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The first examples of mononuclear, structurally characterized triarylphosphine complexes of zirconium and hafnium
are reported. The metathetical reactions of MCI(THF), (M = Zr, Hf) with [PINP]LI(THF), ([PNP]- =
N-(2-(diphenylphosphino)phenyl)-2,6-diisopropylanilide) or [MeNP]Li(THF), ((MeNP]~ = N-(2-(diphenylphosphino)-
phenyl)-2,6-dimethylanilide) in toluene at —35 °C produced the corresponding [PrNP]MCIs(THF) and [MeNP],MCl,,
respectively, in high yield. In contrast, attempts to prepare [MeNP]MCly(THF) and [PrNP],MCl; led to the concomitant
formation of mono- and bis-ligated complexes, from which purification proved rather ineffective. The solution and
solid-state structures of [PrNPJMCI3(THF) and [MeNP];MCl, were studied by multinuclear NMR spectroscopy and
X-ray crystallography. The geometry of these six-coordinate complexes is best described as a distorted octahedron
in which the chloride ligands in [PrNP]MCI3(THF) adopt a virtually meridional coordination mode whereas those in
[MeNP],MClI; are trans to each other.

Introduction than more frequently encountered displacement of the
dinitrogen ligand may become feasi8i¥. One notable
drawback in this ligand system, however, is perhaps the
participation of the—CH,SiMe,— backbone under certain
circumstance$’ To diminish the possibility of such undesired
reactivity, we have recently developed a series oof
phenylene-derived amidgphosphine ligands (Figure 1) that
are relatively more rigid and robust, as has been demonstrated
in the group 10 metal chemist#y.2* In an effort to extend
the territory of ligands of this type involving early transition
metals and to pursue our interests in dinitrogen fixation
chemistry, we have set out to prepare group 4 metal
* Author to whom correspondence should be addressed. E-mail: complexes and study their reactlylty. In.thl.s contrlbutlon,
Icliang@mail.nsysu.edu.tw. Fax-886-7-5253908. we aim to demonstrate the synthetic possibility and establish
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The search for appropriate methods to effectively activate
and/or functionalize dinitrogen under mild conditions has
continued to attract considerable attention in recent yeérs.
Significant progress has been made, particularly in the past
decade, with metal complexes incorporating (chelating)
amid€—® or cyclopentadieny?!! ligands. For instance,
Fryzuk and co-workers have shown that zirconium com-
plexes supported by multidentate amido phosphine ligands
that contain the—CH,SiMe,— backbone are capable of
dinitrogen activatiort?-1® from which hydrogenation rather
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assign one of these compounds as the expe@edRLMCI,
on the basis of thé'P{*H} NMR spectroscopic data (M

NO Zr, 13.15 ppm; M= Hf, 10.61 ppm) comparable to those of

the corresponding [MeNBRYICI, (vide infra).

PR PR, Yellow crystals of [PrNP]ZrCk(THF) suitable for X-ray
diffraction analysis were grown from a concentrated diethyl
ether solution at—35 °C. Crystallographic details are
summarized in Table 1. As illustrated in Figure 2, this
compound is a six-coordinate species with the zirconium
center being surrounded by orflerNP]", one THF, and three
Figure 1. o-Phenylene-derived chelating amigphosphine ligands. chloride ligands. The geometry at zirconium is best described
as a distorted octahedron in which the three chloride ligands
are virtually in a meridional coordination mode. The
coordinated THF molecule is approximately trans to the
amido nitrogen donor with the ©Zr—N angle of 154.5.26
fSurprisingly, the zirconium atom is severely displaced from
the mean N-phenylene-P plane by 0.9533 A8 although
all bond distances in this molecule are well within the
expected values. The ZP distance of 2.775 A (average)
Results and Discussion is comparable to those found in the trialkylphosphine

. . . _ complexes of zirconium such as ZpBJ*-N(SiMe,CH;-
Addition of 1 equiv of [PrNP]Li(THF )2 to ZrCly(THF),** PM 2 7982 A averaa® and [(PIN-0-CeH,).01Zr (12
suspended in toluene at35 °C led to the formation of &)z (2. verage) | sH)20121(7

i . i CH.CMey)(PM 2.7965 A average’® The deviation of
[[lPrNP]ZrCk(THF) as yellow crystals in 72% yield. An 2CMe;)(PMes), ( veragey. viati

. . . zirconium from the N-phenylene-P plane is thus due likely
analogous react;on (lamploylng Hﬁ(IHF)2i24y|eIded [PrNP]- to either the relatively large zirconium size with respect to
HICI{THF). The*A{*H} NMR spec’Fra Of PrNP]ZCh(THF) the rigid amido phosphine ligand or the intramolecularly
and [PrNP]HCL(THF) reveal a singlet resonance for the steric repulsion arising from the bulk{PfNPT substituents.
phosphorus donor at 1.95 and 4.09 ppm, respectively. These, . result, the bite angle of the amido phosphine ligand of

signals are shifted relatively downfield from those of -, o (avera T i
: ;- : ) _ . g€¥f in ['PrNP]ZrCk(THF) is significantly
HLPrNP] (-20.11 ppm) and 'PrNPILI(THF), (~11.99 smaller than those of other metal derivatives &FINP]

m)23 consistent with the phosphorus coordination to the : i -

grt)act)ron—defilcient g;,\r/(ljup 4 mpetalg TF;Jd NMR Ispe::tra of reported previously, e.gAMNPINICI(PMe) (85.21(9))"

[(PINPIZICKTHF) and [PrNP]Hfbb(THF) indicate the and [PrNP]ZnEt (85.04(12),% and the closely related
£1 v of dinated THF molecule. As noted ZrCly[#%-N(SiMe;,CH,PMey),]» (77.465 average}’ Never-

E:g\sli%rlljcs?yoin theeqiglrvN%]Pzﬁ(rar:qisatr?/ of the 2;?;3@ ?eng € theless, the amido nitrogen donor remains planar, as indicated

. - ) 97 Py the sum of the bond angles of 360

Li, Al, and Zn}325and late transition metals (e.g., Ni and . . . .

Pd);*?!the twc))2 isopropy! groups iﬁFPFNP]ZeréTI-?F) and t'T“ﬁF estlr;gly, the re?Ct;orl\'ASG(;_fl_Hé)eNmL'(T'_Z'P J m’;h'a

L . . X stoichiometric amount o 2 = Zr, in

['PrNIT]Hft(;lgl(THI_:)tgre chedmlc:llly etqw_valent, _znd thg tl)sot-h toluene at-35 °C produced a mixture of products. THE-

propyImetnyl moleties are diastereotopic as evidenced by e{ H} NMR spectroscopic data of the reaction aliquots are

1 1 i ici i -
.H and**C NMR spect_roscopy. This phenomenon IS indica consistent with the concomitant generation of [MeNP]MCI
tive of restricted rotation about the-Mr bond due likely (THF) (M = Zr, 1.70 ppm; M= Hf, 3.90 ppm) and the

Loe:tf i\t;g; C{g\;\gdlr:% Ii:r%?rsl\?g]:lz/)l%:tlh?rso(ﬁrt%%yle?ct:isc?r; bis-ligated [MeNPJMCIl,. This result is in contrast to that
: P prep 2 observed from 'PrNP]" due to the smaller size of the

of MCI4(THF), (M = Zr, Hf) with 2 equiv of [PrNP]Li- [ L :
- MeNP]~ ligand than for former. Consistently, treatment of
(THF), produced the correspondin@fNP]MCL(THF), even MCl(THF), (M = Zr, Hf) with 2 equiv of [MeNP]LI(THF)

aft:,;r alr]nzzte{;ded perltt)d d oéPtIT: ' 6I:I||c\)/ln|3 with t? few new under similar conditions afforded the corresponding [MeNP]
compo suggeste {*H} SPECIroscopy. MCI; quantitatively. The phosphorus donors in [MebITI,

e e eacion ot Can be o and eNFIHIC) sppear s  snge resonance n
yp y ' Y {*H} NMR spectroscopy at 12.28 and 10.46 ppm, respec-
(22) Only four structures of triarylphosphine complexes of group 4 metals t'Vely' 'nd'cat'ng an intramolecular symmetry for the two

are available from Cambridge Structure Database; see: Cotton, F. A.; [MeNP]~ ligands on the NMR time scale. THel and'3C-

Kibala, P. A.Acta Crystallogr., Sect. C: Cryst. Struct. CommL891, 1
47, 270. Willoughby, C. A.; Duff, R. R., Jr.; Davis, W. M.; Buchwald, {*H} NMR spectra of [MeNPrCl, and [MeNP}HfCI,
S. L. Organometallics1996 15, 472. Hu, W. Q.; Sun, X. L.; Wang,

C.; Gao, Y.; Tang, Y.; Shi, L. P.; Xia, W.; Sun, J.; Dai, H. L.; Li, X. (26) This corresponds to the average value calculated from the two

R PR, NR’
Q R
N p”
©) AN
R
R

[NPT [PNPT [PNN]

R

Ligands used in this study:
[Pr-NP]; R =Ph,R' ='Pr
[Me-NP]’; R = Ph, R'= Me

complexes containing bidentate diarylamigghosphine
ligands N-(2-(diphenylphosphino)phenyl)-2,6-diisopropyl-
anilide ([PrNPT) andN-(2-(diphenylphosphino)phenyl)-2,6-
dimethylanilide ((MeNPT). To the best of our knowledge,
compounds described herein represent the first examples o
mononuclear, structurally characterized zirconium and hafni-
um complexes of triarylphosphines reported to date.

Q.; Yao, X. L.; Wang, X. ROrganometallic2004 23, 1684. Priya, independent molecules found in the asymmetric unit cellRiNP]-
S.; Balakrishna, M. S.; Mague, J. Them. Lett2004 33, 308. ZrCl3(THF).
(23) Liang, L.-C.; Lee, W.-Y.; Hung, C.-Hnorg. Chem2003 42, 5471. (27) Fryzuk, M. D.; Williams, H. D.; Rettig, S. Jnorg. Chem1983 22,
(24) Manzer, L. Elnorg. Synth.1982 21, 135. 863.
(25) Liang, L.-C.; Huang, M.-H.; Hung, C.-Hhorg. Chem2004 43, 2166. (28) Baumann, R.; Stumpf, R.; Davis, W. M.; Liang, L.-C.; Schrock, R.
Lee, W.-Y.; Liang, L.-C.Dalton Trans.2005 1952. R.J. Am. Chem. S0d.999 121, 7822.
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Table 1. Crystallographic Data forPrNP]ZrCk(THF), [MeNPLZrCly, and [MeNP}HfCl,

{[MeNPLZrCl,} THF

[MeNPLHfCl,

param {['PrNP]ZrCh(THF)} 2(THF)

formula GraHgeCleN203P2Zr2

fw 1484.51

Deaic (g cn3) 1.298

cryst system triclinic

space group P1

a(h) 11.1870(4)

b (A) 17.3430(7)

c(A) 20.1670(8)

a (deg) 97.629(2)

p (deg) 97.176(2)

y (deg) 98.1730(10)

V (R3) 3797.2(3)

z 2

T(K) 100(2)

diffractometer Kappa CCD

radiatn, | (A) Mo Ka, 0.710 73

20max (deg) 50.22

tot. reflcns 37 959

indepndt reflcns 12 513

Rint 0.0998

abs coeff (mm?) 0.571

data/restraints/params 12 513/0/744

goodness of fit 1.052

final R indices [ > 2s()] R1=0.0922
wR2=0.2570

R indices (all data) R+ 0.1716
wR2=0.3161

C55H54CI2NZOPZZr C52H46C|2N2P2Hf
995.07 1010.24
1.368 1.512
monoclinic monoclinic
P2i/c C2lc
13.8730(4) 14.9060(2)
18.9470(6) 18.9720(4)
18.4460(7) 16.3230(3)
20 90
94.8800(10) 105.9330(10)
90 90
4831.0(3) 4438.75(14)
4 4
100(2) 100(2)
Kappa CCD Kappa CCD

Mo Ka, 0.710 73
50.10

Mo Ka, 0.710 73
50.02

29174 19512

8457 3914
0.0867 0.0794
0.447 2.581

8457/0/578 3914/0/267

1.169 1.237
R1=0.0761 R1= 0.0247
wR2=0.1701 wR2=0.0704
R1=0.1267 R1=0.0304
WR2=0.2132 wWR2=0.0904

reveal a singlet resonance for tbemethyl substituents, a

basis of the NMR investigation, assuming that both molecules

phenomenon that may be ascribed to a rapid rotation aboutcontain an octahedral core. Figure 3 illustrates the possible
the N—Ar bonds. In principle, four possible stereocisomers structures; however, it is relatively inconclusive to distinguish
(and their corresponding enantiomers) can be deduced forone from another with the NMR data alone. We thus chose
the solution structures of these 6-coordinate species on theto examine their solid-state structures by X-ray crystal-

Figure 2. Molecular structure of PrNP]ZrCk(THF) with thermal el-

lipsoids drawn at the 35% probability level. The asymmetric unit cell
contains two independenPfNP]ZrCk(THF) molecules and one unbound
THF; only one [PrNP]ZrCk(THF) is presented for clarity. Selected bond

distances (A) and angles (deg): Zry(1) 2.085(7), Zr(1¥0(1) 2.260-
(6), Zr(1-CI(3) 2.425(2), Zr(1yCl(2) 2.427(2), Zr(1)-CI(1) 2.454(2), Zr-
(1)—P(1) 2.786(3), Zr(2yN(2) 2.095(8), Zr(2)-0O(2) 2.274(6), Zr(2)-CI(5)
2.413(3), Zr(2y-CI(6) 2.426(3), Zr(2)-Cl(4) 2.446(2), Zr(2)-P(2) 2.764-
(2); N(1)—Zr(1)—0(1) 155.6(3), N(1)Zr(1)—CI(3) 98.7(2), O(1) Zr(1)—
CI(3) 86.79(17), N(1)}Zr(1)—Cl(2) 114.4(2), O(1)Zr(1)—Cl(2) 88.79(17),
CI(3)—Zr(1)—ClI(2) 92.70(8), N(1)y-Zr(1)—CI(1) 87.6(2), O(1y Zr(1)—ClI-
(1) 82.18(17), CI(3)Zr(1)—ClI(1) 165.21(9), ClI(2)-Zr(1)—CI(1) 96.87-
(8), N(1y-Zr(1)—P(1) 72.0(2), O(LyZr(1)—P(1) 84.73(16), CI(3YZr(1)—
P(1) 86.84(8), Cl(2yZr(1)—P(1) 173.52(8), Cl(XyZr(1)—P(1) 82.37(8),
N(2)—2Zr(2)—0(2) 153.4(3), N(2) Zr(2)—CI(5) 116.6(2), O(2)y Zr(2)—ClI-
(5) 89.11(18), N(2)Zr(2)—ClI(6) 97.6(2), O(2)-Zr(2)—Cl(6) 87.36(17),
CI(5)—2r(2)—ClI(6) 92.30(9), N(2)-Zr(2)—Cl(4) 87.9(2), O(2)-Zr(2)—ClI-
(4) 82.72(17), CI(5)Zr(2)—Cl(4) 95.28(9), ClI(6)-Zr(2)—Cl(4) 167.40-
(9), N(2-Zr(2)—P(2) 71.9(2), O(2) Zr(2)—P(2) 82.36(17), CI(5) Zr(2)—
P(2) 171.45(9), ClI(6)Zr(2)—P(2) 86.82(8), Cl(4)Zr(2)—P(2) 84.19(8).

lography.
cl cl N2 p2
N%,, ‘ wP? P, ‘ NP2, | wCl o N%, ’ Cl
N ’ e e ‘ e P1/’ o N | o
cl cl N’ P!
I I 1l v

Figure 3. Possible stereoisomers for [NRICI,, where NP* (x = 1, 2)
represents the chelating amigphosphine ligands.

Single crystals of [MeNRErCl, and [MeNP}HfCI, suit-
able for X-ray diffraction analysis were grown by layering
diethyl ether on a concentrated THF solution-&5 °C. As
depicted in Figures 4 and 5, both structures correspond to
the stereoisomer | in which the two chloride ligands are
virtually trans to each other whereas the two phosphorus
donors (and the two nitrogen donors) are cis. A similar
phenomenon was also reported for the closely related
ZrCl[n?>-N(SiMe;CH,PMey),) .27 Although [MeNP}ZrCl,
and [MeNP}HfCI, are isostructural, the space group of the
former, which cocrystallizes with 1 equiv of unbound THF
molecule, isP2;/c while that of the latter, without incorporat-
ing any solvent, i<C2/c. Similar to those found in'PrNP]-
ZrCly(THF), all bond distances in [MeNErCl, and [MeNP}-
HfCl, are well comparable to the expected values and the
metal center is significantly displaced from the corresponding
mean N-phenylene-P planes by 0.8243 and 0.7542 A for
Zr and 0.7104 and 0.7104 A for Hf. The average bite angle
of the amide-phosphine ligands of 71.48 [MeNP],ZrCl,
and 72.88 in [MeNPHfCI, is similar to that found in

Inorganic Chemistry, Vol. 44, No. 14, 2005 5149



Figure 4. Molecular structure of [MeNBErCl, with thermal ellipsoids
drawn at the 35% probability level. One unbound THF molecule found in
the asymmetric unit cell is omitted for clarity. Selected bond distances (A)
and angles (deg): Zr(¥)N(1) 2.132(5), Zr(1}N(2) 2.140(5), Zr(1)-Cl-

(2) 2.4497(16), Zr(1}CI(1) 2.4507(15), Zr(1yP(1) 2.7993(16), Zr(ty
P(2) 2.8017(18); N(1)Zr(1)—N(2) 130.14(19), N(1)Zr(1)—CI(2) 97.22-
(13), N(2)-Zr(1)—CI(2) 88.50(14), N(1}Zr(1)—Cl(1) 90.78(13), N(2)y
Zr(1)—CI(1) 97.38(14), CI(2yZr(1)—CI(1) 163.48(6), N(1)Zr(1)—P(1)
71.41(13), N(2)-Zr(1)—P(1) 158.45(14), Cl(2yZr(1)—P(1) 88.85(5), Cl-
(1)—Zr(1)—P(1) 80.00(5), N(1}Zr(1)—P(2) 158.16(13), N(2yZr(1)—P(2)
71.55(14), CI(2y-Zr(1)—P(2) 79.02(5), CI(L)yZr(1)—P(2) 88.18(5), P()
Zr(1)—P(2) 86.94(5).

Figure 5. Molecular structure of [MeNBHfCI, with thermal ellipsoids

Chien and Liang

of 130.14(19) for M = Zr and 126.52(16)for M = Hf is
thus considerably larger than the correspondirdg/P-P of
86.94(5) and 87.94(8) respectively.

Conclusions

In summary, we have prepared a series of diarylamido
phosphine complexes of zirconium and hafnium and estab-
lished their structural characterization by means of solution
NMR spectroscopy and X-ray crystallography. These com-
pounds represent the rarely encountered triarylphosphine
complexes of group 4 metals. Studies involving the reduction
chemistry of these molecules will be the subjects of further
reports.

Experimental Section

General ProceduresUnless otherwise specified, all experiments
were performed under nitrogen using standard Schlenk or glovebox
techniques. All solvents were reagent grade or better and purified
by standard methods. The NMR spectra were recorded on Varian
instruments. Chemical shift®)) are listed as parts per million
downfield from tetramethylsilane, and coupling constad)s i6
hertz.'H NMR spectra are referenced using the residual solvent
peak at 7.16 for GDs. 13C NMR spectra are referenced using the
residual solvent peak @t128.39 for GDe. The assignment of the
carbon atoms for all new compounds is based on the DEBT
NMR spectroscopy3!P NMR spectra are referenced externally
using 85% HPO, atd 0. Routine coupling constants are not listed.
All NMR spectra were recorded at room temperature in specified
solvents unless otherwise noted. Elemental analysis was performed
on a Heraeus CHN-O Rapid analyzer. Attempts to obtain satisfac-
tory analysis were hampered due to extreme air- and moisture-
sensitivity of these molecules.

Materials. Compounds!PrNP]Li(THF),,2% [MeNP]Li(THF),,1°
and MCl(THF), (M = Zr, Hf)2* were prepared according to the
procedures reported previously. All other chemicals were obtained
from commercial vendors and used as received.

X-ray Crystallography. Data for compound<RrNP]ZrCk(THF),
[MeNP1ZrCl,, and [MeNP}HfCIl, were collected on a Bruker-
Nonius Kappa CCD diffractometer with graphite-monochromated
Mo Ka radiation § = 0.7107 A). Structures were solved by direct
methods and refined by full-matrix least-squares procedures against
F2 using WinGX crystallographic software package. All full-weight

drawn at the 35% probability level. Selected bond distances (A) and angles non_hydrogen atoms were refined anisotropica”y. Hydrogen atoms

(deg): Hi(L)-N(L) 2.127(3), Hi(1)>-N(1A) 2.127(3), Hi(1)}-CI(2A) 2.4170-
(9), Hi(1)—CI(2) 2.4170(9), Hi(1}-P(1A) 2.7736(9), Hf(1}-P(1) 2.7736-
(9); N(1)—Hf(1)—N(1A) 126.52(16), N(1}Hf(1)—CI(2A) 95.67(8), N(1A)-

Hf(1)—CI(2A) 91.70(8), N(L)-Hf(1)—CI(2) 91.70(8), N(1A}-Hf(1)—CI(2)

95.67(8), CI(2A)-Hf(1)—CI(2) 163.58(5), N(1}Hf(1)—P(1A) 160.40(8),
N(LA)—Hf(1)—P(LA) 72.88(8), CI(2A)-Hf(1)—P(1A) 79.52(3), CI(2)-Hf-

(1)-P(1A) 88.64(3), N(1}Hf(1)—P(1) 72.88(8), N(1AYHf(1)—P(1)
160.40(8), CI(2AY-Hf(1)—P(1) 88.64(3), CI(2Hf(1)—P(1) 79.52(3),
P(LA)-Hf(1)—P(1) 87.94(4).

[[PrNP]ZrCk(THF). Interestingly, the two Nphenylene-P
planes in [MeNPJMCI, are nearly parallel to each other as
evidenced by the dihedral angle of 8.5 and 2Xd¥ M =
Zr and Hf, respectively, leading to a stairlike conformation
for the [Me-NP}M moiety. Nevertheless, the metal center

were placed in calculated positions. The crystals &NP]-
ZrCl3(THF) and [MeNP}ZrCl, were of poor quality but sufficient
to establish the identity of these molecules.

Synthesis of [PrNP]ZrCl 3(THF). Solid ZrClL(THF), (200 mg,
0.53 mmol) was suspended in toluene (2 mL) and cooled 36
°C. To this was added a toluene solution (4 mL) @&frNP]Li-
(THF), (311 mg, 0.53 mmol) at-35 °C dropwise. After being
stirred at room temperature for 2 h, the reaction mixture was filtered
through a pad of Celite followed by evaporation to dryness under
reduced pressure. The solid thus obtained was recrystallized from
diethyl ether at—35 °C to afford the product as yellow crystals
suitable for X-ray diffraction analysis. Yield: 270 mg (72%
NMR (C¢Ds, 500 MHz): 6 7.74 (t, 4, Ar), 7.31 (s, 3, Ar), 7.07 (m,
7, Ar), 6.93 (t, 1, Ar), 6.59 (t, 1, Ar), 6.21 (dd, 1, Ar), 4.12 (m, 4,

lies perfectly on the square plane defined by the four donor OCH,CH;), 3.76 (septet, 2, BMey), 1.55 (d, 6, CHiley), 1.11 (m

atoms of the two amido phosphine ligands (deviation of
0.0167 A for Zr and 0 A for Hf). With cis amido donors
bearing theo-dialkylphenyl substituent, the NM—N angle
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4, OCHCH,), 1.02 (d, 6, CH\le,). 31P{1H} NMR (C¢Ds, 202.31
MHz): 6 1.95.31P{1H} NMR (toluene, 80.952 MHz)5 1.95.13C-
{1H} NMR (C¢Dg, 125.70 MHz): 6 160.78 (d,Jcp = 25.1, C),
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151.19 (s, C), 135.36 (s, C), 134.95 (s, CH), 134.58¢d= 11.1,
CH), 132.64 (s, CH), 131.90 (dcp = 28.4, C), 130.81 (s, CH),
130.37 (s, CH), 129.06 (dcp = 9.2, CH), 126.29 (s, CH), 122.20
(d, Icp = 5.0, CH), 120.78 (dJcp = 34.3, C), 117.98 (dJcp =
8.8, CH), 76.88 (br s, OH,CH,), 29.27 (s,CHMe,), 27.42 (s,
CHMe,), 25.62 (s, OCHICH,), 24.46 (s, CHle;). Anal. Calcd for
C3sH3CIsNOPZr: C, 57.82; H, 5.57; N, 1.98. Found: C, 55.18;
H, 6.24; N, 1.49.

Synthesis of [PrNP]HfCI 3(THF). Solid HfCly(THF), (100 mg,
0.22 mmol) was suspended in toluene (1 mL) and coole¢36
°C. To this was added a toluene solution (2 mL) &frNP]Li-
(THF),; (126 mg, 0.22 mmol) at-35 °C dropwise. After being

6.90 (m, 6, Ar), 6.62 (t, 2, Ar), 5.97 (dd, 2, Ar), 1.95 (s, 12, §H
31P{1H} NMR (CeDs, 202.31 MHz): 6 12.28.3P{1H} NMR
(toluene, 80.95 MHz):6 11.95.13C{H} NMR (C¢De, 125.70
MHz): 6 160.82 (m, C), 141.36 (s, C), 140.28 (s, C), 136.16 (s,
CH), 135.01 (tJcp = 4.9, CH), 133.70 (s, CH), 131.988 (m, C),
130.75 (s, CH), 130.32 (s, CH), 128.68J¢p = 4.8, CH), 127.91
(s, CH), 120.94 (s, CH), 119.78 (m, C), 115.89)¢, = 5.0, CH),
19.31 (CH). Anal. Calcd for GoH46ClL.N.PZr: C, 67.67; H, 5.02;

N, 3.03. Found: C, 67.91; H, 5.45; N, 2.71.

Synthesis [MeNP}HfCl,. Solid HfCl,(THF), (172 mg, 0.37
mmol) was suspended in toluene (3 mL) and cooled-85 °C.
To this was added dropwise a prechilled solution of [MeNP]Li-

stirred at room temperature for 1 h, the reaction mixture was filtered (THF), (395 mg, 0.74 mmol, 2 equiv) in toluene (5 mL) @85

through a pad of Celite followed by evaporation to dryness under °c_The reaction mixture was stirred at room temperature overnight
reduced pressure. The solid thus obtained was recrystallized fromgng filtered through a pad of Celite. The toluene filtrate was

diethyl ether at—35 °C to afford the product as yellow crystals.
Yield: 105 mg (62%)H NMR (CgDg, 500 MHz): 6 7.73 (t, 4,
Ar), 7.33 (m, 3, Ar), 7.06 (m, 7, Ar), 6.94 (t, 1, Ar), 6.55 (t, 1, Ar),
6.27 (dd, 1, Ar), 4.20 (m, 4, O&,CH,), 3.83 (septet, 2, BMe,),
1.56 (d, 6, CH/ey), 1.06 (d, 6, CHley), 0.99 (m, 4, OCHCH,).
SIP{IH} NMR (CgDe, 202.31 MHz): 6 4.09. 31P{'H} NMR
(toluene, 80.952 MHz):6 4.00. 13C{*H} NMR (Cg¢Ds, 125.70
MHz): ¢ 161.66 (d,Jcp = 23.4, C), 149.95 (s, C), 138.89 (s, C),
134.94 (s, CH), 134.65 (dep= 10.6, CH), 132.86 (s, CH), 131.82
(d, Jep= 31.2, C), 130.86 (s, CH), 129.29 (s, CH), 129.06Xsh
=09.1, CH), 126.10 (s, CH), 121.44 (8sp = 5.5, CH), 119.99 (d,
Jep = 8.7, C), 119.23 (dJcp = 7.8, CH), 77.25 (s, CH,CH,),
29.10 (s,CHMey), 27.37 (s, CHiley), 25.53 (s, OCHCHy), 24.59
(s, CHVlg,y). Anal. Calcd for G4H3oCIHfNOP: C, 51.46; H, 4.95;
N, 1.77. Found: C, 50.45; H, 5.06; N, 1.66.

Synthesis [MeNP}ZrCl ,. Solid ZrCL(THF), (200 mg, 0.53
mmol) was suspended in toluene (3 mL) and cooled-85 °C.
To this was added dropwise a prechilled solution of [MeNP]Li-
(THF), (563 mg, 1.06 mmol, 2 equiv) in toluene (5 mL) aB85

°C. The reaction mixture was stirred at room temperature overnight

and filtered through a pad of Celite. The toluene filtrate was
evaporated to dryness under reduced pressure, affording the produ
as a yellow solid which was sufficiently pure on the basis of NMR

spectroscopy. Yield: 450 mg (92%H NMR (C¢Ds, 500 MHZz):

0 7.41 (t, 8, Ar), 7.21 (t, 2, Ar), 7.06 (m, 4, Ar), 7.00 (m, 10, Ar),

evaporated to dryness under reduced pressure, affording the product
as a yellow solid which was sufficiently pure on the basis of NMR
spectroscopy. Yield: 380 mg (100%H NMR (C¢Ds, 500 MHz):

0 7.34 (m, 8, Ar), 6.96 (m, 16, Ar), 6.88 (m, 6, Ar), 6.55 (t, 2, Ar),
5.98 (m, 2, Ar), 1.91 (s, 12, MefP{*H} NMR (CgDs, 202.31
MHz): ¢ 10.46.3P{*H} NMR (toluene, 80.95 MHz):6 10.56.
13C{H} NMR (CgDs, 125.70 MHz): 6 161.12 (t,Jcp = 15.5, C),
141.22 (s, C), 141.14 (s, C), 136.05 (s, CH), 135.11 (s, CH), 133.80
(s, CH), 131.79 (m, C), 130.63 (s, CH), 130.41 (s, CH), 128.50 (s,
CH), 127.54 (s, CH), 120.57 (s, CH), 118.92 (m, C), 117.04 (s,
CH), 19.22 (CH). Anal. Calcd for G,H4eCl,HfN,P,: C, 61.82;

H, 4.59; N, 2.77. Found: C, 60.49; H, 4.80; N, 2.62.
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