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Treatment of (C3Ho)("Pr,N)PCI with Li»C,B0H;o gave, after neutralization with Me;NHCI, a trivalent
phosphorus-bridged compound, (C13Ho)(‘ProaN)P(C,B oH ). Tt was easily converted to a pentavalent
phosphorus-bridged ligand, (C13Ho)(‘Pr.N)P(=0)(C,B1oH 1) (4), by reacting with excess hydrogen peroxide
in toluene. An equimolar reaction of 4 with Zr(NMe,), in toluene at room temperature afforded a zirconium
amide incorporating a fluorenylide unit, [0:0-(C3Hg)(‘PraN)P(-O)(C,B 10H 10)]1Zr(NMe,),(THF) (5). Complex
5 was converted to the zirconacarborane [17":7°-(C;3Ho)(‘Pr,N)P(=0)(C,BoH )| Zr(NMe,), (6) in refluxing
toluene in the presence of Me,NH. Its titanium analogue, [771 :775 -(C 13H9)(iPr2N)P(=O)(CngHm)]Ti(NMez)z
(7), was directly prepared from the reaction of 4 with Ti(NMe,), in refluxing toluene. Complex 7 reacted
with KH in C4Dg to generate the deprotonated product { [17':57°~(C3Hg)(‘PraN)P(=0)(C,BoH ) Ti(NMey), } { (17°-
CsDg)2K} (8). These new complexes were fully characterized by various spectroscopic techniques,

elemental analyses, and single-crystal X-ray diffraction studies.

Introduction

The bridging units have a large impact on the reaction
chemistry of ansa-metallocenes.! Of the known bridging ele-
ments such as B, C, Si, Ge, N, and P,? the phosphorus atom is
of particular interest because of its electronic and steric
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properties. In principle, phosphorus-bridged ligands can exhibit
a wide range of structural types, as a phosphorus atom has two
common oxidation states, +3 and +5. The former is represented
by the phosphine ligands —PR—,> whereas the pentavalent
phosphorus is found in phosphine oxides and diylides based on
—R(O=)P and —R,P< units, respectively.* Such changes in
the oxidation states would be expected to modulate the reactivity
of the metal center. We recently reported phosphorus-bridged
ligands (CoH7)("PraN)P(C,BoH 1) and (CoH7)(*PrN)P(=0)-
(CyB1oH 1) as well as their applications in groups 3 and 4 metal
chemistry.>* These two ligands showed very different coor-
dination modes from group 4 metals: [;7°:0-(CoHg)(‘Pr,N)P-
(C2B1oH 19)IM(NMe»),™  versus  [0:0-(CoHg)(‘ProN)P(-0)-
(C3B10H 0)]Zr(NMe,),.>¢ Stimulated by these results, we extended
our research to include a fluorenyl moiety in the hope that two
closely related ligands that differ in the cyclic groups will allow
one to make comparisons between them. We reported here a
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new pentavalent phosphorus-bridged ligand (C13Ho)(‘Pr,N)-
P(=0)(C;B|oH;1) (4) and its applications in group 4 metal
chemistry. Similarities and differences in coordination chemistry
between (C9H7)(iPT2N)P(=O)(CzB1()H11) and (C13H9)(iPF2N)P-
(=0)(C,BgH}) are also discussed in this article.

Results and Discussion

Ligand Synthesis. The target phosphorus compound 4
contains three different substituents that have to be introduced
one by one. Reaction of ‘Pr,NPCl, with 1 equiv of fluorenyl-
lithium led to the isolation of (C;3Ho)(*Pr,N)PCI (2) in 75%
yield. Compound 2 reacted subsequently with Li,C2BoH)o in
toluene/diethyl ether (2:1) to give, after treatment with
Me;NHCI, the neutral ligand (C13Ho)(‘PraN)P(C2B10H 1) (3) in
60% yield. Interaction of 3 with an excess amount of H,O; in
toluene at room temperature generated (C13Ho)(‘PraN)P(=0)-
(C2B1oH11) (4) in 85% yield. This oxidation reaction was clean
and easily monitored by *'P NMR (Scheme 1). Compounds 2—4
were fully characterized by various spectroscopic techniques
and elemental analyses. The *'P chemical shifts were 134.2 ppm
in 2, 85.6 ppm in 3, and 31.8 ppm in 4, respectively. In most
cases, the *'P signals of the phosphine oxides are shifted
downfield from that of the corresponding phosphine."?*® In
contrast, the *'P peak of 4 was shifted highfield, probably due
to the increased N(p,)—P(d,) interactions. This phenomenon
was also observed for the oxidation of phosphatri(3-
methylindoly)methane® and (CoH7)(‘ProN)P(C,BoH ;),”> in
which the *'P resonance shifted largely highfield after being
oxidized. Couplings between the phosphorus and carbon nuclei
made the '*C NMR spectra complicated yet interpretable.
The ''B NMR spectra exhibited a 3:1:2:2:2 pattern for 3 and
1:1:1:1:6 for 4, respectively. The solid-state IR spectra showed
a characteristic B—H absorption at about 2570 cm ™' for 3 and
4and a unique P=0 absorption at 1369 cm™ ' for 4.°°

The molecular structure of 3 is shown in Figure 1. The
geometry of the nitrogen atom is trigonal planar (sum of angles
around N atom is 359.9(2)°), but the angles of C(9)—P(1)—C(1),
C(1)—P(1)—N(1), and N(1)—P(1)—C(9) (100.8(1)°, 109.2(1)°,
and 109.2(1)°) show that the coordination environment around
the phosphorus atom is trigonal pyramidal. These structural data
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Figure 1. Molecular structure of (C;3Ho)("Pr,N)P(C,BoH;)) (3)
(thermal ellipsoids drawn at the 30% probability level).

suggest the presence of N(p,)—P(d,) interactions.*> The
P—C(cage) distance of 1.906(2) Ais very close to the corre-
sponding value of 1.898(3) A observed in (CoH7)(*ProN)P-
(C2B1oH1),>* ~1.89 A in o-carborane-containing P-chiral
phosphanylferrocenes,5“1 1.884(6) A in (1-PhyP-2-Me-1,2-
CyBigHi0)* 1,>° 1.892(2)/1.897(2) A in rac-1,2-(P'BuCl),-
CBoHio,” and 1.884(2)/1.893(2) A in meso-1,2-(P'BuCl),-
C,B1gH10,° but is longer than that of 1.811(7) A in [NBuy][7-
P(0)Ph»-8-Ph-7,8-C>BoH 0], " 1.788(2) A in [NBu4][7-PH('Pr),-
8-Me-7,8-C,BoH o]," and 1.804(6)/1.814(7) A in [Cu{7.8-
(OPPh2)2~,—7,8-C2B9H10}2].Sg On the other hand, the P—C(ring)
distance of 1.886(2) A in 3 is close to the P—C(‘Bu) distance
of 1.884(2)/1.877(2) A in 1,2-(P'BuCl1),C,B oH 0, but is longer
than the P—C(ring) distance of 1.827(3) A in (CoH7)(‘Pr;N)P-
(C,BoH; >* and the P—C(phenyl) distance of 1.824(1) A in
1,2-(PhPH),C,B oH 9,”" probably due to the different hybridiza-
tion of the carbon atom bonded directly to the P atom.

The solid-state structure of 4 was further confirmed by single-
crystal X-ray analyses (Figure 2). The P atom adopts a distorted-
tetrahedral geometry. The P=0 distance of 1.466 (5) A in 4 is
close to that of 1.482(2) A in (CoH7)(‘Pr,N)P(=0)(CyB oH )™
and 1.484(5) A in the complex [NBuy][7-P(O)Ph;-8-Ph-7,8-
C1BoH|o]." The geometry of the nitrogen atom in 4 is again
trigonal planar (the sum of angles around the N atom is
359.9(6)°). The P—N distance of 1.630(6) A in 4 is shorter than
that of 1.661(2) A in 3, suggestive of a stronger N(p,)—P(d,)
interaction in 4, which is consistent with the 3'P NMR data.
Table 1 compiles the key structural data for comparison.

Amide Complexes. Our previous work showed that interac-
tions of group 4 metal dialkylamides with protioligands
Me>A(CsHs)(C2B1oH1),** MesA(CoHr)(CaBioH )™ (A = C,
Si), and "Pr,NA'(CoH7)(C,B1oH|1)°™%® (A’ = B, P) in toluene
resulted in the clean formation of the corresponding group 4
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Figure 2. Molecular structure of (C;3Ho)(‘Pr,N)P(=0)(C,BoH ;)
(4) (thermal ellipsoids drawn at the 30% probability level).

Table 1. Selected Bond Lengths (;&) and Angles (deg) in 3—8
M) 3 4 5(Zr) 6(Zr) 7(Ti) 8(Ti)

P-0 1.466(5) 1.536(1) 1.534(2) 1.527(2) 1.553(2)
P-N 1.661(2) 1.630(6) 1.620(1) 1.630(3) 1.628(3) 1.650(2)
P—C(cage)  1.906(2) 1.893(8) 1.887(1) 1.807(3) 1.811(3) 1.843(3)

P—C(Csring) 1.886(2) 1.857(8) 1.713(1) 1.850(3) 1.838(3) 1.720(3)

av M—cage 2.343(1)" 2.561(4) 2.441(4) 2.447(4)
atom

av M—N 2.001(4) 2.022(3) 1.893(3) 1.897(3)

M—0O(PO) 2.089(1) 2.136(2) 2.023(2) 1.988(2)

O—P—C(cage) 104.9(3) 99.0(1)  100.1(1) 99.0(1) 96.3(1)

O—M—C(cage) 77.4(1)

P-O0—M 137.7(1) 110.2(1) 108.6(1) 110.0(1)

“ M—C(cage) distance.

metal amide complexes.'™™® Group 4 metal amides M(NR),,
however, did not react with (C;3Ho)(‘ProN)P(CoBioH;1) (3) in
toluene even at high temperatures. This result may be ascribed
to the less acidic yet more sterically demanding fluorenyl
functionality compared with the indenyl one.” In contrast, the
'"'B NMR experiment showed that 4 reacted readily with group
4 metal dialkylamides in C¢Dg at room temperature to give one
complex that was transformed to another one upon heating the
NMR solution overnight. Accordingly, the preparative scale
experiments were carried out. Treatment of 4 with 1 equiv of
Zr(NMe»), in toluene at room temperature gave, after recrys-
tallization from THF solution, [0:0-(Ci3Hs)(‘PraN)P(-O)-
(C2B1oH10)]Zr(NMe,)»(THF) « THF (5:THF) in 51% yield
(Scheme 2). Compound 4 showed higher reactivity over 3 owing
to the high acidity of two acidic protons, sp>-CH of the fluorenyl
and cage CH, as evidenced by their proton chemical shifts, 4.33
and 3.32 ppm in 3 vs 4.53 and 4.61 ppm in 4. A possible
reaction pathway was proposed in Scheme 3. Reaction of the
two acidic protons in 4 with Zr(NMe,)s generates the constrained-
geometry complex 5', which isomerizes to give complex 5. The
high oxophilicity of the Zr(IV) center provides the driving force
for the formation of the thermodynamically more stable product
5. The possibility of forming the ylide intermediate 4' cannot
be ruled out at this stage.

On the other hand, the deborated product [5':7°-(C13Ho)-
(‘ProN)P(=0)(C2BoH 0)]Zr(NMe,), (6) was isolated in 55%

(6) (a) Wang, H.; Wang, Y.; Li, H.-W.; Xie, Z. Organometallics 2001,
20, 5110. (b) Zi, G.; Li, H.-W.; Xie, Z. Organometallics 2002, 21, 3850.
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yield when the above reaction was performed in toluene at 110
°C in a sealed vessel. It was noted that complex 5 was stable in
refluxing toluene, but was converted to 6 in the presence of
excess Me,NH in 58% isolated yield. This result indicated that
Me,NH was essential for the transformation from 5 to 6.5 The
Ti analogue, [17':°-(C13Ho)("ProN)P(=0)(C2BoH ()] Ti(N-
Me,), (7), was also prepared from 4 in 60% yield in the same
manner. It was noteworthy that both 6 and 7 were stable in
refluxing toluene in the absence of Me,NH, although these
molecules contain both acidic proton (from fluorenyl unit) and
basic moieties (M-NMe, groups).

The acidic proton of the fluorenyl ring in 7 could be removed
by KH. Treatment of 7 with an excess amount of KH in C¢Dg
at 80 °C for 2 days gave {[17":17°-(C13Hg)(‘PrN)P(=0)(C2BoH )]
Ti(NMey)» } {(7°-CeDg)2K } + CsDg (8 CgDg) as red crystals in
32% isolated yield. The "H NMR showed that the signal at 5.11
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ppm corresponding to the acidic proton on the fluorenyl ring
and four singlets in the range 3.22—3.64 ppm assignable to
NMe; groups in 7 disappeared gradually, and two new singlets
at 3.79 and 3.44 ppm attributable to two NMe, groups in 8
appeared. The *'P NMR resonance was shifted to highfield from
70.6 ppm in 7 to 54.8 ppm in 8. The ''B NMR spectra displayed
a 1:2:2:2:1:2 pattern for 5, 1:4:3:1 for both 6 and 7, and 1:3:
1:3:1 for 8. The spectroscopic data of 5 were different from
those of 6—8 but resembled those observed in [0:0-(CoHg)(‘ProN)-
P(-O)(C2B1oH10)1Zr(NMe,),(HNMe,).>

The P-bridged fluorenyl-dicarbollyl ligands in 6—8 are of
great interest as new ansa-ligands in view of the unique chemical
properties of (CsMes)(C,BoH;))MR and [7°:17°-Me,C(CsHy)-
(C2B9H10)MC12]2_ M = group 4 metals).9 We attempted to
prepare this kind of hybrid ligands from 4 via selective
deboration.”® Many deborating reagents such as MOH/ROH (M
= Na, K; R = Me, Et),'° the fluoride ion,'" and various amines®
under different conditions were examined. All led to a mixture
of products as indicated by NMR. Selective deboration of 3
and 4 was unsuccessful.

The solid-state structures of 5—8 were further confirmed by
single-crystal X-ray diffraction studies and are shown in Figures
3-5, respectively. In the structure of 5, the Zr atom is o-bound
to a bridging oxygen atom, two amido groups, and one cage
carbon atom and coordinated to a THF molecule in a trigonal-
bipyramidal geometry (Figure 3). All nitrogen atoms are in a
trigonal-planar environment (the sum of angles around N =~
360°), suggesting the presence of N(p,)—Zr(d,) interactions.
The average Zr—N distance of 2.001(4) A s very similar to
the corresponding value of 1.998(8) A in [0:0-(CoHg)(‘PraN)-
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Chem. 2001, 40, 68. (¢c) Fox, M. A.; Gill, W. R.; Herbertson, P. L.;
MacBride, J. A. H.; Wade, K.; Colquhoun, H. M. Polyhedron 1996, 15,
565. (d) Tomita, H.; Luu, H.; Onak, T. Inorg. Chem. 1991, 30, 812. (e)
Fox, M. A.; MacBride, J. A. H.; Wade, K. Polyhedron 1997, 16, 2499. (f)
Fox, M. A.; Wade, K. Polyhedron 1997, 16, 2517. (g) Fox, M. A.; Wade,
K. J. Organomet. Chem. 1999, 573, 279.
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Figure 3. Molecular structure of [0:0-(Ci3Hg)("Pr,N)P(—0)-
(CaB1oH10)]Zr(NMe,)o(THF) (5) (thermal ellipsoids drawn at the
30% probability level).

Figure 4. Molecular structure of [1':%°-(Ci3Ho)(‘Pr,N)P(=0)-
(C2BgH0)]Zr(NMe,), (6) (thermal ellipsoids drawn at the 30%
probability level).

P(—0)(C,B10H)|Zr(NMe),(HNMe;),*2.010(6) A in [0:17°-(CoH)-
(C,BoH 0)]Zr(NMe,)(DME),*12 2.006(4) A in [o:-{[3-
C(=CPh,)-0]CoHg }(C2BoH ()] Zr(NMe,)(THF),,%* 2.005(7) A
in (u-O)[Zr(NMe,)(O-Ar),]» (Ar = 2,6—Bu’2—4—Me—3,5—N2C4),13
and 2025(4) A in [ns—(anNCHQCHz)(CzBQH10)]ZF(NM62)2—
(HNMe,) (Bn = C¢HsCH,)."* The bond distances of Zr—0,
Zr—C(cage), P—O, P=C, and P—N in § (Table 1) are almost
identical with those values observed in its indenyl derivative.>

Complexes 6 and 7 are isostructural and isomorphorous. The
representative structure of 6 is shown in Figure 4. The metal
atom is 7°-bound to the dicarbollyl and o-bound to two amido
groups and one bridging oxygen atom in a three-legged piano-
stool geometry. The short M—N(2) and M—N(3) distances
(2.030(3) and 2.014(3) A in 6, 1.901(3) and 1.885(3) A in 7)
and the planar geometry around N(2) and N(3) indicate that
both nitrogen atoms with sp® hybridization are engaged in

(12) Shen, H.; Chan, H.-S.; Xie, Z. J. Am. Chem. Soc. 2007, 129, 12934,

(13) Lee, A. V.; Schafer, L. L. Organometallics 2006, 25, 5249.

(14) Lee, Y.-J.; Lee, J.-D.; Jeong, H.-J.; Son, K.-C.; Ko, J.; Cheong,
M.; Kang, S. O. Organometallics 2005, 24, 3008.
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Figure 5. Molecular structure of {[#':%°-(C 3Hg)(‘Pr,N)P(=0)-
(C2BoH 0)]Ti[(NMey)a] }H{ (17°-CDe),K } (8) (thermal ellipsoids drawn
at the 30% probability level).

N(p-)—M(d,) interactions. The P—C(cage) distances of 1.807(3)
A'in 6 and 1.811(3) A in 7 are close to that of 1.811(7) A in
[7—P(O)Ph2—8—Ph—7,8—C2BmHlo]_,lj but are shorter than that of
1.887(6) A in [57°:0-(CoHg)("PrN)P(C,B 10H10)1Zr(NMes),, >
1.867(8) A in [0:0-(CoHe)("PraN)P(-O)(C,B 1gH10)|Zr(NMe),,>
and ~1.89 A in o-carborane-containing P-chiral phosphanyl-
ferrocenes.”® The P—O distances of 1.534(2) A in 6 and 1.527(2)
A in 7 are comparable to that of 1.518(3) A observed in
TiCl4[OP(C5H10N)3]2,15 but are significantly longer than the
1.466(5) A in 4 and 1.484(5) A in [7-P(O)Ph,-8-Ph-7,8-
CyB1oH 0] .Y suggestive of a strong interaction between P=0
and M. The Zr—N distance of 2.022(3) A, Zr—O distance of
2.136(2) A, and P—C(ring) distance of 1.850(3) A in 6 are
longer than those in 5. The average Zr—cage atom distance of
2.561(4) A in 6 can be compared to that of 2.530(4) A in [1°-
(CoH7)(C2BoH 10)1Zr(NMes)2,(HNMe,), 5 2.605(3) A in [1°-
(Me;NCH,)(C2BoH 0)]Zr(NMes)2(HNMe,), ' and 2.546(5) A in
[7°-(Bn;NCH,CH,)(C2BoH10)|Zr(NMey),(HNMe,)  (Bn - =
C¢HsCH,).'* The average Ti—cage atom distance of 2.441(4)
Ain7is longer than that of 2.365(4) Ain [o:5":7°-(OCH,)-
(Me;NCH,)(C2BgHy)] Ti(NMey),'” 2.350(4) A in [0:17°~(CoHg)-
(C2BoH )] Ti(NMe,)(DME),* 2.398(8) A in [':°-(Me>NCH,)-
(C2BoH 0)ITi(NMey),'%and  2.413(5) A in  [5°-(Bn;NCH,-
CH,)(C2BoH )] Ti(NMe),(HNMe,) (Bn = CsHsCHy).'*

The molecular structure of 8 is composed of the cation
[K(CeDg)2]" and the anion {[5':5°-(Ci3Hg)(‘ProN)P(=0)-
(C2BoH )] Ti(NMe;),} ~, which are associated with each other
through two B—H++ K interactions (Figure 5). The K atom is
also bound to the five-membered ring of the fluorenyl ligand in
an 77°-fashion. In addition, the K atom is asymmetrically bound
to the two CgDg molecules in an né-fashion. The average
K-++BH (3.357(4) A) and K++-C (3.317(5) A) distances are
comparable to the literature data.'® As shown in Table 1, the
coordination geometry and the distances around the Ti atom in
8 are very close to those in 7. However, the coordination

(15) Winter, C. H.; Lewkebandara, T. S.; Proscia, J. W.; Rheingold,
A. L. Inorg. Chem. 1994, 33, 1227.

(16) Lee, J.-D.; Lee, Y.-J.; Son, K.-C.; Cheong, M.; Ko, J.; Kang, S. O.
Organometallics 2007, 26, 3374.

(17) Shen, H.; Chan, H.-S.; Xie, Z. Organometallics 2007, 26, 2694.

(18) (a) Chui, K.; Li, H.-W.; Xie, Z. Organometallics 2000, 19, 5447.
(b) Deng, L.; Xie, Z. Organometallics 2007, 26, 1832.
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environment around P is dramatically changed. The P—C(ring)
distance of 1.720(3) A in 8 is significantly shorter than that of
1.838(3) A in 7 and is very close to the P=C double-bond
distance of 1.713(1) A observed in 5. The geometry of the ring
carbon that is directly bonded to the P atom is also changed
from a distorted tetrahedron to a trigonal plane.

Conclusion

Two new trivalent and pentavalent phosphorus-bridged fluo-
renyl-carboranyl ligands, (C13Ho)(‘ProN)P(C,B1oH ;)  and
(C13Ho)(‘PraN)P(=0)(C2BgH;), were synthesized and fully
characterized. They showed a significantly different reactivity
pattern. The former did not react with M(NMe,)4, whereas the
latter reacted readily with M(NMe,)s to give the amine
elimination product [0:0-(C3Hg)(‘ProN)P(—0)(C2BoH p)]-
Zr(NMe,)»(THF) (5) at room temperature or the amine elimina-
tion/deboration complexes  [5':%7°-(C13Ho)("Pr,N)P(=0)-
(C2BoH 0)IM(NMey), (M = Zr (6), Ti (7)) at higher temperature.
The stronger acidity of two acidic protons in 4 over 3 or the
formation of ylide 4' was suggested to provide the driving force
for amine elimination reaction. The presence of Me,NH proved
to be essential for the deboration reaction to proceed. The acidic
proton on the fluorenyl ring in 7 could be removed by excess
KH, resulting in the isolation of the corresponding deprotonated
product {[5":77°-(C13Hg)("Pro,N)P(=0)(C,BoH )| Ti(NMe), }-
{(17°-CeDg)2K} (8).

Experimental Section

General Procedures. All experiments were performed under an
atmosphere of dry nitrogen with the rigid exclusion of air and
moisture using standard Schlenk or cannula techniques, or in a
glovebox. All organic solvents were freshly distilled from sodium
benzophenone ketyl immediately prior to use. Li,C,BoHip was
prepared according to literature methods.'® M(NMe,); (M = Ti,
Zr) and other chemicals were purchased from Aldrich Chemical
Co. and used as received unless otherwise noted. Infrared spectra
were obtained from KBr pellets prepared in the glovebox on a
Perkin-Elmer 1600 Fourier transform spectrometer. '"H NMR spectra
were recorded on a Bruker DPX 300 spectrometer at 300.0 MHz.
13C NMR spectra were recorded on a Bruker DPX 300 spectrometer
at 75.5 MHz or a Varian Inova 400 spectrometer at 100.7 MHz.
"B and *'P NMR spectra were recorded on a Varian Inova 400
spectrometer at 128.3 and 161.9 MHz, respectively. All chemical
shifts are reported in 0 units with reference to the residual protons
and carbons of the deuterated solvents for proton and carbon
chemical shifts, to external BF;+OEt, (0.00 ppm) for boron
chemical shifts, and to external 85% H;PO, (0.00 ppm) for
phosphorus chemical shifts. Elemental analyses were performed
by MEDAC Ltd., U.K., or Shanghai Institute of Organic Chemistry,
CAS, China.

Preparation of (C;3Ho)('Pr,N)PCI (2). A 1.6 M solution of
"BuLi in n-hexane (31.5 mL, 50.4 mmol) was added dropwise to
a diethyl ether solution (250 mL) of fluorene (5.76 g, 50.0 mmol)
at —78 °C, and the mixture was stirred at room temperature for
6 h. The precipitate (C;3HgLi) was collected by filtration, washed
with n-hexane (50 mL x 2), and dried under vacuum. This white
solid was dissolved in diethyl ether (100 mL) and added dropwise
to a hexane solution (300 mL) of (‘Pr,N)PCl, (15.15 g, 75.0 mmol)
at —78 °C with stirring. The reaction mixture was then stirred
overnight at room temperature. After filtration, the solvent and
excess (‘Pr,N)PCl, were removed under vacuum, giving a brown,
oily residue. Recrystallization from n-hexane afforded 2 as a yellow,
crystalline solid (12.59 g, 75%). "H NMR (C¢Dg): 0 8.04 (d, J =

(19) Gomez, F. A.; Hawthorne, M. F. J. Org. Chem. 1992, 57, 1384.
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Table 2. Crystal Data and Summary of Data Collection and Refinement for 3, 4, and 5 THF
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3 4 5+ THF
formula C21 H34B 1()NP C21 H34B 1()NOP C33H(,()B 1(]N303PZI'
cryst size (mm) 0.60 x 0.20 x 0.10 0.40 x 0.30 x 0.20 0.30 x 0.20 x 0.10
fw 439.6 455.6 777.1
cryst syst monoclinic monoclinic monoclinic
space group P2i/n P2\/n P2\/n
a, A 11.294(1) 11.290(1) 9.036(1)

b, A 11.059(1) 10.956(1) 26.326(2)

c, A 20.992(1) 21.116(2) 17.607(1)

B, deg 105.00(1) 105.09(1) 95.73(1)

v, A® 2532.6(2) 2522.0(4) 4167.2(5)

z 4 4 4

Deated, Mg/m?® 1.153 1.200 1.239

radiation (1), A Mo Ka (0.71073) Mo Ka (0.71073) Mo Ka (0.71073)

20 range, deg 3.8 to 56.1 3.8 to 50.0 2.8 to 50.0

u, mm~! 0.120 0.125 0.338

F(000) 928 960 1632

no. of obsd reflns 6083 3946 6539

no. of params refnd 298 307 460

goodness of fit 1.010 1.136 1.017

R1 0.049 0.109 0.093

wR2 0.118 0.244 0.231
Table 3. Crystal Data and Summary of Data Collection and Refinement for 6, 7+ CH3CN, and 8- C¢D¢

6 7+ CH3CN 8:CsDs
formula C25H45B9N30PZr C27H43B9N40PTi C43H44B9D13KN3OPTi
cryst size (mm) 0.20 x 0.20 x 0.15 0.20 x 0.10 x 0.05 0.50 x 0.40 x 0.20
fw 623.1 620.9 870.3
cryst syst triclinic triclinic monoclinic
space group PI- P1 P2i/n
a, A 10.590(3) 10.172(2) 10.509(1)

b, A 11.642(3) 10.490(1) 26.748(1)
c, A 13.723(4) 18.189(2) 17.105(1)
o, deg 87.65(1) 104.14(1) 90

£, deg 70.19(1) 91.39(1) 100.61(1)
y, deg 83.51(1) 111.63(1) 90

v, A’ 1581.6(8) 1735.5(2) 4726.03)
Z 2 2 4

Deateds Mg/m? 1.308 1.188 1.198
radiation (1), A Mo Ka (0.71073) Mo Ka (0.71073) Mo Ka (0.71073)
26 range, deg 3.5 to 50.0 2.3 to 50.0 2.9 to 52.0
u, mm~! 0.423 0.320 0.339
F(000) 648 656 1800

no. of obsd reflns 5483 6072 9263

no. of params refnd 369 388 532
goodness of fit 0.991 1.002 1.029

R1 0.049 0.062 0.062
wR2 0.124 0.159 0.171

6.9 Hz, 1H, fluorenyl), 7.84 (d, J = 6.9 Hz, 1H, fluorenyl), 7.60 (t,
J = 6.9 Hz, 2H, fluorenyl), 7.20 (m, 4H, fluorenyl), 4.54 (d, 2Ju_p
= 9.3 Hz, 1H, fluorenyl), 3.14 (m, 2H, NCH(CH3),), 1.08 (brs,
6H, NCH(CH3),), 0.61 (brs, 6H, NCH(CHj3),). >C NMR (C¢Dg):
0 143.1, 142.1, 127.1, 127.0, 126.7, 120.2, 54.6 (d, 'J_p = 44.0
Hz) (C3Hy), 50.1 (br), 46.9 (br) (N(CH(CHj3),), 31.9, 23.0, 14.5,
1.61 (NCH(CH3),). *'P{'"H} NMR (C¢Dg): 0 134.2. IR (KBr,
cm™b): v 3058 (br), 2966 (vs), 2928 (vs), 1443 (vs), 1364 (s), 1148
(vs), 1117 (vs), 1009 (s), 960 (vs), 867 (m), 793 (s), 743 (vs). Anal.
Calcd for C9Hp3CINP (2): C, 68.77; H, 6.99; N, 4.22. Found: C,
68.56; H, 6.63; N, 4.40.

Preparation of (C13Hy)(‘Pr,N)P(C,B,Hj,) (3). A Et,0 solution
(30 mL) of 2 (3.32 g, 10.0 mmol) was added dropwise to a
suspension of Li,C,BoH;o (10.0 mmol) in toluene/Et,O (2:1, v/v,
30 mL) at —78 °C. The reaction mixture was then stirred at room
temperature overnight. After addition of an aqueous solution (30
mL) of Me;NHCI (1.91 g, 20.0 mmol), the organic layer was
separated, washed with water (10 mL x 1) and subsequently a
saturated solution of NaCl (10 mL x 1), and dried with anhydrous
Na,SO,. Removal of the solvents afforded a pale yellow solid.
Recrystallization from n-hexane gave 3 as colorless crystals (2.64
g, 60%). "H NMR (Cg¢Dg): 0 8.11 (d, J = 9.0 Hz, 1H, fluorenyl),

7.56 (d, J = 6.9 Hz, 2H, fluorenyl), 7.21 (m, 3H, fluorenyl), 7.05
(m, 2H, fluorenyl), 4.33 (s, 1H, fluorenyl), 3.32 (br, 1H, cage CH),
2.37 (m, 2H, NCH(CHs;),), 0.13 (d, J = 6.0 Hz, 6H, NCH(CH3),),
—0.20 (d, J = 6.0 Hz, 6H, NCH(CHj5),). *C NMR (C¢Dg): 0 142.6,
142.0, 140.3, 128.7, 127.9, 127.2, 127.1, 126.5, 126.3, 126.2, 120.1,
119.4,44.4 (d, 'J_p = 55.6 Hz) (C 3Hy), 79.2 (d, 'J_p = 56.9 Hz),
67.9 (cage C), 52.7 (br), 50.7 (br) (NCH(CHz;)y), 25.0, 24.1, 21.1,
20.8 (NCH(CHj3),). ""B{"H} NMR (C¢D): 0 —0.7 (3B), —6.4 (1B),
—7.9 (2B), —10.8 (2B), —12.7 (2B). >'P{'H} NMR (C¢D¢): 6 85.6.
IR (KBr, cm™"): v 2594 (vs) (B—H). Anal. Calcd for C»;H3,B (NP
(3): C, 57.38; H, 7.80; N, 3.19. Found: C, 57.12; H, 7.61; N, 2.96.

Preparation of (C3Ho)(‘Pr,N)P(=0)(C;B19H;) (4). An excess
amount of hydrogen peroxide (30% aqueous solution, 2.0 mL, 17.0
mmol) was added to a toluene solution (10 mL) of 3 (439 mg, 1.0
mmol) at room temperature, and the mixture was stirred for two
days. The organic layer was collected and washed with a saturated
solution of NayS,05 (15 mL x 2), NaHCO; (15 mL x 2), and
NaCl (20 mL x 2), respectively. Removal of the solvent afforded
a white solid. Recrystallization from toluene gave 4 as colorless
crystals (344 mg, 85%). "H NMR (C¢Dg): 6 8.35 (d, J = 6.0 Hz,
1H, fluorenyl), 7.96 (d, J = 7.8 Hz, 1H, fluorenyl), 7.49 (m, 2H,
fluorenyl), 7.20 (m, 2H, fluorenyl), 6.99 (m, 2H, fluorenyl), 4.61
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(br, 1H, cage CH), 4.53 (d, 2Ju_p = 23.4 Hz, 1H, fluorenyl), 2.81
(m, 2H, NCH(CH3),), 0.90 (d, J = 6.0 Hz, 6H, NCH(CH3),), 0.10
(d, J = 6.0 Hz, 6H, NCH(CHj3),). ">C NMR (C¢Dg): 6 143.8, 141.5,
138.5, 130.5, 127.8, 127.1, 125.7, 120.3, 119.4, 52.2 (d, 'J_p =
47.4 Hz) (Cy3Hy), 76.4 (d, 'J_p = 54.6 Hz), 65.8 (cage C), 47.8
(br) (NCH(CHs),), 30.1, 22.5 (NCH(CH3),). ''B{'H} NMR (C¢Dg):
6 —0.8 (1B), —3.0 (IB), —7.6 (1B), —8.6 (1B), —13.4 (6B).
3TP{'H} NMR (C¢Dg): 6 31.8. IR (KBr, cm ™ '): v 2596 (vs) (B—H),
1369 (s) (P=0). Anal. Calcd for C,;H34B(NOP (4): C, 55.36; H,
7.52; N, 3.07. Found: C, 55.15; H, 7.60; N, 2.98.

Preparationof[o:0-(C; 3Hg)(‘PryN)P(-0)(C3B1gH10)1Zr(NMe,)-
(THF) - THF (5-THF). A toluene solution (10 mL) of 4 (455 mg,
1.0 mmol) was slowly added to a toluene solution (10 mL) of
Zr(NMe,), (267 mg, 1.0 mmol) at —78 °C, and the reaction mixture
was slowly warmed to room temperature and stirred for 3 h. After
removal of the solvent, the residue was extracted with a mixed
solvent of THF/n-hexane (2:1, v/v, 10 mL x 2). The organic
solutions were combined and concentrated to dryness, affording a
pale yellow solid. Recrystallization from THF/n-hexane at —30 °C
gave 5+ THF as pale yellow crystals (396 mg, 51%). 'H NMR
(C¢Dg): 0 8.77 (d, J = 7.8 Hz, 1H, fluorenyl), 8.32 (m, 2H,
fluorenyl), 7.75 (m, 1H, fluorenyl), 7.66 (t, J = 7.8 Hz, 1H,
fluorenyl), 7.33 (t, J = 7.8 Hz, 1H, fluorenyl), 7.18 (m, 2H,
fluorenyl), 3.72 (m, 2H, NCH(CH3),), 3.66 (m, 8H, THF), 2.53 (s,
6H, N(CHs),), 1.75 (s, 6H, N(CHs),), 1.66 (m, 8H, THF), 1.25 (d,
J = 6.6 Hz, 6H, NCH(CHs),), 0.83 (d, J = 6.6 Hz, 6H,
NCH(CHs),). ">C NMR (C¢Dg): 6 144.2, 138.9, 132.2, 130.4, 124.9,
121.2, 120.8, 119.6, 117.9, 116.9, 116.7, 72.8 (d, "J_p = 159.0
Hz) (Cy3Hy), 95.0, (cage C), 67.9, 22.9 (THF), 48.6 (br), 37.9 (br)
(NCH(CH3),), 41.4, 40.5 (N(CH3)), 31.8, 25.7, 23.7, 22.7
(NCH(CH3),). ""B{'H} NMR (C¢Dg): 6 —2.0 (1B), —0.1 (2B),
—2.8 (2B), —6.1 (2B), —7.3 (1B), —10.6 (2B). *'P{'H} NMR
(C¢Dg): 0 48.1. IR (KBr, cm ): v 2568 (vs) (B—H). Anal. Calcd
for C31H56B10N302_5PZI" (5 + OSTHF) C, 5024, H, 762, N, 5.67.
Found: C, 50.19; H, 7.50; N, 5.52.

Preparation of [7':5°-(C13Hy)(‘Pr,N)P(=0)(C,BoH;o)]Zr-
(NMe;); (6). A toluene solution (20 mL) of 5§ (398 mg, 0.5 mmol)
and Me,NH (0.15 mL, 2.3 mmol) in a sealed Schlenk flask was
heated to 80 °C for 10 h to give a clear orange solution, which
was concentrated to about 8 mL. n-Hexane diffusion into the
resulting solution over a week gave 6 as yellow crystals (181 mg,
58%). '"H NMR (C¢Dg): 0 8.09 (d, J = 7.8 Hz, 1H, fluorenyl),
7.93 (d, J = 6.0 Hz, 1H, fluorenyl), 7.42 (m, 2H, fluorenyl), 7.12
(m, 3H, fluorenyl), 6.92 (t, / = 6.0 Hz, 1H, fluorenyl), 5.10 (d,
"Ju—p = 15.9 Hz, 1H, fluorenyl), 3.36 (s, 6H, N(CH3),), 3.10 (s,
6H, N(CHj3),), 2.65 (m, 2H, NCH(CHj3),), 0.52 (d, J = 6.0 Hz,
6H, NCH(CHjs),), —0.15 (d, J = 6.0 Hz, 6H, NCH(CHs),). *C
NMR (C¢Dg): 6 143.2, 142.4, 137.3, 136.7, 127.1, 120.1, 48.9 (d,
'J_p = 74.0 Hz) (C13Hy), 89.0 (cage C), 48.0 (br) (NCH(CH3)),
50.6, 47.0 (N(CHs),), 31.7, 23.0, 22.2, 21.3 (NCH(CH3),). ''B{'H}
NMR (CgDg): 6 7.4 (1B), —1.3 (4B), —12.5 (3B), —17.7 (1B).
3TP{'H} NMR (C¢Dg): 6 70.0. IR (KBr, cm ™ '): v 2531 (vs) (B—H),
1435 (s) (P=0). Anal. Calcd for C,5H4sB9gN3;OPZr (6): C, 48.19;
H, 7.28; N, 6.74. Found: C, 48.21; H, 7.33; N, 6.81.

Alternate Method. Complex 6 was also prepared in 55% isolated
yield from 4 (455 mg, 1.0 mmol) and Zr(NMe,), (267 mg, 1.0
mmol) in a sealed Schlenk flask in refluxing toluene (20 mL) using
the same procedures mentioned above.

Preparation of [5":%5-(C;3Ho)(‘ProN)P(=0)(C,BoH )] Ti-
(NMe,), - CH3CN (7 CH3CN). A toluene solution (10 mL) of 4
(455 mg, 1.0 mmol) was slowly added to a toluene solution (10
mL) of Ti(NMe,)s (225 mg, 1.0 mmol) at room temperature with
stirring. The reaction mixture was then heated to reflux overnight
to give a dark red solution. Removal of the solvent yielded a dark
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red solid. Recrystallization from toluene/CH;CN afforded 7 + CH;CN
as red crystals (372 mg, 60%). '"H NMR (C¢Dg): 6 8.11 (d, J =
7.8 Hz, 1H, fluorenyl), 7.95 (d, J = 6.0 Hz, 1H, fluorenyl), 7.41
(m, 2H, fluorenyl), 7.10 (m, 3H, fluorenyl), 6.95 (t, J = 6.0 Hz,
1H, fluorenyl), 5.11 (d, "u_p = 18.0 Hz, 1H, fluorenyl), 3.64 (s,
3H, N(CH3),), 3.60 (s, 3H, N(CHs),), 3.31 (s, 3H, N(CHj3),), 3.22
(s, 3H, N(CH3),), 2.79 (m, 2H, NCH(CHs),), 1.55 (s, 3H, CH5CN),
0.54 (d, J = 6.0 Hz, 6H, NCH(CHs3),), —0.22 (d, J = 6.0 Hz, 6H,
NCH(CH3),). "?C NMR (CgDg): 0 143.2, 142.4,137.3,136.7, 127.1,
120.1, 48.9 (d, 'J_p = 74.9 Hz) (C,3Hy), 119.0 (CH3CN), 91.0 (cage
C), 48.1 (br) (NCH(CHs),), 50.7, 50.5, 47.6, 47.0 (N(CHz),), 31.9,
23.1, 22.2, 21.0 (NCH(CH3),), 1.29 (CH;CN). "'B{'H} NMR
(CeDg): 0 7.9 (1B), —1.6 (4B), —12.7 (3B), —17.9 (1B). *'P{'H}
NMR (CgDg): 6 70.6. IR (KBr, cm™"): v 2536 (vs) (B—H), 1445
(s) (P=0). Anal. Calcd for CycHu65B9N3sOPTi (7 + 0.5CH3;CN):
C, 52.02; H, 7.81; N, 8.17. Found: C, 52.11; H, 7.93; N, 7.99.

Preparation of {[n":5°-(C13Hg)(‘Pr,N)P(=0)(C,BoH )] Ti-
[(NMe)>1}{(17°-C¢Dg),K}  CsDg (8 Cg¢Dg). An NMR tube was
loaded with 7 (43 mg, 0.07 mmol) and C¢Dg (0.8 mL). KH (4.0
mg, 0.10 mmol) was added to the NMR tube at room temperature
in a glovebox. The reaction mixture was heated at 80 °C for one
day, leading to a deep red solution with a gray precipitate. Removal
of the precipitate gave a clear red solution. Complex 8+ CsDs was
isolated as red crystals after this solution stood at room temperature
for 12 h (20 mg, 32%). 'H NMR (C¢Ds): 0 8.77 (d, J = 8.1 Hz,
1H, fluorenyl), 8.65 (d, J = 8.1 Hz, 1H, fluorenyl), 8.00 (d, J =
7.2 Hz, 1H, fluorenyl), 7.89 (d, J = 7.2 Hz, 1H, fluorenyl), 7.77 (t,
J = 8.1 Hz, 1H, fluorenyl), 7.35 (t, J = 7.2 Hz, 1H, fluorenyl),
6.99 (m, 2H, fluorenyl), 3.79 (s, 6H, N(CHs),), 3.43 (s, 6H,
N(CHj3),), 3.22 (m, 2H, NCH(CHs),), 0.93 (d, J = 6.9 Hz, 6H,
NCH(CH3),), 0.71 (d, J = 6.9 Hz, 6H, NCH(CH3),). ''B{'H} NMR
(CsDg): 0 3.9 (1B), —4.4 (3B), —6.6 (1B), —15.2 (3B), —20.8 (1B).
3P{'H} NMR (C¢Ds): 6 54.8. IR (KBr, cm™"): v 2550 (vs) (B—H),
1431 (m) (P=0). Anal. Calcd for C3;H44B9D,KN;OPTi (8): C,
56.53; H, 8.72; N, 5.35. Found: C, 56.35; H, 8.53; N, 5.31.

X-ray Structure Determination. All single crystals were
immersed in Paraton-N oil and sealed under N, in thin-walled glass
capillaries. Data were collected at 293 K on a Bruker SMART 1000
CCD diffractometer using Mo Ka radiation. An empirical absorp-
tion correction was applied using the SADABS program.”® All
structures were solved by direct methods and subsequent Fourier
difference techniques and refined anisotropically for all non-
hydrogen atoms by full-matrix least-squares calculations on F? using
the SHELXTL program package.?! All hydrogen atoms were
geometrically fixed using the riding model. Crystal data and details
of data collection and structure refinements are given in Tables 2
and 3. Selected bond distances and angles are compiled in Table
1. Further details are included in the Supporting Information.
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