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Mononuclear bis-aminocarbyne complexes of tungsten with Tp’ ligands;
theory of metal-centred carbyne-carbyne coupling *
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Abstract

An efficient procedure for the synthesis of mononuclear bis-aminocarbyne complexes of tungsten is reported starting from
Tp'(CO),W=CN(R)Et (1a: R = Me; 1b: R = Et) (Tp' = hydrido(3,5-dimethylpyrazol-1-yl)borate). In the first step oxidative decar-
bonylation of 1a and 1b with Br, occurs to afford the six-coordinate aminocarbyne complexes Tp’(Br),W=CN(R)Et (2a, 2b) in high
yield. Similarly, complexes 1a and 1b. are converted by I, into the diiodo derivatives Tp'(I),W=CN(R)Et (3a, 3b). Reductive
dehalogenation of 3a and 3b by Na/Hg in the presence of EtNC gives the electron-rich mono-aminocarbyne complexes
Tp’(EtNC),W=CN(R)Et (4a, 4b), which are finally alkylated with [Et;O]BF, at one isocyanide-nitrogen to yield the bis-aminocar-
byne complexes {Tp’(EtNC)W[=CN(R)Et[=CNEt,]}BF, (5a, 5b). Extended-Hiickel calculations on the hypothetical 18e bis-carbyne
complex [CpW(COXCH),]* predict a spontaneous rearrangement to the energetically favoured 16e acetylene complex
[CPpW(COXHC=CH)]* and show, in full agreement with the experimental work, that introduction of amino-substituents on both
carbyne-carbons stabilizes the bis-carbyne form relative to the alkyne isomer. The solid-state structure of 2b was determined by a
single-crystal X-ray diffraction study revealing a distorted octahedral complex with a short W-C_, 4, .. bond. The short C_,,yn.—N
bond and the planar amino-nitrogen indicate a high degree of m-bonding between the carbyne-carbon and the amino-nitrogen.

1. Introduction

The metal-centred coupling of two methylidyne lig-
ands to form an acetylene ligand was first analyzed
theoretically by R. Hoffmann et al. [1a,b]. These stud-
ies were performed for the ‘“naked metal” case
M(CH), » M(C,H,) and have shown that the coupling
reaction is symmetry-allowed for a d? to d* metal
centre if the carbyne moiety is considered as a neutral
3e-donor ligand with a doubly occupied orbital of o-
symmetry and a pair of orthogonal acceptor orbitals of
mr-symmetry containing one electron [2*]. The “naked
metal” case has also yielded some qualitative conclu-
sions as to the effects of varying the metal and ligand
properties in L, M(CR), systems [1a,b]. These have not
been obtained, however, for specific and more realistic
cases. In earlier work we had noticed in the metal-
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centred carbene—carbene coupling reaction and its re-
verse, the splitting of a coordinated olefin, that the
“naked metal” model does not necessarily allow one to
draw clearcut conclusions as to the energetic prefer-
ence of substituted bis-carbene vs. olefin complexes {3].
Therefore, carbyne—carbyne coupling still poses some
interesting theoretical questions.

Experimental work supports the theoretical predic-
tions of Hoffmann for the metal-centred carbyne—
carbyne coupling. Thus, reaction of the acyl-carbyne
complex Li[(Br)(CO),(L){n!-C(O)Me}W=CR] with
C,0,Br, and PPh; gives the alkyne coupling product
(Br),(COXPPh XLYW(RC=CMe) directly and not the
d* tungsten bis-carbyne complex (Br),(COXL)W(CR)-
(CMe) (L = CO, PPh;; R =aryl) [4]. In comparison,
stable d* molybdenum and tungsten bis-aminocarbyne
complexes of the type trans-{(dppe),M[ZCN(H)Mel,}-
(BF,), (M = Mo, W) have been generated by double
protonation of the electron-rich isocyanide complexes
trans-M(dppe),(CNMe), with HBF,, indicating that the
presence of a w-donor substituent at the carbyne-
carbon stabilizes the bis-carbyne complex relative to
the alkyne coupling product [5].
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We have recently shown that a nucleophile-induced
coupling of two carbyne ligands to give a coordinated
alkyne (egns. (1) and (2)) [6] is the carbon—carbon bond
forming step in the acid-induced carbyne-isocyanide
coupling reaction of Group VI transition metal com-
plexes to give coordinated ynamines (eqn. (3)) [7] and
the reductive isocyanide—isocyanide coupling reaction
of [M(CNR)(X]* complexes to give the ynediamine
compounds {X(RNC),M[RHINC=CN(H)R]}* (M =
Mo, WI: X = halogen; R = alkyl) [8].
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X = B, I; A = Ph, NEty; L = CO, 'BUNC

In extension of this work, dealing with the interac-
tion of two-faced m-ligands at a single metal center, we
report here the high-vield synthesis of d* tungsten
bis-aminocarbyne complexes starting from Tp'(CO),W=
CN(R)Et (1a: R=Me; 1b: R=Et) and Extended
Hiickel MO calculations on the hypothetical d* tung-
sten bis-carbyne complexes [CpW(COXCH),]* and
[CoW(COXCNH,),]*, showing the effect of the -
donor substituent NH, at the carbyne-carbons on the
relative stability of the 18e bis-carbyne complexes and
their 16e alkyne coupling products [CpW(COXHC=
CH)]* and [CpW(COXH ,NC=CNH,)]", respectively.

The half-sandwich systems [CpW(COXCR),]* and
[CPW(COXRC=CR)]* were chosen as models because
the metal fragment [CpW(CO)]* is related to the
[Tp' W(EtNC)]™ unit in this work and also ties in with
our earlier work on analogous Cp* substituted com-
pounds, summarized in eqn. (2).

2. Results and discussion

We have recently reported that half-sandwich bis-
aminocarbyne complexes of the type {Cp*(R’'NC)W-
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Scheme 1. Synthesis of Tp’-substituted bis-aminocarbyne tungsten
complexes.

[=CN(R")Et]=CNELt,}BF, (Cp* = CsMe,; R’ = Et,
'Bu) can be prepared in high yield starting from the
dicarbonyl complex Cp*(CO),W=CNEt, [6a]. The syn-
thetic procedure involves a stepwise transformation of
the starting material to the electron-rich mono-amino-
carbyne complexes Cp*(R'NC),W=CNEt,, followed by
the chemoselective alkylation of the latter at one iso-
cyanide-nitrogen with [Et;O]BF, [6a]. Application of
the same methodology to the preparation of analogous
Tp’ complexes looked promising, since the desired
starting materials, Tp'(CO),W=CN(R)Et (1a: R = Meg;
1b: R = Et) can be conveniently obtained from W(CO),
by high yield reactions which can be scaled-up to 10 g,
and are thermally stable and easy to handle [9].

The three-step route followed for the synthesis of
Tp’ substituted bis-aminocarbyne complexes is de-
picted in eqn. (4) and Scheme 1. It begins with the
oxidative decarbonylation of the dicarbonyl complexes
la and 1b with X, (X =Br, I) to give the mono-
aminocarbyne complexes Tp’(X),W=CN(R)Et (2a-3b)
(eqn. (4)), followed by their reductive dehalogenation
with Na/Hg in the presence of EtNC to afford the
electron-rich mono-aminocarbyne complexes Tp'-
(EtNC),W=CN(R)Et (4a, 4b) (Scheme 1). In the last
step chemoselective ethylation of 4a and 4b at one
isocyanide-nitrogen is achieved with [Et,O]BF, to yield
the desired bis-aminocarbyne complexes {Tp'(EtNC)-
WECN(R)Et]=CNE, ]}BF, (5a, 5b) (Scheme 1).
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Oxidation of 1a and 1b with bromine was carried
out in a 1/1 molar ratio in CH,Cl, at room tempera-
ture and accompanied by evolution of gas (CO) and a
fast colour change from yellow to blue. Evidence for
the clean conversion of 1a and 1b to the octahedral
dibromo complexes Tp'(Br),W=CN(R)Et (2a: R = Me;
2b: R = Et) was given by the IR spectra of the reaction
solutions, which revealed that the two strong »(CO)
absorptions of the starting materials 1a and 1b at 1936
and 1833 cm~! had disappeared at the end of the
reaction and their characteristic ¥(C,p,pe == N) absorp-
tions at 1537 (1a) and 1528 cm~! (1b) had been re-
placed by those of the products 2a and 2b at 1544 and
1532 cm !, respectively. Similarly, oxidation of 1a and
1b with a slight excess of iodine after prolonged reflux-
ing in CH,Cl, resulted in the clean formation of the
six-coordinate, formally 16e complexes Tp'(I),W=CN-
(R)Et (3a: R = Me; 3b: R = Et) {eqn. (4)). In compari-
son, oxidative decarbonylations of the Cp-analogues
(n3-CsRXCO),M=CNEt, with one equivalent of
PhICl,, Br, or 1, have been previously shown to afford
the seven-coordinate, 18¢ aminocarbyne complexes
(7°-C5sRXX),(CO)M=CNEt, (R = H, Me; X = (], Br,
I; M = Mo, W) (here the C;R ligand is considered to
occupy three facial coordination sites) [10]. This differ-
ence in reactivity can be ascribed to the greater steric
bulk of the Tp’ relative to the Cp and Cp* ligand
destabilizing seven-coordinate species such as Tp'(X),
(CO)W=CN(R)Et [9,11].

Complexes 2a-3b were isolated, after purification
by column chromatography on silica, as blue (2a, 2b)
and olive-green (3a, 3b) solids in 77-86% yield. They
are soluble in CH,Cl, and THF, moderate soluble in
Et,0, but insoluble in n-pentane and show a remark-
able thermal stability in crystalline form, decomposing
in the temperature range 230-243°C.

Reductive dehalogenation of the diiodo complexes
3a and 3b was carried out in THF at room temperature
using Na /Hg in the presence of EtNC and was accom-
panied by a fast colour change from green to orange
and precipitation of Nal. Again IR monitoring of these
reactions revealed a clean conversion of the starting

materials to the electron-rich mono-aminocarbyne
complexes Tp'(EtNC),W=CN(R)Et (4a: R = Me; 4b:
R = Et), which were isolated as yellow, microcrystalline
solids in 72% and 61% yield, respectively (Scheme 1).
Water and oxygen should be rigorously excluded in
these syntheses. Otherwise formation of green by-prod-
ucts was observed, which were difficult to separate
from 4a and 4b, causing a considerable decrease in the
yield (purification of 4a and 4b by column chromatog-
raphy on silica and neutral alumina was prevented by
the fast decomposition of 4a and 4b on these supports).

Complexes 4a and 4b are soluble in all common
organic solvents, decomposing at room temperature in
CHCl, and CH,CI, due to oxidative degradation by
the solvent. They are very oxygen- and water-sensitive,
rapidly turning green in air. These properties indicate
the presence of an electron-rich metal centre in 4a and
4b. Further experimental evidence for this is provided
by the IR spectra of 4a and 4b revealing low-frequency
v(C=NEt) absorptions, the *C NMR spectra showing
unusually low-field chemical shifts of the metal-bonded
isocyanide-carbons (see Spectroscopic investigations)
and the fast reactions of these compounds with elec-
trophiles. Thus, when complexes 4a and 4b were treated
with one equivalent of [Et;O]BF, in CH,Cl, at —30°C,
a fast reaction occurred to give selectively the bis-
aminocarbyne complexes {Tp'(EtNC)W[=CN(R)Et}-
[=CNEt,]IBE, (5a: R = Me; 5b: R = Et) (Scheme 1).
No evidence of electrophilic addition at the metal
centre was obtained in these reactions (IR monitoring),
which represent another example of the activation of
isocyanides for electrophilic attack at the nitrogen atom
upon coordination to an electron-rich metal centre
[5,6a,8d-1,9,11c].

Complexes 5a and Sb were isolated as yellow solids
in 85% and 91% yield, respectively. They are soluble in
CH,Ci,, but insoluble in Et,O and n-pentane and
decompose slowly in solution at room temperature.
The stability of the bis-aminocarbyne complexes 5a and
5b results from the strong interaction of the p-type
lone pair at the amino-nitrogen with one of the two
vacant p orbitals at the carbyne-carbon. Experimental
evidence for this m-interaction is provided by the IR-
spectra of 5a and 5b revealing two characteristic low-
frequency v(C_,,pyp = N) absorptions at 1606 and 1526
cm™! (5a) and 1602 and 1519 cm™! (5b) (see Spectro-
scopic investigations). The role of this m-interaction in
the electronic stabilization of the d* tungsten bis-
aminocarbyne complexes Sa and 5b becomes evident, if
one compares the results of Extended Hiickel MO
calculations on the hypothetical d* tungsten bis-carbyne
complexes [CpW(COXCH),]* and [Cp(CO)W(CN-
H,),]" (the carbyne fragment is again considered in all
bis-carbyne complexes as a neutral 3e-donor ligand
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giving the tungsten centre a formal d* electron configu-
ration) [2]. Figure 1 shows the interaction diagram
between the d* metal fragment [CpW(CO)]™ and the
bis-carbyne fragment (CH),.

The valence orbitals of a “bent” CpML fragment
have been discussed in detail elsewhere and need not
be reiterated here [12]. For the chosen electron popu-
lation of the [CpW(CO)]* fragment (d*), the 2a’, 2a”
and 3a’ orbitals are empty and the bis-methylidyne unit
on the right side of Fig. 1 carries 6 electrons in its six
frontier MO’s. These MQ’s are easily identified as the
appropriate linear combination of the orbitals of a
single CH group (C ,-symmetry labels were used for the
(CH), moiety as for the composite system [CpW(CO)-
(CH),]" and for the [CpW(CO)]* fragment). The lone
pair MO’s 1a’ and 1a” of the (CH), moiety interact
strongly with the two empty metal MO’s 2a” and 3a’.
The resulting 1la’ and 1a” orbitals of the bis-methyl-
idyne complex represent the two metal-methylidyne o
bonds, whereas the 2a’, 3a’ and 2a” orbitals are the
equivalent of three metal-methylidyne 7 bonds, show-
ing that the metal centre is not able to form two
independent metal-carbon triple bonds in this hypo-
thetical molecule, as expected from simple electron
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Fig. 1. Interaction diagram for CoW(COXCH),* between CpW-
(CO)* and a (CH), fragment.

E(eV)

Fig. 2. Interaction diagram for CpW(COXC,H,)* between CpW
(CO)* and a bent (C,H,) fragment.

counting. The out-of-phase combination 3a” of the two
in-plane methylidyne p-orbitals has the wrong pseu-
dosymmetry to mix with any s, p or d metal orbital and,
as a pure ligand-orbital, represents the LUMO (3a") of
the bis-methylidyne complex cation.

Figure 2 shows the analogous interaction diagram
between the d* metal fragment [CpW(CO)]* and a
neutral acetylene ligand. The 3a’ MO of the 16e-
acetylene complex represents the metal-alkyne o bond
and the 2a’ orbital the alkyne to metal m-donation (the
1a’ MO, which corresponds to the C—C o bond of the
acetylene ligand, appears at a much lower energy and
is not shown in Fig. 2). HOMO and LUMO of the
complex (2a” and 4a’) are nearly pure metal orbitals,
whereas the out of plane 7*-orbital of the acetylene
(2a”) is destabilized through interaction with the metal
1a” orbital (mainly d ), leading to some out-of-plane
back bonding from the tungsten centre to the acetylene
ligand.

Figure 2 displays the typical picture of a 16e com-
plex with a small HOMO-LUMO gap (2a” /4a’), which
is related to the 18e system of Fig. 1 by a simple least
motion process of reducing the C-W-C angle 8 in
eqn. (5) and of simultaneously diminishing the W-C-H
angle a on both metal carbyne sub-units.



A.C. Filippou et al. / Mononuclear bis-aminocarbyne tungsten complexes 237

a
,.C"' S9k) \ H
\w_,. 5 Y\c/c (5)
[
(l:k/\" c %
¢ : :
o
A B
x
188 bis-methylidyns 16e acetyiene complex
complex

As the methylidyne ligands approach each other
along this least motion pathway, orbitals which are
symmetric to this motion within the xy plane, such as
the 1a’ and 2a’ orbitals of the bis-methylidyne complex,
are stabilized, whereas orbitals, which are antisymmet-
ric to the xz plane, such as the 1a” and 2a" orbitals,
are destabilized (Fig. 3). The 1a”, 2a’ and 3a’ orbitals
of the bis-methylidyne complex are transformed into
the acetylene—metal ¢ and = bonds, respectively,
whereas the 2a” orbital of the bis-methylidyne complex
correlates to the out-of-plane metal-acetylene dm—pm
back bond. Finally, the 12" MO of the bis-methylidyne
complex becomes the acetylene C—C c-orbital, whereas
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Fig. 3. MO correlation diagram for the least motion (C,) CH/CH
coupling of CpW(COXCH),* to CpW(COXC,H,)*.
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Fig. 4. E, g energy surface for the CH/CH coupling process in
[CpW(COXCH),1*.

the 3a” orbital correlates to the o™ acetylene bond and
rises sharply in energy.

Note that there are various avoided crossings, which
are not displayed in detail in Fig. 3, e.g. the 1a’ orbital
on the bis-methylidyne complex side wants to correlate
to the 3a’ orbital of the coupling product, the 2a’
orbital of the bis-methylidyne complex is the equivalent
of the acetylene C—C o-orbital, whereas the 3a’ orbital
on the left side is related to the 2a’ wavefunction on
the right side of Fig. 3.

No crossing between filled and unfilled orbitals oc-
curs along the least motion coupling pathway. There-
fore, the coupling reaction is symmetry-allowed for a
d* metal centre, as expected. Figure 3 does not allow
an immediate conclusion as to the relative energy of
the two interconverting systems or their interconver-
sion barrier. However, if one computes a two dimen-
sional energy surface for the CH/CH coupling process
along the simplest least motion pathway, varying the
two angular parameters a and B of eqn. (5), the
bis-methylidyne complex A does not represent a mini-
mum on the energy surface of the coupling reaction.
The only minimum is found at « = 160° and B = 40°,
which corresponds to an acetylene intermediate B with
a C-C bond of 140 pm (Fig. 4).

As a consequence, no activation barrier exists for
the transformation of the 18e bis-methylidyne complex
A to the 16e acetylene intermediate B, which is more
stable than A by 59 kJ (eqn. (5)). B is even further
stabilized upon relaxation of its molecular geometry by
alkyne rotation towards B’ and by concomitant pyrami-
dalization at the metal centre (eqn. (6)). However,
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according to our model calculations these geometry
relaxation processes do not set in before the two CH
ligands have formed the coordinated acetylene [13*].
We have not performed a full geometric search for the
minimum structure of the 16e coupling product B,
because the relevant part of our analysis focusses on
the coupling step.

T T
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The 16e acetylene coupling product will obviously
gain additional stability upon coordination of another
2e-donor ligand. However, it should be pointed out
that interference of a nucleophile is not necessary to
induce the coupling of the two methylidyne ligands,
which is predicted to be a spontaneous, energetically
favourable process for a d* metal electron count. The
nucleophile simply acts as a trapping agent for the
resulting 16e acetylene complex. All these results imply
that d* bis-carbyne complexes, which do not bear -
donor substituents at the carbyne-carbons, are not in-
termediates in reactions where their formation might
be inferred from the isolation of alkyne coupling prod-
ucts [4].

Let us now consider the analogous coupling reaction
of two aminocarbynes to an ynediamine ligand at the
same d* tungsten centre. Three possible conformers
C-E may be envisaged for the d* bis-aminocarbyne
complex [CpPW(COXCNH,),]*, with their NH, planes
perpendicular (90°) to or in the WC, N, plane (0°) (Fig.
5).

Extended Hiickel MO calculations show that con-
former D, in which one amino plane is perpendicular
to and one within the coupling plane, is more stable by
4.1 kJ than the less favoured conformer C, in which
both amino planes are upright, and more stable by 23
kJ than conformer E. The activation barrier for the
interconversion of the bis-aminocarbyne conformers is
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Fig. 5. Possible conformers for the hypothetical bis-aminocarbyne
complex [CpW(COXCNH,),]".

therefore very low. These results are in full agreement
with the NMR spectroscopic data of the bis-amino-
carbyne complexes Sa and 5b, which reveal a low
activation barrier to rotation of the amino groups
around the C_,,,...—N bonds, resulting in a rapid equi-
libration of all possible bis-aminocarbyne conformers
on the NMR time scale.

Similarly, several conformers may be envisaged for
the 16e ynediamine least-motion coupling product. The
calculations show that conformer F with a fully planar
C,N,H, ligand (0° 0°) is conformationally preferred,
but less stable by ca. 65 kJ than its bis-aminocarbyne
isomer D with 18 valence electrons (eqn. (7).
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Again, an alkyne rotation after the coupling process
would stabilize the conformer F, but still the resulting
structure G is much less stable than either C, D or E.
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These results imply that a rotation of one amino
group by 90° has to occur along the least motion
coupling coordinate in order to convert the most stable
bis-aminocarbyne conformer D to the most stable yne-
diamine conformer F (eqn. (7)). The isomerization of D
to F is symmetry-allowed, as described above for the
bis-methylidyne case. It is however energetically un-
favourable, since the 18e bis-aminocarbyne complex D
is more stable by 65 kJ than the 16e ynediamine
coupling product F and represents the only minimum
on the E, ; coupling energy surface (Fig. 6) [14*].
Clearly, the NH, groups, being potent single-faced
w-donor substituents, reverse the relative stability of
the bis-carbyne and the alkyne complex isomers. This is
a phenomenon which we have noted before in related
studies on alkene formation (carbene—carbene cou-
pling) and alkene-cleavage processes at a Cr(CO),
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Fig. 6. E,
in [CpW(COXCNH,),1*.

energy surface for the CNH, /CNH, coupling process

fragment, showing that bis-aminocarbene complex iso-
mers are more stable [15] and that tetrakis(amino)ole-
fins are cleaved spontaneously at the metal centre [3].

Our theoretical predictions for the metal bis-carbyne
complexes are supported by the present experimental
work showing that the d* metal bis-aminocarbyne com-
plexes {Tp’(EtNC)W[ECN(R)Et)][=CNEt, ])BF, (5a, 5b)
are stable, isolable compounds [6a].

As noted before, the addition of a nucleophile is
expected to stabilize the 16e-ynediamine product F,
changing the overall thermodynamics of the aminocar-
byne-aminocarbyne coupling reaction of D (eqn. (7).
Indeed, reaction of the d* tungsten bis-aminocarbyne
complex [Cp*(EtNC)W(£CNEt,),]BF, with EtNC has
been previously reported to give the bis(diethylamino)-
acetylene complex [Cp*(EtNC),W(Et,NC=CNEt,)IBF,
[6a). A question of obvious interest is how the bis(di-
ethylamino)acetylene ligand is formed in this reaction,
i.e. whether the nucleophile induces the carbyne-—
carbyne coupling reaction or simply adds to the metal
centre after the alkyne C—C bond has been formed.
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Studies aimed at experimentally answering this ques-
tion, as well as related theoretical work, are presently

in progress.

3. Spectroscopic investigations

. 3.1. IR spectra

The mono-aminocarbyne complexes 2a—4b are dis-
tinguished by one IR-absorption in the range 1544-
1496 cm™!, which is assigned to the v(C_,pyne=N)
vibration (Table 1). The fairly high frequency of this
absorption reveals a strong delocalization of the nitro-
gen lone pair electrons into one of the two vacant
p-orbitals at the carbyne-carbon [5b,6b,9]. A compari-
son of the aminocarbyne complexes 2a—3b with 4a and
4b reveals that the v(C_, ., == N) absorption is shifted
to lower wavenumbers as the electron density at the
metal centre is increased (stronger metal—carbyne back
bonding) [10b,10c,16]. Also consistent with this trend is
the observation that the »(C_,,,,. = N) absorptions of

ylaminocar byne comp lexes Tp'(X),W=CNEt,
(2b, 3b) (Table 1) appear at considerably lower
wavenumbers than those of the analogous carbonyl-
containing compounds Cp*(X),(CO)W=CNEt, (X =
Br, ¥(C:=N) in CH,Cl,: 1603cm ™' X =1, »(C=N) in
CH,Cl,: 1605 cm™") {16¢], and that the ¥(C_,pyne = N)
absorptions of the Tp’ complexes 4b and 5b (Table 1)
are observed at lower frequencies than those of the
analogous Cp* derivatives Cp*(EtNC),W=CNEt,
[¥(C=:N) in n-pentane: 1511 cm™!] and [Cp*(Et-
NC)W(=CNEt,), ]BF, [»(C -+ N) in CH,Cl,: 1610, 1539
cm~!] [6al.

In comparison, the bis-aminocarbyne complexes are
distinguished by two ¥(C_, e = N) absorptions at 1606
and 1526 cm™! (5a) and 1602 and 1519 cm™! (5b)
(Table 1). The high frequency of these absorptions
reveals that in both carbyne ligands extensive w-dona-
tion by the nitrogen lone pair occurs into one of the
two carbyne-carbon p-orbitals. Such an interaction is
represented in valence bond terms by the resonance
forms a, b and ¢ (Fig. 7). A “bis-carbyne” resonance
form “{M[=CN(R)Et}(=CNEt,)}” is not appropriate to

TABLE 1. »(BH), »(C=NEt) and »(C == N) absorptions of 2a-5b in cm ™ !; solvents: CH,Cl, (a), n-pentane (b)

Complex v(BH)

v(C=NEY) v(C o N) o Y(C carbyne = N) solvent
Tp’(Br),W=CN(Me)Et (2a) 2555w - 1544s 1544s a
Tp'(Br),W=CNEt, (2b) 2555w - 1543s 1532s a
Tp’(1),W=CN(Me)Et (3a) 2556w - 1544s 1544s a
Tp’(1);W=CNEt, (3b) 2556w - 1542s 1532s a
Tp'(EtNC),W=CN(Me)Et (4a) 2543vw, sh, 2524w 1890w, 1807s 1546m 1504m b
Tp’(EtNC),W=CNEt, (4b) 2543vw, sh, 2523w 1888w, 1807s 1546m 1496m b
{Tp’(EINC)W[=CN(Me)Et][=CNEt, )}BF, (5a) 2556w 2199m, sh, 2186m 1544s 1606m, 1526s a
[Tp’/(EANC)W(=CNEt,), BF, (5b) 2557w 2195m, sh, 2186m 1544s 1602m, 1519s a




TABLE 2. ‘H NMR data of the cornplexes 2a-5b; relative intensities and multlpllcmes in parentneses, COUpllﬂg constants in Hz

ove

Crnmnlav C U _NC N(CUd ) . Tn!/ . C Ao N(CH Wi 01T - NCH . CH_) CH . CH NC Tn!.-CH enlvant.
Complex CH,CH,NC N(CH,CH,),; Tp'-CMe N(CH,)CH,CH ; N(CH,CH,), CH,CH,NC Tp'-CH solvent;
N(CH;)CH,CH, NCH, T (°C)
2a - 139G, 1) 2.56 (3, s); 2.61 (6, 8); 6.55(2, @) - - 5.88(1,s); CD,Cl,;
3J(HH) = 7.3 2.65 (6, 5); 2.87 (3, s) 3 HH) = 7.3; 6.05(2,s) +20
7.27(3,s)
2b - 1.31 (6, t) 2.58 (3, 5); 2.66 (6, s); - 6.83(4,q) - 5.88(1, s); CD,Cl,;
3SJI(HH)=17.3 2.69 (6, 5); 2.92(3, 5) 3J(HH) = 7.3 6.06 (2, s) +20
3a - 149G, 1) 2.72(6,5); 2.77 (6, 5) 7702, @) - - 5.98 (2, s); CD,Cl,;
3J(HH) = 7.3 2.78(3,5);3.38 (3, ) 3[(HH) = 7.3; 6.04 (1, s) +20
829(3, s)
3b - 1.39(6, ) 2.76 (6, s); 2.78 (3, s); - 7.94 (4, q) - 598(2, s); CD,Cl,;
JHH =173 279 (6,5); 3.41 (3, ) JHH) =73 6.04 (1, 5) +20
4a 1.07¢6, t) 1.19(3, 1) 2.19(9, s); 2.76 (3, ); 2.92(3, s); - 3.42 (2, dg) 5.66 (1, s); C¢Dg;
JHH) =173 (HH) =173 2.84 (6, 5) 3232, 9 2F(HH) = 13.4 57202, %) +20
SIHA) =173 3IHH) = 7.3;
3.48 (2, dg)
2J(HH)=13.4
3J(HH) = 7.3
4 1.10 (6, t) 1.21 6, 1) 2.19(9,5); 2.74 (3, s); - 325(4,9) 3.45(2, dg) 5.66 (1, s); CeDg;
3IHH) =173 SJ(HH) =173 2.85(6, s) SIHH) =173 2J(HH) =13.4 5732, s) +20
3 i) = 1.3;
3512, dg)
2J(HH)=13.4
3J(HH) = 7.3
Sa 1423, 1 1253, 233(3,5); 23503, s, 32003, s 334 (2, dg) 383(2,q° 5.92(1, ), CD,Cl,;
3JHH)=173 3J(HH) = 7.3 238 (3, 9); 240 (3, s); 33901, dg) 2J(HH) =13.7 3J(HH) = 7.3 5931, s); —~60
1.29 (6, t) 2423, 9 2J(HH)=13.7 IHH) =17.3; 59401, %)
3J(HH) =173 3JI(HH) =17.3; 3.55(2, dq)
3.46 (1, dg) ZHH) =137
2J(HH) =137 JJ(HH) =73
J(HH) =173
5b 142, 1.29 (12, 1) 2.35(3,s);2.37(6, s); - 3.42 (4, dg) 3.85(2,q) 5932, s); CD,Cl,;
3SIHH) =173 3I(HH) =173 2.42(6,5); 2.45(3,5) 2J(HH) =13.7 3j(HH) = 7.3 595(,s) -30

3I(HH) =17.3;

3.57 (4, dg)
2J(HH) =13.7
3I(HH) =73

* These l'l'lClﬂlel'lC protons are oy accideni l'lOlTlOIOplC
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TABLE 3. 3C-NMR data of the complexes 2a—5b; coupling constants in Hz

Complex  Tp'CMe; N(Me)CH,CH; N(CH,CH,),; NCHj; N(CH,CH,),; Tp’CH Tp'CMe EINC w=C solvent;
CH,CH,NC  CH,CH,NC N(Me)CH,CH, T (°C)
2a 12.3;12.7; 14.4; 263 - 313 43.0 107.2; 107.6  143.8; 148.3; - 267.1 CD,Cl,;
195(1:2:1:2) 2:1 154.6; 156.4 LJ(WC)=2406 +20
(1:2:1:2)
2b 12.3; 12.7; 14.4; - 26.5 - 394 107.1; 107.6  143.8; 148.4; - 266.5 CD,Cl,;
19.4(1:2:1:2) 2:1) 154.6; 156.7 (W) =2417 +20
(1:2:1:2)
3a 12.3;12.5; 17.1; 28.0 - 321 40.3 106.5; 107.8 144.7; 149.1; - 265.5 CD,Cl,;
20.5(1:2:1:2) @:1 156.4; 158.8 +20
(1:2:1:2)
3b 12.3;12.4; 17.0; - 31.5 - 36.0 106.4; 107.8  144.7; 149.1; - 263.8 CD,Cly;
203(1:2:1:2) (2:1) 156.4; 159.3 +20
(1:2:1:2)
4a 12.6; 12.7; 16.1; 14.0 16.9 36.0; 470 105.9; 106.2  143.0; 143.2; 2223 243.1 CeDg:
174(1:2:1:2) 438° 2:1) 151.3; 151.5 JWO =1648 J(WC)=2319 +20
(2:1:2:1)
4b 12.6; 12.7; 16.1; - 15.0; 43.8 443 105.9; 106.2  143.0; 143.2; 2226 242.6 CeDgs
17.3(1:2:1:2) 170° @:1 151.3;151.4 (WO =1650 (WC)=2309 +20
2:1:1:2)
5a 12.5; 12.6; 13.0; 13.4 13.8; 37.9; 459 ¢; 106.1; 106.8; 145.5; 146.6; 153.1 260.7 CD,Cl,;
15.3;15.4; 17.6 14.4° 40.2 2 49.0 106.9 150.7; 152.1 —60
1523
(2:1:1:1:1)
5b 12.7; 13.1; 15.5; - 13.9; 404 45.9 106.4; 107.0  145.6; 146.6; 1535 261.54 CD,Cl,;
17.8(2:1:2: D 146° 1:2) 150.9; 152.4 -20
(2:1:1:2)

2 Methylene-carbon resonance. ® Resonance of the ethyl isocyanide ligand. © Resonance of the diethylaminocarbyne ligand. 9 The two carbyne-carbon resonances are by accident

coincident.
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Et Et e Et
a b c

Fig. 7. Resonance forms for the metal-carbyne bonds in the bis-
aminocarbyne complexes 5a and 5b.

describe the metal-carbyne bonding in 5a and 5b,
since only six electrons are present in the metal-ligand
tr-orbitals and eight electrons would be required to
form two independent metal—carbon triple bonds.

The v(C,oyne == N) absorptions of the bis-amino-
carbyne complexes 5a and Sb appear at higher fre-
quency than those of the mono-aminocarbyne precur-
sors 4a and 4b (Table 1). A similar trend has been
previously observed for analogous Cp*-substituted
compounds [e.g., v(C-:N) of Cp*(*BuNC),W=CNEt,
in n-pentane: 1506 cm ™ !; »(C =: N) of {Cp*(*BuNC)W-
[=CN(‘Bu)Et}(CNEt,)}BF, in CH,Cl,: 1601, 1522
cm~!] [6a] and can be explained by the considerable
decrease in electron density occurring at the metal
centre upon ethylation of 4a and 4b. This decrease is
accompanied by a dramatic shift of the »(C=NEt) ab-
sorptions by more than 300 cm~' to higher wavenum-
bers on going from the electron-rich mono-aminocar-
byne complexes 4a and 4b to their ethylation products
5a and 5b (Table 1).

3.2. 'H and C NMR spectra

Additional support for the assigned structures is
given by the 'H and *C NMR spectra (Tables 2 and 3).
Thus, the 'H NMR spectra of the mono-aminocarbyne
complexes 2a—4b display one triplet resonance for the
methyl protons and one quartet resonance for the
methylene protons of the ethyl groups in the aminocar-
byne ligand, indicating C, molecular symmetry and
rapid rotation of the amino group about the C_,p,,.~N
bond on the NMR time scale. Further evidence for the
C, symmetry of these compounds is given by the 2/1
pattern of singlet resonances observed for the methyl
and ring protons of the pyrazol-1-yl groups (Table 2).
Similarly, the '"H NMR spectrum of the bis-aminocar-
byne complex 5b displays only one triplet resonance for
the methyl protons of the diethylaminocarbyne ligands
at & 1.29 and two singlet resonances for the ring
protons of the Tp’ ligand at § 5.93 and 5.95 (ratio
2/1), indicating a rapid equilibration of the three pos-
sible conformers due to fast rotation of the amino
groups around the C_,.,..—N bonds (see results and
discussion). In comparison, a 1/1/1 pattern of singlet

resonances is observed for the methyl and ring protons
of the pyrazol-1-yl groups in 5a, suggesting the pres-
ence of a chiral metal centre (C, molecular symmetry).
Evidence for a fast rotation of the amino groups around
the C_,,yne—N bonds in 5a is given by the one triplet
resonance observed for the methyl protons of the di-
ethylaminocarbyne ligand at & 1.29 (Table 2).

The symmetry piane of 4a and 4b does not bisect
the methylene groups of the two equivalent ethyl iso-
cyanide ligands. Therefore these methylene protons
are diastereotopic giving rise to two doublet of quartets
at 6 3.42 and 3.48 (4a) and & 3.45 and 3.51 (4b) (Table
2). For the same reason the methylene protons of the
equivalent diethylaminocarbyne ligands in 5b are di-
astereotopic giving rise to two doublet of quartets at §
3.42 and 3.57.

Notably, extremely low-field resonances are ob-
served for the methylene protons of the d* aminocar-
byne complexes 2a-3b (8 6.55-7.94) (the carbyne frag-
ment is considered in the monocarbyne complexes 2a—
3b as a neutral 3e-donor ligand giving the tungsten
centre a formal d? electron configuration) (Table 2).
These chemical shifts are the largest so far reported
for terminal aminocarbyne ligands. In comparison, the
methylene proton resonances of the d®> aminocarbyne
complexes Cp*(X),(CO)W=CNEt, appear at consider-
ably higher field [X = Br: §(CH,) 3.47, 3.50 (CD,Cl,,
0°C); X =I: 8(CH,) 3.46, 3.53 (CD,Cl,, 25°C)] [10b].

The 3C NMR spectra also support the proposed
structures for 2a-5b (Table 3). Thus, the d* aminocar-
byne complexes 2a-3b are distinguished by a carbyne-
carbon resonance at & 263.8-267.1, which appears at
lower field than that of the d> aminocarbyne complexes
4a (5 243.1) and 4b (6 242.6). A similar change in the
chemical shift of the carbyne-carbon has been previ-
ously observed on going from d* to d° aminocarbyne
complexes containing a Cp or Cp* ligand [6a,10c,16b,
16¢]. In addition, the aminocarbyne complexes 4a and
4b exhibit two extremely low-field resonances for the
isocyanide-carbons at 8 222.3 and 222.6, respectively.
Comparable low-field resonances have been observed
also for other electron-rich isocyanide complexes of
Group VI metals [e.g., Cp,WCNEt: 8.ng,: 244.0;
Cp*(EtNC),W=CNEt,: &.ng 223.9; Cp*(COXEt-
NC)W=CNEt,: 8-ng, 209.7] [6a,17]. The deshielding of
the isocyanide-carbon results from the strong metal-
isocyanide back bonding in these compounds [18].

The carbyne-carbon resonance of 2a-4b displays
tungsten satellites due to coupling with the **W nu-
cleus. The 7(WC) coupling constants of the six-coordi-
nate d*> aminocarbyne complexes 2a (240.6 Hz) and 2b
(241.7 Hz) are larger than those of seven-coordinate d*
aminocarbyne complexes containing a Cp” ligand [e.g.,
Cp*(B1),(CO)W=CNEt,: J(WC) = 206.3 Hz;
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Cp*(Br),('BuNC)W=CNEt,: 'J(WC) = 219.7 Hz
[Cp*(BrXPMe,),W=CNEt,IBr: 'J(WC) =207 Hz] [19]
and indicate, in full agreement with the IR spectra, a
stronger metal-carbyne backbonding in the Tp’ com-
plexes. In comparison, The 'J(WC) coupling constants
of the d° aminocarbyne complexes 4a (231.9 Hz) and
4b (230.9 Hz) are smaller than those of analogous Cp
and Cp* substituted derivatives [e.g., Cp*(CO),W=CN-
(EY)CH,SiMe,: 'J(WC) = 235.6 Hz; Cp(COXEt-
NC)W=CNEt,: J(WC) = 240.5 Hz; Cp*(COXMeNC)-
W=CNEt,: J(WC) = 241.6 Hz] [19].

The bis-aminocarbyne complexes 5a and 5b are also
distinguished by low-field carbyne-carbon resonances
at & 260.7 and 261.5, respectively (Table 3). These
resonances appear at an even lower field than those of
the mono-aminocarbyne precursors 4a (8 243.1) and 4b
(8 242.6). The same trend is observed for analogous
Cp* derivatives [e.g., Cp*(EtNC),W=CNEt,: § 257.9
(C¢Dg, 20°C); [Cp*(EtNC)W(=CNEt,),|BF,: & 276.2
(CD,Cl,, —80°C)] and offers a powerful spectroscopic
tool for distinguishing between mono-aminocarbyne,
bis-aminocarbyne complexes and ynediamine coupling
products (the latter show resonances for the alkyne-
carbons at & 180-210) [6].

3.3. Crystal structure of 2b

The molecular structure of 2b was determined by a
single crystal X-ray diffraction study. A scHAkAL plot
of a single molecule with the atom numbering scheme
adopted is given in Fig. 8. Selected bond lengths and
angles are listed in Table 4.

The distorted octahedral complex has C; symmetry,
the mirror plane being defined by the tungsten centre,
the carbyne-carbon, the amino-nitrogen and the N(11),
N(12), C(13), C(14), C(15), C(16) and C(17) atoms of
one pyrazol-1-yl group (Fig. 8).

The aminocarbyne ligand is linearly coordinated to
the tungsten centre as indicated by the W—C,—N angle
of 174.5(5) and has a strong trans influence as re-
flected in the W-N(11) bond of 234.0(5) pm, which is
considerably longer than the W-N(21) and W-N(21)’

TABLE 4. Selected bond lengths (pm) and bond angles (°) with
estimated standard deviations for 2b

W-Br 252.74(5) N(Q1)-W-Br’ 89.80(8)
W-Br' 252.74(5) NQD-W-N(21) 84.7(1)

W-C(1) 176.3(8) N(11)-w-C(1) 177.3(2)

W-N(11) 234.0(5) N(21)-W-(1) 97.4(2)

W-N(21) 213.1(3) Br-W-Br’ 98.77(2)
W-N(21)' 213.1(3) C(1)-W-Br 92.5(1)

C(1)-N 134.5(8) W-C(1)-N 174.5(5)

CQQ)-N 144.3(9) C(D-N-CQ2) 125.4(D)

C4)-N 157(1) C(1)-N-C4) 114.8(6)

N(11)-W-Br 85.73(8) C(2)-N-C(4) 119.1(7)

N(21)-W-Br 166.63(9)

Fig. 8. orTEP plot of 2b with thermal ellipsoids drawn at the 50%
probability level. Hydrogen atoms are omitted for clarity.

bonds that are trans to the bromo ligands [213.1(3)
pm).

The W-C_ e bond length of 176.3(8) pm is
similar to those reported for other carbonyl-free d3
tungsten carbyne complexes (Schrock-type alkylidyne
complexes), such as [(*BuO),(u-O'Bu)W=CNMe,],
[W-C caroyne = 175(2) and 177(2) pm] [20a],
{[n’-CsMe (' BWIDW=C'Bul,(1-N,H,) [W-C yrpne
=176.%(8) pm] [20b] and (‘BuO);W=CPh [W-C_,,ne
= 175.8(5) pm] [20c]. It is, however, significantly smaller
than that of the carbonyl-containing d*> aminocarbyne
complex (7n°-CsMe,Et)(Br),(CO)W=CNEt, [W-
Carbyne = 185(1) pm] [21a], supporting, along with the
IR and 3C NMR data, the argument for stronger
tungsten—carbyne back bonding in the Tp’ compound.
The W-C_,1yne bond of 2b is also shorter than those
found in d° tungsten aminocarbyne complexes
(Fischer-type carbyne complexes) due to differences in
the ionic radii of W™ and W! centres [e.g., trans-
Br(CO),W=CNCPh,: W-C_, iy = 187.8(5) pm;
(CO)sCrPPh,(CO),(2.2'-bipy)W=CNEt,: W-C_, 1. =
187.7(8) pm] [21b, c].

The C4ipyne—N bond of 134.5(8) pm is intermediate
in length between that expected for a C(sp?)-N(sp?)
single (144 pm) and a C(sp?)=N(sp?) double bond (127
pm) [22], reflecting as in other aminocarbyne com-
plexes a high degree of = bonding between the car-
byne-carbon and the amino-nitrogen [2]. Further evi-
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dence for this is given by the planar arrangement of the
atoms C;, N, C, and C, (amino plane) or the sum of
angles around N (359.3°) consistent with a sp*hybridi-
zation of the nitrogen atom.

4. Experimental section

Standard Schlenk procedures were used for all syn-
theses and sample manipulations. The solvents were
dried by standard methods (n-pentane, Et,O and THF
over Na/benzophenone; CH,Cl, over P,O; and
Na / Pb alloy), distilled under nitrogen and stored over
4 A molecular sieves prior to use. All column chro-
matography was performed on a silica support (Merck,
activity 1, 0.063-0.2 mm, dried in vacuo and stored
under nitrogen) as the stationary phase in a ther-
mostated column of 45 cm length and 2.0 cm diameter.

Elemental analyses were performed by the Microan-
alytical Laboratory of this department. IR spectra were
recorded on a Nicolet 5DX and a Perkin Elmer 1650
FT spectrophotometer. 'H and *C NMR spectra were
recorded in dry deoxygenated methylene-d -chloride or
benzene-dg on a JEOL-JMX-GX 400 instrument.
Chemical shifts were referenced to residual solvent
signals (CD,Cl,, 8y 5.32 and & 53.8 ppm; C¢Dy, 6y,
7.15 and 8- 128.0 ppm). Mass spectra were obtained
with Varian MAT 311A and MAT 90A spectrometers;
m/z values are relative to the W, "B and "Br
isotopes. Complexes 1a and 1b were prepared as de-
scribed previously [9].

4.1. Preparations

4.1.1. Tp'(Br),W=CN(Me)Et (2a)

A solution of 0.059 ml (1.15 mmol) of Br, in 20 ml
of CH,Cl, was added dropwise at —80°C to a yellow
solution of 690 mg (1.14 mmol) of 1a in 50 ml of
CH,Cl,. The reaction mixture was then allowed to
warm to room temperature and stirred for 2 h. Evolu-
tion of gas (CO) and a change from yellow to blue were
observed. Completion of the reaction was confirmed by
IR spectroscopy (disappearance of the »(CO) absorp-
tions of the starting material at 1936 and 1833 cm ™).
The solvent was then removed in vacuo and the residue
purified by column chromatography on silica at 0°C.
The product was eluted with CH,Cl,/ Et,0 (2/1), the
blue eluate concentrated under vacuum and n-pentane
added to bring about complete precipitation of 2a. The
supernatant solution was decanted off and the precipi-
tate dried in vacuo. Blue solid. M.p.: 243°C (dec.).
Yield: 620 mg (77%). Found: C, 32.02; H, 4.33; Br,
23.05; N, 13.45; W, 25.07. C,4H;,BBr,N,W (710.96)
calc.: C, 32.10; H, 4.25; Br, 22.48; N, 13.79; W, 25.86%.
EI-MS (70 eV): m/z 709 (M™), 639 (M — CN(Me)-

Et]") (base peak), 560 (IM — CN(Me)Et — Br]*), 543
(IM — CN(Me)Et — 3,5-dimethylpyrazole]™*).

4.1.2. Tp'(Br),W=CNEt, (2b)

A yellow solution of 250 mg (0.40 mmol) of 1b in 20
ml of CH,Cl, was treated at —80°C with a solution of
0.021 ml (0.41 mmol) of Br, in 10 ml of CH,Cl,. The
reaction mixture was then warmed to room tempera-
ture and stirred for 2 h until reaction was complete (IR
monitoring). The resulting blue solution was evapo-
rated to dryness and the residue purified as described
for the synthesis of 2a to give complex 2b as a blue
solid. M.p.: 230°C (dec.). Yield: 240 mg (82%). Found:
C, 32.74; H, 4.37; Br, 22.30; N, 13.59; W, 25.41.
CyoH 3, BBr,N,W (724.99) calc.: C, 33.13; H, 4.45; Br,
22.04; N, 13.52; W, 25.36%. EI-MS (70 eV): m/z 723
(M™), 694 (IM — Et]*), 639 (IM — Et — CNEt]*), 560
(IM — Et — CNEt — Br]™*), 543 (IM — Et — CNEt — 3,5-
dimethylpyrazole]*).

4.1.3. Tp'(I),W=CN(Me)Et (3a)

A solution of 300 mg (0.49 mmol) of 1a in 40 ml of
CH,Cl, was treated at —80°C with a solution of 150
mg (0.59 mmol) of I, in 15 ml of CH,Cl,. The reaction
mixture was then allowed to warm to room tempera-
ture and refluxed for 13 h. During this time evolution
of gas (CO) was observed and the colour of the solu-
tion changed from yellow to green. After all of the
starting material had been consumed (IR monitoring as
in the synthesis of 2a) the solvent was removed in
vacuo, and the residue purified by column chromatog-
raphy on silica at —5°C. Excess iodine was first re-
moved with Et,O/ n-pentane (1,/3) and the product
then eluted with CH,Cl,/ Et,O (1/1). The green elu-
ate was concentrated under vacuum and n-pentane was
added to bring about complete precipitation of 3a. The
supernatant solution was decanted off and the precipi-
tate dried in vacuo. Olive-green solid. M.p.: 240°C
(dec.). Yield: 320 mg (80%). Found: C, 28.95; H, 3.75;
I, 31.06; N, 12.41; W, 22.66. C,oH;,BI,N,W (804.96)
cale.: C, 28.35; H, 3.76; 1, 31.53; N, 12.18; W, 22.84%.
EI-MS (70 eV): m/z 805 (M ™) (base peak), 735 (M —
CN(Me)Et]"), 608 (IM — CN(Me)Et — I1%), 481 (M —
CN(Me)Et — 2 I]*).

4.1.4. Tp'(I),W=CNEt, (3b)

A solution of 650 mg (1.05 mmol) of 1b in 40 ml of
CH,Cl, was treated at —80°C with a solution of 292
mg (1.15 mmol) of I, in 15 ml of CH,Cl,. The reaction
mixture was then allowed to warm to room tempera-
ture and refluxed for 23 h. The resulting green solution
was worked up as described for the synthesis of 3a to
give complex 3b as an olive-green, microcrystalline
solid. M.p.: 235°C (dec.). Yield: 740 mg (86%). Found:
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C, 29.56; H, 3.90; I, 29.07; N, 11.86; W, 23.34.
C,oH,,BI,N,W (818.98) calc.: C, 29.33; H, 3.94; I,
30.99; N, 11.97; W, 22.45%. EI-MS (70 eV): m/z 819
(M%) (base peak), 735 ((M — CNEt,]*), 608 (M —
CNEt, — 1]*), 481 (M — CNEt, — 2 I]*).

4.1.5. Tp'(EtNC),W=CN(Me)E! (4a)

A green solution of 170 mg (0.21 mmol) of 3a in 20
ml of THF was treated at —80°C with 0.032 ml (0.43
mmol) EINC and 0.24 ml of 0.85% (w/w) Na/Hg (1.19
mmol Na) and the reaction mixture warmed to room
temperature and stirred for 6 h. The grey precipitate,
consisting of Nal and Na/Hg, was allowed to settle
and the supernatant yellow-brown solution filtered.
The filtrate was evaporated to dryness and the residue
freed from Nal by extraction with Et,O/n-pentane
(1/2) and filtration. The filtrate was evaporated to
dryness under vacuum and the residue recrystallized
twice from a minimum amount of n-pentane to give
complex 4a as a yellow, microcrystalline solid. Yield:
100 mg (72%). C,sH 4, BNgW (661.31). EI-MS (70 eV):
m/z 661 (M%), 551 (M -2 EtNC]*), 481 (M-
2EtNC — CN(Me)Et]*).

4.1.6. Tp'(EtNC),W=CNEzt, (4b)

A green solution of 290 mg (0.35 mmol) of 3b in 20
ml of THF was treated at —80°C with 0.061 ml (0.82
mmol) EtNC and 0.32 ml of 0.85% (w/w) Na/Hg (1.59
mmol Na) and the reaction mixture warmed to room
temperature and stirred for 3 h. The resulting suspen-
sion was worked up as described for the synthesis of 4a
to give complex 4b as a vellow, microcrystalline solid.
Yield: 145 mg (61%). C,cH,,BN;W (675.34). EI-MS
(70 eV): m/z 675 (M), 591 (IM — CN(Me)Et]*), 565
(IM — 2 EtNC]*), 481 (M — 2 EtNC — CN(Me)Et]*).

4.1.7. {Tp'(EtNC)W[2CN(Me)Et][=CNEt,]}BF,
(5a)

140 mg (0.21 mmol) of 4a were dissolved in 20 ml of
precooled (—80°C) CH,Cl, and the solution treated at
—80°C with a solution of 38 mg (0.20 mmol) of
[Et,OIBE, in 10 ml of CH,Cl,. The reaction mixture
was warmed to — 30°C and stirred for 1 h until reaction
was complete (IR monitoring). The resulting yellow-
green solution was then reduced in volume under vac-
uum and Et,0O/ n-pentane (1/2) was added to precipi-
tate complex S5a. Recrystallization from CH,Cl, and
Et,0/n-pentane was repeated twice to give complex
5a as a yellow solid. Yield: 140 mg (85%). Found: C,
41.40; H, 5.76; N, 16.10; W, 23.22. C,,H,sB,F,N;W
(777.18) calc.: C, 41.73; H, 5.84; N, 16.22; W, 23.66%.

4.1.8. [Tp'(EtNC)W(=CNEt,), ] BF, (5b)
A solution of 140 mg (0.21 mmol) of 4b in 20 ml of
precooled (—80°C) CH,Cl, was treated at —80°C with

a solution of 38 mg (0.20 mmol) of [Et;OIBF, in 10 ml
of CH,Cl,. The reaction mixture was warmed to —30°C
and stirred for 1 h. Completion of the reaction was
confirmed by IR spectroscopy (disappearance of the
two ¥(C=NEt) and the v(C_, . == N) absorption of the
starting material at 1880w, 1787s and 1499m cm™!,
respectively). The resulting solution was worked up as
described above for the isolation of 5a to afford com-
plex 5b as a yellow solid. Yield: 150 mg (91%). Found:
C, 42.06; H, 5.71; N, 15.62; W, 22.99. C,;H ,,B,F,N;W
(791.21) calc.: C, 42.51; H, 5.99; N, 15.93; W, 23.24%.

4.2. MO calculations

The MO calculations reported in this work are of
the Extended Hiickel type [23]. A weighted H-formula
was used throughout for computing the off-diagonal
matrix elements [24]. Atomic parameters for H, C and
N were standard ones [23)]. The tungsten atomic wave-
functions and VSIP values were taken from earlier
work [25]. The model geometries for the CpW(CO)-
complexes employed the following structural data: Cp-
ring: C-C =140 pm, C-H =108 pm, C;H; of local
Ds, symmetry; W—-Cp(centre) = 206 pm; W-Cq = 190
pm, C-O = 125 pm, Cp(centre)-W-C, = 143.8°; W-
Carbyne = 203.9 pm, C-H =108 pm, C-N =133 pm,
N-H =100 pm, C-N-H =120°, H-N-H = 120°. The
W(COXCR), sub-unit in the bis-carbyne complexes
was taken as an octahedral fragment (all C-W-C
angles = 90°). For calculating the energy surfaces
E(a, B) the angles were varied independently from
a = 180° to 100° and from B = 100° to 30° for both the
CH and the CNH, ligands. Single point calculations
(for A-G) used a =180° and B =90° for the
bis(carbyne) complexes and « = 148.58° and B8 = 37.16°
for the alkyne isomers, making the C-C bond in the
latter 130 pm and the N~C-C angle in the ynediamine
ligand 140°, similar to the minima on the E = E(a, )
energy surfaces.

4.3. Crystal structure determination of 2b

Suitable crystals were obtained as blue prisms by
slow evaporation of a CH,Cl, solution of 2b. Complex
2b crystallizes in the orthorhombic space group Pnma
(Intern. Tables No. 62). Unit cell dimensions were
determined by centring and least squares refinement of
25 reflections at high 6 angles (a =2420.2(2), b=
1279.86(7), ¢ = 825.20(9) pm; V = 2556 X 10° pm3, Z =
4, p.a.= 1.884 g /cm?). Data collection was performed
on a CAD4 diffractometer with graphite monochro-
mated Mo Ka radiation (A =71.073 pm) at ambient
temperature (23 + 3°C). Intensity data for 4930 reflec-
tions in the range 2° <26 <50° (+h, +k, +1) were
collected by w-scan with a scan width of (0.90 +
0.30 tan 6)° + 25% for background determination.
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Maximal scan time was 60 s. The intensity data were
corrected for Lorentz and polarization effects and for
absorption (empirical correction, 8 reflections, u =
77.34 cm™!, transmission ranges 0.4330-0.9989). Dur-
ing data collection no significant decay of three inten-
sity control reflections was observed. After merging,
2183 and 2187 unique reflections (1 > 0.0) were used in
the refinement. The structure was solved by the Patter-
son method (sHELxs-86) [26] and subsequent least-
squares cycles and difference Fourier syntheses. All
non hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were placed in
idealized positions (d(C-H), d(B-H)=95 pm) and
were included in the structure factor calculation but
not refined (176 parameters). Refinement minimized
the function Xw(| F,| —| F,|)?, where w=1/0? and
converged yielding R values of R(F)=10.040 and
R, (F)=0.021. In the final stages of the refinement
data were corrected for secondary extinction effects
(e =2.29425 x 10~8). Residual electron density max-
ima and minima were +1.01 and —0.949 e /A® at the
tungsten atom. Atomic scattering parameters were
taken from ref. 27. Anomalous dispersion effects were
included for all non hydrogen atoms [28]. Calculations
were performed using the spp [29] and sTrRUX-1v [30]
systems on a MicroVAX 3100 computer. Plots of the
structure were made using the program orTEeP [31].
Further details of the crystal structure determination
are available on request from the Fachinformation-
szentrum Karlsruhe, Gesellschaft fiir wissenschaftlich-
technische Information mbH, D-76344 Eggenstein-
Leopoldshafen, Germany, on quoting the depository
number CSD-57620, the names of the authors and the
journal citation.
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