates and low temperature decomposition which
yields cubanes and larger clusters.

The reaction of MessAl with elemental selenium
under conditions similar to those used for the prepara-
tion of 1 gave insoluble, unidentified white solid and
yellow microcrystalline Mes2Se;. This implies that the
selenium inserts into the M—C bond in MeszAl but,
under the reaction conditions, undergoes further reac-
tion/decomposition to yield the diselenide and a second
product still under investigation.

The second process described, the reaction of RsM
with R’sSey, was used to prepare compounds 1-4 (M =
ALR=R =Me,1;R=Me, R =Ph,2; R=Mes, R =
Me, 3; M = Ga, R = Ph, R’ = Me, 4). The reaction is
thought to proceed by initial formation of the diselenide
adducts followed by elimination of the selenoether and
the formation of the product.?®* This process is depicted
in eq 1. The selenoethers from these reactions were not

Me, Se Me,
MesAl \// K .
Se—— Se o Al ————» Al—— Se—R’ (1)
/ else / >
Me / Me +

Se,
A

separated due to their inherent toxicity and foul smell
but were identified from their !H, 3C, and 7Se NMR
spectra. The resonance at 481 ppm of Phy;Se; was
replaced by two resonances at 203 (sharp) and 34 ppm
(broad). The former resonance is typical of selenoether,
and the latter may be assigned to the selenolato complex
of aluminum, [Me2Al(u-SePh)], (2).

The Al—Se—Al bridge bond is relatively weak and
may undergo dissociation with formation of monomers
or be displaced by a Lewis base with the formation of
an addition compound. This process may also serve as
the initial step in more complex reaction schemes for
these species. The formation of addition compounds has
been studied by reaction of 1 with 4-picoline to yield 6
and of 2 with PPh; to yield 5. This is illustrated in eq
2. In each case the stoichiometry of the addition com-

T,
R, Se oR R oSeR
2Base + o Al - Al 2 Al 2)
) S‘e e R \Base
R

pound has been established by integration of the NMR
spectrum and, for 5, by single crystal X-ray diffraction.

When 2 is added to benzaldehyde, it presumably
forms an adduct which rapidly undergoes a migration
of the phenylselenolato ligand to give the alkoxide, 7.
A possible reaction path (eq 3) is similar to that
proposedby Inoue et al.3¢ for the reaction of (i-Bu)e-
AlTe(n-Bu) with esters. We were unable to isolate the

(35) Woodard, C. M.; Brown, D. S.; Lee, J. D.; Massey, A. G. J.
Organomet. Chem. 1976, 121, 333.

(36) Inoue, T.; Takeda, T.; Kambe, N.; Ogawa, A.; Ryu, 1.; Sonoda,
N. Organometallics 1994, 13, 4543.
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| {3)

Al—O0—C—S5eR’
|

Ph

7

adduct, but a number of such adducts have been isolated
in the solid state and characterized by X-ray
crystallography.?”=%0 The reduction of the aldehyde to
the alkoxide was confirmed from the 'H and *C NMR
spectra of the isolated product. The groups were
present in the appropriate ratios, and the aldehyde
resonance at 192 ppm was replaced by a new resonance
at 79.4 ppm. The latter resonance is typical of tertiary
carbon of the alkoxide ligand. The 'H and 3C NMR
spectra show complex patterns for this molecule as a
result of the stereochemistry at the tertiary carbon.
Newman projections viewed along the C—O—0-C vec-
tor of the possible products are shown in I. It is assumed

H Ph
Ph ~ 5 Ph~ Se
L T
~L /‘:-\\ | /,i“
Ph” N Se H” b il e
i |
H H
RS, SR RR or 55

that the central core of this molecule, (AlO)s, is planar
based on earlier observations.212241 The methyl groups
attached to the Al atom in the RR or SS form can be
made equivalent with rotation about the C—O single
bond; in the RS,SR form, the Al—methyl groups will be
nonequivalent. This is shown in the NMR spectra, and
the two diastereomers are also shown to be present in
equal amounts for the integrated 'H NMR spectra
obtained at 500 MHz.

2 also reacts with methyl benzoate. However, in this
case, the reaction proceeds beyond the alkoxide stage
by ligand rearrangement to give the selenocester in
excellent yield. This reaction to produce selenoesters,
described in eq 4, is simple and economical, gives better

PhC(0)OMe + '/,[Me,Al(u-SePh)], —
PhC(0)SePh + [Me,Al(u-OMe)], (4)

yield, and may be a preferred route over the literature
methods.?8

(37) Shreve, A. P.; Mulhaupt, R.; Fultz, W.; Calabrese, J.; Robbins,
W.; Ittel, S. D. Organometallics 1988, 7, 409.

(38) Power, M. B.; Bott, S. G.; Clark, D. L.; Atwood, J. L.; Barron,
A. R. Organometallics 1990, 9, 3086.

(39) Power, M. B.; Barron, A. R. Polyhedron 1990, 9, 233.

(40) Power, M. B,; Bott, S, G.; Atwood, J. L.; Barron, A. R. J. Am.
Chem. Soc. 1990, 112, 3446,

(41) Haaland, A. In Coordination Chemistry of Aluminum; Robinson,
G. H., Ed.; VCH: New York, 1993; pp 1-51.
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Figure 1. ORTEP diagram (50% thermal ellipsoids) of
[Mes;Al(u-SeMe)]; (3), showing the atom labeling scheme.
Hydrogen atoms have been omitted for clarity.

Structures of [Mes;Al(u-SeMe)l; (3) and [Ph;Ga-
(u-SeMe)l; (4). The structures of these compounds are
shown in Figures 1 and 2. Each has a central (MSe),
ring with the methyl substituent on the selenium in the
anti conformation. The core of the dimer in 3 is
composed of an (AlSe); ring that is strictly planar as
required by the symmetry of the space group Cmca (No.
64). In 4, the central ring is also required to be planar
by symmetry. The gross features of the molecular
structures are similar to those of related organoalumi-
num and organogallium alkyl- and arylthiolates. Each
metal atom has a quasi-tetrahedral geometry. Selected
bond distances and bond angles are presented in Table
5. The Al—Se bond distance (2.519 A) is shorter than
in the “ate” anion® but substantially longer than in the
addition compound 5. The average Al—C bond distance
and the exocyclic C—Al—C angle are also in the normal
range for such complexes.?!?? The view along the Al—
Al axis (ITA) shows that the two SeMe groups are trans

&

II

to each other. This orientation of the mesityl groups
minimizes methyl—methyl interactions (IIB) between
Mes-0-CHj and bridging SeMe groups. The Ga—Se bond
distance (2.509 A) is slightly longer than those found
in the cubane [(-Bu)GaSels!? and much longer than the
Ga—Se distance observed in planar, neutral three-
coordinate gallium selenolate, Ga[Se(2,4,6-t-BusCesHz)ls,1°
and in GaySe;.*2 The average Ga—C bond distance and
the exocyclic C—Ga—-C angle are in the normal

(42) Hahn, V. H.; Klingler, W. Z. Anorg. Allg. Chem. 1949, 259, 135.



Selenolates of Aluminum and Gallium

2/ o3\

Figure 2. ORTEP diagram (50% thermal ellipsoids) of
[PhyGa(u-SeMe)l; (4), showing the atom labeling scheme.
Hydrogen atoms have been omitted for clarity.

Table 5. Selected Bond Distances (A) and Angles (deg) for
[Mes;Al(u-SeMe)],*CqDs (3) and [Ph,Ga(u-SeMe)l; (4)

3 4

Bond Distances

Se(1)—Al(1) 2.519(2)  Se(1)—C(13) 1.947(4)
Se(1)—C(10) 1.930(12) Se(1)—Ga(1)1 2.493(1)
Se(1)—Al(1A) 2.519(2)  Se(1)—Ga(l) 2.509(1)
Al(H—-C(D) 1.981(7)  Ga(h)—C(7) 1.955(3)
Ga(1)—C(1) 1.958(3)
Bond Angles
Al(D—Se(1)—Al(1A)  89.4(1) Ga()1—Se(1)—Ga(l)  83.07(2)
Se()—Al(1)—Se(1A)  90.6(1) C(NH—Ga(l)~C(1) 121.8(2)
C(H)—AKD—C(1A)  118.44) Se(1)1—-Ga(1)—Se(1)  96.93(2)
C()~AK1)—Se(1A) 118.7(2)

range.!1434¢ The selenium atom is pyramidal in 8 and
4 (T angle at Se = 290° in 3 and 289° in 4) with C~Se
bond distances of 1.930 A for 8 and 1.947 A for 4, which
are similar to the distances found in two- or three-
coordinate bridging selenium atoms in organoseleno-
lates.*5

Structure and Bonding in [Mes(PhSe)Al'PPhg]
(53). An ORTEP diagram of 5§ is shown in Figure 3.
Selected bond distances and angles are listed in Table
6. The structure is typical of organoaluminum addition
compounds with the aluminum bonded to two methyl
groups, a phosphorus atom and a selenium atom. The
Al—-C bond distances of 1.959 and 1.953 A are compa-
rable to those found in related organoaluminum com-
pounds.2:?2 The Al—Se bond distance is 2.394 A, and
it appears to be the first such distance to be reported
in a neutral complex of this type. This distance is
slightly longer than the 2.37 A observed in AlpSe3% but
substantially shorter than a similar distance of 2.578
A observed in the “ate” anion.? This distance is also
less than the Al—Se distance observed in the selenium
addition compound, Cl3Al‘Se=PPh;.8 The large varia-
tion observed in the Al—Se distance may be due to

(43) Cowley, A. H.; Jones, R. A. Angew. Chem., Int. Ed. Engl. 1989,
28, 1208.

(44) Wells, R. L.; Aubuchon, S. R.; Self, M. F.; Jasinski, J. P.;
Woudenberg, R. C.; Butcher, R. J. Organometallics 1992, 11, 3370.

(45) Beachley, O. T., Jr.; Lee, J. C., Jr.; Gysling, H. J.; Chao, S.-H.
L.; Churchill, M. R.; Lake, C. H. Organometallics 1992, 11, 3144.

(46) Schneider, V. A.; Gattow, G. Z. Anorg. Allg. Chem. 1954, 277,
49,
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Figure 3. ORTEP diagram (50% thermal ellipsoids) of
[Mez(PhSe)Al'PPhs;) (5), showing the atom labeling scheme.
Hydrogen atoms have been omitted for clarity.

Table 6. Selected Bond Distances () and Angles (deg) for
[Me,(PhSe)AI'PPh;] (5)

Bond Distance

Se(1)—Al(D) 2.394(1)  AKD)—-C(26) 1.953(1)
Al(1)—C(25) 1.959(1)  P(DH—AI(D 2.517()
Bond Angle

Al(D)—Se(1)—-C(1) 104.9(1) Se(1)—Al(1)—-C(26) 106.3(1)
Se(1)—Al(1H)—P(1) 107.1(1) P(1)—Al(1)—C(26) 102.0(1)
Se(H)—AI(1)~C(25) 118.4(1) C(25)~Al(1)—-C(26) 118.0(1)

P(H)—AI(1)—-C(25)  103.2(1)

mixing of “normal” and “dative” bonds.*” The Al-P
bond distance of 2.517 A is slightly shorter than that
observed in phosphorus addition compounds, (MezAl)o--
(PhoPCHy)s,%® Me3Al'PR3 (R = Me, Ph, o-tolyl),*® and
R,(CD);-,AlP(SiMes)s (R =Et,n = 1; R =i-Bu, n = 2).50
Other structural features such as P—C distances and
the geometry around the phosphorus atoms are normal
for such complexes. The selenium atom is two-coordi-
nate, and the geometry around it is bent with a C(1)—
Se(1)-Al(1) angle of 104.9°. The magnitude of this
angle is typical of neutral two-coordinate selenium. The
Se(1)—C(1) bond distance of 1.918 A is similar to that
observed in PhySe; and (CgF5)2Ses.%5
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PdClx(PPhs), in the presence of zinc metal powder and triethylamine catalyzes coupling
reactions of 7-aza- and 7-oxanorbornadienes, dimethyl 7-carbomethoxy-7-azabicyclo[2.2.1]-
2,5-heptadiene-2,3-dicarboxylate (4a) and dimethyl 7-oxabicyclo{2.2.1]-2,5-heptadiene-2,3-
dicarboxylate (4b), with organic iodides (RI) to give the substituted aryls 1,2-(Me05C).-4-
RC¢H; (5) in fair to good yields. Under similar reaction conditions, 7-carbomethoxy-7-
azabenzonorbornadiene (4¢) and 1,4-epoxy-1,4-dihydronaphthalene (4d) react with organic
iodides to afford the 2-substituted naphthalenes 2-RC,0H7 (7) and the cis-dihydro products
methyl N-(cis-1,2-dihydro-1-naphthyl)carbamate (cis-1,2-Hj-1-(MeO2,CHN)-2-RC;0Hs, (8)) and
cis-1,2-dihydro-1-naphthol (cis-1,2-Hs-1-(OH)-2-RC;cHs, (9)), respectively. To improve the
product yields of the last two cis-dihydro compounds, a modified system, Pd(PPh3);Clz—
ZnCl,—Et3N—Zn, was used to catalyze the reactions of 4¢,d, 1,4-dihydro-5,8-dimethoxy-1,4-
epoxynaphthalene (4e), and 1,4-dihydro-5,8-dimethoxy-1-methyl-1,4-epoxynaphthalene (4f)

- with organic halides. These catalytic reactions produce the corresponding derivatives of 8

and 9 cis-1,2-H,-1-(OH)-2-R-5,8-(Me0)C;0Hy (11) and cis-1,2-H;-1-(OH)-2-R-4-Me-5,8-
(MeQ)2C10Hs (12) stereo- and regioselectively in high yields. A mechanism is proposed to
account for the observed catalytic reactions.

Introduction

Insertion of an alkene into a palladium—carbon bond
and subsequent elimination of a f-hydrogen are the two
key steps in palladium-catalyzed Heck type reactions.!
In order for the elimination to proceed, the S-hydrogen
should be syn to the palladium center.2 In some cases,
the S-hydrogen is not suitable for elimination after
insertion of the alkene into a palladium—carboen bond;
instances of such alkenes are norbornadiene, nor-
bornene, and their derivatives.3~3 Either exo or endo
addition of a palladium—carbon bond to these alkenes
would produce intermediates in which a bridgehead
hydrogen of the norbornadiene or norbornene fragment
is at a B-position relative to the palladium center. This
B-hydrogen cannot undergo elimination to give a cyclic
olefin due to the great angle strain of the resulting
organic product. In addition to the bridgehead hydro-
gen, the bridging methylene group of the norbornadiene
or norbornene fragment is at a S-position. However, it

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

(1) Heck, R. F. Acc. Chem. Res. 1979, 12, 146.

(2) Dieck, H. A,; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 1133.

(3) (a) Catellani, M.; Chiusoli, G. P. J. Organomet. Chem. 1982, 233,
C21-C24. (b) Catellani, M.; Chiusoli, G. P. J. Organomet. Chem. 1982,
239, C35—C37. (¢) Sgarabotto, P.; Catellani, M.; Chiusoli, G. P. J.
Organomet. Chem. 1982, 240, 311. (d) Catellani, M.; Chiusolj, G. P. J.
Organomet. Chem. 1988, 250, 509. (e) Catellani, M.; Chiusoli, G. P. J.
Organomet. Chem. 1988, 247, C59—-C62. (f) Amari, E.; Catellani, M.;
Chiuseli, G. P. J. Organomet. Chem. 1985, 285, 383. (g) Catellani, M.;
Chiusoli, G. P.; Concari, S. Tetrahedron Lett. 1989, 45, 5263, (h)
Catellani, M.; Chiusoli, G. P.; Costa, M. Pure Appl. Chem. 1990, 623,

§4) Kosugi, M.; Tamura, H.; Sano, H.; Migita, T. Chem. Lett. 1987,
19

(5) Li, C.-S.; Cheng, C.-H.; Cheng, S.-S.; Shaw, J.-S. J. Chem. Soc.,
Chem. Commun. 1990, 1774,
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is difficult to eliminate a S-carbon group under normal
conditions for Heck type reactions. Thus, several
products which do not involve the step of S-hydride
elimination were observed from the reaction of norbor-
nadiene and organic halide.’~® We reported a pal-
ladium-catalyzed reaction of norbornadiene with aryl
halide to give the three-membered aryl-substituted
nortricyclenes 1 in the presence of a palladium(II)

0
ﬁ’ / %
Ar
1 2 o
0 0

3

complex and zinc metal.> Under similar reaction condi-
tions, different types of products were observed for the
reaction of norbornadiene with 3-iodo-2-cyclohexen-1-
one. The reaction may selectively lead to the cis,exo-
2,3-disubstituted norbornene 27 or to the 3,5-disubsti-

(6) Larock, R. C.; Johnson, P. L. J. Chem. Soc., Chem. Commun.
1989, 1368.
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Table 1. Addition of Organic Iodides to Substrates 4a—d in the Presence of PdCl,(PPh;3),—Et;N—Zn

entry no. substrate RI reacn time (h) product (amt, %)*
1 4a CgHsl 22 5a (55)
2 4a p-CHaCsHal 17 5§h (53)
3 4a m-CH30CgHI 25 5S¢ (63)
4 4a p-CH30CsHJl 89 5d (37)
5 4a p-O:NCeHal 22 Se (61)
6 4a 1-iodonaphthalene 36 5£(37),6(17)
7 4a 2-iodothiophene 34 5g (59
8 4a 3-iodo-2-cyclohexen-1-one 34 5h (44)
9 4b p-CH;C6HI 25 5b (37)
10 4c p-CH3CHul 34 7a (15), 8a (79)
11 4¢ p-CH30CsH4I 21.5 7b (12), 8b (70)
12 4c CeHsl 31 7e (15), 8¢ (66)
13 4c p-CH3COCsH4I 21 7f (25)
14 4c 3-iodo-2-cyclohexen-1-one 26 7g (62)
15 4c 5,5-dimethyl-3-iodo-2-cyclohexen-1-one 27 7Th (77)
16 4d p-CH3C6Hal 225 7a (18),9a (57)
17 4d p-CH30CeH4I 14.5 7b (13),9b (67)
18 4d m-CH3:0CgH4I 13 7¢ (24), 9c (64)
19 4d m-CHzCsHal 12 7d (16), 9d (66)
20 4d CsHsl 7 7e (12}, %e (70)
21 4d 3-iodo-2-cyclohexen-1-one 18.5 7g (64)
4 Isolated yield.
tuted nortricyclene 38 on adjusting the reaction condi- SOZM"
tions. In all these reactions, exo addition of the pal- CO.Me
R . 2
ladium—aryl bond to norbornadiene was found. A, + @I *+ Pd(PPh;), ———
If the bridging methylene group in norbornadiene or COMe
norbornene is replaced by a heteroatom, insertion of a 4a
carbon—carbon double bond of these compounds into a CO;Me
palladium—carbon bond would yield palladium inter- Q Q
3 . ) - " 0,Me + Pd(PPh3),(NHCO,M
mediates in which a heteroatom group is at a 3-position COMe + PAPPhy,I( M)+ 2PPh; (D
relative to the palladium center. It is of interest to see 5a

whether 8-heteroatom elimination takes place. To the
best of our knowledge, few examples of 5-heteroatom
elimination have appeared in the literature.” We report
here palladium-catalyzed reactions of organic halides
with norbornadiene derivatives containing a heteroatom
at the bridging position to give highly substituted aryl
products or to afford cis-1,2-dihydro-1-naphthyl deriva-
tives stereoselectively, depending on the reaction condi-
tions. These catalytic reactions not only provide novel
methods for the preparation of these organic products
but also involve a mechanism in which S-heteroatom
elimination is a key step. The results have appeared
in part in a communication.10

Results and Discussion

Reactions of 7-Azanorbornadiene and 7-Oxa-
norbornadiene with Organic Halides in the Pres-
ence of PACl;(PPhg);—EtsN—Zn, Heating 7-azanor-
bornadiene 4a with 1 equiv of iodobenzene and Pd-
(PPhs)s (5%) in THF at 55 °C for 10 h gave the biaryl
species 5a in 60% yield. Stoichiometrically, this product
may be considered to result from addition of a phenyl
group to the unsubstituted double bond in 4a, followed
by extrusion of a HNCO;Me fragment. A rational
stoichiometry for this reaction is shown in eq 1, in which
Pd(PPh;), was oxidized to a Pd(II) species at the end of

(7Y Li, C.-S.; Jou, D.-C.; Cheng, C.-H.; Liao, F.-L.; Wang, S.-L.
Organometallics 1998, 12, 3553.

(8) Li, C.-8.; Jou, D.-C.; Cheng, C.-H. Organometallics 1993, 12,
3945.

(9) (a) Hacksell, U.; Daves, G. D., Jr. Organometallics 1983, 2, 772.
(b) Cohen, H.; Meyerstein, D.; Shusterman, A. J.; Weiss, M. J. Am.
Chem. Soc. 1984, 106, 1876. (c) Sorek, Y.; Cohen, H.; Meyerstein, D.
J. Chem. Soc., Faraday Trans. 1 1989, 85, 1169.

(10) Duan, J.-P.; Cheng, C.-H. Tetrahedron Lett. 1998, 34, 4019.

the reaction. In order to make the reaction catalytic, a
reducing agent is necessary to reduce Pd(II) back to the
Pd(0) species; the use of zinc metal powder as a reducing
agent appears to meet the requirement. Thus, heating
4a with iodobenzene in the presence of excess zinc
powder and a catalytic amount of PdCly(PPhg); in
toluene at 80 °C led to the formation of 5a. Control
reactions indicate that in the absence of Pd species no
desired product was observed, whereas the omission of
zinc and EtsN afforded only a trace of the expected
product.

Under similar conditions, the PACla(PPhg);—Zn~Et;N
system also catalyzes coupling reactions of 4a with
p-iodotoluene, m-iodoanisole, p-iodoanisole, p-iodo-
nitrobenzene, and 1-iodonaphthalene to give the corre-
sponding biaryls 8b—f in 37—63% yields. The reaction
conditions and results are presented in Table 1. In
addition to aryl iodides, 2-iodothiophene and 3-iodo-2-
cyclohexen-1-one also react with 4a in the presence of
PdClx(PPhg); and zinc powder to yield the highly
substituted arenes 5g and 5h, respectively. In general,

0 = 0
COzMe
L‘j ~ ‘
COzMe
4b CO,Me O CO,Me
COMe COMe
5g 5h

aryl bromides and chlorides did not react with 4a to
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afford the expected biaryls in the presence of PdCl,-
(PPh3);—Zn—Et3N, even though reaction temperatures
higher than those for the corresponding aryl iodides
were employed. Similar to 4a, the 7-oxanorbornadiene
4b reacted with p-iodotoluene in the presence of PdCl,-
(PPha)s, zinc powder, and Et3N to give the corresponding
biaryl 5b. Aryl iodides with either electron-withdraw-
ing or -donating substituents react with 4a or 4b to give
unsymmetrical biaryls. One example that deserves
notice is the reaction of p-iodonitrobenzene with 4a to
afford the corresponding biaryl product 5e. In a previ-
ous report, p-iodonitrobenzene and norbornadiene in the
presence of PdCly(PPhs)s and zinc powder did not lead
to the expected substituted nortricyclene.’

For the reaction of 4a with 1-iodonaphthalene in the
presence of the PdCly(PPhg)s—Zn—EtsN system, the new
product 6 was isolated in 17% yield in addition to the
aryl compound 5f. Compound 6, a cyclic enamine, is

characterized on the basis of its NMR and mass spectral
data. In contrast to the spectra for 5f, which consist of
only two methoxy groups, there are three methoxy
signals in the 'H and !3C NMR spectra of 6. The
presence of a methylene group in the cyclohexadiene
ring is evidenced by the AB type proton resonances at
6 2.61 (ddd) and 2.83 (ddd) and the 13C signal of the
methylene carbon at 6 29.43. An unusual downfield
signal for the proton attached to the nitrogen on NHCO,-
Me was observed at 6 10.68, presumably due to an
enamine type resonance and hydrogen bonding between
N-H and one ester group as shown in the structure.
The hydrogen bonding likely stabilizes 6 and enabled
the isolation of this species. It is expected that the
precursor for 6 is 6’, which is also an intermediate for

MeO,CHN
MeO,C l l
MeOZC

6

5. Deamination of 6  affords 5 (vide infra), while a
hydrogen shift of 6" from the carbon to which the
NHCO:Me group is attached to the olefin carbon next
to the naphthyl group gives the enamine 6.

Due to the instability of 4a and 4b, which undergo
retro-Diels—Alder reactions under conditions for the
catalysis of eq 1, the product yields for reactions of 4a
and 4b with organic iodides are in the range 37—63%.
Several products related to the retro-Diels—Alder reac-
tion of 4a were found in the catalytic reactions; they
are N-carbomethoxypyrrole, cis- and trans-CH3Os-
CCH=CHCOZCH3, and CH30200H20H20020H3, with
the last three from hydrogenation of the retro-Diels—
Alder reaction product CH3;0,CC=CCO;CH;. In the
reaction of bromobenzene with 4a in the presence of the
PdCly(PPh3);—Zn—~Et3N system, monitoring of the re-

Duan and Cheng

acting solution by 1H NMR showed that 4a decomposed
to give products resulting from the retro-Diels—Alder
reaction of 4a, but the concentration of bromobenzene
remained essentially unchanged. This observation in-
dicates that the reaction of bromobenzene with pal-
ladium is slower than the decomposition of 4a and
explains why no biaryl products were detected from aryl
bromides and 4a.

The structures of products 5 from the reactions of 4
with organic iodides were determined according to their
spectral data as well as the results of elementary
analysis. Using 5a as an example, there are six
resonances (0 7.41 (t, 1 H), 7.47 (t, 2 H), 7.61 (dd, 2 H),
7.74 (dd, 1 H), 7.84 (d, 1 H), and 7.91 (d, 1 H)) in the
aromatic region and two methoxy resonances at 6 3.93
(s) and 3.94 (s) in its 'H NMR spectrum. The 13C NMR
spectrum includes two quartets, six doublets, and six
singlets. Both 'H and 13C NMR spectra completely
agree with the proposed structure. In addition, the
mass spectrum also supports the proposed chemical
formula. Satisfactory analytical data and spectral data
were obtained for other similar products in Table 1. The
formation of 5 from 4 involves both addition of an
organic group and heteroatom extrusion. Nitrene and
oxo extrusions of 7-azanorbornadiene and 7-oxanor-
bornadiene, respectively, mediated by metal complexes
and by acids have been rather extensively
investigated,!1~1¢ but there is no example known in the
literature that undergoes addition and extrusion to-
gether,

Reactions of 7-Azabenzonorbornadiene and 7-
Oxabenzonorbornadiene with Organic Halides in
the Presence of PdClo(PPhg);—EtsN—Zn. The reac-
tion of 7-azabenzonorbornadiene 4c¢ with aryl iodide in
the presence of the PdCly(PPhg)s—Zn—Et3N system gave
a mixture of 2-substituted naphthalene 7 and methyl
N-(cis-1,2-dihydro-1-naphthyl)carbamate derivative 8
(eq 2). For iodobenzene, p-iodotoluene, and p-iodoani-

X

X =NCO,Me 4c
X=0 4d

PAC1,(PPhy),
—————-
Zn, NEY,

sole, the corresponding carbamate 8 is the major
product, but for p-iodoacetophenone, only the biaryl
product 7 was observed (run 13), albeit in low yield.

(11) (a) Sun, C.-H.; Chow, T. J. J. Organomet. Chem. 1987, 333, C21.
(b) Sun, C.-H.; Chow, T. J.; Liu, L.-K. Organometallics 1990, 9, 560.

(12) (a) Wong, H. N. C.; Ng, T.-K.; Wong, T.-Y. Heterocycles 1983,
20, 1815. (b) Wong, H. N. C. Acc. Chem. Res. 1989, 22, 145.

(13) (a) Huang, N.-Z.; Xing, Y.-D.; Ye, D.-Y. Synthesis 1982, 1041.
(b) Xing, Y.-D.; Huang, N.-Z. J. Org. Chem. 1982, 47, 140.

(14) (a) Polovsky, S. B.; Franck, R. W. J. Org. Chem. 1974, 39, 3010.
(b) Hart, H.; Nwokogu, G. J. Org. Chem. 1981, 46, 1251. (c) Best, W.
H.; Collins, P. A.; McCulloch, R. K.; Wege, D. Aust. J. Chem. 1982, 35,
843. (d) Gribble, G. W.; Kelly, W. J.; Sibi, M. P. Synthesis 1982, 143.
(e) Jung, K.-Y.; Koreeda, M. J. Org. Chem. 1989, 54, 5667.
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Similarly to p-iodoacetophenone, 3-iodo-2-cyclohexen-
1-one and 5,5-dimethyl-3-iodo-2-cyclohexen-1-one react
with 4c to afford the corresponding naphthalene deriva-
tives in 62 and 77% yield (runs 14 and 15), respectively.
The products from reaction of 7-oxabenzonorbornadiene
(4d) with organic iodides in the presence of PdCl,-
(PPhs);—Zn—Et3N are analogous to those from 4¢ and
the corresponding organic iodides. For instance, treat-
ment of 4d and p-iodotoluene gave a mixture of the cis-
1,2-dihydro-1-naphthol derivative 9a and 2-(4-meth-
ylphenylnaphthalene 7a. For the reactions shown in
eq 2, all the dihydronaphthalene products 8 and 9
exhibit cis stereochemistry (vide infra). No correspond-
ing trans product was detected by GC—~MS at the end
of the reactions.

Products 8 and 9 were characterized according to
their spectral and elemental analysis data (see Experi-
mental Section) and X-ray analysis of one of these
compounds. Both 8 and 9 exhibit characteristic proton
resonances in the range 5.5—7.0 ppm for olefin protons
and 2.7-5.5 ppm for protons attached to C-1 and C-2.
For example, the corresponding olefin resonances of
product 8a appear at 6 6.18 (H-3, dd) and 6.73 (H-4, d),
and the resonances of H-1 and H-2 come at § 5.40 and
3.84, respectively. The presence of a carbamate group
was evident from the observation of a N—H resonance
at 6 4.75 (d) and methoxy signal at 6 3.70, while the cis
stereochemistry of carbamate and tolyl substituents was
established on the basis of the crystal structure of this
compound determined by X-ray diffraction. The crystal
structure results and the observed coupling constants
of ca. 8 Hz between H-1 and H-2 of all products 8
suggest a cis stereochemistry at C-1 and C-2 for these
compounds. The proton—proton coupling constants
between H-1 and H-2 for products 9 are ca. 5.0 Hz, in
accordance with the values of compounds having similar
structure and stereochemistry reported previously.!?

Analysis of the product distribution for reactions of 4
with organic halides RI reveals that electron-withdraw-
ing substituents on substrate 4 and on the organic
halide favor formation of deamination or dehydration
product 5 or 7, while electron-donating groups facilitate
nonelimination products. In reactions using 4a and 4b
as substrates which consist of two electron-withdrawing
ester groups, only the corresponding aryl products 5
were isolated for all organic halides except 1-iodonaph-
thalene (vide supra). On the other hand, for the less
electron-withdrawing substrates 4¢ and 4d, both prod-
ucts, 7 and 8 (or 9), were detected. For reactions of 4¢
and 4d with an electron-withdrawing organic halide
such as 3-iodo-2-cyclohexen-1-one, naphthalene deriva-
tives 7 were the major products, but when electron-rich
iodoanisole was employed, 8 or 9 was the favored
product.

Both cis-1,2-dihydro-1-naphthy! derivatives 8 and 9
are thermodynamically unstable relative to correspond-
ing deamination or dehydration product 7. We may
view 8 and 9 as resulting from trans addition of a water
and a carbamate NH,COOMe molecule, respectively, to
2-substituted naphthalenes. Due to loss of aromaticity
and the great energy required to break an O—H or N-H
bond, the addition reaction is expected to be an unfavor-

(15) Jeffrey, A. M.; Yeh, H. J. C.; Jerina, D. M.; DeMarinis, R. M,;
Foster, C. H.; Piccolo, D. E.; Berchtold, G. A. J. Am. Chem. Soc. 1974,
96, 6929.
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able process. Under the present catalytic conditions,
carbamates 8 and cis-1,2-dihydro-1-naphthol derivatives
9 were converted slowly to corresponding aryl products.
In basic or neutral solution, 8 and 9 are stable to more
than 100 °C. However, in the presence of acid, they
undergo deamination or dehydration to give the corre-
sponding aryl products 7 in quantitative yield.

Reactions of 7-Oxabenzonorbornadiene and
7-Azabenzonorbornadiene with Organic Halides
in the Presence of the PdClz(PPhg);—EtsN—ZnCly~—
Zn System. The observation of cis-dihydro products 8
and 9 from eq 2 led us to search for more suitable
catalytic conditions for the preparation of these com-
pounds. An effective catalytic system is obtained from
a modification of the reaction conditions for eq 2 by
including ZnCl; in addition to EtzN, Pd(PPh3):Cl, and
zinc powder. For a millimolar scale synthesis of 8 and
9, the optimal molar ratios of 4, RX’, Et;N, Pd(PPhg)s-
Cly, ZnCly, and zinc powder are 1.5:1:8:0.02:0.5:10.
Treatment of p-CH30Ce¢H4I with 7-oxabenzonorborna-
diene (4d) in the presence of EtsN, Pd(PPhj);Cls, ZnCls,
and zinc powder at 60 °C in THF for 6 h gave the
corresponding cis-1,2-dihydro-1-naphthol derivative 9b
in 95% yield (Table 2 and eq 3). The omission of ZnCl,

1
Rix
PdCl,(PPhs),
] + RX ——
Rz Zn, chlz, NEla
Rl
4c: X =NCO,Me, R' =R*=H
4d:X=0,R'=R?=H
4e: X =0,R! =OCH;,R*=H
4f: X =0, R! = OCH;, R? = CH;
R!' XH
! 4R
SO
3
4
R! R?
8
9
11
12

from the reaction at 60 °C yielded a trace of product
9b. As shown in Table 1, the use of PdCly(PPhs)s—
Et;N—Zn as a catalyst system for the reaction of p-CHgs-
OCgH,I with 4d requires higher temperature (100 °C),
prolonged reaction time (14.5 h), and a higher molar
ratio of catalyst to substrate yet affords a lower yield
(67%) of 9b. One disadvantage of the presence of ZnCl,
is the promotion of ring opening of 4d under the reaction
conditions to give 1-naphthol (10). The addition of EtsN

OH

10
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Table 2. Product Numbers, Yields, and Reaction Times of the Reactions of 4c—f with Organic Halides Catalyzed by the
PdCl1y(PPh;);—Et;N—ZnCl,—Zn System

MO o MeO o CO;Me
o) N
CHa
MeQ MeO
RX' 4d 4e at 4c
p-CH3CsHal 9a (85%, 9 h) 12a (85%, 10 h) 8a (80%, 8 h)
p-CH30CsH4I 9b (95%, 6 h) 11a (81%, 13 h) 8b (87%, 11 h)
m-CH3;0CH4l 9¢ (92%, 4 h) 11b (94%, 10 h)
m-CH3CgH4l 9d (95%, 8 h)
CeHsl 9e (86%, 4 h) 8¢ (63%, 5h)
0-CH3CeHyl 9f (98%, 11 h)
p-HOCGH,I 9g (94%, 8 h)
m-ClCeH,l 9h (87%, 8 h)

p-CH3COCgH.I
1-iodonaphthalene
2-iodothiophene

9i (10%, 13 h)
9§ (94%, 10 h)
9k (71%, 37 h)*

Ce¢HsCH,Br 91 (99%, 11 hy“
B-bromostyrene 9m (52%, 14 hy
CHal 9n (38%, 12 h)*

0 90 (83%, 9 h)

X

4 NEt; was not added to the catalytic system.

appears to suppress the Lewis acidity of ZnCl; and to
inhibit formation of 1-naphthol. For comparison, when
the catalytic reaction of p-CH3OCgH,I with 7-oxa-
benzonorbornadiene was carried out in the absence of
Et3N, the yield of 9b was down to 49%.

The Pd(PPhj3)sCly—ZnCly—EtsN—Zn catalyst system
shows high activity and selectivity also for the reactions
of 4d with a vast number of aryl iodides and 3-iodo-2-
methyl-2-cyclohexen-1-one to give the cis-1,2-dihydro-
1-naphthol derivatives 9 in high yields (Table 2).
Iodothiophene, benzyl bromide, methyl iodide, and
B-bromostyrene react with 4d to afford the correspond-
ing products 9, but unlike most aryl iodides, the yields
for products 9 are higher in the absence of EtsN (Table
2) than in its presence. The facile reactions of Et;N with
benzyl bromide and methyl iodide account for the low
vields of products 9 in the presence of EtsN. However,
the reason for low yields of products 9 for iodothiophene
and S-bromostyrene remains unknown. In a compari-
son of the results in Tables 1 and 2, it is clear that
addition of ZnCl; to the PA(PPh3)sCls—Et;N—Zn system
greatly facilitates formation of products 9 from 4d and
most organic halides and shortens the duration required
for reaction. Nevertheless, exceptions were observed for
the electron-withdrawing organic halides 3-iodo-2-cy-
clohexen-1-one, 5,5-dimethyl-3-iodo-2-cyclohexen-1-one,
3-iodo-2-methyl-2-cyclopenten-1-one, and p-iodo-
acetophenone; the major addition products are the
corresponding substituted aryls 7g (15%), 7Th (34%), 7i
(81%), and 7f (70%), respectively. It is interesting to
note that, of the several cyclic 3-iodo enones tested, only
3-iodo-2-methyl-2-cyclohexen-1-one reacted with 4d se-
lectively to give the cis stereo product 90. All other
cyclic 3-iodoenones afforded the corresponding 2-naph-
thalene derivatives without detectable corresponding
product 9. We are unable to explain these observations
at present.

In the presence of the Pd(PPhjs)2Cls—ZnCly,—EtsN
system and Zn metal, substituted 7-oxabenzonorborna-
dienes 4e and 4f reacted with aryl iodides and 3-iodo-
2-methyl-2-cyclohexen-1-one also to afford the expected
cis-1,2-dihydro-1-naphthol derivatives 11 and 12, re-

11d (71%, 12 h)

11¢ (26%, 11.5 h)

12b (90%, 12 h)

84 (60%, 2.5 h)*

12¢ (90%, 12 h) 8e (92%, 9 h)

()
90

7i 90

spectively, in good to excellent yields (Table 2). For the
reaction of 4e with p-iodoacetophenone, the correspond-
ing biaryl was observed as the major product (58%) and
the cis-1,2-dihydro-1-naphthol derivative 11e¢ was a
minor product. In addition, the side product 13, result-
ing originally from two 4e and one acetophenone
molecule, was isolated. This side product was appar-

COMe

MeO 0 Q
C ‘ OMe
eO HO Q
MeO

13

M

ently obtained from two consecutive insertions of 4e into
the Pd—CgH4-p-COCHj; bond, followed by ring opening
and protonation. The addition of an organic group to
the carbon—carbon double bond of 4f, in which a methyl
is attached to one of the bridgehead carbons, occurred
regioselectively. There are two possible cis-1,2-dihydro-
1-naphthol products 12 and 12’ from reaction of an

MeO OH MeO

1l 4R
O r O

: 0 % R
MeO Me() HO #

12'
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Scheme 1
Pd(PPh;),Cl,

o [pdomIPPhy),
R

R!
R!
18
-H,X '
H,0
R
Rr!
R! [— R!
R!
19
¥
R Pd(PPh3);l
- 17

organic halide with 4f. The presence of a methyl group
on a bridgehead carbon appears to block addition of an
organic group to the nearby double-bond carbon. Of the
three substrates tested, the organic groups all added to
the olefin carbon distal to the methyl group to give the
corresponding product 12. The other isomer 12/, in
which the organic group added to the olefin carbon near
the methyl group, was not detected. In the IH NMR
spectrum, the observed 12 is readily characterized by
the presence of a single olefin proton resonance, whereas
the undetected isomer is expected to consist of two olefin
proton resonances. In contrast to the results observed
for 4f, there is essentially no regioselectivity for the
reaction of p-iodoanisole with 4g. The reaction produced
the two regioisomers 14 and 15 in 52 and 46% yields,

MeO MeO OH
4 1 R
3
/ 1 2R 4
OH
4g 14 15

respectively. The methoxy group on the aromatic ring
of 4g appears too far away to block significantly the
addition of the anisyl group to the double bond from the
side closer to the methoxy group.

Treatment of 7-azabenzonorbornadiene 4c¢ with or-
ganic halides in the presence of the Pd(PPhj3).Cly—
ZnCl,—Et3N system and Zn metal afforded the corre-
sponding methyl N-(cis-1,2-dihydro-1-naphthyl)carbamate
derivatives 8. For each of these reactions, a naphtha-
lene derivative, 7, was commonly observed as a minor
product.

Although substrates 4c—f reacted with most organic
halides in the presence of Pd(PPhj3)2Cls—ZnClo—EtsN—
Zn, treatment of 7-azanorbornadiene 4a and 7-oxanor-
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bornadiene 4b with organic halides in the presence of
the Pd(PPh3)sCls—ZnCl;—Et3N system and Zn metal do
not give the corresponding aryl products or the cis-
dihydro products similar to 8 and 9 at 60 °C. It appears
that reactions of 4a and 4b with organic halides require
more severe reaction conditions, as indicated in Table
1.

Mechanistic Considerations. On the basis of the
present observed reaction products and the known
chemistry of insertion of norbornadiene into aryl—Pd
bonds, the mechanism in Scheme 1 is proposed to
account for the reactions of organic halides with 7-het-
eroatom norbornadienes in the presence of the PdCls-
(PPh3),—EtsN—Zn or the PdCly(PPhs)s—EtsN—ZnCly—
Zn system. The reaction sequence should be oxidative
addition of RI to Pd(0) species to yield Pd(PPh3)sRI and
exo addition of R—Pd to substrate 4 to yield 18, followed
by B-heteroatom elimination to give the new Pd inter-
mediate 17. Protonation of the last species affords cis-
dihydro product 18 and a Pd(II) species. Further
deamination or dehydration of the organic compound
18 gives the aryl product 19, while reduction of the Pd-
(II) species by Zn metal to Pd(0) completes the catalytic
cycle.

To understand the na