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ABSTRACT: A study of the coordination chemistry of bis-

Ph
(diphenylphosphino)acetylene, Ph,P—C=C—PPh,, with selected group PPh, .
4 metallocenes is presented. By substitution of the alkyne in complexes of ozt _—
the type Cp’,M(L)(#*-Me,SiC,SiMe;) (M = Ti, no Ly M = Zr, L = Y
pyridine; Cp’ = substituted or unsubstituted bridged or unbridged 7°- PPh2 PPh, PPh,

cyclopentadienyl), the expected mononuclear complexes Cp*,Ti(n*

Ph,PC,PPh,) (4Ti), (rac-ebthi)Ti(#*Ph,PC,PPh,) (5Ti), and (rac-

ebthi)Zr(7>-Ph,PC,PPh,) (5Zr) [ebthi = ethylenebis(tetrahydroindenyl)] were obtained. When [Cp,Zr] was used in the
reaction of Cp,Zr(py)(17°*-Me;SiC,SiMe,) with Ph,P—C=C—PPh,, the dinuclear complex [Cp,Zr(*Ph,PC,PPh,)], (6) was
formed and isolated in the solid state. In solution, this complex is in equilibrium with the very spectacular structure of complex 7b
as the first example of such a highly strained four-membered heterometallacycle of a group 4 metal, involving the rare R,PCCR’
fragment in the cyclic unit. Both the stability and reactivity of heterodisubstituted alkynes X—C=C-X (X = NR,, PR,, SR, SiR;,
etc.) themselves and also of their complexes are of general interest. Complex 6 did not react with a second [Cp,Zr] fragment to
form a homobimetallic complex. In contrast, for (rac-ebthi)Zr(17*-Ph,PC,PPh,) (5Zr) this reaction occurs. In the reaction of
complex 4Ti with the Ni(0) complex (Cy;P),Ni(7>-C,H,) (Cy = cyclohexyl), C—P bond cleavage of the alkyne ligand resulted
in the formation of the isolated complex [(Cy;P)Ni(u-PPh,)], (11). The structure and bonding of the complexes were
investigated by DFT analysis to compare the different possible coordination modes of the R,P—C=C-PR, ligand. For
compound 7b, a flip-flop coordination of the phosphorus atoms was proposed. Complexes 4Ti, STi, SZr, 6, and 11 were
characterized by X-ray crystallography.

B INTRODUCTION

Unusual highly strained metallacycles have become a well- | |

established part in standard synthetic organometallic chemistry Y > /N>\ AN
7,
"

Scheme 1. Different Four-Membered Metallacycles

S C
already decades ago.' Important to mention are the bis- N NP
(trimethylsilyl)acetylene complexes of group 4 metallocenes, [
Cp/,M(L)(17*-Me;SiC,SiMe;) (Cp’ = substituted or unsub- A B c

stituted 7°-cyclopentadienyl; M = Ti, Zr, Hf; L = THF,

pyridine, PMe;), which serve as excellent precursors for | Ill }D/
metallocenes to react with other unsaturated substrates by Ve >\C—M Ve %P Vg >\N
liberating the alkyne unit easily under mild conditions.” N N e
While the chemistry of three- and five-membered metalla- | I A
cycles is well-described,” four-membered highly strained D E F

structures were found to be rather difficult to access.
Nevertheless, the incorporation of heteroatoms into metalla-
cycles can stabilize highly strained structures.”> Therefore,

Contrarily, the reaction of the sulfurdiimide Me;SIN=S=
NSiMe; with Cp,M(L)(7*-Me;SiC,SiMe;) (Cp = #’-cyclo-

highly strained four-membered heterometallacycles of group 4
metallocenes have been investigated intensively. It is note-
worthy that the all-carbon metallacyclobuta-2,3-dienes (Scheme
1, A) were, up to this point, found to be stable only for the
group 6 metals tungsten and molybdenum.®” These highly
strained complexes result from coupling of a carbyne complex
[M=CR] with a terminal alkyne upon deprotonation as a
deactivation pathway of the alkyne metathesis catalyst.”
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pentadienyl; M = Ti, no L; M = Zr, L = pyridine) led to the
carbon-free four-membered metallacycles B containing nitro-
gen and sulfur atoms.® Using the N,N-bis(diphenylphosphino)-
amide fragment as a ligand, the formation of the desired four-
membered heterometallacycle F takes place only if the metal
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center bears a single electron. In fact, the complexes Cp,M(x*-
P,P-Ph,P—N—PPh,) (M = Ti, Zr) are only stable for Ti(III)
and Zr(II1).” Reaction of various carbodiimides R—-N=C=
N-R (R = i-Pr, t-Bu, Cy, SiMe,;, Mes, Dipp) with Cp’,Ti(n*
Me;SiC,SiMe;) (Cp’ = Cp, Cp*; Cp* = 1°-pentamethylcyclo-
pentadienyl) resulted in the formation of the highly strained
structure C, which attains different modes of stabilization
depending on the substituent of the carbodiimide substrate.'’
Exemplarily, the use of cyclohexyl-substituted carbodiimide
yielded the metal-stabilized carbene-like metallacycle D."!

However, complexes of group 4 metallocenes with
heterodisubstituted alkynes X—C=C-X (X = Si,' 73 N2 p,
S, B'**) and heteromonosubstituted alkynes R—C=C—X (X
=N, P,"*"> S, B) are rarely known. This might be due to the
different electronic nature of the substituents, bearing for
example a lone pair in case of pnictogens. Therefore, only few
such complexes with dipnictogen-substituted alkynes are
known, being mostly complexes with nitrogen-substituted
alkynes R,N—C=C—NR,."* Noteworthily, this class of ligands
waslzstudied intensively'” on late transition metals such as
Ru. ™

Interestingly, there is only one example of a diphosphino-
substituted alkyne complex that binds only over the alkyne unit
without coordination of the phosphorus atoms (Scheme 2, a).

Scheme 2. Proposed Monomolecular Coordination Modes
of the R,P—C=C-PR, Ligand

R
) F\: R R: R
pP-R b L
. Vg
4w W)
PR P R
R K R R R
a b c

This niobium(I) compound, (CO),I(PPhMe,),Nb(#*-
Ph,PC,PPh,), was described by Rehder and co-workers. "
Furthermore, the incorporation of only one phosphorus atom
in the cyclic unit would result in the very interesting
coordination mode of a four-membered heterometallacyclobu-
ta-2,3-diene (b).

Besides, there are many complexes in which two or even
three metal fragments are coordinated to the Ph,P—C=C-
PPh, ligand through the triple bond as well as the lone pairs of
the phosphorus atoms,"” thus forming bi- or trimetallic
complexes, which include a five-membered heterometallacycle.
However, a monomolecular complex displaying this five-
membered cycle by coordinating exclusively over the lone
pairs of the phosphorus atoms (Scheme 2, c) is unknown up to
this point. Noteworthily, there are monophosphino-substituted
alkynes that serve as excellent ligands also in case of group 4
metallocene complexes. Tilley and co-workers recently reported
on the reactions of R,P—C=C-R’ (R = i-Pr, Et, Ph; R’ = Ph,
Mes) with the zirconocene source Cp,Zr(py)(n*-
Me;SiC,SiMe;) to give three-membered zirconametallacyclo-
propenes and five-membered zirconametallacyclopentadienes.'*

In order to get further insights into the possibility of
stabilization by incorporation of only one of the phosphorus
atoms (Scheme 2, b), we extended the investigations to the use
of the Ph,P—C=C-PPh, ligand for group 4 metallocene
complexes. Moreover, it has been found that differently
substituted 7°-cyclopentadienyl ligands can influence the
chemistry significantly by both steric and electronic

effects.”'%'® Therefore, we also elucidated the influence of
the Cp’, ligand [Cp’, = Cp, Cp*, rac-ebthi; ebthi =
ethylenebis(tetrahydroindenyl)] on the formation of highly
strained heterometallacycles, with the steric demand increasing
in the order Cp, < rac-ebthi < Cp*,.

B RESULTS AND DISCUSSION

Reaction of Ph,P—C=C-PPh, with the sterically demanding
titanocene source Cp*,Ti(n*-Me,SiC,SiMe;) (1Ti) in toluene
at elevated temperatures resulted in the alkyne complex
Cp*,Ti(n*-Ph,PC,PPh,) (4Ti) in very good yields (Scheme
3). When the same reaction was performed with the ansa-

Scheme 3. Synthesis of Complexes 4Ti, 5Ti, and 5Zr
SiMe; PPhy
Cp'aM1l + PhyP-Cp-PPh; ———— = Cp’,M{
SiMes - Me3SiC,SiMe, PPh,
M=Ti Cply =Cp%  (1Ti)
(ebthi) (2Ti)
M = Zr, Cp'y = (ebthi) (22r)

M=Ti;Cp,=Cp*, (4Ti)
(ebthi) (5Ti)
M = Zr, Cp', = (ebthi) (52r)

titanocene alkyne complex 2Tij, the similar alkyne complex STi
was obtained. Neither 4Ti nor STi features any additional
coordination of the phosphorus atoms of the ligand, despite the
fact that STi is sterically less crowded than the fully methylated
complex 4Ti. The ligand binds exclusively via the alkyne unit,
forming the well-known metallacyclopropene fragment accord-
ing to coordination mode a in Scheme 2.

The *'P NMR spectra of these complexes display only one
single phosphorus resonance at 7.14 ppm (4Ti) and 2.06 ppm
(5Ti), indicating equivalence of the two phosphorus atoms in
solution. The quaternary "*C signals of the alkyne at 213.4
(4Ti) and 213.8 ppm (5Ti) appear as doublets as a result of the
coupling with the adjacent phosphorus atoms. The coupling
constants of 77.5 Hz (4Ti) and 76.8 Hz (5Ti) are very similar
and in the expected range for C—P 'J couplings. In comparison
with the corresponding '*C NMR signals of 1Ti and 2Ti (248.5
and 244.5 ppm, respectively),'”*® these resonances are
significantly shifted upfield. A comparison of the corresponding
quaternary *C NMR signals of the uncoordinated alkynes
(Ph,P—C=C—PPh,, 107.8 ppm; Me,Si—C=C—SiMe,, 114.0
ppm) shows that the resonances of the free ligands are very
similar. Therefore, the upfield shifts in complexes 4Ti and 5Ti
can be attributed to a different binding of the bis-
(diphenylphosphino)acetylene to the metal center. In general,
the upfield shift indicates a weaker binding of the alkyne to the
metal center, leading to more electron density in the C—C
multiple bond. However, the lone pairs of the phosphorus
atoms might interact with the alkyne unit to transfer electron
density into the multiple bond system, leading to an upfield
shift in the *C NMR spectrum as a result of the hyper-
conjugation. This observation is in good agreement with the
*'P NMR signals of the phosphorus atoms, which are slightly
downfield-shifted compared with the resonance of the free
alkyne (—31.6 ppm), indicating this electron transfer. Addi-
tionally, the IR spectrum of 4Ti shows the C=C bond stretch
at 1433 cm™!, a significant difference (664 cm™') compared
with the free ligand (2097 cm™).*' Therefore, the strong
binding of the alkyne unit is similar to that in complex 1Ti,
although the quaternary '*C NMR resonances are shifted
upfield.
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The molecular structure of complex 4Ti is depicted in Figure
1. The titanium center is coordinated by two Cp* ligands and

Figure 1. Molecular structure of complex 4Ti. Thermal ellipsoids are
drawn at the 30% probability level. The second molecule of the
asymmetric unit is structurally similar to the depicted one in terms of
bond lengths and angles, and therefore, it is not shown; for full data,
see the Supporting Information. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [deg]: Til—Cl
2.129(2), Til—C2 2.115(2), C1-C2 1.317(3); C1-Til—C2 36.14(7),
P1-C1—-C2 131.42(14), C1-C2—P2 134.71(15).

the alkyne unit. The small C1-Til—C2 angle of the highly
strained three-membered metallacycle is 36.14(7)°. No addi-
tional ligand is observed, concerning the steric demand of the
Cp* ligands. Not surprisingly, the Ti—C distances [2.129(2)
and 2.115(2) A] are similar to those of the starting complex
ITi.' The C—C distance [1.317(3) A] clearly indicates
double-bond character, subsidized by both PCC angles
[131.42(14)° and 134.71(15)°)], which refer to the sp”
hybridization of the carbon atoms.

The molecular structure of complex STi (Figure 2) is very
similar to that of complex 4Ti. Because of the reduced steric

P>
— 'i“[):?m

T N\ e i<,
o=

Figure 2. Molecular structure of complex STi. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms have been
omitted for clarity. Selected bond lengths [A] and angles [deg]: Til—
C1 2.0835(13), Til—C2 2.0962(12), C1—C2 1.309(2); C1-Til—C2
36.51(5), P1-C1—C2 138.54(10), C1—C2—P2 137.16(10).

demand of the rac-ebthi ligand, the titanium carbon distances
are even shorter than in complex 4Ti. The C—C distance
[1.309(2) A] is not significantly different from the distance in
4Ti, showing the same double-bond character. Remarkably, the
Ph groups of C9 and C21 of the ligand are almost parallel (the
angle between the planes defined by the two Ph rings is 5.0°),

which indicates z-stacking of these aromatic rings. Further-
more, the centroid—centroid distance is 3.725(1) A, and the
values for the angle between the ring normal and the vector of
the ring centroids (22.4 and 26.7°, respectively) are rather large
but in good agreement with other 7—x interactions.>*

The influence of the Cp ligand as a sterically less demanding
substituent was investigated by using Cp,Zr(py)(n*-
Me,SiC,SiMe;) (3Zr). Reaction of 3Zr with Ph,P—C=C—
PPh, in noncoordinating solvents yields the dinuclear complex
6 and the mononuclear complex 7b (Scheme 4). This type of

Scheme 4. Synthesis of the Complexes 6 and 7b and
Stoichiometric Variations
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stabilization is known: Tilley and co-workers reported the
synthesis of several monosubstituted phosphinoacetylene
zirconocene complexes that are also stabilized by intermolec-
ular interactions of the lone pairs of the phosphorus atoms."*
The dimerization leads to an increase in stability, and it was
impossible to prepare the monomeric complex by adding THF
or pyridine. Surprisingly, 3Zr does not react with 2 equiv of
alkyne to give a five-membered metallacyclopenta-2,4-diene
(8Zr). Accordingly, the dinuclear complex 6 does not react
with an additional equivalent of alkyne either. These reactions
do not occur even at elevated temperature (110 °C). Moreover,
the attempt to access the structural motif 9Zr by reacting two
molecules of 3Zr with one alkyne resulted only in the
formation of 6 and 7b.

In the *'P NMR spectra of the reaction solution, two
different resonances for complex 6 appear at 15.3 and 8.4 ppm,
showing the nonequivalent phosphorus atoms. This supports
the dimeric nature of complex 6 also in solution. Additionally
and most surprisingly, a second set of independent doublets at
12.0 and —15.7 ppm with a P—P coupling constant of *] = 190
Hz is present, which can be assigned to the structure of the four
membered metallacycle 7b. The 'H and *C NMR resonances
of the Cp rings of complex 6 are in the expected range at 5.52
ppm ('H) and 105.8 ppm (*C). The second set of signals
corresponding to complex 7b can be found at 5.88 ppm (‘H)
and 111.8 ppm (**C). The best 6:7b ratio we could observe was
6:4. Heating of the NMR solution to 75 °C revealed an
equilibrium between complexes 6 and 7b in solution (Scheme
5), but decomposition takes place above 55 °C. Dissolving
single crystals of complex 6 in C4Dy also results in equilibration
between 6 and 7b in solution, as in both the 'H and 3'P NMR
spectra the characteristic resonances for 6 and 7b appear. To
the best of our knowledge, complex 7b is the first example of
such a highly strained four-membered heterometallacycle of a
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Scheme 5. Observed Equilibrium between Complexes 6 and
7b in Solution
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group 4 metal, involving the rare R,PCCR’ fragment in the
cyclic unit. This is very special because of the electron-deficient
character of the Zr center.*

In order to corroborate the experimental results, density
functional theory (DFT) calculations were performed. All of
the computational details are given in the Supporting
Information. It is noted that the optimized structural
parameters for complexes 4Ti, STi, and 5Zr are in very good
agreement with the data obtained by X-ray crystallography.
First we computed the stability of the different coordination
modes of bis(phosphine)acetylenes at the [Cp,Zr] fragment
(Scheme 6) with R = Ph and Me. At the BP86/TZVP level, the

Scheme 6. Calculated Coordination Isomers of the
Monomeric Complex 7-R (R = Ph, Me)

PR, §2 Ry
¥ /P
CpQZrQ[ szzr? Cpy2r ]l
Y \
P
PR, R,
PR,
7a-R 7b-R 7¢-R

three-membered metallacycle 7a-R is slightly more stable than
the four-membered metallacycle 7b-R. The five-membered
metallacycle 7¢-R is not even an energy minimum and is also
very high in energy. These results exclude the possible existence
of metallacycle 7c as a stable molecule.

It is very interesting to note that the computed relative
energies of 7a-Ph and 7a-Me are very close (4.29 and 4.40
keal/mol, respectively). This rather small energy difference
shows that it is reasonable to use methyl substitution to model
the phenyl substitution. Since the MP2 method can give more
accurate relative energies than BP86 in Zr complexes, we
computed MP2 single-point energies on the BP86/TZVP-
optimized structures for R = Me, and the deduced Gibbs free
energies show that the four-membered metallacycle 7b-Me
becomes 1.24 kcal/mol more stable than the three-membered
metallacycle 7a-Me. This shows that the free energy difference
between 7a-R and 7b-R is rather small, thus resulting in the
possible existence of both isomeric forms.

The main difference between 6 and 7b in comparison to
complexes 4Ti, STi, and SZr is the additional coordination of
P, which for 6 arises from an (external) intermolecular P group
and for 7b from an (internal) intramolecular P group. At room
temperature, exchange of the coordinating phosphorus atoms
of 7b can be observed by *'P NMR nuclear Overhauser effect
spectroscopy (NOESY) (although the cross-peaks are weak;
see the Supporting Information), thus indicating a possible
dynamic flip-flop interaction of the two phosphorus atoms as
depicted in Scheme 7. A similar behavior was also found before
for Si—H-groups in Cp,Ti(n*-HMe,SiC,SiMe,H).>

Scheme 7. Possible Flip-Flop Interaction of the Two
Phosphorus Atoms in 7b-R
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However, in the '"H NMR NOESY spectrum an additional
unclear cross-peak at 5.88 ppm/7.49 ppm was observed. In
addition, we computed the flip-flop mechanism of the
phosphorus atoms proposed for compound 7b-R. As shown
in Scheme 7, the flip-flop mechanism between 7b-R and 7b’-R
involves a two-step pathway. The first step is the dissociation of
the coordinating P atom from the central metal atom via the
transition state TS(b/a) to form the stable three-membered
complex 7a. The second step is the coordination of the other P
atom to the central metal atom via the transition state TS(a/b)
to form the four-membered cycle 7b’-R. At the BP86/TZVP
level, the computed free energy barriers from 7b-R to TS(a/b)
are 6.62 kcal/mol for R = Ph and 6.52 kcal/mol for R = Me. At
the MP2 level for R = Me, the computed free energy barrier is
14.22 kcal/mol. Since such a flip-flop interconversion was
observed in the NMR experiment at room temperature, our
computed barriers should be reasonable.

The resonance forms, depicted in Scheme 8, are to some
extent similar to those for the allenyl/propargylic system of
Cp,Zr[1*-C(Ph)=C=CH,] described by Wojcicki and co-
workers.** In contrast to that work, the phosphorus atom bears
an additional electron, which also permits the existence of the
metallacycloallene (V).

An analysis of the nature of the bonding in complex 7 was
conducted. The calculated bond distances for these complexes
are shown in Table 1. For R = Ph, the C=C distance of 1.325
A in 7b-Ph is very close to that in 7a-Ph (1.335 A). Almost the
same trend was also found for complexes 7b-Me and 7a-Me
(1.328 and 1.339 A, respectively).

Natural localized molecular orbital (NLMO) analysis favors a
metallabicyclobutene complex with a C=C double bond
(Scheme 8, III) rather than the first-assumed 1-metalla-2-
phosphacyclobuta-2,3-diene (V) for complex 7b-R. For
example, NLMO reveals double-bond character for the C1—
C2 bond and single-bond character for the C2—P2 bond. The
computed Wiberg bond indexes (1.908) also show that the
C1—C2 bond is indeed a double bond. The bond order for the
C2—P2 bond is 0.953, and the bond order for the exocyclic
C1-P1 bond is 1.003. Therefore, the best description of the
bonding in 7b would be resonance structure III, which
corresponds to a metallacyclopropene with the additional
intramolecular coordination of the P atom to the free
coordination site of the metal as the monomeric form of
complex 6.

dx.doi.org/10.1021/ja409320k | J. Am. Chem. Soc. 2013, 135, 17556—17565
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Scheme 8. Resonance Forms of Monomeric Complex 7b in Solution
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Table 1. BP86-Computed Bond Distances [in A] in
Cp,Zr(R,P—C,—PR,)

Cl- Cl— C2—
r—Cl1 Zr—C2 C2 P1 P2 Zr-Pl
7a-Ph 2219 2219 1335 1807 1807 3.871
7b-Ph 2278 2493 1325 1779 1826  2.584
TS(b/a) (R=Ph) 2288 2242 1317 1746 1817 3.148

7a-Me 2.207 2.207 1.339 1.813 1.813 3.901

7b-Me 2.270 2.468 1.328 1.781 1.815 2.579

TS(b/a) 2.287 2.244 1315 1.751 1.810 3.157
(R = Me)

The molecular structure of complex 6 in the solid state is
depicted in Figure 3. The central structural motif is a six-
membered ring consisting of two Zr—C—P fragments. Each
zirconium center is coordinated by two Cp units, the alkyne
fragment, and a phosphorus atom of the second unit of the
molecule. As discussed before,"* this additional coordination is
necessary because of both the small steric demand of the Cp
ligands and the large size of the zirconium center.

Figure 3. Molecular structure of complex 6. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms and cocrystallized
toluene molecules have been omitted for clarity. Selected bond lengths
[A] and angles [deg]: Zr1—C1 2.229(2), Zr1—C2 2.263(2), Zr2—C3
2232(2), Zr2—C4 2.281(2), C1-C2 1.323(3), C3—C4 1.321(3),
Zr1—P4 2.9558(6), Zr2—P2 2.7542(7); C1-Zr1—C2 34.25(8), C3—
Zr2—C4 34.01(8), P1—C1—C2 138.8(2), C1—C2—P2 138.4(2), P3—
C3—C4 141.7(2), C3—C4—P4 133.6(2).

17560

In order to elucidate the influence of the Cp’, ligand moiety,
the reaction of rac-ebthi complex 2Zr, which is sterically more
demanding than the Cp, moiety, with Ph,P—C=C-PPh, was
performed, leading to a more diverse reaction pattern. At room
temperature in a 1:1 stoichiometric ratio, the already
mentioned substitution reaction of the spectator Me;Si—C=
C—SiMe; ligand by the Ph,P—C=C-PPh, ligand occurs
smoothly and results in the formation of the three-membered
metallacycle 5Zr according to Scheme 3. In the *'P NMR
spectrum, the *'P resonance is found at 3.20 ppm as a singlet,
as the two phosphorus atoms are equivalent. The molecular
structure of complex SZr is depicted in Figure 4.

Figure 4. Molecular structure of complex SZr. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms, the second
orientation of the disordered part of the molecule, and cocrystallized
toluene have been omitted for clarity. Selected bond lengths [A] and
angles [deg]: Zr1—C1 2.199(2), Zr1—C2 2.203(2), C1-C2 1.330(3);
Cl1-Zr1-C2 35.17(7), P1-C1-C2 138.53(17), C1-C2—P2
136.16(17).

In contrast to complex 6, no dimerization occurs in the solid
state because of the enhanced steric demand of the rac-ebthi
ligand. A 7-stacking interaction like that in 5Ti is also observed
for complex 5Zr, with a centroid—centroid distance of 3.623(1)
A. 1t is noteworthy that the ideal 7—7 interaction is found in
graphite with a distance of 3.35 A between the layers.”® The Ph
rings of C29 and C35 are not ideally parallel-oriented, although
the angle between the ring planes is rather small (9.5°). The
values for the angle between the ring normal and the vector of
the ring centroids are 15.8 and 19.5°, respectively.

Upon heating of complex SZr to 100 °C, the color of the
reaction mixture slowly changed from dark green to purple.
The isolated dark-purple solid (56% yield) can be attributed to
the dinuclear complex 10, according to Scheme 9. A reaction
time of 3 h was found to be the optimum, as a longer reaction
time led to decomposition of the very unstable complex 10.
Complex 10 is the product of a formal 2:1 metal-to-ligand
stoichiometric ratio; the remaining Ph,P—C=C-PPh, was
identified by both 'H and *'P NMR spectra. When the reaction

dx.doi.org/10.1021/ja409320k | J. Am. Chem. Soc. 2013, 135, 17556—17565
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Scheme 9. Synthesis of Complex 10 Using Two Different Pathways
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Scheme 10. Constitutional Isomers of Complex 10 (R = Ph, Me); Both Resonance Forms of Each Isomer Are Shown
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B

is performed with 2 equiv of 2Zr and only 1 equiv of Ph,P—
C=C-PPh, at elevated temperatures, the formation of
complex 10 occurs directly. However, this pathway also leads
to larger amounts of byproducts. Reaction of $Zr with another
equivalent of Ph,P—C=C—PPh,, representing a 1:2 metal-to-
ligand stoichiometric ratio, does not occur.

NMR analysis of complex 10 shows a *P NMR resonance at
168.7 ppm, clearly indicating metal coordination of the P
atom.”® Therefore, two possible constitutional isomers «
(cisoid) and f (transoid), together with their resonance
forms, are shown in Scheme 10. In the 'H NMR spectrum,
two sets of rac-ebthi signals appear. According to these, the
most probable structure of complex 10 is postulated to be
isomer a. Additionally, complex 10 was characterized by mass
spectrometry. The fragmentation pattern shows the [M—Ph]
peak (m/z 1025) and the [M—2Ph] peak (m/z 948).

Unfortunately, complex 10 was found to be very unstable,
even in the solid state, and we were not able to get crystals
suitable for X-ray analysis to unequivocally corroborate the
suggested structure. Therefore, we computed the structure and
stability of both possible isomers (Scheme 10). The computed
bond distances are listed in the Supporting Information. At the
BP86 level, the f isomer is C,-symmetric while the o isomer is
C,-symmetric. The a isomer is more stable than the / isomer
by 10.02 kcal/mol for R = Ph and 12.00 kcal/mol for R = Me.
Even with a simplified model using Cp ligands instead of the
rac-ebthi ligand and R = Me, the a isomer is more stable than
the f isomer by 6.62 kcal/mol. This indicates the higher
thermodynamic stability and therefore the preference of the
isomer over the f isomer, which is in good agreement with the
observed data indicating the existence of the & isomer. It is
worth mentioning that analogues for the two possible
constitutional isomers @ (cisoid) and S (transoid) were
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described for the complexation of all-C metallacyclopentynes
and -metallacyclocamulenes (Scheme 11).

Scheme 11. Isolated and Characterized Dinuclear Cis and
Trans Complexes of All-Carbon Metallacyclocumulenes and
Metallacyclopentynes

cis-conformation trans-conformation

7 "MC
B . + [CpoM] P2
szmglw + M szmgj —2 cpM. )
M=Ti

. - +[CpoM] MCp,
CpZMi\j:M & szM“‘ |—2. szM N

Complex 4Ti was reacted with the Ni(0) complex
(Cy;P),Ni(n*-C,H,) (Cy cyclohexyl)”” to generate a
heterobimetallic complex of an early transition metal and a
late transition metal (Scheme 12). Similar bimetallic complexes
have been described before for group 4 metals.'”* The assumed
intermediate appears to be even more unstable than complex
10. In this case, C—P bond cleavage of the alkyne ligand occurs
readily, resulting in the formation of the isolated complex 11.
Therefore, this reaction is a good evidence for the existence of
both the assumed intermediate and complex 10 as well. A
possible mechanism involving complexation of the Ni fragment
followed by C—P bond cleavage to give complex 11 is depicted
in Scheme 12. Unfortunately, we were unable to identify the
second cleavage product, which should contain the titanocene
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Scheme 12. Synthesis of Ni—Ni Complex 11
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fragment. However, an oxidation reaction of Ni(0) to Ni(I)
occurred.

The molecular structure of complex 11 is depicted in Figure
S. Each Ni atom is surrounded by one coordinating PCy;

Figure S. Molecular structure of complex 11. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms and cocrystallized
THF molecules have been omitted for clarity. Selected bond lengths
[A] and angles [deg]: P1-Nil 2.1597(7), P1-Ni2 2.1563(7), P2—Nil
2.1605(7), P2—Ni2 2.1595(7), P4—Nil 2.1583(6), P3—Ni2
2.1695(6), Nil—Ni2 2.3692(4); Nil—P1-Ni2 66.59(2), Nil—P2—
Ni2 66.52(2).

group, two bridging phosphorus atoms of two [Ph,P]™ groups,
and the second Ni center. Nil, Ni2, P1, and P2 are almost
planar, with the phosphorus atoms P3 and P4 being slightly out
of this plane [P3, 0.3752(8) A above; P4, 0.3985(8) A below].
All of the P—Ni (P2—Nj, respectively) distances are similar and
between 2.1563(7) and 2.1695(6) A. The Nil—Ni2 distance
[2.3692(4) A] is in the range of an expected Ni—Ni bond,*® as
found in other complexes displaying this central structural
motif.

Such C—E bond cleavage reactions of alkynes E-C=C—E
have been observed before for various substituents on various
metals. Exemplarily, such Ph—C= and Si—C= bond cleavages
are known for Pt complexes.””*° Moreover, Si—C cleavages
have also been described for the group 4 metals Ti and Hf.>"**
Cleavage reactions of Me;SnC=CSnMe; and PhCH,SC=
CSCH,Ph have also been described for group 4 metallocene
complexes. The stannyl-substituted alkyne complexes Cp’,Ti-
(7*-Me;SnC,SnMe,) (Cp’ = Cp, CsH3Me,) were found to be
less stable than complex 4Ti, resulting in Sn—C bond cleavage
to give [Cp’2Ti(,u-7]2:711-CECSnMe3)]2.33 Moreover, the
reaction of Cp,Ti(1>-Me;SiC,SiMe;) with bis(benzylsulfuryl)-
acetylene, PhCH,S—C=C—-SCH,Ph, yields the complex
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Cp,Ti(SCH,Ph), as well as the dinuclear species (Cp,Ti),(u-
K*-k*-PhCH,S—C,—SCH,Ph) displaying two [Cp,Ti] moieties
bridged by a 1,4-bis(benzylsulfuryl)-1,3-butadiyne in the trans
configuration (Scheme 11).'**

B CONCLUSION

We have presented a study of the coordination chemistry of
bis(diphenylphosphino)acetylene (Ph,P—C=C—PPh,) with
selected group 4 metallocenes. This ligand can easily replace
the bis(trimethylsilyl)acetylene ligand in complexes of the type
Cp/,M(L)(7*-Me;SiC,SiMe;) to yield the corresponding
mononuclear metallacyclopropene complexes. However, de-
pending on the nature of the metallocene moiety, formation of
dinuclear complexes can also take place, as was observed for the
zirconocene complexes 6 and 10. In solution, complex 6 was
found to be in equilibrium with the mononuclear four-
membered metallacycle 7b, which to the best of our knowledge
is the first example of such a highly strained four-membered
heterometallacycle of a group 4 metal, involving the rare
R,PCCR’ fragment in the cyclic unit. Computational analysis of
this species revealed a flip-flop coordination of the alkyne
ligand at the zirconocene unit, a phenomenon that was
described previously for Si—H groups in the titanocene
silylalkyne complexes Cp,Ti(n*-HMe,SiC,SiMe,H). The bar-
rier for this interconversion for 7b is rather low, which is in
agreement with the observed equilibration at room temper-
ature. As for the bonding in complex 7b, NLMO analysis
suggested a metallabicyclobutene structure to be favored
instead of the 1-metalla-2-phosphacyclobuta-2,3-diene. At-
tempts to generate a heterobimetallic complex of an early
transition metal and a late transition metal failed, as rupture of
the alkyne ligand took place in the reaction of 4Ti and the
Ni(0) complex (Cy;P),Ni(7*-C,H,). However, the structure of
the isolated product 11 points toward the intermediacy of the
desired heterobimetallic Ti—Ni complex. The present results
are essential for an understanding of the coordination chemistry
of heteroatom-substituted alkynes at early-transition-metal
centers. Further studies to understand the characteristics and
to extend the scope of the herein-described unprecedented
four-membered heterometallacycle 7b are underway in our

group.
B EXPERIMENTAL DETAILS

General Information. All manipulations were carried out under
an oxygen- and moisture-free argon atmosphere using standard
Schlenk and drybox techniques. Non-halogenated solvents were dried
over sodium/benzophenone and freshly distilled prior to use. The
metallocene bis(trimethylsilyl)acetylene complexes were synthesized
as described previously in the literature.” The following instruments
were used: NMR spectra: Bruker AV300 and AV400 spectrometers;
'H and BC chemical shifts were referenced to the benzene-dg solvent
signals (8y 7.16, 8¢ 128.0). IR: Bruker Alpha FT-IR spectrometer. MS:
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Finnigan MAT 95-XP instrument (Thermo Electron). Elemental
analysis: Leco Tru Spec elemental analyzer. Melting points: Mettler-
Toledo MP 70 apparatus; melting points are uncorrected and were
measured in sealed capillaries.

Computational Details. Our computations were carried out at
the BP86>* level of density functional theory as implemented in the
Gaussian 09 program,®® and all of the computational details are given
in the Suﬁpporting Information. For geometry optimizations, we used
the SVP*° and TZVP®” basis sets for all nonmetal elements (C, H, and
P) and the LANL2DZ®® basis set for Ti and Zr (BP86/SVP and
BP86/TZVP, respectively). All of the optimized structures were
characterized either as energy minima without imaginary frequencies
or transition states with only one imaginary frequency by frequency
calculations at the same level. The computed Gibbs free energies (AG)
at 298 K deduced from the frequency calculations were used for
discussion and comparison. In addition, we computed MP2 single-
point energies on the BP86/TZVP-optimized geometries. In our
previous benchmark studies for Ti, Zr, and Hf chemistry,39 we found
that BP86/TZVP can give not only reasonable geometries but also the
right relative energies for titanocene chemistry, and even more
accurate energetic orders for the different structural isomers of these
metal complexes have been found at the MP2 level.

Syntheses. Cp*,Ti(?-Ph,PC,PPh,) (4Ti). To a stirred solution of
1Ti (662 mg, 1.35 mmol) in 10 mL of toluene was added a solution of
Ph,P—C=C-PPh, (534 mg, 1.35 mmol) in 10 mL of toluene. After
the reaction mixture was stirred for 24 h at 65 °C, the color changed
from light brown to dark green. The mixture was cooled to room
temperature, and all volatiles were removed in vacuum. The dark-
green residue was dissolved in 10 mL of n-hexane and stored at —78
°C for 3 days. The emerald-green precipitate was filtered, washed with
cold n-hexane, and dried in vacuum. Crystals suitable for X-ray analysis
were obtained from a saturated solution of n-hexane at room
temperature. Yield: 761 mg (79%). Mp: 159 °C (dec., under Ar).
NMR (benzene-ds, 300 MHz, 296 K): 'H: § 7.05—6.97 (m), 20H;
1.83 (s), 30H (Me). '3C: 6 213.4 (d, '] = 77.5 Hz); 140.4 (m); 133.9
(m); 129.3 (s); 127.8 (t, ¥ = 3.1 Hz); 125.0 (s) (Cp*); 13.3 (s, Me).
SIP{H}: § 7.1. Anal. Caled for C,¢H,P,Ti: C, 77.52; H, 7.07%.
Found: C, 77.34; H, 7.02%. MS (CI, I-butane) m/z: 712 [M]*, 527 [M
— PPh, ], 318 [Cp*,Til"

[rac-Ethylenebis(i°-1,1'-tetrahydroindenyl)]Ti(y?-Ph,PC,PPh,)
(5Ti). To a stirred solution of 2Ti (210 mg, 0.44 mmol) in 10 mL of
toluene was added a solution of Ph,P—C=C—PPh, (172 mg, 0.44
mmol) in 10 mL of toluene at —40 °C. After 1 h of stirring at —40 °C,
the solution was allowed to warm to room temperature and then
heated for 3 days at 60 °C, turning the color of the reaction mixture
from brown to dark brown. After the mixture was cooled to room
temperature, all of the volatiles were removed in vacuum, and the
resulting dark-brown precipitate was slurried in 20 mL of n-hexane and
7 mL of THEF, filtered, and stored at —78 °C for 7 days. The dark
-brown precipitate was filtered again, and the solution was stored at
room temperature overnight to give dark-green crystals of $Ti, which
were filtered and dried in vacuum. Yield: 201 mg (65%). Mp: 142 °C
(dec., under Ar). NMR (benzene-ds, 300 MHz, 296 K): 'H: § 7.53—
7.49 (m), 4H (o-Ph); 7.45 (d, ¥J = 3.2 Hz), 2H (Cp); 7.19—7.46 (m),
6H (m-Ph, p-Ph); 6.93—6.89 (m), 6H (m-Ph, p-Ph); 6.48—6.44 (m),
4H (0-Ph); 4.60 (d, ¥J = 3.2 Hz), 2H (Cp); 3.93—3.91 (m), 2H; 3.24—
3.20 (m), 2H; 2.33—2.29 (m), 4H (CH,); 1.79—1.75 (m), 4H (CH,);
1.45—1.42 (m), 4H (CH,); 1.22—1.19 (m), 4H (CH,). 3C: 6 213.8
(d,'] = 76.8 Hz); 142.2 (t, '] = 4.7 Hz); 138.5 (t, ] = 7.4 Hz); 129.3
(s); 135.7 (t, %] = 12.0 Hz); 132.1 (t, 7 = 8.2 Hz); 129.7; 128.6; 127.9;
127.5 (t, '] = 2.6 Hz); 127.0; 126.6; 126.1; 117.6; 113.7; 26.8; 26.0;
25.9; 23.9; 23.7; 23.0; 13.3 (s, Me). *'P{'"H}: § 2.1. Anal. Calcd for
CyH,P,Ti: C, 78.18; H, 6.28%. Found: C, 77.91; H, 6.63%. MS (EI)
m/z: 264 [rac-ebthi]*, 185 [PPh,]".

[Cp,Zr(n?-Ph,PC,PPh,)], (6). To a stirred solution of 3Zr (350 mg,
0.743 mmol) in 15 mL of toluene was added a solution of Ph,P—C=
C—PPh, (293 mg, 0.743 mmol) in 10 mL of toluene at —40 °C. While
the reaction mixture was allowed to warm to room temperature, the
color turned from gray to dark orange. After an additional 18 h of
stirring, all of the volatiles were removed in vacuum, and the resulting

dark-orange precipitate was dissolved in 20 mL of toluene and filtered.
The resulting solution was concentrated to ca. 10 mL and stored at
—40 °C to yield a dark-yellow precipitate after 7 days; the precipitate
was filtered, washed with cold toluene, and dried in vacuum. Crystals
suitable for X-ray analysis were obtained from a saturated solution of
toluene at room temperature. In solution, there was spectroscopic
evidence for the formation of complex 7b.

Data for complex 6: Yield: 289 mg (63%). Mp: 68 °C (dec., under
Ar). NMR (benzene-dg, 300 MHz, 296 K): 'H: § 7.69—7.64 (m), 16H;
7.58—7.50 (m), 8H; 7.11—6.89 (m), 16H; 5.52 (s), 20H. *C: § 135.4;
134.3; 133.4; 131.0; 129.8, 128.9; 125.6; 119.5; 105.8. 3'P{'H}: § 15.4
(dd, J = 8.5 Hz, J = 3.6 Hz); 8.4 (dd, J = 8.5 Hz, J = 3.6 Hz). Anal.
Caled for C,HgP,Zr,2 toluene: C, 72.95; H, 5.41%. Found: C,
73.69; H, 5.09%. MS (EI) m/z: 429 [(M/2) — PPh,]*, 394 [(M/2) —
Cp,Zr]*, 185 [PPh,]".

NMR data for complex 7b: 'H: § 7.77 (t, ] = 7.1 Hz), 8H (Ph);
7.58—7.53 (m), 4H; 7.43—7.41 (m), 2H; 7.21-7.14 (m), 6H; 5.88 (s),
10H (Cp). °C: 6 111.8 (Cp). Because of the complicated spectrum,
no other resonances could be assigned with certainty, as these could
also be part of the set of resonances for complex 6. ¥'P{'H}: § 12.0 (d,
J = 190.2 Hz); —15.72 (d, J = 190.2 Hz).

[rac-Ethylenebis(y’-1,1'-tetrahydroindenyl)]Zr(y?-Ph,PC,PPh,)
(5Zr). To a stirred solution of 2Zr (263 mg, 0.500 mmol) in 15 mL of
toluene was added a solution of Ph,P—C=C—PPh, (197 mg, 0.500
mmol) in 10 mL of toluene at 25 °C. After 6 h of stirring, the reaction
mixture turned from gray to dark green. An additional 3 days of
stirring led to completion of the reaction. After removal of all volatiles
in vacuum, the resulting dark-green precipitate was dissolved in 10 mL
of toluene and filtered. The dark-green solution was stored at —78 °C
to yield a dark-green precipitate after 3 days; the precipitate was
filtered, washed with cold toluene, and dried in vacuum. Crystals
suitable for X-ray analysis were obtained from a saturated solution of
toluene at room temperature. Yield: 265 mg (71%). Mp: 140 °C (dec,,
under Ar). NMR (benzene-ds, 300 MHz, 296 K): 'H: § 7.53—7.48
(m), 4H (0-Ph); 7.21-7.06 (m), 8H (Ph); 7.05—6.93 (m), 8H (Ph);
6.72 (d,¥J = 6.0 Hz), 2H (Cp); 5.05 (d, ¥J = 6.0 Hz), 2H (Cp); 3.62—
3.53 (m), 2H; 2.87-2.77 (m), 2H; 2.34-2.22 (m), 2H; 1.81-1.72
(m), 2H; 1.65—1.54 (m), 4H; 1.50—1.24 (m), 8H. *C: § 144.0; 135.3;
135.2; 1326 (t, ] = 8.1 Hz); 129.8; 128.9; 128.8; 126.7 (d, J = 4.2 Hz);
125.7; 125.3; 124.7; 111.9; 110.8; 27.1; 25.5; 24.0; 23.2. 3P{'H}: §
3.2. Anal. Caled for C,¢H,,P,Zr: C, 73.66; H, 5.91%. Found: C, 73.61;
H, 6.30%. MS (EI) m/z: 749 [M + H]*, 394 [M — (rac-ebthi)Zr]*,
264 [(rac-ebthi)]*.

[rac-Ethylenebis(n®-1,1'-tetrahydroindenyl)]Zr(u,-62,1>-
Ph,PC,PPh,-P,P’)Zr[rac-ethylenebis(iy’-1,1'-tetrahydroindenyl)]
(10). Complex SZr (265 mg, 0.353 mmol) was dissolved in 15 mL of
toluene. While the reaction mixture was stirred at 100 °C for 3 h, the
color of the mixture changed from dark blue to purple. After the
mixture was cooled to room temperature, all of the volatiles were
removed in vacuum, and the resulting dark-purple precipitate was
suspended in 35 mL of n-hexane. After filtration from the insoluble
Ph,P—C=C—PPh,, the purple solution was stored at —78 °C to yield
a dark-purple solid, which was filtered, washed with cold n-hexane, and
dried in vacuum. Yield: 109 mg (56%). Mp: 76 °C (dec., under Ar).
NMR (benzene-dg, 300 MHz, 296 K): 'H: § 7.99—7.91 (m), 8H (Ph);
7.72=7.65 (m), 8H (Ph); 7.56—7.51 (m), 4H (Ph); 6.37 (d, ¥J = 3.0
Hz), 2H (Cp); 5.99 (dd, ] = 8.8 Hz, ] = 3.0 Hz), 2H (Cp); 5.74 (d, ] =
3.0 Hz), 2H (Cp); 5.39 (d, ] = 3.0 Hz), 2H (Cp); 3.29-3.17 (m), 2H;
2.85—2.27 (m), 22H; 1.98—1.73 (m), 8H; 1.46—1.29 (m), 8H. 13C: §
134.2; 133.4; 133.2; 133.0; 132.1; 130.3; 130.0; 128.8; 128.5; 128.1;
127.9; 127.1; 111.8; 103.9; 31.9; 28.8; 27.7; 24.9; 24.7; 23.0; 22.9;
16.1; 14.3. *'P{’"H}: § 168.7. Anal. Calcd for C4HsP4Zr,: C, 71.70;
H, 6.20%. Found: C, 71.05; H, 6.43%. MS (EI) m/z: 1025 [M — Ph]*,
948 [M — 2Ph]*, 264 [(rac-ebthi)]*.

[CysPNi(u-PPh,)], (11). To a stirred solution of 4Ti (400 mg, 0.561
mmol) in 20 mL of THF was added a solution of (1?-C,H,)Ni(P-
(C¢Hyy)3), (364 mg, 0.561 mmol) in 15 mL of THF at 25 °C. After 16
h of stirring, the reaction mixture turned from green to dark brown.
After removal of all volatiles in vacuum, the resulting dark-brown
precipitate was dissolved in a mixture of 15 mL of toluene and 15 mL
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of THF and filtered. The dark-brown solution was stored at +8 °C to
yield dark-brown crystals after 3 weeks; the crystals were filtered,
washed with cold toluene, and dried in vacuum. Yield: 29 mg (5%).
Unfortunately, because of the low yield, no melting point or elemental
analysis could be performed. NMR (benzene-d;, 300 MHz, 296 K):
'H: § 7.06—6.95 (m), 20H (Ph); 1.70—0.98 (m), 66H (Cy). Because
of the low concentration of the sample, no meaningful *C NMR
spectrum could be obtained. *'P{'H}: & 45.9; 10.3. MS (EI) m/z: 280
[PCy,]*, 185 [PPh,]".

B ASSOCIATED CONTENT
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Crystallographic data for complexes 4Ti, STi, SZr, 6, and 11 in
CIF format; NMR spectra; and details of the DFT calculations.
This material is available free of charge via the Internet at
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