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ABSTRACT: A new tripodal trisamidophosphine ligand (1)
based on the trisbenzylphosphine backbone has been synthesized
in three steps starting from NaPH, and phthaloyl-protected 2-
aminobenzyl bromide. At elevated temperatures, 1 reacts directly
with M(NMe,), (M = Zr, Hf) to afford the dimethylamido
complexes [PN;]M(NMe,) (M = Zr, Hf) (2), which are easily
converted into the corresponding triflates [PN;]MOTf (M = Zr,
Hf) (3) via reaction with triethylsilyl triftuoromethanesulfonate.
The related titanium chloro complex [PN,]|TiCl (4-Ti) is
obtained from 1 and Bn;TiCl via protonolysis. Triple deprotona-
tion of 1 with n-butyllithium affords the tris-lithium salt Li;[PN]
(1-Li), which serves as a common starting material for the
preparation of all the group(IV) chlorides [PN;]MCI (M = Ti, Zr,
Hf) (4). Upon treatment of 4-Ti with Bn,Mg(thf),, formation of a
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benzyltitanium species is observed, which is converted cleanly into a ligand-CH-activated species (5-Ti).

Bl INTRODUCTION

When Verkade and co-workers reported the first titanium

complex that employs the tren framework as a tetradendate
trisanion in 1991, the term metallazatrane was coined to
describe such inherently C;-symmetric complexes, which
incorporate the tren-ligand in its trisanionic form. Soon after
this seminal work, derivatives of the original N,N’,N” trlmethyl—
tren system (AR = Me, Chart 1) were developed by Verkade,”
Schrock,> and Gade,* and it was shown that this privileged

Chart 1. Selection of C;-Symmetric Complexes That Employ
Trisanionic Ligand Scaffolds
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ligand scaffold coordmates to numerous transition metals® and
main block elements.® Complexes of this type have found
widespread applications in organic and inorganic chemistry, for
dehydrocoupling
reactions,® polymerizations,” or simply as an effective proton
acceptor (Verkade’s base'®). Nowadays, over 50 derivatives of
tren (commonly abbreviated with [NN;])"' and related
trisanionic ligand systems with [NO;],'* [NS;],"* and [PS;]"*
donor sets are well-established (cf. B and C, Chart 1).
Surprisingly, trisanionic [PN;]-systems are rare, and so far, only
the C,-linked (C, = methylene) system P(CH,NHAr); has
been used in coordination chemistry. ° In contrast to A, B, and
C, this particular ligand scaffold coordinates in a tridentate
fashion, leaving the phosphine exo-configured (D, Chart 1). In
the context of dinitrogen activation, beneficial effects upon
formal exchange of the central tren-nitrogen for a phosphine
have been predicted on a theoretical basis,'® but these
theoretical studies suppose a tetradentate coordination of a
trisanionic [PN;]-ligand. Thus, efforts have been made to
access coordination compounds of tris(2-aminoethyl)-phos-
phine (phospha-tren) and other potentially tetradentate
trisamidophosphines. Although C,-linked [PN;]-ligands (C, =
ethylene, phenylene) have been prepared,” it seems that their
complexes are not readily accessible, possibly due to formation
of polymeric species.

Very recently, we demonstrated that the Cj-linked
trisamidophosphine ligand E (Chart 1) coordinates in a

. T
example, in small molecule activation,
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Scheme 1. Ligand Synthesis (Arabic Numbers at 1 are Labels for NMR Signal Assignment)

@Phth

,(< i NaPH,, DME P
07 N0 NaO'Bu
©A (2eq)  PhthN
Br
(3eq) 1-phth

NPhth

Me3Si /SiMeS
\ HN, SiMe;
1) NpHg, EtOH, reflux  ,  NH HN
2) HCI, Et,0, EtOH 1 =
3)MesSiCl, NEt; 2 P4
4 3
1

tetradendate fashion upon ligation to group(IV) metals.'® As
the latter system is based on a triphenylphosphine core, a
limited donor strength of the apical phosphine (compared to
phospha-tren) had to be expected a priori. Nevertheless, the
triatomic Cj-linkage in E proved to be appropriate for
tetradentate binding to the central metal and inspired us to
synthesize a [PN;]-ligand with an inverted benzylene-spacer
(i, a derivative of 2,2/,2"-trisamino-trisbenzylphosphine,
structure F in Chart 1) in order to establish the coordination
chemistry of such a trisalkylphosphine-based [PNj,]-system. In
this study, we focused on the tris-trimethylsilyl derivative of
ligand F (R = SiMe,), as silyl-aryl amines are commonly readily
deprotonated even in cases of sterically demanding sub-
stituents.” ™ Compared to ligand E (containing three aryl-
alkyl amines), a stabilizing effect has to be expected in
complexes F (R = SiMe,) due to the silyl substituents, which
are located in f-positions with respect to the central metal.

B RESULTS AND DISCUSSION

Ligand Synthesis. For the synthesis of an F-type ligand,
three strategies were considered, namely, (i) metalation of N-
protected o-toluidine at the benzylic position'® and subsequent
reaction with a phosphorus electrophile (PCl;, P(OPh),), (ii)
synthesis of tris(o-nitrobenzyl)-phosphine and subsequent
reduction, and (iii) synthesis of an N-protected primary o-
aminobenzyl-phosphine® and subsequent reaction with the
corresponding N-protected o-aminobenzyl bromide. In pre-
liminary experiments, route (iii) was identified as the most
promising approach as (o-phthalimido)-benzyl bromide™" reacts
cleanly with primary phosphines. However, preparation of the
key building block, (o-phthalimido)-benzyl-phosphine, proved
to be more difficult than expected, although a potentially
explosive Frocedure for the preparation of o-aminobenzyl-
phosphine®® was optimized successfully (see the Supporting
Information). In an attempt to prepare (o-phthalimido)-benzyl-
phosphine starting from (o-phthalimido)-benzyl bromide®" and
NaPH,,** no primary phosphine, but a small amount of tris(o-
phthalimidobenzyl)-phosphine, ie. the phthaloyl-protected
ligand scaffold (1-Phth), was isolated (Scheme 1). Treatment
of NaPH, with 3 equiv of (o-phthalimido)-benzyl bromide in
the presence of 2 equiv of sodium tert-butanolate in THF
afforded 1-Phth in low yields (approximately 10%). While
changing to other alkali metal PH," salts> or substitution of (o-
phthalimido)-benzyl bromide for the respective chloride did
not result in improved yields, the use of DME (DME =
dimethoxyethane) instead of THF led to an enhanced
procedure as the desired product forms in acceptable yields
(approximately 30%) and precipitates straight from the reaction
mixture along with sodium bromide (see Scheme 1). The
inorganic salts are easily removed, and the key intermediate 1-
Phth thus obtained is sufficiently pure for subsequent
deprotection. Employing a standard deprotection protocol via
hydrazinolysis of the phthalimide,”* the free amine was
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generated and isolated in the form of its tris-hydrochloride
salt. Starting from this salt, a trimethylsilyl substituent was
attached to each of the three amino groups to obtain the
desired ligand 1 as an off-white powder (Scheme 1).

As expected, 1 only exhibits one singlet in the *'P NMR
spectrum at 6 = —38.3 ppm, which is shifted upfield compared
to BnyP (6 = —11.3 ppm™) (Bn = benzyl). The 'H NMR
spectrum indicates that a highly symmetric species is present in
solution, as only one set of signals is detected for the three
individual side arms. Thus, one benzylic, one broadend NH,
and one sharp trimethylsilyl signal are observed in addition to
four aromatic resonances. Single crystals were grown by cooling
a saturated solution of 1 in pentane to —40 °C and subjected to
X-ray diffraction (see Figure 1), confirming the formation of

Si1

Figure 1. ORTEP plot of the molecular structure of 1 (carbon-bound
protons omitted for clarity; thermal ellipsoids set at S0% probability).
Selected bond lengths (A) and angles (deg): Sil—N1 1.7376(14),
Si2—N2 1.7306(13), Si3—N3 1.7428(14), P—C2 1.8532(14), P—Cl
1.8542(15), P—C3 1.8576(14); C2—P—Cl 99.66(7), C2—P—C3
101.13(7), C1-P—C3 101.46(7).

the target ligand. A particular interesting feature emerging from
the molecular structure of 1 is that the ligand adopts a bowl-
shaped conformation in the solid state, which appears to be
ideally suited to host the targeted metal ions.

Complex Synthesis. Starting from 1, the dimethylamido
species [PN3;]M(NMe,) 2 (M = Zr, Hf) were prepared by
reaction with tetrakis(dimethylamido)zirconium and tetrakis-
(dimethylamido)hafnium, respectively (see Scheme 2). Pro-
longed heating (S days in the case of Zr and 18 days in the case
of Hf) at elevated temperatures (130 °C in toluene) is required
to ensure full conversion, which favors the formation of several
byproducts in addition to the target compounds. While the
yield of crude products is in satisfactory ranges (approximately
65%), analytically pure material is only obtained in relatively
modest yields (33% in the case of Zr and 35% in the case of
Hf). According to 'H and *C NMR data, complexes 2 (M =
Zr, Hf) are Cj-symmetric in solution, which implies free
rotation of the dimethylamido substituent at room temperature.
In the proton NMR spectra, diastereotopic resonances are
observed for the methylene protons, indicating that the rotation
of the three side arms along the 3-fold axis is hindered
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Scheme 2. Synthesis of 1-Li, 2 (M = Zr, Hf), 3 (M = Zr, Hf), and 4 (M = Ti, Zr, Hf) Starting from 1
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substantially. Even at 80 °C, no signs of a beginning
coalescence of these signals are detectable, which renders the
complexes configurationally stable. From a theoretical point of
view, racemization in solution is possible via either a C;,- or a
C,-symmetric transition state (see the Supporting Information),
but not observed experimentally for any of the compounds
described herein (2-M to 4-M, M = Ti, Zr, Hf). The *'P NMR
spectra exhibit a single resonance at 17.2 ppm (2-Zr) and 26.7
ppm (2-Hf), respectively. While this rather unusual difference
in 3'P NMR shifts (almost 10 ppm) is certainly noteworthy, we
are unable to provide an explanation for this phenomenon, as
the 3'P NMR resonances of all other zirconium and hafnium
complexes in this work (vide infra) differ by less than 5.5 ppm
(cf. 4-Zr and 4-Hf). If the apical phosphines in 2-Zr and 2-Hf
are actually coordinated (endo-configuration) or pointing away
from the central metals (exo-configuration) can be extracted
neither from these *P NMR shifts nor from the 'H or *C
NMR data. To address this question, crystals of both the
zirconium and the hafnium derivative of 2 were grown from
saturated toluene solutions and examined by X-ray diffraction
methods (see Figure 2 and Figure S2 in the Supporting
Information). The structural analysis reveals both complexes to
be endo-configured Wlth metal—phosphorus bond distances well
within the usual range® (2-Zr: Zr—P1 = 2.7284(13) A; 2-Hf:

Figure 2. ORTEP plot of the molecular structure of 2-Zr (protons
omitted for clarity; thermal ellipsoids set at S0% probability). Selected
bond lengths (A) and angles (deg): Zr—N4 2.0879(17), Zr—Nl
2.0975(18), Zr—N2 2.1252(16), Zr—N3 2.1440(15), Zr—P1
2.7284(13); N4—Zr—N1 104.96(6), N4—Zr—N2 96.69(6), N1—Zr—
N2 115.99(5), N4—Zr—N3 105.23(6), N1—-Zr—N3 113.74(6), N2—
Zr—N3 117.09(6), N4—Zr—P1 173.55(4), N1—-Zr—P1 78.18(4), N2—
Zr—P1 76.87(4), N3—Zr—P1 78.17(4).
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Hf-P = 2.7154(S) A). All metrical parameters within the ligand
framework display typical values, which is also the case for the
distances between the amido nitrogens and the central metal
ions. The coordination polyhedra in 2 deviate only slightly from
ideally trigonal-bipyramidal structures (N1, N2, and N3 in
equatorial positions) with an averaged N,;—M—N,, angle of
approximately 116° in both cases (M = Zr, Hf) The
dimethylamido nitrogen atom N4 and the central phosphine
of 2-Zr and 2-Hf are found in apical positions (P1—Zr—N4 =
173.55(4)°, P—Hf—N4 = 173.60(5)°) with the central metals
located above the equatorial planes through N1, N2, and N3
(approximately 0.45 A in 2-Zr and 0.43 A in 2-Hf). Compared
to 2-Zr (Zr—P1 2.7284(13) A), the dimethylamido
zirconium complex of ligand E (Chart 1, R = 3,5-xyly; M =
Zr; L = NMe,) exhibits a metal—phosphorus distance of
2.824(1) A.'® This indicates a weaker interaction between the
metal and the phosphine in the latter complex and
demonstrates that the phosphine in ligand 1 is indeed a more
electron-donating anchor (compared to the trisarylphosphine-
based ligand E).

Complexes 2 are easily converted into the corresponding
triflates 3 via reaction with triethylsilyl trifluoromethanesulfo-
nate (see Scheme 2). Both triflates 3 (M = Zr, Hf) exhibit 3-
fold symmetry in solution with only one singlet for the TMS
groups (TMS = trimethylsilyl) present in the individual 'H
NMR spectra. Compared to the starting dimethylamido species
2, a downfield shift of the 3P NMR resonances of 3 is observed
and the product signals are detected at 26.3 ppm (3-Zr) and
29.6 ppm (3-Hf). For 3-Hf, single crystals suitable for X-ray
diffraction were obtained by cooling a saturated toluene
solution of the complex to —40 °C (see Figure 3). What is
evident at a glance is that the central phosphine is still
coordinated to the hafnium center and that the triflate occupies
the remaining apical position of the trigonal-bipyramidal
coordination polyhedron. Compared to 2-Hf, a significantly
shorter Hf—P distance (2.647(2) and 2.654(2) A in 3-Hf vs
2.7154(5) A in 2-Hf) is noticed, while most other distances and
angles within the [PN;]Hf core differ only slightly or
insignificantly. This stronger Hf—P interaction renders the
phosphine more electropositive and explains the observed
downfield shift in the *'P NMR spectrum of 3-Hf (compared to
2-Hf). Compared to the corresponding hafnium triflate of
ligand E (Chart 1, R = 3,Sxyly, M = Zr; L = OTf), which
displays a metal phosphorus distance of 2.713(1) A, a shorter
Hf—P distance is found for 3-Hf.'® This effect is attributed to
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F1

Figure 3. ORTEP plot of the molecular structure of 3-Hf (protons
omitted for clarity; thermal ellipsoids set at S0% probability). In
addition to the shown molecule, there is a second independent
molecule with fairly similar metrical parameters present in the unit cell.
Selected bond lengths (A) and angles (deg) (values in square brackets
refer to the second molecule): Hf1—P1 2.647(2) [2.654(2)], Hf1-01
2.143(7) [2.144(7)], Hf1-N2 2.067(8) [2.085(9)], Hfl-N1
2.080(9) [2.082(8)], HfI-N3 2.088(9) [2.074(9)]; O1-Hf1-P1
178.8(2) [178.5(2)], N2—Hf1—-P1 79.8(2) [80.5(3)], N2—Hf1-O1
100.3(3) [99.7(3)], N2—Hf1—NI1 114.6(3) [118.1(4)], N2—Hf1-N3
117.9(3) [115.9(4)], N1-Hf1—-P1 80.2(2) [79.2(3)], N1-Hf1-O1
100.7(3) [99.5(3)], N1-Hf1—N3 118.4(4) [116.9(4)], N3—Hf1—P1
79.7(3) [80.0(2)], N3—Hf1-01 99.2(3) [101.2(3)].

the different designs of ligands E and 1 and was expected a
priori. Once attached to the metal, however, complexes of
ligands E and 1 react in a rather similar way, which is noticed,
for example, in the preparation of the [PN;]MOT{ complexes
(M = Zr, Hf, [PN;] = ligand E, 1), as equivalent synthetic
routes starting from the reslpective dimethylamido complexes
are employed in both cases.

Similar to the triflates 3, the corresponding chlorides
[PN;]MCI (4-Zr and 4-Hf) are readily prepared by addition
of trimethylsilyl chloride to solutions of 2 (M = Zr, Hf) in
toluene (see Scheme 2). The proton NMR spectra of 3-Zr and
4-Zr exhibit only minor differences, and the *'P NMR
resonances are almost identical (26.3 ppm for 3-Zr vs 26.2
ppm for 4-Zr). For hafnium, the former differences are slightly
more pronounced with *P NMR resonances found at 29.6
ppm for 3-Hf and at 31.7 ppm for 4-Hf, although 3 and 4 can
be considered equivalent from a chemical point of view.
Interestingly, zirconium and hafnium react almost identically
when attached to the trisamidophosphine ligand 1. This was
also noticed in the preparation of 2 (M = Zr, Hf), as the
reaction of M(NMe,), (M = Zr, Hf) with 1 occurs for
zirconium as well as for hafnium employing rather similar
reaction conditions. In contrast to its heavier homologues, a
mixture of unidentified products was obtained upon reaction of
1 with tetrakis(dimethylamido)titanium. According to 3'P
NMR spectroscopy, at least five species in approximately
equal amounts had formed and no signal corresponding to a
titanium-bound dimethylamido substituent was detected by 'H
NMR spectroscopy. Similarly, treatment of 1 with (Me,N),-
TiCL,”’/LiNMe, or with (Me,N),TiCI*® failed to produce
closed-cage complexes, but resulted in the formation of a
species with one dangling side arm or in a trinuclear species
([HNPN,]TiCl,, [(TMS),PN,],Tiy; see the Supporting
Information). Reaction of 1 with Bn,Ti*” also results in the
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formation of unidentified mixtures. In contrast, treatment of 1
with Bn;TiCl proceeds cleanly via the isolable intermediate
[HNPN,]Ti(Bn)(Cl) (see the Supporting Information) and
results in the formation of the desired [PN;]TiCl complex (4-
Ti; see Scheme 2).

As the synthesis of 4 (M = Ti, Zr, Hf) suffered from the
cumbersome preparation of Bn,TiCl*® or from the time-
consuming preparations of the required precursors 2 (M = Zr,
Hf), an alternative synthetic pathway to the entire series 4 (M =
Ti, Zr, Hf) was highly desirable. With the MCL,(THF),
precursors (M = Ti, Zr, Hf) readily available for all group(IV)
metals,*® the preparation of 4 via the tris-lithium salt Li;[PN,]
(1-Li) was explored. The required lithium salt 1-Li was easily
prepared in high yield (89%) by treatment of a cold solution of
1 in pentane with 3 equiv of n-butyl lithium and isolated as a
THEF adduct. According to 'H NMR integration, 1 equiv of
THE is present per cation, and all three lithium nuclei are
equivalent according to Li NMR (8§ = 0.29 ppm). The *'P
NMR spectrum of 1-Li in THF-dg exhibits a singlet at —32.3
ppm, i.e.,, downfield shifted with respect to the protioligand 1 (&
—38.3 ppm). Thus, a weak coordinative interaction between
the lithium and the phosphorus nuclei seems to be present at
room temperature, although no coupling between the two
nuclei was observed. Single crystals of 1-Li suitable for X-ray
diffraction were obtained from saturated Et,O/THF solutions
and subjected to X-ray diffraction (see Figure 4). The molecular
structure in the solid state does not reflect the structure present
in solution, as one of the lithium ions is coordinated by solvent

Figure 4. ORTEP plot of the molecular structure of the anion of 1-Li
(top) (hydrogen atoms and Li(OEt,),(THF), counterion are omitted
for clarity; thermal ellipsoids set at 50% probability) and detailed view
of the core structure (bottom) (peripheral phenyl carbons, selected
silylmethyl and hydrogen atoms omitted). Selected bond lengths (A)
and angles (deg): Lil-Li2 2.504(7), P1-Lil 2.602(5), P1-Li2
2.588(5), O1-Lil 2.240(6), O1-Li2 2.087(5), N1-Lil 1.969(6),
N2-Lil 2.068(6), N2—Li2 2.138(6), N3—Li2 1.970(6); Li2—P1-Lil
57.69(16), Li2—O1—Lil 70.6(2), Lil—-N2—-Li2 73.1(2), O1-Lil—P1
91.87(19), O1-Li2—P1 95.9(2).
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Table 1. Selected Metrical Parameters and >'P NMR Shifts of 4 (M = Ti, Zr, Hf)

4-Ti
M-P (A) 2.5387(12)
M-N (&) 1.9525(13)—1.9642(15)
M-Cl (A) 2.3645(11)
P—M—ClI (deg) 173.119(17)
5 3P (ppm)*© 40.7

“Recorded in toluene-dg at room temperature.

4-Zr 4-Hf
2.6796(14) 2.6616(3)
2.0839(16)—2.0911(18) 2.0732(11)—2.0779(11)
2.4794(13) 2.4471(3)
172.108(17) 172.909(11)

26.2 31.7

molecules only (two THF and two Et,O molecules). The latter
lithium solvate serves as counterion for a monoanionic
[PN,]Li,(4-THF) arrangement with two lithium ions located
within the ligand’s half-cage framework. In consequence, two
"Li NMR signals in a 2 to 1 ratio are to be expected if this
structure was also present in solution. Upon dissolution of the
crystals in THF-dg, only the above-mentioned singlet was
detected in the “Li NMR (1-Li is almost insoluble in C4Dy or
toluene-d; and decomposes immediately in DMSO-d4 or
CD,Cl,; therefore, THF-dj is required for NMR spectroscopic
studies). At —80 °C, all NMR signals ("H NMR and *'P{'H}
NMR) are broadened significantly or completely absent, which
precludes a meaningful analysis. This is also the case if
crystalline [Li(THF),(OEt,),]{[PN;]Li,(u-THF)} is dissolved
in precooled THF-dg (—80 °C) and the NMR spectra recorded
at —80 °C (precooled spectrometer). In the "Li NMR
spectrum, a sharp peak (tentatively assigned to the solvated
lithium cation) is observed at low temperatures in addition to
unresolved broad signals (see the Supporting Information).
Unfortunately, the observed "Li NMR shift for 1-Li does not
allow for a conclusive statement on coordination numbers or
geometries, as "Li NMR signals of related lithium amides are
found within —1.8 and +4.9 ppm (see the Supporting
Information). On the basis of these observations, we propose
that a dynamic exchange process sets in upon dissolution of 1-
Li in THF-dg and that this process renders all lithium atoms
equivalent at room temperature.

Although unexpected at first, the molecular structure of 1-Li
in the solid state exhibits several interesting features (see Figure
4). Each of the lithium ions situated within the ligands half-cage
is bound to one individual amido side arm, and both metals are
bridged by the remaining third amido side arm, by the
phosphine, and by a THF molecule. In addition, an agostic
interaction between Lil and one of the silylmethyl groups
seems to be present, as indicated by one unusual H—C19—H
angle of approximately 95° and a short distance between the
center of the respective C—H bond and Lil (approximately
2.68 A). Thus, the coordination geometry around Lil is best
described as distorted trigonal-bipyramidal with P1 and C19-H
in axial positions and N1, N2, and O1 in the equatorial plane.
For Li2, a distorted tetrahedral coordination environment is
found. Particularly noteworthy is a relatively short intermetallic
distance of 2.504(7) A within the triply bridged bimetallic
assembly.®'

With 1-Li in hand, the [PN;]M chlorides 4 (M = Ti, Zr, Hf)
were generated by addition of a precooled suspension of 1-Li in
toluene to a suspension of MCl,(thf), in toluene at —40 °C,
and the respective products were isolated after the reaction
mixtures had been warmed to room temperature over the
course of 4—6 h. For zirconium and hafnium, this procedure led
to the desired compounds 4-Zr and 4-Hf in high purity and
acceptable yields (approximately 50%). For titanium, however,
side-products formed in addition to the target material and had
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to be removed by filtration over rigorously dried aluminum
oxide. This rather unusual purification methodology works on
small scales only, as prolonged contact with the aluminum
oxide induces degradation of the complex. Despite numerous
efforts to optimize this procedure, yields of pure 4-Ti were
consistently in the range of 20% only. Nevertheless, this
procedure is preferred over the reaction of 1 with Bn;TiCl
(vide supra). Complex 4-Ti is also generated by reaction of 1-
Li with TiCl;(thf); and in situ oxidation with PbCl,.
Unidentified impurities (approx 15% by *'P NMR spectrosco-
py), however, could not be removed efficiently, which renders
this procedure inapplicable.

Proton NMR spectra of all three complexes 4 indicate that
the complexes are Cj-symmetric in solution with only one
resonance each observed for the equivalent sets of atoms of the
individual side arms. A singlet in the *'P NMR spectrum is
detected for each complex, and an increasing shift to more
positive & values in the order 4-Zr (5 = 26.2 ppm) > 4-Hf (5 =
31.7 ppm) > 4-Ti (6 = 40.7 ppm) is noticed (see Table 1). As
the ionic radii of the group(IV) metals decrease in the above
order, the Lewis acidities increase in just the same way, if
oxidation states and coordination numbers remain constant.
Thus, the above trend of the 3'P NMR shifts might be
explained by an increasingly stronger interaction between the
metal and the phosphine donor provoked by an increasing
Lewis acidity of the metal ion, as stronger M—P interactions
lead to a deshielding of the *'P nucleus. To substantiate this
simple explanation, single crystals of 4 (M = Ti, Zr, Hf) for X-
ray diffraction analysis were required in order to determine the
metal phosphorus distances and to ensure that coordination
numbers and other metrical parameters are within comparable
boundaries. Fortunately, single crystals of all three complexes
were obtained readily via diffusion of pentane into saturated
solutions of the complexes in toluene (see Figure S). Trigonal-
bipyramidal coordination polyhedra with the amido donors
occupying equatorial positions are found for all type-4
complexes. The chlorides and phosphines are located in axial
positions, and a similar deviation from linearity is observed for
the individual P-M—Cl vectors (see Table 1). Comparison of
the metal phosphorus distances in 4 (M = Ti, Zr, Hf) confirms
the expected trend as the respective bond lengths decrease in
the order of Zr—P > Hf—P > Ti—P.

With all chloro complexes 4 available, we turned the focus to
the preparation of [PN;]M(alkyl) species (M = Ti, Zr, Hf) and
examined the reactions of 4 with Grignard reagents and
dialkylmagnesium species, such as Bn,Mg(THF),.”* To our
surprise, 4-Zr and 4-Hf do not react with different magnesium
alkyls (MeMgBr, Me,Mg(THF),, PhMgBr, BnMgCl, Bn,Mg-
(THF),) not even after prolonged reaction times (up to 2
weeks) at elevated temperatures (90 °C). In contrast, 4-Ti
reacts slowly with Bn,Mg(THF),, and a new *'P NMR signal
appears at o —31.4 ppm after several days at room
temperature. However, incomplete conversion was observed
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Figure S. ORTEDP plots of the molecular structures of 4-Ti (top), 4-Zr
(middle), and 4-Hf (bottom) (protons omitted for clarity; thermal
ellipsoids set at 50% probability). Selected bond lengths (A) and
angles (deg) of 4-Ti: Ti—Cl 2.3645(11), Ti—P 2.5387(12), Ti—N1
1.9525(13), Ti—N2 1.9642(15), Ti—N3 1.9559(14); CI-Ti—P
173.119(17), N1-Ti—Cl 95.90(4), N1-Ti—P 79.86(4), N1-Ti—N2
122.03(6), N1-Ti—N3 116.66(6), N2—Ti—Cl 96.41(4), N2—Ti—P
81.47(4), N3-Ti—Cl 103.98(4), N3—Ti—P 82.82(4), N3—Ti—N2
114.62(5). Selected bond lengths (A) and angles (deg) of 4-Zr: Zr—Cl
2.4794(13), Zr—P 2.6796(14), Zr—N1 2.0911(18), Zr—N2
2.0839(16), Zr—N3 2.0891(17); Cl—Zr—P 172.108(17), N1-Zr—Cl
98.76(4), N1-Zr—P 78.78(4), N2—Zr—Cl 97.85(5), N2—Zr—P
77.13(5), N2—Zr—N1 119.05(7), N2—Zr—N3 116.26(6), N3—Zr—
Cl 107.93(4), N3—Zr—P 79.87(4), N3—Zr—N1 113.18(6). Selected
bond lengths (A) and angles (deg) of 4-Hf: Hf—Cl 2.4471(3), Hf—P
2.6616(3), Hf-N1 2.0779(11), Hf-N2 2.0732(11), Hf-N3
2.0777(11); ClI=Hf-P 172.909(11), N1—-Hf-Cl 98.24(3), N1-Hf—
P 79.53(3), N2—Hf—Cl 97.54(3), N2—Hf—P 77.99(3), N2—Hf-N1
119.74(4), N2—Hf-N3 116.62(4), N3—Hf-Cl 106.35(3), N3—Hf-P
80.66(3), N3—Hf—N1 113.64(4).

even in the case of an excess of Bn,Mg(THF),. On the basis of
"H NMR analysis, the new species at §(*'P) = —31.4 ppm is
tentatively assigned to [PN;]TiBn. Upon heating a mixture of
unreacted 4-Ti, Bn,Mg(THF),, and [PN;]TiBn, complete
conversion to a new species at 5(*'P) = 24.3 ppm was observed,
and the resulting product 5-Ti was isolated in 66% yield after
work-up. What emerges from the '"H NMR spectrum of 5-Ti is
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that the 3-fold symmetry is lost and that a compound with
different side arms had formed. Six methylene protons of the
ligands’ benzyl moieties are observed along with overall 12
partially overlapping aryl signals. In addition to two singlets for
the TMS groups, which integrate to 18 protons, two other
methylsilyl resonances are detected at 6 = 0.77 ppm and 6 =
0.00 ppm with an intensity of three protons each. No signals for
a titanium-bound benzyl ligand are detected, but two coupled
doublets corresponding to one proton each are present at 2.38
and 1.21 ppm, respectively.

On the basis of this analysis, formation of a CH-activated
species as shown in Scheme 3 is proposed. This is corroborated
by *C, *C-DEPT, 'H,*C-HSQC, 'H,°C-HMBC, 'H,'H-
COSY, 'H,*'P-HMBC, and »Si NMR spectra, all of which are
in agreement with the anticipated structure of 5-Ti. As all
attempts to crystallize 5-Ti for single-crystal X-ray diffraction
failed, the acquired NMR data were also compared to related
systems known in literature. With trimethylsilyl substituted
tren-ligands for example, two group(IV) azatranes that show a
similar type of intraligand CH activation have been reported,
namely, the TMS|:NN3:|-titaniurn3b’C and ™S5[NN,]-zirco-
nium*™** derivatives. In both cases, similar proton NMR
data, especially with respect to the metal-bound methylene
group, are well-documented, thus supporting our structural
assignment of S-Ti (see Scheme 3). In this context, it is
noteworthy that the titanium—methyl complex of ligand E (see
Chart 1) is prone to intraligand CH activation as well, while the
corresponding zirconium and hafnium complexes do not show
such reactivity.18 Thus, the titanium derivatives of the [PN;]-
ligands E and F are directly comparable, while surprising
differences in the initial complexation of titanium are apparent.
With both ligands in hand, we will now continue to explore
their (possibly dissimilar) coordination chemistry with other
early transition metals and also focus on the reactivity of the
CH-activated titanium complexes. While attempts to hydro-
genate S5-Ti were not productive yet, efforts to react $-Ti, for
example, with silanes are ongoing in our laboratories and
directed toward the application of this system as “hydride

surrogate”.**

Bl CONCLUSION

In conclusion, the new trisamidophosphine ligand 1 was
synthesized and comprehensively characterized, and its
coordination chemistry was examined with all of the group(IV)
metals. For zirconium and hafnium, the dimethylamido and
triflato species 2 and 3 were prepared and their structures were
elucidated by X-ray crystallography. A synthetic pathway that
affords the [PN;]MCIl (4, M = Ti, Zr, Hf) species via the
lithium salt 1-Li was developed, and all complexes 4 and the
lithium salt 1-Li were studied in detail. Reaction of Bn,Mg-
(THF), with 4-Ti results in a ligand-CH-activated species (5-
Ti) and provides a basis for further studies employing 5-Ti, for
example, in dehydrocoupling reactions.>*

B EXPERIMENTAL SECTION

General Methods. All manipulations were performed under an
atmosphere of dry and oxygen-free argon by means of standard
Schlenk or glovebox techniques. Solvents were either taken from an M.
Braun Solvent Purification System (THF, Et,O, toluene, n-hexane, and
n-pentane) or dried over CaH, and distilled (TMS,0, CH,CL,)
(TMS,0 = hexamethyldisiloxane). Toluene-d;, THF-dg, and benzene-
dg were refluxed over sodium and purified by distillation. NEt; was
dried over CaH, and purified by distillation. DME was dried over
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Scheme 3. Synthesis of 5-Ti Starting from 4-Ti
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sodium benzophenone ketyl and EtOH over magnesium tunings, and
both were purified by distillation. Hydrazine monohydrate was
degassed by three freeze—pump—thaw cycles and kept under an
atmosphere of dry argon. Triethylsilyl trifluoromethanesulfonate and
trimethylsilyl chloride were purified by simple distillation prior to use.
31p, 14, and *C NMR spectra were recorded on a Bruker Avance 600
MHz or a Bruker Avance 400 MHz spectrometer at room temperature.
'"H and '*C NMR spectra were referenced to residual proton signals of
the lock solvents. P NMR spectra were referenced to external
P(OMe); (141.0 ppm with respect to 85% H;PO, at 0.0 ppm).
Assignments of the NMR signals (see Scheme 1 for atom numbering)
and coupling constants (Jyp vs Jyy) were ascertained by 'H,'H—
COSY, *C-DEPT, 'H,*C-HSQC, 'H,"*C-HMBC, and 'H{*'P} NMR
spectroscopy. Microanalyses (C, H, N) were performed at the
Department of Chemistry at the University of Heidelberg. Especially
in the case of the zirconium and hafnium complexes, severe difficulties
were encountered in obtaining satisfactory elemental analyses. As
carbon values were found reproducibly too low, it is assumed that
carbides of the metals form during combustion. This hypothesis is
supported by the fact that almost all elemental analyses are satisfactory,
if a stoichiometric amount of carbon is deducted from the theoretical
carbon value. However, unambiguous proof for this assumption cannot
be provided; therefore, theoretical values are given without subtraction
of a carbon atom. The starting materials (o-phthalimido)-benzyl
bromide,”' NaPH,,*** Bn,TiCL,* MCL,(THF), (M = Ti, Zr, Hf),*
and anMg(thf)7_32 were synthesized according to published
procedures. The dimethylamido precursors M(NMe,), (M = Ti, Zr,
Hf), n-butyl lithium solutions (2.5 M in hexanes), sodium tert-
butanolate, and hydrogen chloride solutions (2.0 M in Et,0) were
purchased from Aldrich and used as received.

(phth);[PN;] (1-Phth). To a stirred suspension of NaPH, (0.78 g
14 mmol, 1.0 equiv) and NaO'Bu (2.24 g 28 mmol, 2.0 equiv) in
DME (50 mL) was added solid (o-phthalimido)-benzyl bromide (13.3
g, 42 mmol, 3.0 equiv) in portions over a period of 20 min, and the
resulting mixture was stirred for 7 h at room temperature. The crude
product precipitated over the course of the reaction and was filtered off
subsequently. The obtained pale yellow solid was washed with DME
(2 X 10 mL) and dried in vacuum. Residual NaBr was removed by
washing the crude material with deoxygenated water (3 X 30 mL) to
afford the product as a colorless solid (8.5 g, 11.4 mmol, 82%) (phth =
phthaloyl). "H NMR (600 MHz, DMSO-dg): § [ppm] = 8.01-7.93
(m, Phth-ArH, 6 H), 7.89—7.81 (m, Phth-ArH, 6 H), 7.22 (d, *Jyy =
7.6 Hz, S-ArH, 3 H), 7.19 (t, Juy = 7.4 Hz, 6-ArH, 3 H), 7.07 (4,
s = 7.6 Hz, 3-ArH, 3 H), 7.03 (t, iy = 7.4 Hz, 4-ArH, 3 H), 2.54
(s, PCH,, 6 H). *C NMR (151 MHz, DMSO-dy): § [ppm] = 167.4
(s, NCO), 137.3 (d, *Jcp = 6.8 Hz, 1-ArC), 134.9 (s, Phth-ArC), 132.2
(s, 3-ArCH), 131.2 (d, JJcp = 3.7 Hz, 2-ArC) 130.1 (d, Jcp = 0.9 Hg,
6-ArCH), 1292 (s, 4-ArCH), 127.1 (s, 5-ArCH), 124.1 (s, Phth-
ArCH), 1239 (s, Phth-ArCH), 30.0 (d, 'Jcp = 18.6 Hz, PCH,).
3p{!H} NMR (162 MHz, DMSO-d,): 6 [ppm] = —15.6 (s). MS
(FAB+): m/z (%) = 762.2 [M + Na]* (100%). M (C,sH;(N;O4P) =
739.71 g mol™'. HRMS (FAB+): caled. for C,sH;N;NaOgP:
762.1770, found 762.1748.

H3[PN;] (1). To a suspension of 1-Phth (8.30 g, 11.2 mmol, 1.0
equiv) in ethanol (150 mL) was added hydrazine monohydrate (1.85
g, 37.1 mmol, 3.2 equiv) dropwise, and the resulting reaction mixture
was refluxed for 2 h. After cooling to room temperature, a solution of
hydrogen chloride in Et,O (2.0 M, 37 mL, 742 mmol, 6.6 equiv) was
added and the mixture was refluxed for an additional hour. Diethyl
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ether and excess hydrogen chloride were then removed under reduced
pressure, and the suspension was cooled to 0 °C. Insoluble
phthaloylhydrazide was filtered off, and the filtrate was condensed to
dryness. The residual solid was suspended in methylene chloride (200
mL), and triethylamine (11.5 mL, 85 mmol, 7.6 equiv) was added
subsequently. The reaction mixture was stirred for 20 min at room
temperature, and trimethylsilyl chloride (21.7 mL, 170 mmol, 15.2
equiv) was added dropwise over a period of 1S min. Stirring was
continued for 16 h at room temperature, and all volatiles were then
removed in vacuum. The resulting white residue was extracted with
pentane (3 X 50 mL), and the filtrate was condensed to dryness. The
residual crude product was triturated with TMS,0, and the insoluble
product was isolated via filtration. After removal of residual TMS,O in
vacuum, the product was obtained as an off-white solid (1.89 g, 3.35
mmol, 29%). "H NMR (600 MHz, C¢D¢): 8 [ppm] = 7.12—7.06 (m,
S-ArH, 3 H), 6.94 (d, *Jy = 7.4 Hz, 3-ArH, 3 H), 6.86 (d, *Jyy; = 8.0
Hz, 6-ArH, 3 H), 6.75 (t, *Jyyu = 7.4 Hz, 4-ArH, 3 H), 3.34 (s, NH, 3
H), 2.58 (s, PCH,, 6 H), 0.08 (s, SiMe;, 27 H). 3C NMR (151 MHz,
C¢Dg): 6 [ppm] = 145.5 (d, ¥Jcp = 3.4 Hz, 1-ArC), 131.0 (d, ¥Jcp =
5.2 Hz, 3-ArCH), 128.4 (s, 5-ArCH), 124.2 (d, >Jcp = 5.3 Hz, 2-ArC),
1184 (d, ¥Jcp = 23 Hz, 4-ArCH), 117.0 (d, ¥/ = 1.6 Hz, 6-ArCH),
324 (d, 'Jop = 17.4 Hz, PCH,), 0.10 (s, SiMe;). *'P{'"H} NMR (243
MHz, C¢Dy): & [ppm] = —38.3 (s). MS (FAB+): m/z (%) = 566.3 [M
+ HJ* (100%). HRMS (FAB+): calcd. for CiH,sN,PSiy: 565.2894,
found 565.2992. M (C;3H,sN;PSi;) = 56595 g mol™'. Elemental
analysis caled. for C30H,gN;PSiy: C 63.29, H 8.35, N 5.27; found: C
62.80, H 891, N 4.73.

Lis[PN;](thf); (1-Li). THF (1.00 mL, 800 mg, 11.0 mmol, 12
equiv) was added to a suspension of 1 (500 mg, 885 ymol, 1.0 equiv)
in pentane (20 mL), and the mixture was stirred at room temperature
until all solids dissolved (5—10 min). The resulting solution was
cooled to —78 °C, and n-BuLi (2.5 M in hexane, 1.11 mL, 2.77 mmol,
3.14 equiv) was added dropwise within 10 min. The solution was
stirred for 30 min at —78 °C and brought to 0 °C. After stirring for 90
min at 0 °C, the reaction mixture was filtered at this temperature and
washed with cold pentane (3 X 10 mL). The remaining solids were
dried in vacuum, and the product was obtained as a beige powder (628
mg, 786 ymol, 89%). 'H NMR (600 MHz, THF-dy): 5 [ppm] = 6.71
(d, ¥ = 6.8 Hz, 6-ArH, 3 H), 6.56 (t, *Jyy = 7.8 Hz, 4-ArH, 3 H),
6.49 (d, ¥y = 7.8 Hz, 3-ArH, 3 H), 6.02 (t, *J ;4 = 7.0 Hz, S-ArH, 3
H), 3.61 (s, THF, 12 H), 2.91 (s, PCH,, 6 H), 1.77 (s, THF, 12 H),
—0.07 (s, SiMe;, 27 H). *C NMR (101 MHz, THF-dy): § [ppm] =
160.7 (s, 1-ArC), 131.0 (s, 2-ArC), 129.2 (d, ¥Jcp = 4.9 Hz, 6-ArCH),
1249 (s, 4-ArCH), 1232 (s, 3-ArCH), 110.9 (s, S-ArCH), 33.0 (s,
PCH,), 2.7 (s, SiMe,). 3'P{'H} NMR (243 MHz, THF-d;): § [ppm]
—32.3 (s). 'Li NMR (155 MHz, THF-dg): & [ppm] = 0.29 (s). MS
(ESI+): m/z (%) = 578.3 [M — 3THF — Li + 2H]" (100%). M
(C3oH4sLizN;PSi; X 3THF) = 800.07 g mol™'. Elemental analysis
caled. for Cy,HgLizN;O;3PSiy: C 6329, H 835, N 5.27; found: C
63.49, H 9.06, N 4.75.

[PNs]Zr(NMe,) (2-Zr). A solution of Zr(NMe,), (120 mg, 451
umol, 1.2 equiv) in toluene (10 mL) was added dropwise to a stirred
solution of 1 (200 mg, 353 umol, 1.0 equiv) in toluene (10 mL). The
resulting yellow solution was heated to 130 °C for S days, and the
dimethylamine byproduct was removed periodically by evacuating the
headspace of the reaction vessel once per day. The solvent was then
removed in vacuum, and the residue was washed with benzene (3 mL)
and pentane (2 X S mL). The product was obtained as a colorless solid
(90 mg, 129 umol, 33%). 'H NMR (600 MHz, Tol-dg): 5 [ppm] =

dx.doi.org/10.1021/ic500163c | Inorg. Chem. 2014, 53, 4144—4153



Inorganic Chemistry

7.06—7.03 (m, 6-ArH, 3 H), 7.02 (d, *Jyy = 5.7 Hz, 5-ArH, 3 H), 6.93
(d, ¥Jun = 74 Hz, 3-ArH, 3 H), 6.83 (t, *Jyy = 7.2 Hz, 4-ArH, 3 H),
3.33 (s, NMe,, 6 H), 2.71 (d, YJy;p = 12.9 Hz, PCH,, 3 H), 2.28-2.11
(m, PCH,, 3 H), —0.01 (s, SiMe;, 27 H). *C NMR (151 MHz, Tol-
dg): 8 [ppm] = 150.5 (d, *Jcp = 8.1 Hz, 1-ArC), 131.9 (d, *Jcp = 2.9
Hz, S-ArCH), 131.6 (s, 2-ArC), 130.9 (d, *Jcp = 6.0 Hz, 3-ArCH),
127.2 (s, 6-ArCH), 122.9 (s, 4-ArCH), 46.5 (s, NMe,), 27.0 (d, Jcp =
4.4 Hz, PCH,), 2.8 (s, SiMe;). *'P{'H} NMR (243 MHz, Tol-d;): 6
[ppm] = 172 (s). MS (LIFDI): m/z (%) = 696.1 [M]* (100%). M
(Cy,HgN,PSisZr) = 698.23 g mol™". Elemental analysis calcd. for
C3,H N,PSiyZr: C 55.05, H 7.36, N 8.02; despite numerous attempts,
low values for carbon were obtained, e.g,, C 53.81, H 7.08, N 8.14.

[PN;]Hf(NMe,) (2-Hf). A solution of Hf(NMe,), (160 mg, 451
pumol, 1.2 equiv) in toluene (10 mL) was added slowly to a stirred
solution of 1 (200 mg, 353 umol, 1.0 equiv) in toluene (10 mL). An
immediate color change to orange was observed, and the solution was
heated to 130 °C for 18 days. Over this time, the dimethylamine
byproduct was removed periodically by evacuating the headspace of
the reaction vessel every third day. Subsequently, all volatiles were
removed in vacuum and the residue was washed with benzene (S mL)
and pentane (S mL). The product was obtained as a colorless solid (96
mg, 122 ymol, 35%). '"H NMR (600 MHz, Tol-dy): 5 [ppm] = 7.07—
7.02 (m, 6-ArH, 3 H), 7.02 (d, ¥,y = 10.4 Hz, S-ArH, 3 H), 6.90 (d,
*Juu = 7.4 Hz, 3-ArH, 3 H), 6.80 (t, ¥Ji; i = 7.0 Hz, 4-ArH, 3 H), 3.40
(s, NMe,, 6 H), 2.77 (dd, *Jy;p = 12.8 Hz, *J ;43 = 2.6 Hz, PCH,, 3 H),
222 (t, YJyp = 12.7 Hz, PCH,, 3 H), —0.01 (s, SiMe;, 27 H). °C
NMR (151 MHz, Tol-dg): 6 [ppm] = 150.0 (d, ¥Jp = 7.9 Hz, 1-ArC),
132.7 (s, S-ArCH), 131.7 (s, 2-ArC), 130.7 (d, ¥Jcp = 5.7 Hz, 3-
ArCH), 127.2 (d, ¥Jcp = 2.5 Hz, 6-ArCH), 123.0 (s, 4-ArCH), 46.5 (s,
NMe,), 27.1 (d, Jop = 4.4 Hz, PCH,), 2.9 (s, SiMe;). *'P{'H} NMR
(243 MHz, Tol-dy): 6 [ppm] = 26.7 (s). MS (LIFDI): m/z (%) =
786.04 [M]* (100%). M (Cy,HgN,PSi;Hf) = 78549 g mol™".
Elemental analysis calcd. for C3,Hs HfN,PSi;: C 48.93, H 6.54, N
7.13; despite numerous attempts, low values for carbon were obtained,
eg, C 47.18, H 6.52, N 6.71.

[PN3]ZrOTf (3-Zr). A solution of triethylsilyl trifluoromethanesul-
fonate (7.7 mg, 29 umol, 1.2 equiv) in toluene (5 mL) was slowly
added to a solution of 2-Zr (17 mg, 24 pmol, 1.0 equiv) in toluene (5
mL) at —40 °C. The reaction mixture was allowed to warm to room
temperature, and stirring at room temperature continued for 1 h. All
volatiles were then removed in vacuum, and the residue was washed
with a minimal amount of pentane and TMS,0. The product was
obtained as a white powder (10 mg, 12 pmol, 51%). "H NMR (600
MHz, Tol-dg): § [ppm] = 7.09—7.08 (m, 6-ArH, 3 H), 7.00—6.94 (m,
5-ArH, 3 H), 687 (d, *Jyyy = 7.1 Hz, 3-ArH, 3 H), 6.79 (t, Jyy = 7.6
Hz, 4-ArH, 3 H), 2.64 (m, PCH,, 3 H), 2.14—2.03 (m, PCH,, 3 H),
0.03 (s, SiMe;, 27 H). *C NMR (151 MHz, Tol-dg): 5 [ppm] = 148.6
(d, *Jcp = 8.0 Hz, 1-ArC), 137.3 (s, 2-ArC), 130.9 (d, *Jcp = 5.5 Hz, 3-
ArCH), 130.6 (d, *Jcp = 2.6 Hz, S-ArCH), 129.5 (d, ¥Jcp = 2.1 Hz, 6-
ArCH), 124.0 (s, 4-ArCH), 26.8 (d, 'Jcp = 10.6 Hz, PCH,), 1.65 (s,
SiMe,). *'P{'H} NMR (243 MHz, Tol-dg): § [ppm] = 26.3 (s). M
(C41H4sF3ZrN;0;PSSi;) = 803.22 g mol™". Elemental analysis calcd.
for C3,H,sF3N303PSSiyZr: C 46.35, H 5.65, N 5.23; despite numerous
attempts, low values for carbon were obtained, e.g,, C 45.32, H 5.96, N
5.02.

[PN;IHfOTf (3-Hf). A solution of triethylsilyl trifluoromethanesul-
fonate (10 mg, 38 umol, 1.2 equiv) in toluene (5 mL) was slowly
added to a solution of 2-Hf (25 mg, 32 ymol, 1.0 equiv) in toluene (§
mL) at —40 °C. The reaction mixture was warmed to room
temperature and stirred for 1 h. After removal of the solvent in
vacuum, the residue was washed with a small amount of pentane and
TMS,0 to afford the product as a white solid (16 mg, 18 umol, 47%).
"H NMR (600 MHz, Tol-dg): & [ppm] = 7.09—7.08 (m, 6-ArH, 3 H),
7.08—7.07 (m, S-ArH, 3 H), 6.87 (d, *Jy = 7.1 Hz, 3-ArH, 3 H), 6.78
(t, >Jupn = 6.5 Hz, 4-ArH, 3 H), 2.75 (m, PCH,, 3 H), 2.19 (t, YJyp =
14.0 Hz, PCH,, 3 H), 0.03 (s, SiMe,, 27 H). 3C NMR (151 MHz,
Tol-dg): 5 [ppm] = 148.0 (d, *Jcp = 7.5 Hz, 1-ArC), 131.8 (d, Jcp =
2.7 Hz, 6-ArCH), 130.8 (d, ¥Jcp = 5.8 Hz, 3-ArCH), 130.1 (d, ¥J¢p =
2.6 Hz, S-ArCH), 128.4 (s, 2-ArC), 124.1 (s, 4-ArCH), 26.9 (d, 'Jcp =
4.4 Hz, PCH,), 1.82 (s, SiMe;). *'P{'"H} NMR (243 MHz, Tol-dg): §
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[ppm] = 29.6 (s). MS (LIFDI): m/z (%) = 742.7 [M — OTf]*. M
(C31H4sF3HIN;O;PSSi;) = 890.49 g mol ™. Elemental analysis calcd.
for C5,H,F3HIN;O,PSSi;: C 41.81, H 5.09, N 4.72; despite numerous
attempts, low values for carbon were obtained, e.g, C 39.87, H 5.17, N
4.57.

[PN;]TiCl (4-Ti). Method A. A suspension of 1-Li (200 mg, 250
umol, 1.0 equiv) in toluene (S mL) was added to a stirred suspension
of TiCL,(THF), (91 mg, 270 umol, 1.1 equiv) in toluene (S mL) at
—40 °C. An immediate color change to deep red was observed, and the
reaction mixture was allowed to warm to room temperature. Stirring at
room temperature was continued for 6 h. The reaction mixture was
then filtered through a plug of aluminum oxide. The orange-red filtrate
was condensed to dryness, and the residual crude product was washed
with a minimal amount of pentane. The product was obtained as a red
solid after drying in vacuum for several hours (30 mg, 46 pmol, 19%).
'"H NMR (600 MHz, Tol-d;): 6 [ppm] = 7.15 (d, *Jyy = 8.1 Hz, 6-
ArH, 3 H), 7.01 (d, *Jyy = 6.5 Hz, S-ArH, 3 H), 6.87 (d, *Jyy = 74
Hz, 3-ArH, 3 H), 6.79 (t, *Jyu = 7.3 Hz, 4-ArH, 3 H), 2.51 (dd, ] =
13.1 Hz, 4.0 Hz, PCH,, 3 H), 2.02 (dd, J = 15.9 Hz, 13,5 Hz, PCH,, 3
H), 0.27 (s, SiMe,, 27 H). 3C NMR (151 MHz, Tol-dg): § [ppm]
1544 (d, ¥Jcp = 10.1 Hz, 1-ArC), 130.1 (d, ¥ = 5.6 Hz, 3-ArCH),
129.3 (s, 2-ArC), 127.3 (s, 6-ArCH), 127.2 (s, 5-ArCH), 123.7 (s, 4-
ArCH), 26.9 (d, 'Jcp = 44 Hz, PCH,), 3.26 (s, SiMe;). *'P{'H} NMR
(243 MHz, Tol-dg): 6 [ppm] = 40.7 (s). MS (LIFDI): m/z (%) =
645.1 [M]" (100%). M (CyoH,CIN,PSisTi) = 646.25 g mol ™.
Elemental analysis caled. for C;,H,sCIN;PSi;Ti: C 55.76, H 7.02, N
6.50; found: C 55.38, H 6.38; N 6.18.

Method B. To a solution of 1 (60 mg, 106 umol, 1.0 equiv) in
toluene (0.5 mL) was added Bn;TiCl (38 mg, 106 gmol, 1.0 equiv) at
room temperature, resulting in an immediate color change to red. The
resulting solution was heated to 55 °C for 4 h, and the solvent was
removed in vacuum. The residue was extracted with a mixture of Et,O
and TMS,0, and the extracts were kept at —40 °C for several days.
Crystals of the intermediate [HNPN,]Ti(Bn)(Cl) formed over this
time and were isolated by filtration (approximately 20 mg). 'H NMR
(600 MHz, Tol-dg): § [ppm] = 6.96 (d, ¥, = 8.1 Hz, ArH, 2 H),
6.92 (m, ArH, 2 H), 6.84 (m, ArH, 4 H), 6.73 (m, ArH, 1 H), 6.69 (d,
*Tyu = 7.8 Hz, 1 H), 6.58 (m, ArH, 1 H), 6.37 (d, *Jyy = 7.4 Hz, ArH,
1 H), 3.59 (m, PCH,, 1 H), 3.17—3.10 (m, PCH,, 1 H), 3.03 (s,,, Bn-
CH,, 2 H), 2.53—2.48 (m, PCH,, 1 H), 2.41-2.40 (m, PCH,, 1 H),
227 (d, ] = 13.1 Hz, PCH,, 1 H), 2.18 (m, PCH,, 1 H), 0.53 (s,
SiMe;, 9 H), 0.22 (s, SiMe;, 9 H), 0.13 (s, SiMe;, 9 H). One crystal
was selected for X-ray diffraction, and the remaining material was
redissolved in toluene. The resulting solution (0.5 mL) was heated to
80 °C for S h and then condensed to dryness. No further work-up was
required, and the product was obtained as a red solid (10 mg, 15 gmol,
15%). Analytical data are identical with the data reported above (see
method A).

[PN]ZrCl (4-Zr). Method A. A suspension of 1-Li (400 mg, 495
umol, 1.0 equiv) in toluene (S mL) was added to a stirred suspension
of ZrCL,(THF), (190 mg, S04 umol, 1.0 equiv) in toluene (S mL) at
—40 °C, and the resulting reaction mixture was warmed to room
temperature. The orange suspension was stirred at room temperature
for 6 h and then filtered through Celite. The filtrate was condensed to
dryness, and the residual yellowish material was washed with minimal
amounts of pentane and TMS,O. After drying in vacuum, a white
powder of the product was obtained (149 mg, 231 umol, 47%).'H
NMR (600 MHz, Tol-dg): § [ppm] 7.10—-7.09 (m, 6-ArH, 3 H), 7.03
(d, *Jyu = 7.6 Hz, S-ArH, 3 H), 691 (d, ¥y = 7.4 Hz, 3-ArH, 3 H),
6.80 (t, *Jun = 7.2 Hz, 4-ArH, 3 H), 2.64 (dd, JJyp = 132, Yy = 3.3
Hz, PCH,, 3 H), 2.14—2.12 (m, PCH,, 3 H), 0.15 (s, SiMes, 27 H).
3C NMR (151 MHz, Tol-dg): & [ppm] = 150.2 (d, *Jcp = 8.4 Hg, 1-
ArC), 1309 (d, *Jcp = 5.3 Hz, 3-ArCH), 130.0 (s, 2-ArC), 129.7 (s, 6-
ArCH), 127.7 (s, S-ArCH), 123.3 (s, 4-ArCH), 26.8 (d, 'Jp = 4.4 Hz,
PCH,), 2.3 (s, SiMes). *'P{'"H} NMR (243 MHz, Tol-dy): 5 [ppm]
262 (s). MS (LIFDIL): m/z (%) 687.0 [M]* (100%). M
(C3oH4sCIN;PSi;Zr) = 689.61 g mol™". Elemental analysis calcd. for
C;oH,sCIN;PSi;Zr: C 5225, H 6.58, N 6.09; despite numerous
attempts, low values for carbon were obtained, e.g., C 50.43, H 7.20, N
6.44.
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Method B. A solution of trimethylsilyl chloride (43 uL, 353 pmol,
2.6 equiv) in toluene (1 mL) was slowly added to a solution of 2-Zr
(90 mg, 129 pmol, 1.0 equiv) in toluene (S mL), and the resulting
mixture was stirred for 3 days at room temperature. All volatiles were
removed in vacuum, and the residual material was washed with small
amounts of pentane. The product is obtained as a white powder (35
mg, 54 ymol, 42%). Analytical data are identical with the data reported
above (see method A).

[PN3]HfCI (4-Hf). Method A. A suspension of 1-Li (100 mg, 125
umol, 1.0 equiv) in toluene (S mL) was added to a suspension of
HfCL,(THF), (64 mg, 138 ymol, 1.1 equiv) in toluene (5 mL), at —40
°C. After warming the reaction mixture to room temperature, stirring
was continued 6 h. The resulting suspension was filtered through
Celite, and the filtrate was condensed to dryness. The residual crude
material was washed with minimal amounts of pentane and TMS,0 to
afford the product as a pale yellow solid (54 mg, 70 umol, 56%). 'H
NMR (600 MHz, Tol-dg): § [ppm] = 7.12 (d, *Jyyy = 7.9 Hz, 6-ArH, 3
H), 7.03 (d, *Jyy = 6.5 Hz, S-ArH, 3 H), 6.89 (d, ¥Jyyy = 7.5 Hz, 3-
ArH, 3 H), 6.78 (t, Juyu = 7.3 Hz, 4-ArH, 3 H), 2.72 (dd, *Jyyp = 13.1
Hz, *Jyy = 4.2 Hz, PCH,, 3 H), 2.20 (m, PCH,, 3 H), 0.15 (s, SiMe;,
27 H). BC NMR (151 MHz, Tol-d,): 5 [ppm] = 149.9 (d, *Jp = 10.1
Hz, 1-ArC), 130.9 (d, ¥J¢p = 5.6 Hz, 6-ArCH), 130.7 (s, 2-ArC), 129.9
(s, 3-ArCH), 127.7 (s, S-ArCH), 123.4 (s, 4-ArCH), 26.8 (d, Jcp
4.4 Hz, PCH,), 2.4 (s, SiMe;). 3'P{'"H} NMR (243 MHz, Tol-dg): 6
[ppm] = 31.7 (s). MS (LIEDI): m/z (%) = 776.94 [M]* (100%). M
(C3oH,4sCIN;PSi;Hf) = 776.87 g mol™". Elemental analysis calcd. for
CoH,<CIHfN,PSiy: C 46.38, H 5.84, N 5.41; found: C 46.87, H 6.29,
N 5.09.

Method B. A solution of trimethylsilyl chloride (8.2 L, 65 pmol,
1.3 equiv) in toluene (0.2 mL) was slowly added to a solution of 2-Hf
(35 mg, SO umol, 1.0 equiv) in toluene (0.3 mL). The resulting
solution was kept at room temperature for 3 days, and all volatiles
were then removed in vacuum. The residual material was washed with
small amounts of pentane to afford the product as a colorless powder
(18 mg, 23 umol, 46%). Analytical data are identical with the data
reported above (see method A).

[Me,SiCH,NPN,]Ti (5-Ti). A precooled solution of Bn,Mg(thf),
(50 mg, 137 pmol, 0.55 equiv) in toluene (4 mL) was slowly added to
a solution of 4-Ti (160 mg, 250 ymol, 1.0 equiv) in toluene (S mL) at
—40 °C. The resulting deep red reaction mixture was allowed to warm
to room temperature, kept at this temperature for 1 h, and then heated
to 90 °C for 9 h. After cooling the reaction mixture to room
temperature, all volatiles were removed in vacuum and the residue was
extracted with pentanes (25 mL). The pentane extracts were
condensed to approximately 10 mL and left standing at —40 °C
overnight. The formed precipitate was filtered off and dried in vacuum
to afford the product as an orange-red powder (100 mg, 164 umol,
66%). '"H NMR (600 MHz, C(Dy): & [ppm] = 7.14—7.11 (m, ArH, 2
H), 7.07-7.04 (m, ArH, 2 H), 6.93—6.87 (m, ArH, 2 H), 6.88—6.85
(m, ArH, 1 H), 6.84—6.80 (m, ArH, 2 H), 6.75—6.73 (m, ArH, 1 H),
2.69 (dd, *Jyp = 134, Yy = 4.1 Hz, PCH,, 1 H), 2.59 (dd, *Jyp =
12.8, Yy = 5.8 Hz, PCH,, 1 H), 2.50 (dd, *Jyyp = 13.9, *Jy s = 5.4 Hz,
PCH,, 1 H), 2.38 (d, ?Jygu = 11.7 Hz, TiCH,, 1 H), 2.25 (m, PCH,, 1
H), 2.05—-1.91 (m, PCH,,2 H), 1.21 (d, *Jy = 11.6 Hz, TiCH,, 1 H),
0.77 (s, SiMe,, 3 H), 0.21 (s, SiMe;, 9 H), 0.19 (s, SiMe,, 9 H), —0.00
(s, SiMe,, 3 H). *C NMR (101 MHz, C¢D): 6 [ppm] = 155.3 (d, ] =
11.6 Hz, ArC), 151.5 (d, ] = 6.3 Hz, ArC), 150.6 (d, J = 11.3 Hz, ArC),
142.2 (s, ArC), 131.5 (d, J = 5.6 Hz, ArCH), 131.1 (d, ] = 6.0 Hz,
ArCH), 1303 (d, J = 5.7 Hz, ArCH), 130.0 (s, ArC), 129.6 (d, J = 2.1
Hz, ArC), 129.0 (d, ] = 3.2 Hz, ArCH), 128.5 (s, ArCH), 128.3 (d, ] =
1.4 Hz, ArCH), 128.0 (d, ] = 3.3 Hz, ArCH), 127.8 (d, ] = 2.4 Hz,
ArCH), 123.6 (s, ArCH), 123.1 (s, ArCH), 121.7 (d, ] = 3.4 Hz,
ArCH), 120.7 (s, ArCH), 28.1 (d, ] = 4.6 Hz, PCH,), 27.1 (d, ¢, =
11.9 Hz, PCH,), 25.0 (d, Y = 9.1 Hz, PCH,), 6.7 (s, TiCH,), 6.6 (s,
TiCH,), 3.5 (s, SiMe,), 2.6 (s, SiMe;), 2.5 (s, SiMe;). ¥ P{'H} NMR
(243 MHz, C(Dy): 6 [ppm] = 24.3 (s). M (C;;H,sN;PSi;Ti) = 625.83
g mol™". Elemental analysis calcd. for C3,HyN;PSisTi: C 59.09, H
727, N 6.89; found: C 60.09, H 6.97, N 6.08.
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