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Abstract

Efficient procedures for the synthesis of four- and five-membered tungstenaheterocycles are reported,
starting from the readily accessible n?-iminoacyl and 7°-1-azaallyl complexes Cp*(CO),W[7>-C(NEt)Me]
(1) and Cp*(CO),W[r’-CH,==CH=NEt] (2) (Cp* = n°-CsMe), respectively. A clean isocyanide insertion
into the metal-iminoacyl-carbon bond occurs when 1 is heated with RNC (R = Me, Et), leading to the
7°-1,4-diaza-3-methylbutadien-2-yl complexes Cp*(CO),W[C(NR)C(NEt)Me] (3: R =Me; 4: R =Et).
Similarly complex 2 reacts with RNC (R = Me, Et), by insertion of the isocyanide into the metal-azaal-
lyl-carbon bond, to afford the metallacyclic aminocarbene complexes Cp* (CO)2W[C(N HR)-
C(H)C(H)NE1] (5: R = Me; 6: R = Et). A tautomeric equilibrium between the aminocarbene complexes
and their imino counterparts Cp*(CO),W[C(NR)CH,C(H)NEt] (R = Me, Et) is suggested by the H/D
exchange of the amino and one vinyl hydrogen observed in the acid-catalyzed reaction of 5 with D,O to
yield Cp*(CO)ZW[C(NDR)C(D)C(H)NEt] (5"). Determination of the solid-state structure of 6 by a
single-crystal X-ray diffraction study has revealed a “four-legged piano stool” complex with a planar
five-membered metallaheterocycle. The intraannular bond lengths indicate w-electron delocalization
within the cycle. A close analogy between 5 and 6 and 3-aminopyrroles is discussed in terms of reactivity
and spectroscopic and structural data.

Introduction

We previously reported the syntheses and reactions of the electron-rich iso-
cyanide metallates Na[(n’-CsR )M(CO),(EtNC),_,] (R=H, Me; M =Mo, W;
n =1, 2) with carbon-based electrophiles [1-4]. We showed that the course of these
reactions is strongly influenced by the nature of the electrophile. “Hard” electro-
philes react with the metallates at the isocyanide nitrogen to yield aminocarbyne
complexes. Illustrative examples of this approach are the regioselective ethylation of
the tungsten compounds Na[Cp*W(CO),(EtNC),_,] (n=1, 2) with Et;OBE, to
yield the diethylaminocarbyne complexes Cp*(CO),(EtNC),_,W=CNEt, [1,2]. In
contrast, “soft” electrophiles react with the metallates at the metal center, as
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demonstrated by the regioselective methylation of Na[Cp* M(CO}.(EINC)] (M =
Mo. W) with Mel to give the M'" methyl complexes cis/trans-Cp* M(CO) -
(EtNC)(Me) [3.4].

Both types of product. i.e. aminocarbyne and alkyl complexes, show new and
versatile reaction patterns. The diethylaminocarbvne complexes (7°-
C,R )(CO),M=CNEt, (R = H. Me; M = Mo, W) when treated with one equivalent
of X, (X=Br. I) undergo partial decarbonylation to vield (niCin)(X)j(’(‘(,))v
M=CNEt, [1.5]. The latter compounds belong to a new class of transition-metal
carbyne derivatives that combine features of both Schrock-type alkylidvne and
Fischer-type carbyne complexes [6.7]. This is demonstrated by their ability to
undergo (like Schrock-type alkvlidvne complexes) reductive elimmnation reactions 1o
give low-valent metal diethylaminocarbyne compounds {8- 10} and (like Fischer-type
carbyne complexes) oxidative decarbonylation reactions with halogens 1o give
carbonyl-free high-valent metal species [11]. Representative examples of these two
types of reactions are the reduction of (1°-CsR )} Br),(CO)W=CNEL, (R = H. Me)
with Na/Hg and R'NC (R’ = Me, Et, ‘Bu) to afford the electron-rich diethyl-
aminocarbyne complexes {n"-C R, )(C())(’R'NC)W‘C\IH? {212}, and the oxida-
tion of (7°-C.R. IBry,(C O)M_;( \’Ltj (R = H, Me: = Mo, Wi with Br, 1o vield
the 2 dzavmy]ldcnc compounds (7°-C R )(Br)AM(T\‘Ll2 [13].

In comparison, the alkyi complexes cis/trans-Cp* M(CO)-(EINCO)YR) (M = Mo.
W. R = Me. Et) undergo a migratory insertion of the isocvanide ligand into the
metal-alkyl bond {14.15]. In the case of molybdenum this insertion results in the
exclusive formation of the n*-iminoacyl complexes Cp*(CO),Mo[ -C(NEHR] [4].
In contrast, for M = W a mixture of the #’-iminoacyl and n'-1-azaallyl complexes
Cp*(CO),W[n*-C(NEtH)R] and Cp (COY,W[n'-CH(R" )= CH==NEt] (R = H. Me) is
obtained [3]. Moreover, the n°-iminoacyl-complexes Cp* (())ﬂ\ﬂz] -C(NEOR] re-
arrange thermally, via an intramolecular hydrogen shift, to the 3'-1-azaallvl com-
pounds Cp*(CO),M[n*-CH(R")=CH:=NEt] (M = Mo. W: R"=H. Me) [3.4]. We
have continued this work with the goal of devising a metal-mediated preparation of
heterocyeles, and we report here the high yield syntheses of four- and five-mem-
bered tunostenaheterocydcx taking advantage of facile C-C bond forminU reac-
tions of the #’ lmmoacw and 7’-1-azaallyl complexes Cp*(CO) W[ -C(NE)Me]
(1) and Cp*(CO),W[n"-CH,=CH:=:NEt] (2) with alkylisocyanides.

Results and discussion
When the n -iminoacyl complex 1 is heated with an excess of RNC (R = Me. Et)

in toluene at 90° C an isocyanide insertion in the tungsten--iminoacyl-carbon bond
occurs. leading to the four-membered metallaheterocveles 3 and 4 (eq. a). After
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removal of the solvent in vacuo and recrystallization from n-pentane, the com-
pounds 3 and 4 are isolated as thermally stable, slightly air-sensitive, red-brown
solids in 84 and 81% yields, respectively. They are soluble in CH,Cl,, toluene and
Et,0O, but only sparingly soluble in n-pentane (especially at low temperature). IR
spectroscopic investigation of the reaction solutions indicates the formation of
another product in low yield. The two strong »(CO) absorption bands of the
starting material in toluene at 1905 and 1803 cm™' are replaced at the end of the
reaction by the two strong »(CO) absorption bands of the insertion products (3 and
4) at 1912 and 1817 cm ™', the latter being accompanied by a weak shoulder on the
high energy side (~ 1830 cm ™! in both cases). Separation of the minor product from
the four-membered metallacycle 3 or 4 is easy owing to the much higher solubility
of the minor product in n-pentane (see Experimental section). Separation was also
achieved by column chromatography on an alumina support at 0°C; the minor
product was eluted first with Et,0 and isolated as a yellow microcrystalline solid in
< 10% yield, and the main product 3 (4) was then eluted with THF. However, use of
this purification method results in a slight decrease in the yield of the main product
3 (4), apparently due to slow decomposition of the metallacycles 3 and 4 on the
alumina column [16].

The minor product was identified on the basis of the spectroscopic properties as
the metallacyclic carbene complex 5 or 6. respectively. These compounds are the
exclusive products of the reaction of the 7°-1-azaallyl complex 2 with RNC (R = H,
Me) (eq. b). The formation of 5 and 6 can be accounted for in terms of a two-step
reaction sequence, which involves a siow isomerization of 1 to 2 [3], followed by a
rapid isocyanide insertion reaction of 2 with RNC (R = Me, Et) to give 5 and 6,
respectively. The isomerization of 1 to 2 competes with the reaction of 1 with RNC
to afford 3 and 4 (eq. a). The low yield of 5 and 6 indicates that the isomerization is
slow compared with the insertion reaction.

Experimental evidence for the two-step reaction sequence from 1 to 5 or 6 is
provided by (a) the slow rearrangement of 1 to 2 in the absence of RNC in refluxing
toluene [3], and (b) the fast reaction of 2 with RNC in refluxing THF to give S or 6
(eq. b). An alternative pathway, involving initial formation of 3 and 4 from 1
followed by a slow isomerization of 3 to S and 4 to 6, is excluded, since the
four-membered metallacycles 3 and 4 remain unchanged when their solutions in
toluene are refluxed for several days.

The molybdenum complex Cp*(CO),Mo[n*-C(NEt)Me] has previously been
shown to undergo a similar isocyanide insertion reaction with MeNC and EtNC to
afford the four-membered molybdenaheterocycles Cp* (CO),Mo[C(NMe)C(NEt)Me]
and Cp*(CO),Mo[C(NEt)C(NEt)Me], analogous to 3 and 4, respectively [4]. The
presence of a planar four-membered metallacyclic ring has been confirmed in the
case of Cp*(CO),Mo[C(NEt)C(NEt)Me] in the solid state by a single-crystal X-ray
diffraction determination. This further showed that the planar skeleton of the
dihapto-bonded 1,4-diaza-3-methylbutadien-2-yl ligand (also alternatively described
as an (a-imino)iminoacyl ligand) adopts an anti-s-trans-anti conformation with
alternating single and double bonds [4,17,18]. The spectroscopic properties of the
molybdenum complexes closely match those of the tungsten analogues 3 and 4 (see
“Spectroscopic investigations”) [4]. These results are consistent with the structures
suggested in eq. a for the tungsten compounds 3 and 4.

The 7°-1-azaallyl complex 2 reacts with excess RNC (R = Me, Et) in refluxing
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THF to form the metallacyclic aminocarbene complexes 5 and 6 (eq. b). IR
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spectroscopic monitoring of the reaction shows that there is a quantitative conver-
sion of the l-azaallyl complex into the five-membered tungstenacvcles S and 6,
respectively. Thus the two strong »(CO) gbsorptions of the starting material in THF
at 1927 and 1843 cm ' are replaced by the two strong #(CO) absorptions of the
products at 1915 and 1826 ¢cm ' (5 and 6). The compounds 5 and 6 were isolated
after purification by column chromatography on alumina as thermally stable.
moderately air sensitive. yellow, microcrystalline solids in 92 and 96% vield. respec-
tively. They are soluble in all common organic solvents,
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Scheme 1.

A plausible pathway for the conversion of 1 into 5 and 6 is depicted in Scheme 1.
The first step involves displacement of the coordinated azallyl-nitrogen in 2 by the
alkyl isocyanide, to give the carbon-bound tungsten enamide A. An analogous
reaction process was previously reported for the reaction of 7'-oxaallvl complex
Cp(CO),W[n'-CH,=C(OEt)==0] with PPh, to give the carbon-bound tungsten
enolate Cp(CO);WCH.C(O)OEL, a complex closely related to the enamide A [19].
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The intermediate A would be then expected to undergo a rapid insertion of the
isocyanide ligand into the W-alky!l bond to afford the 16e n'-iminoacyl complex B
(an alternative description of B is that of a carbon-bound imine complex of
tungsten). There is a precedent for such a reaction in the thermal isomerization of
the W'l-methyl complexes cis- and trans-Cp* W(CO),(EtNC)(Me) to yield a mixture
of the n*-iminoacyl and 7’-azaallyl complexes Cp*(CO),W[n*-C(NEt)Me] (1) and
Cp*(CO),W[7*>-CH,==CH=:NEt] (2) [3]; this rearrangement is assumed to proceed
via the 16e iminoacyl intermediate Cp*(CO),W[n'-C(NEt)Me] analogous to B
(Scheme 1). Finally, coordination of the remote imino-nitrogen to the tungsten
center would afford the 18e carbon-bound imine complex C, which would then
tautomerize to the aminocarbene complex 5 or 6.

Experimental evidence for the presence of a tautomeric equilibrium between the
aminocarbene complex 5 (6) and the imine complex C (Scheme 1) was provided by
the slow, acid-catalyzed reaction of 5 with an excess of D,0O in THF, which resulted
in an H/D exchange, at the same rate, of both the NH proton and the proton of the
CH group attached to the carbene-carbon, leading to 5’ (eq. ¢). The equilibrium is

- + CF3S04D (cat.
IS, N-Me oo B, .\w§ R (c)
oC / \ -H THF, r.t. oC
“c- / -0
N
/s —C
Et \H t \H
5 5

shifted well towards the aminocarbene tautomer 5 (6) (Scheme 1, last step). This is
demonstrated by the IR and NMR spectra, which give no evidence for the presence
of the imine tautomer C. The prototropic tautomerization of § and 6 can be
compared with the well known imine—-enamine isomerization of organic and transi-
tion-metal carbon-bound imines [20-22). It can also be related to the prototropic
tautomerism of heteroaromatic compounds containing amino groups [23,24]. This
relationship becomes evident by using for 5 and 6 the well known isolobal analogy
between the Cp*W(CO), fragment and a CH group [25,26]. Thereafter the metalla-
cyclic aminocarbene complexes S and 6 can alternatively be viewed as inorganic
analogues of the 3-alkylamino-1-ethylpyrroles (Fig. 1).

R R
H~N" H‘N"
c—c” c—c”
N{/ \é; {4 W
Ln N H e Sy
1 i
Et Et

ML, = Cp*W(CO),
5,6 a
Fig. 1. Analogy between aminocarbene complexes 5 and 6 3-alkylamino-1-ethylpyrrols.
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Fig. 2. Possible tautomeric for 3-alkvlamino-1-ethylpyrrols.

Experimental evidence for this analogy is provided by the solid-state structure of
6. which is shown to involve a planar five-membered metallaheterocycle with
intraannular bond lengths that indicate that bond delocalization occurs within the
ring, as observed for organic pyrroles (see discussion of crystal structure of 6 below),
Further support for this analogy 1s provided by the fact thut aminopyrroles are also
involved in prototropic tautemerism [23,24.27.28]. It is noteworthyv that theoretical
studies on 3-aminopyrroles by the SCF-MO = approximation method idicate the
amino (enamine) tautomer a {analogous to 5 and 6) to be considerably more stable
than the imino (ketimine)-counterparts b-d (Fig. 2). the tautomers b and ¢ being
analogous to complex C {Scheme 1) [24]. These conclusions were supported bv
experimental work on 2,4.5-trisubstituted 3-aminopvrrodes [29 31

Spectroscopic investigations

IR spectru

Consistent with the formulation of 3-6 as “four-legged piano-stool” complexes
containing two mutually cis-oriented carbonyl ligands, two v(CO) absorption bands
of almost equal intensity are observed in the IR-spectra of the metallacvcles. The
higher frequency. more intense, band is assigned to the symmetric CO stretching
mode (Table 1) [32-34]. These bands are shifted to lower frequency as the solvent
polarity is increased (Table 1) [2-4]. A similar trend was observed previously for the
v(CO) absorptions of the tungsten compounds 1 and 2 and the molybdenum
complexes Cp*(CO);Mo[C(NR)C(NEt)Me] (R = Me. Ft). the latter being analo-
gous to 3 and 4 [3.4].

The four-membered metallacycles 3 and 4 exhibit two characteristic absorptions
at low frequency (~ 1630 and 1585 ¢cm ') that are assigned to the two r(C=N)
vibrations of the dihapto bonded 1.4-diaza-3-methylbutadien-2-vi ligand (Table 1).
The position of these bands is not influenced by the solvent polarity. in keeping
with previous observations f{or the analogous molybdenum compounds [4]. In
comparison, the aminocarbene complexes 5 and 6 are distinguished bv & weak
absorption at 1550 ecm ' (CH,Cl,) that is assigned io the C(carbene)-N stretching
vibration. This band reveals the strong interaction of the lone clectron pair of
nitrogen with the p-orbital of the carbene carbon atom: this interaction is repre-
sented in valence bond terms by the zwitterionic resonance form f (Fig. 3).

Comparable low frequency absorptions have been observed in the IR spectra of
other aminocarbene complexes [35.36]. Some characteristic  examples are
(COY L, M[C(NHMe)Mel(r =0, 1; L = PPhy; M = Cr, W) [#»(CN) in nujol mull:
1530-1580 em™'] [37]. trans-Cp(CO)-(M Ph )W[C(NHEtPh] (M’ = Ge, Sn)



Table 1

»(NH), »(CO) and »(CN) absorptions of the tungsten complexes 3—6 in cm ™', solvent n-pentane (a),

toluene (b), THF (c) and CH,Cl, (d)

381

Complex v(NH) »(CO) »(CN) Solvent
v(ND)

Cp* (CO),W[C(NMe)C(NEt)Me] (3) ~ 1923 vs, 1832 vs 1634w, 1589 vw a
1912 vs, 1817 vs 1633w, 1589 vw b
1906 vs, 1804 vs 1635w, 1590 vw  d

Cp*(CO),W[C(NEt)C(NEt)Me] (4) - 1921 vs, 1831 vs 1631w, 1585 vw a
1912 vs, 1817 vs 1630w, 1584vw b
1905 vs, 1803 vs 1631w, 1583 vw  d

Cp*(CO),W[C(NHMe)C(H)C(H)NEL] (5) 34419 1926 vs, 1844 vs 1548 w a
1915 vs, 1826 vs 1550 w [3
1912 vs, 1818 vs 1550 w d

Cp*(CO),W[C(NDMe)C(D)C(H)NEL] (5”) 2549 ¢ 1926 vs, 1843 vs 1540 w a
1914 vs, 1826 vs 1540 w c

Cp* (CO),W[C(NHEt)C(H)C(H)NEt] (6) 3426 ¢ 1925vs,1843vs 1549 w a
1915 vs, 1826 vs 1550w [
1912 vs, 1819 vs 1550 w d

¢ In KBr.

[»(CN) in KBr: 1498 cm™'] [38] and (CO);Cr{C(NEt,)SeR] (R = aryl) [»(CN) in
KBr: 1512-1521 cm™'] [39].

Further experimental evidence for the significant contribution of the resonance
form f to the overall structure of the aminocarbene complexes is provided by the
solid-state structure of 6, which has a longer W—-C(carbene) bond than expected for
a typical W=C double bond and a shorter C(carbene)-N bond than expected for a
C(sp®)-N(sp?) single bond (see discussion of the crystal structure of 6 below).

Finally the aminocarbene complexes 5 and 6 show sharp absorptions at 3441 and
3426 cm !, respectively (KBr spectra), arising from the »(NH) stretching vibration
of the alkylamino group. This absorption is shifted in the deuterated aminocarbene
complex 5" to 2549 cm ™! [»(N-D)].

H\N'R H.";'R
\C—C’ \}:—C’H
TS Nt
n \N/ H n \N/ “H
Et Et
e f

ML, = Cp*W(CO),

Fig. 3. Resonance forms for the aminocarbene complexes 5 and 6.
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"H NMR spectra

The '"H NMR spectra are also consistent with the proposed structures for 3-6
(Table 2). All the complexes have a chiral metal center. and so the methylene
protons of all ethyl groups are diastereotopic, giving rise to two separate doublets of
qurI(.LS. as preued for the AB-part of an ABXj; spin system [*/(H H,) = 12-13
Hz and J(H Hy) = (H,H, )= 7.3 Hz] [40]. The only exception is prowd‘_d by the
methylene pxotons of the cthylaminn group in 6. which appear in C.D, as a
multiplet centered at § 2.97. Analysis of this multiplet resonance was achieved with
complete spin-decoupling of the methyl protons by irradiation at & 0.92. The
decoupled spectrum of the diastereotopic methylene protons in roluene-d, at
+20° C shows two doublets of doublets at § 2.90 (H, ) and 8§ 2.94 (H ) that result
from the geminal spin-spin coupling between these protons ¢ “/(H Hy,} = 12.2 Hz)
and the vicinal spin-—spin wup]ing between the methylene protons and the NH
proton [V(H,Hy) =52 Hz; J(H,H,)= 4.3 Hz|

The '"H NMR spectrum of 4 shows two triplets for the methyl protons at § 1.10
and 1.28, and four doublets of guartets for the diastereotopic methylene protons of
the two different N-bonded ethvl groups at § 3.17. 3.36. 347 and 3.61. The
resonances at 8 1.10, 3.17 and 3.47 are unequivocally assigned to the methyl and
methvlene protons of the tungsten bonded NCH,CH. group: this assignment is
based on comparison of the 'H NMR spectra of 3 and 4 and on double resonance
experiments {double irradiation of the methvl protons at 8 1.10 coaverts the
methylene proton resonances at § 3.17 and 3.47 into doublets). Use of the same
method also allows the methyl and methylene proton resonances of the 1wo
d:ffen_m NCH.,CH; groups in 6 to be unequivocally assigned (Table 2.

The 'H NMR spectra of the aminocarbene complexes 5 and 6 display two
characteristic doublet resonances for the protons of the chemically non-equivalent
CH groups at § 5.56 and 7.50 (5) and 5.58 and 7.50 (6). the two protons being
coupled to each other [ J(HH) = 2.5 Hz]. The higher ficld doublet is unequivocally
assigned to the CH group next to the carbene-carbon (Table 2j. This assignment is
based on comparison of the 'H NMR spectra of 5 and 5. the latter showing only
one singlet resonance at § 7.50 for the CH proton next to the NCH.CH, group
(Table 3). It is noteworthy thal similar chemical shifts are observed for the H—Z and
H-3 protons in organic pvrm!c« Moreover, the vicinal coupling constant between
these protons (J(23) ~ 2.6 Hz) is essentially equal to that between the two CH
protons in 5 and 6 [28]. ”lhl.x spectroscopic similarity gives further support to the
description of the aminocarbene complexes 5 and 6 as inorganic pyrrole analogues
(see Fig. 1. and earlier discussion). The methyl protons of the methyvlaminoe group in
5 appear as a doublet at § 2.52 owing to spin—spin coupling with the NH proton.
the latter giving rise to a broad resonance (unresolved quartety at 8 5.09. These
results indicate slow exchange of the amine proton relative to the NMR time scale.
The vicinal coupling constant ( J(HH) = 4.9 Hz) is found in the range observed for
other aminocarbene complexes with a H-C-N-H fragment [37.41.42]. By compari-
son. the analogous methyl protons of the deuterated aminocarbene complex 87 give
rise to a singlet at § 2.51, in which the J(HD) coupling is not resolved (Table 2).

Hindered rotation of th alkylamino group about the C(carbene)-N bond is
expected for the aminocarbene complexes 5§ and 6. leading to rotational isomers
(Fig. 3. Fig. 4). Rotational barriers higher lhdn 25 kcal /mol have been observed for
other aminocarbene complexes. e.g. the M" derivatives {COY M[CINHR)R'] (M =
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Fig. 4. Two possible 1somers for the aminocarbene complexes 5 and 6.

Cr, W; R, R’ = alkyl), allowing isolation of rotamers with different spectroscopic
and physical properties [36,37,41-43]. The 'H NMR spectra of S and 6 in toluene-d,
are not temperature dependent within the range —80 to +20°C. Moreover, they
indicate the presence of only one isomer, which on the basis of the X-ray diffraction
study of 6 can be assumed to have a cis structure (Fig. 4).

These results are consistent with the solution IR spectra of 5 and 6, which show
only two »(CO) absorptions (see discussion of the IR spectra). This implies that the
cis-isomer is the thermodynamically favored one, perhaps for steric reasons. This
implication is supported by a molecular model study of 6 by use of the program
MACMOMO with the bond lengths and angles of 6 obtained from the solid-state
structure determination (see results on crystal structure of 6) [44]. This indicates that
there is severe steric repulsion between the methylene group of the ethylamino
substituent and one CO ligand in the frans-isomer (Fig. 4).

"“Cc NMR spectra

Further support for the assigned structures of 3—6 is provided by the “C NMR
spectra (Table 3). Two different environments are observed for the inequivalent
carbonyl ligands in 3-6. Both CO resonances are accompanied by satellites arising
from "W-"C coupling. The J(WC) coupling constant (146-160 Hz) are found
within the range observed for other tungsten carbonyl complexes [45,46].

The four-membered metallacycles 3 and 4 are characterized by two low-field
resonances for the imino-carbons at § 179.3 and 190.6 (3) and 176.7 and 190.7 (4).
The higher field signal (3: § 179.3; 4: § 176.7) is accompanied by tungsten satellites
@3: J (WC)=61.0 Hz; 4: \J (WC) = 60.5 Hz) and is therefore unequivocally assigned
to the tungsten bonded imino-carbon (Table 3). The five-membered metallacycles 5
and 6 are characterized by one low-field resonance for the aminocarbene-carbon at
8 222.6 [[J(WC) = 89.1 Hz] and 221.8 ['J(WC) = 89.1 Hz], respectively. Comparable
chemical shifts of the carbene carbons and J(WC) coupling constants have been
found for other low-valent tungsten aminocarbene complexes, such as (CO);W[C-
(NMe,)Me] [8- 253.3 (CDCl,, r.t.); J(WC) 92.8 Hz] [47], (CO)sW[C(NMe,)-
C(H)C(Ph)NMe,] (8- 242.7 (CDCl;, r.t.); J(WC) = 89.1 Hzj [47], [Cp(CO),W[C-
(H)NMe, ]IBF, [ 215.5 ((CD,),S0, r.t.); Y(WC) = 70 Hz] [48] and cis-[Cp*(CO),-
(EINCO)W[C(H)NEL,]JPF, [§- 232.6 (CD,Cl,, r.t); '"J(WC) = 85.4 Hz| [49]. In
addition the aminocarbene complexes 5 and 6 display two resonances at § 105.2 and
166.6 (5) and 105.5 and 166.6 (6) for the CH units of the five-membered ring. Both
resonances appear as doublets in the 'H- coupled ‘C NMR spectrum of 6, the
'J(CH) coupling constant (155.8 and 155.3 Hz) being indicative of a C(sp”)-H bond
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Table 4

4
Mass spectra of the complexes 4 and 6; m /z values relative to the Yw isotope

Complex m/z tentative assignment
4 500 M™
472 [M—-CO]*
445 [M —EINC]*
444 [M-2cCO]"
417 [M -CO—-EINC]*
389 [M -2 CO—-ENC]*
387 [M —CO—EINC—C,H,]" (base peak)
359 [M—2 CO—-EINC—-C,H]*
6 500 M*
472 [M—COl™
444 [M —2 CO}"* (base peak)
442 [M —CO-C,H(]"

[50]. An unequivocal assignment of the upfield shifted signal at § 105.2 (5) and
105.5 (6) to the CH group attached to the carbene carbon is achieved by comparison
of the C{'H} NMR spectra of 5 and 5’. The latter is distinguished by a triplet
resonance at 8 105.2, which is assigned to the carbene-carbon attached CD-group
[V(CD) = 24.1 Hz].

Mass spectra

The four-membered tungstenacycle 4 gives, under EI conditions, a similar frag-
mentation pattern to that of the molybdenum analogue Cp*(CO)zl\r()[C(NEt)—
C(NEt)Me] [4]. It involves loss of the CO ligands, the inserted ethylisocyanide
group, and ethane (Table 4). For the metallacyclic aminocarbene complex 6 there is
successive loss of the two CO ligands from the parent molecule ion M™* (m/z = 500),
followed by elimination of ethane.

Crystal structure of 6

The molecular structure of 6 was determined by a single crystal X-ray diffraction
study. An ORTEP plot of the compound with the atom numbering scheme is given in
Fig. 5. Selected bond distances and angles are listed in Table 5 and fractional
coordinates in Table 6. The coordination geometry around the tungsten atom in 6
can be conveniently described as square pyramidal, with the Cp* ligand at the apex.
The basal plane of the pyramid is defined by the carbonyl carbons C(1) and C(2)
and the tungsten-ligated atoms of the metallacycle N(1) and C(5) (the maximal
deviation from the least squares plane is 0.4 pm). This plane is essentially parallel to
the Cp* ring plane, the dihedral angle between the two planes being 3°. The
orthogonal distance of the tungsten atom from the basal plane is 92.8 pm and that
from the Cp* ring plane 200.2 pm, the latter distance being typical for complexes
containing a Cp*W(CO), fragment [51,52]. The cis OC-W-CO and L-W-L" bond
angles [C(1)-W-C(2) = 75.0(3)°; N(1)-W-C(5) = 74.3(2)°] and the trans OC-W-
L and OC-W-L' bond angles [N(1)-W-C(1)=125.1(3)°; C(2)-W-C(5) =
126.3(3)°] of 6 are also within the range found for other “four-legged piano-stool”
complexes of the type cis-CpM(CO),LL" [53]. The Cp* ring is slightly slipped,
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Fig. 5.

probably owing to the rrans effect of the carbonyl! ligands: this is indicated by the
lengthening of the W-ring-carbon distances frans to the carbonyls [W.-C(11) and
W_((12)]. Such ring-slip distortions have been previously reported for other Cp”
complexes and treated theoretically {53-56].

The metal carbonvl linkages are approximately linear. the W. (1Ol and
W- C(2)-0(2) bond angles being 177.1(63° and 175.0(8)°  respectively. The W,
bond distances [W-C{1) = 189.9(7) pm: W-C(2) = 19537y pm] are found (o be
quite close to those of the #'-1-azaallvl complex 2 {3]. They are. however, consider-

Table S

Selected bond distances (pm)y and bond angles (%) for 6, with estimated standard devianons

WoN(Y 216.0(0 NiD WL Oy
Wl 129,97 N1 W ({2
W2y 195, 3T N W0
W.-((5) 217.9(6y Ch-Wa ey
W (i h 239006y Ch- W5y
W (1) 236.2(7 CL2y-Wa (5
W13y Cp™ oW O
W C(14) 227 Cp™ W ()
W Oels) 232206 (';\," W N
W..Cp* RUT Cp* Wi
Cily- Ol 119.8(8y W N Ci 3
Ci2y-O 4. 7(8) WoNH O
N(=-C(3) 130.8(9) W (-0l
N --Ci%)y 146.6(49) Wi O
Ci3)-Crdy 1371 C(3H-NOD O
Cdy-C(3 141,909 N -Ceh-Cidy
N(2)-CS)y 134,57y Ci3)-Cldy- 05y

N{2y - (C(6) 144 9(9 Ciy-Cia- Ny
W 504
W CS-INg
CES- N6y

¢ Cp* denotes the center of the pentamethvlevclopentadienyl ring.
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Table 6

Fractional atomic coordinates and their estimated standard deviations for non-hydrogen atoms in 6 ¢

Atom x ¥ z Uy
W 0.01837(1) ~0.26368(1) 0.15379(3) 0.042
01 0.1013(3) —0.2306(3) —0.1163(6) 0.080
Cl1 0.0685(3) —0.2420(3) —0.0119(8) 0.052
2 —0.0168(4) —0.3111(3) —0.0116(8) 0.065
02 —0.0332(3) —0.3399(3) —0.1119%(7) 0.095
N1 —0.0775(2) —0.2351(3) 0.1876(7) 0.063
C3 —0.08659(4) -0.1751(4) 0.2129(9) 0.071
Cc4 —0.0371(4) —0.1340(4) 0.2098(9) 0.067
N2 0.0742(3) —0.1281(2) 0.168%(9) 0.066
Cs 0.0210(3) —0.1621(3) 0.1740(8) 0.081
C6 0.0773(4) —0.0613(3) 0.197(1) 0.088
C7 0.1402(7) —0.0415(5) 0.217(1) 0.133
C8 —0.1332(3) —0.2752(4) 0.180(1) 0.078
c9 —0.1708(4) —0.2681(5) 0.041(1) 0.102
C11 0.0136(4) —0.3022(4) 0.4023(7) 0.058
C12 0.0649(4) —0.2626(4) 0.3914(7) 0.061
C13 0.1075(3) —0.2885(3) 0.2884(8) 0.057
C14 0.0792(3) —0.3444(3) 0.2323(8) 0.056
CI5 0.0215(3) —0.3519(3) 0.3044(8) 0.057
C21 —0.0422(5) —0.2959(5) 0.504(1) 0.093
Cc22 0.0789(6) —0.2092(5) 0.489(1) 0.094
C23 0.1725(4) —0.2685(4) 0.257(1) 0.094
C24 0.1115(5) —0.3921(4) 0.132(1) 0.094
C25 —0.0181(5) —0.4100(4) 0.291(1) 0.098
Cp* 0.057 —0.310 0.325

“ Anisotropically refined atoms are given in the form of the isotropic equivalent displacement parameter
defined as U, = (Uy-Uy-Uy)'73, where Uy, U, and U are the eigenvalues of the U,; matrix.

ably shorter than the W-Cy bond distance of W(CO), [W-Crp = 205.8(3) pm],
which indicates extensive d7—pn* back-bonding to the carbonyls in 6 [57]. These
results are consistent with the appearance in the IR spectra of 5 and 6 of »(CO)
absorptions at rather low frequency. The W-C bond distance for the carbonyl trans
to the carbene ligand is longer than that for the carbonyl located trans to the imino
nitrogen, owing to the lower o-donor/7-acceptor ratio of the carbene moiety [36].

A striking feature of the structure is the planarity of the five-membered metalla-
cycle, the maximal deviation from the least squares plane being 4 pm. The planarity
of the five-membered metallacycle is also reflected in the sum of 540° for the five
intraannular bond angles, this value being that for an ideal planar pentagon. The
amino-nitrogen and methylene-carbon atoms of the ethylamino group N(2) and
C(6) as well as the N(1)-attached methylene-carbon atom C(8) also lie in the plane
of the metallacycle (maximal deviation from the least-squares plane defined by the
atoms W, N(1), N(2), C(3), C(4) C(5), C(6) and C(8) is 8 pm).

The W-C(carbene) bond length [W-C(5) = 217.9(6) pm] is long in comparison
with the corresponding distances in non-heteroatom stabilized W' carbene com-
plexes such as trans-Cp(CO),(SnPh;)W[C(H)Tol] [W-C(carbene) = 203.2(7) pm]
[58] and Cp,W[C(H)Ph] [W-C(carbene) = 205(2) pm] [59]. The adjacent
C(carbene)-N bond [N(2)-C(5) = 134.5(7) pm] is intermediate in length between
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that expected for a C(sp”)~N(sp”) single (144 pm) and & C(sp~3=N(sp~) double
bond (127 pm) [60-62]. Both of these features reflect reduced back-bonding [rom
tungsten to carbene-carbon and a high degree of 7-bonding between the carbene-
carbon and amino-nitrogen atom. which in valence bond terms implies a strong
contribution of the zwitterionic resonance form f to the overall siructure of 6 (Fig.
3y. The sum of angles arcund the carbene carbon is 3607, consistent with 2
sp~-hybridized carbon atom. The C(4)-C(5) bond distance (141.9(9) pm) is shorter
and the C(3)-C(4) bond distance (137(1) pm) slightly fonger than that expected for
a Clsp™)-Cesp™y single (148 pm) and o C(sp)=C(sp™) double bond (134 pm).
respectively [63-65]. Similarly. the N(1)-C(3) bond (130.8(9) pm) s intermediate in
length between that expected for a C(sp )~ N(sp i single (144 pmy and a
C(sp”y=N(sp™) double bond (127 pm) (see C(carbene)-N bhond distance aboves.
The W-N(1) bond length (216.0(5) pm) is similar o that in the % -I-azaallvl
complex 2 (218.6(5) pm) [3]. The sum of the angles around N1y is 3607 mdicating
sp~ hybridization of the nitrogen atom. These results provide structural evidence for
7 electron delocahization in the metallacvelic ring. and illusuate the close relation-
ship between 6 and an organic pyrrole.

Conclusion

The w-iminoacyl complex 1 and the n'-l-azaallvl complex 2 can be readily
obtained by methylation of the tungsten(0) metallate Na[Cp* W{CO,(EINC)] with
Mel. Both compounds undergo clean insertion reactions with alkyvi isocvanides to
form tungstenaheterocycles.

In a reaction fully analogous to that of the corresponding molvbdenum com-
pound. complex 1 affords the 7°-1,4-diaza-3-methylbutadien-2-vi  complexes
Cp*(COYW[C(NR)C(NEOMe] (3. 4) when treated with RNC (R = Me, Fi). Pre-
liminary studies show that these four-membered metallaheterocveles are selectivels
alkylated at the exocyche imino-nitrogen (o vield 1-metalla-2-azacyclobutadiene
complexes [16]. The latter compounds are of particular interest because thev are
isoelectronic with metallacyclobutadiene complexes. which are important inter-
mediates in the metathesis of alkynes [66.67].

By contrast. the n'-1-azaallvl complex 2 reacts with RNC to vield the five-mem-
bered tungstenacycles Cp*(CO) W[CINHR)C(H)YC(H)NEL] (5. 6). These compounds
can be regarded as morgamc pyrrole analogues in terms of reactivity and spectro-

scopic and structural data. Further aspects of this analogy. with a view 1o the
metal-mediated synthesis of heterocyeles, are currently under investigation.

Experimental

Standard Schlenk procedures were used for all syntheses and sample manipula-
tions. The solvents were dried by standard methods (n-pentane, wluene, Ft.0Q and
THF over Na benzophenone). distilled under nitrogen and stored over 4-A molecu-
lar sieves prior to use. All column chromatography was performed on neutral
alumina (Merck, activity L 0.063-0.2 mm. dried in racuo and stored under nitrogen)
as the stationary phase in a thermostated column of 30 cm fength and 1.5 ¢m
diameter.



391

Elemental analyses were performed by the Microanalytical Laboratory of this
department. IR spectra were recorded on a Nicolet DX 5 FT spectrophotometer. 'H
NMR and 13C{lH} NMR spectra were recorded in dry, deoxygenated methylene-d,
chloride, benzene-d,, or toluene-dg on a Jeol GX 400 instrument. Chemical shifts
were referenced to residual solvent signals (CD,Cl, 6,y 5.32 and 8, 53.8 ppm; C,Dg
8y 7.15 and 6. 128.0 ppm; C,D; 8 2.03 and 6- 20.4 ppm). Mass spectra were
obtained with Finnigan MAT 311 A and MAT 90 spectrometers.

The synthesis of Cp*W(CO),[n*-C(NEt)Me] (1) and Cp*(CO),W[n’-
CH,=CH=NEt] (2) has been described previously [3]. MeNC and EtNC were
prepared by published procedures [68,69], distilled, and stored under nitrogen at
—-30°C.

1. Cp*(CO),W[C(NMe)C(NEt)Me] (3)

A solution of 240 mg (0.54 mmol) of 1 in 100 ml of toluene was treated with
0.088 ml (1.62 mmol) of MeNC and the mixture heated at 90°C until the reaction
was complete (IR monitoring). The resulting red-brown solution was evaporated to
dryness, the residue suspended in 20 ml pentane, and the suspension cooled to
—78°C. The pale orange solutions was decanted and the residual red-brown solid
dried in vacuo at room temperature, M.p.: 168°C (dec.). Yield: 220 mg (84%).
Found: C, 44.02; H, 5.35; N, 5.61; O, 7.04; W, 37.34. C,;H,(N,O,W (486.26) calc.:
C, 44.46; H, 5.39; N, 5.76; O, 6.58; W, 37.81%.

2. Cp*(CO),W[C(NE)C(NEY)Me] (4)

A solution of 230 mg (0.52 mmol) of 1 in 40 ml of toluene was treated with 0.10
ml (1.35 mmol) of EtNC and the mixture heated at 90-100° C until reaction was
complete (IR monitoring). The resulting red-brown solution was worked up as
described in / to give complex 4 as a red-brown solid. M.p.: 109° C. Yield: 210 mg
(81%). Found: C, 45.79; H, 5.76; N, 5.53; O, 6.57; W, 36.21. C,,H,;N,O,W (500.29)
calc.: C, 45.61; H, 5.64; N, 5.60; O, 6.40; W, 36.75%.

3. Cp*(CO),W[C(NHMe)C(H)C(H)NE] (5)

To a solution of 190 mg (0.43 mmol) of 2 in 30 ml of THF was added 0.046 ml
(0.85 mmol) of MeNC and the mixture was refluxed for 2 h. The resulting yellow
solution was evaporated to dryness and the residue purified by chromatography on
alumina at 0° C. Elution with Et,O afforded a yellow band, from which complex 5
was isolated as a yellow, microcrystalline solid after evaporation of the solvent and
crystallization of the residue from the minimum amount of pentane. M.p.: 167°C.
Yield: 190 mg (92%). Found: C, 44.83; H, 5.51; N, 5.67; O, 6.96; W, 36.90.
C3H, N,OW (486.26) calc.: C, 44.46; H, 5.39; N, 5.76; O, 6.58; W, 37.81%.

4. Cp*(CO),W[C(NDMe)C(D)C(H)NEt] (5')

A solution of 100 mg (0.21 mmol) of 5 in 15 ml THF was treated with 0.1 ml
(5.53 mmol) D,O and 0.9 p! (0.01 mmol) CF;SO;D and the mixture stirred for
several days at room temperature. The resulting slightly cloudy solution was
evaporated to dryness and the residue dissolved in pentane. The solution was
filtered and the solvent removed from the filtrate under reduced pressure to yield 5
as a yellow solid. Yield: 90 mg (90%). The product was characterized by IR, 'H
NMR, and "*C NMR spectroscopy.
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. Cp*(COLWIC(NHEYC(H)C(H)NE] (6)

A solution of 260 mg (0.58 mmol) of 2 in 30 mi of THF was treated with 0.092 mi
(1.24 mmol) of EANC and the mixture refluxed until the reaction was complete ((IR
monitoring). The resulting vellow solution was evaporated to drvness and the
residue purified by column chromatogaphy as described under 3 to yield vcomplex 6
as a yellow microcrystalline solid. M.p.: 127°C. Yield: 280 mg (96% 1 Found: .
46.04: H, 5710 N, 5.59: W_ 3629, C, H NOW (500295 cale O 43 a6l Ho 5.64:
N. 5.60. W, 36.75%.

0. Structure determination of 6

Suitable crystals were obtained as red platcs upon cooling a saturated n-pentanc
solution of 6 from room temperature to —78°C. Complex 6 crvstallizes in the
tetragonal space group P4 i

o {(Int. Tables. \o 114). Unit cell constants were
obtained by centering and least squares refinement of 15 ldlumm\ at high 8 v mm
(a=bh=223452) pm. ¢=902.7(1y pm: V=4113x 10" pm' 7 =X p . = 1.62
g_/cm' ).

Data collection was performed on a Syntex P2, four-circle diffractometer with
graphite-monochromated Mo-K | radiation (A = 71.073 pm) ar room temperature
(23 - 3°C). Intensity data for 7941 refllections in the range 1.07 <0 #2507 (),
+k, 1y were collected by an w-scan range of 0.97 and 2 stationary background
determination at 0.7°C froam each reflection. Scan speed ranged {from 0.7 to
29.3° /min. The intensity data were corrected for Lorentz and polarisation effects

-

and for absorption (empirical correction. 9 reflections, g = S3.8 cm 1 Durimg dats
collection a decay of 5% was observed but not corrected. After merging. 3615 of
3622 unique reflections (7 > 0.0y were used in the refinement. The structure was
solved by the Patterson method and subsequent least-squares relinement cycles and
difference Fourier syntheses. All atoms are refined with anisotropic displacement
parameters. Hydrogen atoms were placed in idealized positions (€ -H = 95 pimy and

included m the structure {actor calculation but not refined (134 parumetersy,

Refinement minimized the function Sw( | F 1~ [ F {1, where we=1 o {1 and
converged yielding R-values of R=0.036 and R = 0023 A refinement in the

enantiomorphous setung gave R-values of R = (. ()46 and R s+ 0,038 Reswdual
electron density maxima and minima were 1.06 and — .94 ¢ A" near the tungsten
atom. Atomic scattering parameters were taken from ref. 70, Anomalous dispersion
effects were included for all non-hydrogen atoms [71] All calculations were per-
formed on a MicroVAX 3100 computer with standard programs {72 75] Further
details of the crystal structure investigation are available on request from the
Fachinformationszentrum Karisruhe, Gesellschaflt fiir wissenschatthich-technische
Information mbH, W-7514 Eggenstein-Leopoldshafen 2. on qhu\in“ the depository
numiber CSD-53499. the names of the authors, and the journal cita
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