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Abstract: The reaction of tetrakis(tetrahydrofur&jbarium bis[bis(trimethylsilyl)phosphanide] with diphen-
ylbutadiyne yields dimeric (tetrahydrofurédbarium 2,5-diphenyl-3-(1,4-diphenylbutene-3-yne-2-ide-1-yl)-
4-trimethylsilyl-1-phosphacyclopentadienide The alkenide moiety bridges two barium atoms, with-&a

bond lengths of 2.881 and 3.071 A, thus forming a unique three-center two-electre@-Ba bond.
Furthermore, the coordination sphere of the alkaline earth metal atom contains the phosphacyclopentadienide
moiety as well as one tetrahydrofuran molecule. A loose side-on coordination of the alkyne moiety completes
the coordination sphere of the barium center. A similar reaction with magnesium bis[bis(trimethylsilyl)-
phosphanide] gives the dimeric addition product magnesium bis(trimethylsilyl)phosphanide 1,4-diphenyl-1-
bis(trimethylsilyl)phosphanyl-but-1-ene-3-yne-2-i2le A reaction mechanism for the formation of the barium
derivative is suggested.

Thus far, crystallographically characterized molecules with Scheme 1
barium—carbon bonds have been limited to barocéeside-
on coordinated aromatic systefsJp to now,o bonds between
the heavier alkaline earth metals and carbon atoms have only
been structurally characterized for calcium. Lappert and co-

workers inserted a calcium atom into a-®r bond by co- (thﬂcarBu

condensation of the alkaline earth metal and bromobis-

(trimethylsilyl)methane; the addition of 1,4-dioxane led to the

crystallization of (diox)Ca[CH(SiMe),], with Ca—C distances \

of 2.48 A. Smith, Eaborn and co-workéngrepared bis]tris- Bu
M =Ca, Sr (A) B

(trimethylsilyl)methyl]calcium with a bent ECa—C fragment
of 150° and Ca-C bond lengths of 2.46 A via the metathesis
reaction. The bridging phenylacetylfdeetween two calcium
atoms in [(G'PrH)Ca-G=C-Ph} shows CaC bond lengths
of 2.52 and 2.55 A. Similar calciumcarbon distances were
found in the tetrakis(tetrahydrofurad)calcium and -strontium
2,3-dimethyl-1,4-diphenylbutadiene complex with a n*
bonded ligand. 2,4-Di(tert-butyl)pentadienide coordinates in

the first time a crystallographically characterized alkenyl
barium bond.

Results and Discussion

Synthesis. The reaction of (tetrahydrofura@}barium bis-
[bis(trimethylsilyl)phosphanidé] with diphenylbutadiyne in

a n>-fashion to calciumB, Scheme 1J. Here we report for
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* Crystal structure analysis.
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toluene at room temperature yields dimeric (tetrahydrofuran-
O)barium 2,5-diphenyl-3-(1,4-diphenylbutene-3-yne-2-ide-1-yl)-
4-trimethylsilyl-1-phosphacyclopentadienide The proposed
reaction mechanism is presented in eq 1. The first reaction step
is the addition of a BaP bond to the &C bond. If magnesium
bis[bis(trimethylsilyl)phosphanidgjs used instead of the barium
derivative, the produc2, which represents the first step of the
reaction sequence, precipitates from a toluene solution. The
subsequent 1,3-trimethylsilyl shift is well-known for the addition
reaction of barium bis[bis(trimethylsilyl)phosphanide] with
benzonitrilé® where barium bis[1,3-bis(trimethylsilyl)-2-phenyl-
1-aza-3-phosphapropenide] is isolable. The addition of the thus
formed Ba-P bond to the remaining=€C triple bond (eq 1)
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leads to cyclization and the formation of a phosphacyclopen-
tadienyl moiety, a new ligand within the alkaline earth metal
chemistry. The elimination of P(SiMg which was detected
by NMR spectroscopy, and the addition of another equivalent
of diphenylbutadiyne explains the formation bf Compound
1 is far more moisture- and air-sensitive than

If the reaction according to eq 1 is performed in toluene
containing additional THF, dimerit also crystallizes. How-
ever, if the coordinated neutral coligand THF is removed in a
vacuum, thus leaving a coordination gap at the barium atom,
decomposition ofl is observed.

Spectroscopic Characterization. The 31P{*H} NMR shift
of ¢ 122.7 for a toluene solution df is comparable to the
chemical shifts of known alkali phosphacyclopentadienides.
The 31P{1H} NMR spectrum of2 shows two resonances at
—98.4 and—262.3 for the phosphanyl groups and the bridging
phosphanide ligands, respectively, wit?J3P 31P) coupling
constant of 5 Hz. The stretching frequencies of the carbon
carbon triple and double bonds at 2131 and 1596'dndicate
a weak conjugation. Fdr, a stronger shift to lower wavenum-
bers is observed for the stretching vibrations of tee@moiety
at 1949 cml, whereas the €C double bond vibration with a
value of 1594 cm! lies in the same region as that found for
This finding results from a side-on coordination of the triple
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Figure 1. Molecular structure and numbering scheme of dimeric
Symmetry-related atoms are marked with an apostrophe. The ellipsoids
represent a probability of 40%. The hydrogen atoms are omitted for
clarity. The thermal motion of the phenyl substituents with C(5m) is
not shown. Selected bond lengths [A]: MgR1 2.559(2), MgtP1
2.569(2), MgtC3 2.157(3), Mgt-P2 2.708(3), P1Sill 2.236(2),
P1-Si12 2.237(2), P2Si21 2.275(2), P2Si22 2.268(1), P2C2
1.850(3), C2-C3 1.365(3), C2C21 1.495(4), C3C4 1.424(4), C4

C5 1.209(4), C5C51 1.448(4). Angles [deg]: PAMgl—P1 93.40-

(7), Mg1l-P1-Mgl 86.60(7), P2C2—C3 113.4(2), C2+C2—-C3
126.7(2), P2C2—-C21 119.8(2), C2C3—C4 122.6(2), C3C4-C5
169.7(3), C4C5—-C51 176.1(3).

bond to the barium center as also shown by the crystal structure
determination.

Molecular Structures. Compound2 crystallizes from a
toluene solution as a dimer with a central centrosymmetric
Mg.P, cycle. The molecular structure and the numbering
scheme are shown in Figure 1. The ™M@ bond length of
2.157(3) A resembles a characteristic value for a terminat g
bond!2 The bis(trimethylsilyl)phosphanyl fragment shows a
coordination to the magnesium center (MgA2 2.708(3) A),
and therefore this molecule is one of the rare examplefsan
alkaline earth metatphosphane complex. The P£2 bond
length of 1.850(3) A is characteristic for a single bond. The
endocyclic MgtP1 distances of 2.559(2) and 2.569(2) A are
in the same range as that reported for the bridging phosphanide
substituents in trimeric magnesium bis[bis(trimethylsilyl)phos-
phanidel? A slight delocalization of the anionic charge within
the carbanionic ligand as found by IR spectroscopy leads to a
marginal lengthening of the=€C (C2—C3 1.365(3) A) and &

C bonds (C4-C5 1.209(4) A), whereas the €&4 distance of
1.424(4) A between these fragments displays a characteristic
value* for a single bond between sp- and-$yybridized carbon
atoms.

CompoundLl crystallizes as a centrosymmetric dimer with a
planar BaC; cycle. The space between the molecules contains
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Figure 2. Molecular structure and numbering scheme of dimdric ~ Figure 3. Representation of the coordination sphere of Bal.iihe

Symmetry-related atoms are marked with an apostrophe. The ellipsoidshydrogen atoms and Badre omitted for clarity. The ellipsoids represent

represent a probability of 40%. The phenyl substituents at the @ Probability of 40%. Selected bond lengths [A]: BeQ2 2.758(4),

phosphacyclopentadienide fragments as well as the hydrogen atomd$3al—P1 3.487(2), BatCl 3.368(5), Ba+C2 3.125(5), BatC3

are omitted for clarity. Selected bond lengths [A]: -R11 1.752(6), 2.899(5), Bat-C4 3.033(5), BatC6 3.071(5), BatC6 2.881(5),

P1-C4 1.768(5), C+C2 1.425(8), C+C11 1.487(7), C2C3 1.443- Bal-C7 3.003(6), Bat-C8 3.363(6), Bat-CAT 3.358(5), Bat-C42

(7), C2-Si21 1.880(6), C3C4 1.408(8), C3-C5 1.492(7), C4C41 3.356(5). Angle [deg]: BatC6—Bal 89.7(1).

1.477(7), C5-C6 1.358(7), C5-C51 1.494(7), C6C7 1.416(7), CF _ _ . .

C8 1.211(7), C8:C81 1.445(8). Angles [deg]: GIP1-C4 90.1(3), tion sphere of the barium atom is enhanced by a side-on

C3-C5-C6 118.1(5), C5-C6—C7 120.2(5), C6-C7—C8 167.6(6), coordination of the C#C8 alkyne unit, which also explains

C7—C8—C81 160.4(6). the stronger lowering of the=€C stretching vibration and the
deviation from linearity (C6:C7—C8 167.6(6), C7—C8—C81

two toluene molecules per asymmetric unit. The molecular 160.4(6)). Thus far, the side-on coordinated bis(trimethylsilyl)-

structure as well as the numbering schemd & represented ~ butadiyne to calcium in Cpa(MeSiC=C-C=CSiMe;) has

in Figure 2. The PxC bond lengths (av 1.76 A) within the ~ been the only structurally characterized example of an alkaline

phosphacyclopentadienide ligand as well as the endocyelie C  earth metat-alkyne complex8

distances between 1.41 and 1.44 A clearly show the delocali- The THF molecule bonded to barium in the starting material,

zation of the anionic charge. The EP1-C4 angle 0f 90.1(3)  (THF)Ba[P(SiMe)]>, remains at the alkaline earth metal atom

is very narrow and excludes significant contributions of the s during the reaction with diphenylbutadiyne. The B2 bond

orbital of the phosphorus atom to the-B bonds. The PC length of 2.758(4) A lies in the characteristic region as found,
bond lengths (av 1.73 A) within unsubstitutédnd substituted ~ for example, for (THRBa[N(SiMes),]2.1° A further shielding
phosphabenzen¥sre slightly shorter than those In Due to of Bal is achieved by close contacts to the ipso and ortho carbon

a rather stiff backbone of the carbdianionic ligand, the-Ba  atoms, C4land C42, of a phenyl group at the phosphacyclo-

distances range from 2.90 to 3.37 A with the shortest bond pentadienide ligand. The complete coordination sphere of the

length Bat-C3. The BatP1 distance of 3.487(2) A is  barium atom and relevant bond distances are given in Figure 3.

drastically longer than that observed for the barium phos- In addition to these new compounds with alkaline earth

phanide$:” The exocyclic G-C multiple bonds (C5C6 metal-carbon bonds, it has been demonstrated that the mag-

1.358(7) A, C7C8 1.211(7) A) as well as the value for the nesium bis(phosphanide) certainly reacts differently than the

C6—C7 bond of 1.416(7) A indicates a better conjugation than heavier homologous derivatives. Even heating ahder reflux

in 2, which is also confirmed by IR spectroscopy. in toluene in the presence of an equimolar amount of diphen-
The central fragment is the four-membered ring which Ylbutadiyne does not lead to a molecule similar to that observed

consists of Bal, B41C6, and C6 The Bat-C6 bond length for 1.

of 2.881(5) A is only slightly smaller than the BaC3 distance .

of 2.899(5) A. As is already well-known for the organo alkali Concluding Remarks

metal chemistry, this bond can be described as a three-center Barium compounds prefer high coordination numbers for the

two-electron Ba+C6—Bal bond. Furthermore, the coordina-  soft alkaline earth metal in contrast to the hard magnesium atom
(15) Wong, T. C.. Bartell, L. SJ. Chem. Phys1974 61, 2840. which forms Mg-C o bonds with rather low coordination

(16) (a) Fischer, W.; Hellner, E.; Chatzidakis, A.; Dimroth, Retra- numbers at the metal center. Due to the high reactivity of the
hedron Lett.1968 6227. (b) Bart, J. C.; Daly, J. Angew. Chem1968 Ba—C bonds, it reacts immediately with still-present butadiyne
87, 269. (c) Weinmeier, J. H.; Luber, J.; Schmidpeter, A.; PohAigew.

Chem.1979 91, 442. (18) Williams, R. A.; Hanusa, T. P.; Huffman, J. &.Am. Chem. Soc.

(17) (a) Westerhausen, M.; Hartmann, M.; Schwarz,IMérg. Chem. 199Q 112, 2454.
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to form softer phosphacyclopentadienides. The high reactivity Table 1. Summary of Crystallographic Data &fand 2 with
of 1 leads to decomposition when the coordinated THF molecule Details of the Structure Solution and Refinement Procedures

is removed in a vacuum thus leaving a coordination gap. 1 2
Ir?ves_tiga}tions co_ncerning the reactior) of _calcium and s_trontium empirical formula GHaBaOPSi  GgHagMgP,Sis
bis[bis(trimethylsilyl)phosphanides] with diphenylbutadiyne are  fw (g mol?) 886.23 581.26
in progress. tempT (°C) —80 -80
space group P2/n P1
Experimental Section unit cell dimens
a(A) 16.429(3) 11.607(2)

General Methods. All experiments and manipulations were carried b (R) 16.175(3) 11.981(2)
out under argon purified by passage through BTS catalyst aDgh.P c(A) 18.248(4) 13.650(2)
Reactions were performed by using standard Schlenk techniques and o (deg) 90 75.54(2)
dried, thoroughly deoxygenated solvents. The starting Mg[P (Sl B (deg) 112.697(7) 72.63(2)
and (THF)Ba[P(SiMe)].® were prepared by literature procedures. ygdeg) 90 77.88(2)
NMR spectra were recorded on JEOL GSX270 and EX400 spectrom- MGV 4473(1) 1742(1)
eters. A Perkin-Elmer Paragon 1000 PC spectrophotometer was used (g cnd) ‘11 316 21 108
to record the IR spectra; solid substances were measured in Nujol ﬁ“ﬁd 9 0'71073 0'71073
between CsBr windows (vs, very strong; s, strong; m,_me_dlum stro_ng; (cm™%, Mo Ko 0.987 0.296
w, weak; vw, very weak; sh, shoulder). The frequencies in the region g of data collcd 26131 30071
of the Nujol vibrations were not listed. no. of indep dataRin) 7950 (0.0439) 7729 (0.0550)

Synthesis of 1. A V-shaped reaction tube with a diaphragm  no. of params 456 350
separating the sides was filled with 17 mL of toluene. To one side no. of restraints 45 0
0.26 g of (THF)Ba[P(SiMg2]. (0.46 mmol) was added, and 0.18 g of  goodness-of-fits off2 2 1.066 1.048
diphenylbutadiyne was dissolved in the toluene in the other side. After R indices [all date]
12 days without stirring, the NMR spectroscopic control measurements R 0.0780 0.0739
showed the absence of the starting materials. Reduction to ap- WR, ) 0.1333 0.1462
proximately 8 mL in vacuo and cooling te-30 °C afforded the Rindices [data withl > 20(1)] 4949 5632
precipitation of 0.29 g of crystalling (yield: 87%). Mp: 99-102 Ry 0.0452 0.0506
. . wR, 0.1062 0.1344
C (under argon, dec). IR (CsBr, selected values): 1949 w, 1883 w, residual dens (e %) 1.58'—0.56 1.27—1.40
1803 w, 1594 m, 1248 s, 1176 m, 1156 m, 1068 m, 1057 m, 1031 m, . BN
942 m, 915 m, 840 vs, 755 vs, 697 sh, 689 vs, 526 d. NMR as={y[W(Fe? — F??/(No — Np)}*2. * Definition of theR indices:
(tolueneds): & —0.07 (s, SiMe), 6.9-7.2 (m, phenyl).31P{1H} NMR Ri = (3]IFol — [Fll)/ZIFol. WR, = {3 [W(Fo? — F?)/ 3 [W(Fo?)7} 2
(tolueneds): ¢ 122.69 (s). Anal. Calcd for BRSi,CiodH10602: C, with w™t = ¢*(F¢?) + (aP)%*
70.54; H, 5.92. Found: C, 70.61; H, 5.96. with the program packages SHELXL-&&nd SHELXTL PC, version

Synthesis of 2. A solution of dibutylmagnesium in heptane (1.2 5.032 where the function}[w(F,2—F:2)’] was minimized. The
mL of a 1 M solution) was added slowly to 0.52 mL of bis(tri-  displacement parameters of all non-hydrogen atoms were treated
methylsilyl)phosphane (2.4 mmol) in 20 mL of toluene. The precipi- anisotropically. For all calculations the atom form factors of the neutral
tated magnesium bis[bis(trimethylsilyl)phosphanide] redissolved within atoms Ba, Mg, P, Si, O, and*€as well as hydrogéhwere used. The
6 h. The addition of 0.49 g of diphenylbutadiyne (2.4 mmol) led to a H atoms were taken into account in idealized positions with fied
slightly reddish solution which turned yellow within 30 min. Refrig- values and €H distances of 96 pm. The crystal éfcontains two
eration to 5°C gave 0.46 g of yellow crystallin2 (yield: 66%). A toluene molecules in the asymmetric unit. One of these solvent
workup of the mother liquor was not considered. Mp: 883 °C molecules is disordered, and the geometry had to be fixed by restraints
(under argon, dec). IR (CsBr, selected values): 1934 w, 1874 vw, to maintain reasonable bond lengths and angles.
1808 vw, 1596 m, 1260 sh, 1249 vs, 1005 m, 987 m, 845 sh, 837 vs,

752 vs, 739 m, 704 m, 689 s, 625 s, 474 m, 432 m, 390 m, 342m. Acknowledgment. This research was supported by the
NMR (tolueneds): 6 0.35 (d,3J(P,H) = 5.6 Hz, phosphanyl), 0.68  Deutsche Forschungsgemeinschaft, Bonn, and the Fonds der
(pseudo-t2J(P,H) ~ 5.6 Hz,), 6.8-7.8 (m, phenyl). °Si{*H} NMR Chemischen Industrie, Frankfurt/Main.

(tolueneds): ¢ 3.63 (d, XJ(P,Si) = 6.3 Hz, phosphanyl), 4.56 (s,

1J(P,Si) < 2 Hz, Mg:PSiMes). 3P{'H} NMR (tolueneds): 6 —98.40 Supporting Information Available: For compound4 and

(t, phosphanyl);-262.29 (t, MgPSiMe), 2)(P,P)= 5 Hz. Anal. Calcd 2, tables of positional coordinates, bond distances, bond angles,
for MgzPsSigCseHoz (1162.52): C, 57.85; H 7.98. Found: C, 57.86; fractional parameters of all H atoms, and thermal parameters
H, 7.76. MS (70 eV)miz 379 (100, (MeSi);PCiPh), 306 (80, Me- of the non-H atoms and stereoscopic views of the molecular
SIPGPH), 291 (99, MQS'PQPhZ.)’ 177 (19, PSMGB)’73.(82' S'MQ)' structures and unit cells (17 pages, print/PDF). An X-ray
X-ray Structure Determination of 1 and 2. A suitable single crystallographic file in CIF format is available on the Internet.

crystal of the derivativel was covered with Nujol and mounted on a S t thead f dering inf i d
glass fiber. The crystal structure analysis was performed on a Siemens ee any current masthéad page for oraering information an

P4 diffractometer with graphite-monochromated Ma Kadiation and Web access instructions.
a SMART-CCD area detector. A suitable single crystal2oivas JA980535G

covered with Nujol and sealed in a thin-walled glass capillary. The
data collection was performed on a diffractometer equipped with an  (21) Hahn, T., EdInternational Tables for Crystallography/ol. A,

area detector of the type STOE-IPDS. The crystallographic data as Space Group Symmetry, 2nd ed.; D. Reidel: Dordrecht, The Netherlands,
well as details of the structure solution and refinement procedures are (zé) Sheldrick, G. M.SHELXL-93, Program for Crystal Structure

summarized in Table 1. _ _ Determination Universita Géttingen: Gatingen, Germany, 1993.

The crystal structures were solved by direct methods with the  (23) SHELXTL PC 5.03Siemens Analytical X-ray Instruments Inc.:
program SHELXTL Plug® The refinement of the structures succeeded Madison, WI, 1990; SHELXTL Plus 4.0 Siemens Analytical X-ray
Instruments Inc.: Madison, WI, 1989.

(20) See also: (a) Westerhausen, M.; SchwarzZ\WWnorg. Allg. Chem. (24) Cromer, D. T.; Mann, J. BActa Crystallogr.1968 A24, 321.
1994 620, 304. (b) Westerhausen, M.; Pfitzner, A.Organomet. Chem. (25) Stewart; R. F.; Davidson, E. R.; Simpson, W.JI.Chem. Phys.
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