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Abstract

Ti-imido complex [TiCI(N'Bu)(BIPP)] (1; BIPP = bis(iminophosphoranyl)phosphide ligand)
reacts with terminal alkynes R—C=CH (R = phenyl, isopropenyl, cyclopropyl, 2-pyridyl) via P-P
bond cleavage of the BIPP ligand. The resulting complexes [TiCI(NPN’)(NPhPPh,)] (2a-d)
contain a pincer-type NPN’ phosphide ligand that incorporates the terminal alkyne and the imido
ligand from complex 1. Complexes 2a-d feature two chiral centers (Ti and P) with interdependent
absolute configurations, thus they are formed stereoselectively. Complex 2a (R = phenyl)
undergoes chloride abstraction with [EtsSiHSiEt:][B(CeFs)4], yielding
[Ti(NPN’)(NPhPPh2)][B(CsFs)4] (3). Complex 3 is a moderately active and stereoselective
initiator for the ring-opening polymerization of rac-lactide. Complex 3 activates the C=O bond of
4-iodobenzaldehyde to give complex 4 as a single diastereomer despite the presence of three chiral

centers. Complex 3 undergoes transmetallation with SbCls, yielding [ Sb(NPN’)][B(CeF5s)4] (5) and



[TiCI3(NPhPPh2)] (6) selectively. The bonding situation in 3 and 5 was analyzed using Bader’s
Atoms-In-Molecules (AIM) and the Electron Localization Function (ELF), showing that the
nitrogen atoms of the NPN’ ligand are electronically similar, and that the metal-phosphide

interaction is more polar in the case of titanium.

Introduction

Dicoordinate phosphorus compounds span a wide spectrum of reactivities, from Lewis basic
phosphides (I) to phosphinyl radicals (IT) and Lewis acidic phospheniums (III) (Chart 1)."** For
instance, compounds A, B and C belong to these categories, and thus react accordingly (Chart 2).>
19 However, although the difference between phosphides and phospheniums seems obvious, the
electronic properties of substituents X can somewhat blur the distinction between these two classes
of compounds.!'! Thus, phosphide D and phosphenium E (which respectively contain electron-
withdrawing and electron-donating substituents) both display ambiphilic character.!*!® In extreme
17-19

cases, net charges become all but insignificant: compound F can bind up to two metal centres,

which clearly makes it a competent Lewis base.?
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Chart 1. Main Types of dicoordinate phosphorus compounds.

The reactivity of F can be explained by the fact that the ylidic groups impart considerable
electron density to the central phosphorus atom,?! to the extent that this cationic compound may
actually be described as a bisphosphonio-substituted isophosphindolide (resonance form F-).2°

Other strongly-donating substituents, such as N-heterocyclic olefins, may achieve similar results.>?



Conversely, strongly electron-withdrawing substituents, such as the cyano group (D), can confer

electrophilic character to phosphides.!>!4
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Chart 2. Literature examples of dicoordinate phosphorus compounds.

We have recently reported the use of bis(iminophosphoranyl)phosphide anions (BIPP) as
ligands for transition metals.” BIPP are valence isoelectronic to
bis(iminophosphoranyl)methanediides (BIPM), which can be considered as P(V)-stabilized
geminal dianions.?* 2> However, BIPP can hardly be described as classical phosphide ligands: for
instance in complex 1 (Chart 3), the electron-withdrawing effect of the substituents is such that the
negatively charged central phosphorus atom only interacts electrostatically with Ti. In fact, the
low-lying (-1.61 eV) LUMO of 1 displays P-P antibonding character, which suggests that the

central phosphorus atom could be sensitive to nucleophilic attack.??



Chart 3. Left: isolobal relationship between BIPM and BIPP ligands. Right: a previously reported

Ti-BIPP complex.?

Overall, experimental and computational evidence indicates that BIPP complexes are closely
related to ambiphilic triphosphenium cations (TP), another type of dicoordinate phosphorus
compounds.?’?’ This analogy can be understood by considering the depiction of BIPP and TP
using the arrow formalism (Chart 4).>° The well-documented — and synthetically useful —

propensity of TP to undergo P-P bond cleavage thus suggests that BIPP and their complexes could

be amenable to similar transformations.?!*°
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Chart 4. A BIPP ligand depicted as a TP with amidophosphine substituents.

In this contribution, we report the serendipitous discovery of P-P bond cleavage in complex 1
by Ti-activated terminal alkynes. This reactivity enables the template synthesis of elaborate NPN’
pincer-type ligands at Titanium. We further demonstrate the practicability of this methodology by

transferring one of the NPN’ ligands to antimony.
Results and discussion
Experimental results

Titanium imido complexes are useful precatalysts in hydroamination catalysis,*'** therefore we

initially tested the behavior of 1 in the presence of aniline and phenylacetylene (5 % [Ti], Ce¢De,



105 °C, 24 h). However, the results were disappointing: very little conversion to the
hydroamination products was observed (see Figure S66). In order to uncover the reasons behind
this poor catalytic activity, we investigated the behavior of 1 towards phenylacetylene alone:
indeed, imido complexes of group 4 metals typically undergo [2+2] cycloaddition with alkynes.**
% We monitored a CD>Cl, solution of 1 (0.1 mmol) with 1 eq of phenylacetylene by NMR
spectroscopy (4 days, room temperature). The *'P{'H} NMR spectrum of the reaction mixture
revealed almost complete conversion to a new compound, featuring three distinct signals ina 1:1:1
ratio (Figure 1). Moreover, the diagnostic triplet at -179.2 ppm corresponding to the central
phosphorus was replaced by a doublet at -62.3 ppm ('Jpp = 350 Hz). These observations suggested
a much more drastic evolution than just a simple desymmetrization of the BIPP ligand’s
environment (e.g. caused by a change in the coordination sphere of Ti consecutive to alkyne

insertion).

Figure 1. 2'P{'H} NMR spectra of the reaction of complex 1 with phenylacetylene in CD,Cl. (top:

t0; bottom: t0 + 4 days).

We repeated the reaction on preparative scale and complex 2a was isolated as a dark brown

powder in 79 % yield (Scheme 1). Other terminal alkynes led to similar outcomes (2b-d), however



no reaction was observed with 1-phenyl-1-propyne. Likewise, isoprene (a 1,3-diene) also failed to

react.
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Scheme 1. Synthesis of complexes 2a-d.

The 'H, *C{'H} and *'P{'H} NMR spectra of complexes 2a-d display several characteristic
features (Table 1). The olefinic proton (H2) resonates as a strongly deshielded doublet of doublet
(because of scalar coupling with the phosphorus atoms of the P-P moiety), around 7.5-8.6 ppm.
The chemical shift of H2 appears to be quite sensitive to the electronic nature of R: thus, it is the
most shielded in 2¢ (R = cyclopropyl), and the most deshielded in 2d (R = 2-pyridyl). The
corresponding C2 carbon also resonates as a strongly deshielded doublet of doublet, around 152-
160 ppm, and its chemical shift follows the same trend as H2. By contrast, the quaternary olefinic
C1 carbon is strongly shielded (109-116 ppm) and follows an inverse trend, i.e. it is most shielded
in 2d, and most deshielded in 2c.

No clear trends can be established for the *'P{'H} NMR parameters. The three moieties
(phosphide: P1; phosphoranyl: P2; phosphine: P3) give rise to well separated signals (P1: -62 to -
67 ppm; P2: 17 to 20 ppm; P3: -22 to -30 ppm). A large J scalar coupling can be observed between
P1 and P2 for 2a-d (1Jp1p2 = 330-360 Hz), although it is smaller than in complex 1 (416 Hz).**

Additional small 2J and *J coupling through Ti can be measured for 2a-¢ (Jpip3, >Jr2p3 = 7 Hz).



Single crystals of 2a-d suitable for X-ray diffraction analysis were obtained by vapor diffusion
of pentane into solutions of those complexes in CH2Cl> at -18 °C (Figure 2). Relevant bond
distances and angles are gathered in Table 2.4

Table 1. Selected NMR parameters for 2a-d and 3-5.[¢

H% @/tBu
/C2~N1 © /I:’h
/
R—C—] @ ’713
R P3s~ph
| N, \
Ph—Pz™ N Ph
Ph Ph
2a 2b 2¢ 2d 3 4 5
dci 111.0 114.7 116.2 109.5 115.4 110.4 99.6
dc2 153.0 157.5 152.4 159.5 143.9 151.8 155.2
Sz 7.97 7.60 7.52-7.46 8.60 8.59 7.89 8.41
Sp1 -62.3 -67.2 -63.0 -64.4 -8.8 -76.2 -52.5
Sp2 19.1 20.1 18.0 17 3.4 -6.6 100.1
Sp3 -29.9 22.6 272 27.1 -0.2 70.5 N.A.
1 Jp1p2 350 336 357 347 369 383 306
2 Jp1ps 6.8 7.2 7.3 N.A. N.A. N.A. N.A.
3Jp2p3 7.0 7.3 6.5 N.A. N.A. N.A. N.A.

[a]: 6 values in ppm, J values in Hz.

Complexes 2a-d are chiral at titanium, due to a highly differentiated coordination environment:
indeed, all the atoms bound to Ti are chemically non-equivalent. Moreover, the NPN’ ligand is P-

stereogenic due to the pyramidalization of P1.%3

Therefore, in theory, these compounds can exist
as several diastereomers. Obviously, the exact number of possible diastereomers depends on the

geometry of the complexes, which is not trivial in the case of 2a-d (vide infra). However, the

configuration of P1 appears to be determined by the coordination environment of the metal: indeed,



the orientation of the C1-C2 bridge depends on the position of N1 (i.e. away from the bulky
amidophosphine ligand). Thus, in practice, complexes 2a-d crystallize as a single diastereomer,
consistent with the observed behavior in solution.*” For complex 2d, the crystal cell actually

contains two independent molecules of the same diastereomer (2d-1 and 2d-2).%°

02 N1 -‘-u\

S ;/\\m \ \\

N r‘“\/_‘/ w

PS

I
\/ 2b

Vg ;
¢ :\

Figure 2. Top: ORTEP depiction of the X-ray structures of 2a-d; asymmetric unit only; thermal
ellipsoids drawn at the 50% probability level; solvent molecules and hydrogen atoms are not
shown for clarity; for 2d only one of the independent molecules present in the asymmetric unit is
shown (2d-1); P3-N3-Ti-Cl torsion angle highlighted in red (P3-N3-Til-ClI1 for 2d-1); see Table
2 for metric parameters. Bottom: Capped sticks depiction of the first coordination sphere of the

metal in 2a-d, viewed along the Ti-P1 bond (Til-P1 for 2d-1).

As mentioned above, the geometry of 2a-d is complex, due to the combination of geometrical
constraints and a hexacoordinate environment. For simplicity, the two coordination sites occupied
by the amidophosphine ligand (P3N3) can be considered as one. With this hypothesis, 2a and 2¢
can be described as distorted trigonal bipyramids in which the NPN’ ligand binds Ti in mer-like
fashion. Note that in this case, the amidophosphine ligand is oriented parallel to the Ti-CI bond

(P3-N3-Ti-Cl torsion angle close to = 170 °). The first coordination sphere of Ti is completed by



C1 and C2, which “fold back” towards the metal, although the distances between these atoms and

Ti (2.427(3) to 2.661(2) A) are probably too high for a covalent interaction (the sum of covalent

radii for Ti and Cyp2 is 2.43+0.10 A).>!

Table 2. Selected bond distances (A) and angles (°) for complexes 2a-d and 3

2a 2b 2¢ 2d-15
C1-C2 1.375(3) 1.355(2) 1.378(4) 1.352(4)
Ti-N2 2.1635(16) 2.0774(12) 2.194(2) 2.104(2)
= TiN3 2.0165(16) 1.9739(12) 2.023(2) 1.983(2)
f Ti-Cl 2.3864(6) 2.3555(4) 2.4072(8) 2.3440(8)
E; P1-P2 2.1541(7) 2.1340(5) 2.1471(9) 2.1376(10)
N1-Ti-N2 153.73(7) 128.25(5) 152.79(9) 125.99(9)
P3-N3-Ti-CI®!  -168.12(5) -53.05(6) 167.03(8) -52.94(12)
Ti-C1 2.661(2) 3.2716(15) 2.52003) 3.308(3)
Ti-C2 2.514(2) 2.9532(16) 2.427(3) 2.985(3)
;: Ti-N1 1.9765(16) 1.9992(12) 1.971(2) 2.009(2)
& TiPl 2.5496(6) 2.5987(5) 2.5369(8) 2.5904(8)
q Ti-P3 2.4394(6) 2.5450(5) 2.4490(8) 2.5262(8)
P3-N3 1.6520(16) 1.6690(12) 1.650(2) 1.663(2)
Sa(P1) 251.58(10) 270.92(8) 246.07(12) 270.90(13)
e P2-N2 1.6297(16) 1.6261(12) 1.623(2) 1.630(2)
Z & c1-p1-p2b 101.90(7) 99.89(5) 99.59(9) 99.32(9)

[a]: for 2d-1, Ti corresponds to Til and Cl corresponds to CI1. [): absolute values are considered
for classification purposes.

Compounds 2b and 2d show even more distorted geometries due to a different orientation of the
amidophosphine ligand (P3-N3-Ti-Cl torsion angle close to - 50 °, see Figure 2, bottom). As a

result, the NPN’ ligand deviates considerably from the mer-like coordination mode observed in 2a



and 2¢ (N1-Ti-N2 angle close to 127 © instead of 153 °). As a matter of fact, most of the parameters
listed in Table 2 follow the dichotomy between 2a,c and 2b,d: some bond distances (e.g. Ti-C1,
Ti-C2, Ti-N1, Ti-P1 and Ti-P3) are considerably shorter in 2a,¢ than in 2b,d, while the reverse is
true for some others (e.g. Ti-N2, Ti-N3 and Ti-Cl). An interesting consequence is the more relaxed
conformation of the NPN’ ligand in 2b,d due to the absence of interactions between Ti and C1/C2.
Thus, the most salient geometrical differences observed for 2a-d appear to be (mostly) due to
conformational changes.

Perhaps the most interesting feature of complexes 2a-d is the short mean Ti-P1 distance (2.57
A), just within the sum of covalent radii for Ti and P (2.67+0.11 A).>! This suggests a (polarized)
covalent bond between these atoms (vide infra), in contrast with the weak electrostatic interaction
between Ti and the central phosphorus atom of the BIPP ligand in complex 1 (dtip1 = 3.0308(7)
A). Yet, the sum of angles around P1 is unusually low for a metal phosphide: around 250 © in 2a-
¢, 270 ° in 2b-d. Metal phosphides generally display trigonal pyramidal or trigonal planar
geometries, depending on the presence of d electrons on the metal.>? Indeed, we have previously
observed an almost perfect trigonal planar geometry in Ti(IV)-phosphides.> In the case of 2a-d,
the extreme pyramidalization of P1 is likely a result of the geometrical constraints imposed by the
NPN’ ligand framework.

In summary, the reaction of 1 with terminal alkynes transforms a BIPP ligand into a pincer-type
phosphide ligand. The expansion of the BIPP ring and the replacement of one of its
iminophosphoranyl side-arms by a more basic substituent both contribute to strengthen the Ti-P
interaction, as revealed by the dramatic shortening of the Ti-P1 bond. Two mechanisms (A and B)

can be envisaged for this reaction (Scheme 2).%*

The cleavage of the P-P bond could occur first,
yielding a phosphinidene intermediate (A1), which would then undergo [2+1] cycloaddition with

the terminal alkyne, yielding a Ti-bound phosphirene (A2). This mechanism is reminiscent of the

10



reactivity of masked phosphinidenes reported by Marinetti and Mathey.”> Additionally,
phosphirene A2 would be expected to undergo nucleophilic ring-opening.® However, if a
phosphinidene intermediate (i.e. A1 minus the alkyne) was indeed generated, it would undoubtedly
react with isoprene or 1-phenyl-1-propyne to generate a phosphirene.” Thus, the absence of

reaction with these substrates mitigates against mechanism A.

Mechanism A:
Phosphinidene / Phosphirene

P NPh
P cl
Ph, 1

(V)
Pé[N]/:,Tié\N Bu
-
._F’/\ ~IN] //
[P R
B1

Mechanism B:
Titanium alkenyl

Scheme 2. Possible mechanisms for the formation of 2.

The most probable mechanism — based on both experimental evidence and chemical intuition
— involves initial activation of the alkyne by [2+2] cycloaddition with the Ti-imido moiety from
intermediate B1.** ¢ The central phosphorus atom of the BIPP ligand would then undergo
nucleophilic substitution by the Ti-bound alkenyl ligand in B2, yielding 2. Indeed, the results of
DFT calculations (see the computational details) are consistent with this mechanism, for which the
largest computed free energy barrier is 23.7 kcal.mol™! (for B2—2a’, Figure 3).>’ By contrast, the
largest computed barrier for mechanism A is 43.1 kcal.mol™! (Figure S74). Interestingly, P-P bond

cleavage does not yield 2a directly, but rather its diastereomer (2a’), which is the kinetic product

11



of the reaction. However, the isomerization barrier is quite low (12.9 kcal.mol™!), and the

experimentally observed diastereomer is more stable by over 10 kcal.mol ™.

AG (kcal/mol)
A

AG¥=23.7

thFi’fN"("})i/( P ] NI “VN’Bu
) >Cl -

:P__,NPh YA

Br, 1 [Pi Ph/

Figure 3. Most favorable computed mechanism (B) for the formation of 2a.

As mentioned above, the Ti-P1 bond lengths in 2a-d are indicative of the phosphide character
of the NPN’ ligand; Ti(IV) phosphide complexes are rare, due to the reducing nature of phosphides
and the propensity of Ti(IV) to undergo one-electron reduction.’ In order to strengthen the Ti-P1
interaction further, we abstracted the chloride ligand in 2a with the triethylsilylium cation. An
immediate color change from dark brown to deep red was observed, and complex 3 was isolated

in 90 % yield after workup (Scheme 3).

T® B(CgF
[[Et;SIHSIEt][B(C4Fs)al /Bu (CoFsls
N
CeHsBr o \ViNPh
2a TI\
- EtzSiH P \ PPh,

-Et3SiCl pth
3(1.216 g, 90 %)

Scheme 3. Synthesis of 3.
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Chloride removal has a strong impact on the *'P{'H} NMR spectrum of 3 vs 2a (Figure 4). All
the signals are significantly broadened, to the extent that 2/pip3 and *Jp2p3 coupling constants are
no longer observed. Moreover, the signals now span a much narrower range of frequencies: 12.2
ppm vs 81.4 for 2a. The signal for P1 is strongly deshielded compared to the one observed in 2a
(-8.8 vs -62.3 ppm). Interestingly however, it is very far from the 400-500 ppm values reached by
other d° cationic Ti-phosphide complexes:> this is likely a consequence of the absence of multiple

bond character for the Ti-P interaction (vide infia).>®

T

Figure 4. Comparison of the *'P{!'H} NMR spectra of 2a and 3 (CD2Cl», 202 MHz).

X-ray diffraction analysis of a single crystal of 3 revealed the structure shown in Figure 5. Being

both chiral at Ti and at P1, it also crystallizes as a single diastereomer.

13



Figure 5. Left: ORTEP depiction of the X-ray structure of 3 (thermal ellipsoids drawn at the 50%
probability level; solvent molecules, B(C¢Fs)4 anion and hydrogen atoms are not shown for
clarity). Selected bond distances (A) and angles (°): C1-C2: 1.372(7); Ti-Cl1: 2.538(5); Ti-C2:
2.453(5); Ti-N1: 1.925(4); Ti-N2: 2.085(4); Ti-N3: 1.953(4); Ti-P1: 2.4767(16); Ti-P3:
2.4390(16); P1-P2: 2.1676(19); P2-N2: 1.633(4); P3-N3: 1.681(5); C1-P1-P2: 94.89(17); N1-Ti-
N2:139.47(17); Za(P1): 240.2(2). Right: Capped sticks depiction of the first coordination sphere

of Ti in 3 viewed along the Ti-P1 bond.

Except for the Ti-P3 distance, which remains the same as that observed in 2a, all the distances
between Ti and C, N and P atoms are shorter in 3 compared to 2a. This is especially noticeable for
the Ti-P1 distance (2.4767(16) A vs 2.5496(6) A). Additionally, the N1-Ti-N2 angle is narrower
(139.47(17) ° vs 153.73(7) °), as well as the C1-P1-P2 angle (94.89(17) ° vs 101.90(7) °). Because
of these increased geometrical constraints, the P1 atom is further pyramidalized (240.2(9) ° vs
251.58(10) ).

Complex 3 is a moderately active initiator for the ring-opening polymerization (ROP) of rac-
lactide, converting 67 % of the monomer over 24h (toluene, 110 °C, 100 eq lactide, 1 eq benzyl
alcohol). This level of performance is unexceptional for titanium, which tends to yield poorly
active ROP initiators compared to other group 4 metals.> ® Interestingly, however, the obtained
polymer displays a slight heterotactic bias (Pm = 0.40).

We have previously shown that Ti(IV) cations containing a pendant phosphine ligand behave
like Frustrated Lewis Pairs (FLP) towards aldehydes.’> ® Thus, we reacted 3 with 4-

iodobenzaldehyde in CH2Cl,, and complex 4 was isolated in 70 % yield after workup (Scheme 4).

14
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4 (242 mg, 70 %)

Scheme 4. Synthesis of 4.

Initially, we ran the reaction for 5 minutes, and we observed a set of well-resolved signals (major
product) along with another set of broad signals (minor product) in the *'P{'H} NMR spectrum of
the isolated product (Figure S41). The chemical shifts of the minor product are very similar to the
major product, suggestive of the presence of two different diastereomers. Running the reaction for
24 h afforded complex 4 as a single diastereomer, indicating that the minor diastereomer is a
kinetic product.

Unfortunately, we were unable to obtain single crystals of 4 suitable for X-ray diffraction.
However, the NMR spectroscopic data strongly suggest that the connectivity of 4 as depicted in
Scheme 4 is correct. The *'P{'H} NMR spectrum of the major product features a strongly
deshielded singlet at 70.5 ppm corresponding to the phosphonium (P3), a doublet at -6.6 ppm
corresponding to the iminophosphoranyl (P2) and a doublet at -76.2 corresponding to the
phosphide (P1). Both the chemical shifts of P1 and P2 and magnitude of the scalar coupling ('Jp1p2
= 383 Hz) are roughly similar to those observed for 2a (Figure 6), while the deshielding of the
signal of P3 indicates that the amidophosphine ligand has reacted as the Lewis basic component
of'the FLP. This assumption is corroborated by the presence of a distinct cross-peak signal between

P3 and the ortho protons of the 4-iodophenyl ring in the 'H-*'P HMBC spectrum (Figure S47).5

15



Figure 6. Comparison of the *'P{'"H} NMR spectra of 3 and 4 (CD,Cl,, 202 MHz).

In another attempt to investigate the reactivity of 3, we obtained a 1:1 mixture of 5 and 6 upon
reaction with SbCl3.* This mixture could be separated into its analytically pure constituents in 94

% and 54 % yields (respectively) after workup (Scheme 5).

j@@
B(CeFs)4
Ph_~ N,‘Bu cl
1.02 ShCly ‘ [ (v)
- 5 :Fi—- + CIH}Ti{
H,Cl /
CHCl, Ph,P=NPh cl

5(0.253 g, 94 %) 6 (0.047 g, 54 %)

Scheme 5. Synthesis of 5 and 6.

The 3'P{'H} NMR spectrum of 5 features two doublets at 100.1 (P2) and -52.5 ppm (P1) with a
IJp1p2 coupling constant of 306 Hz. The origin of the strong deshielding for P2 in 5 is unclear, since
the bonding situation does not seem to differ drastically between Ti and Sb (vide infra). Other
NMR parameters are comparable to those of other NPN’-containing compounds reported in this
study (Table 1). For complex 6, a singlet at -17.1 ppm is observed in the *'P{'"H} NMR spectrum.

Single crystals of 5 and 6 suitable for X-ray diffraction analysis were obtained (see Figure 7; 5:
diffusion of pentane into a CH2Cl, solution at -18 °C; 6: saturated pentane solution at — 18°C).

Strikingly, despite the considerably smaller covalent radius of Sb compared to Ti (1.39+0.05 A vs

16



1.60+0.08 A),>! the M-N1, M-N2 and M-P1 distances are larger in 5 compared to 4 (Sb-N1: + 8
%; Sb-N2: + 1 %; Sb-P1: + 3 %). Other noticeable differences are the larger P1-P2 distance in §
(+ 2 %), and the less pyramidalized P1 atom (-13 %), which also contribute to a more relaxed
structure. Just like P1, the Sb atom displays a pyramidal geometry (Za(Sb): 259.59(12) °), so that
5 could exist as two diastereomers — at least in principle. However, it is likely that inversion of
either P1 or Sb would cause too much distortion to the bicyclic structure, so that only the
diastereomer present in the crystal structure of 5 is observed.

Complex 6 displays a tetrahedral geometry (assuming that the amidophosphine ligand occupies
one coordination site). The Ti-N and Ti-P distances (1.949(4) A and 2.4294(15) A, respectively)
are slightly shorter than those observed in 2a-d, consistent with a less crowded coordination
environment in 6.

It thus appears that the NPN’ ligand in 3 can be transferred to Sb by transmetallation. We
computed the thermodynamics of the reaction depicted in Scheme 5 by Density Functional Theory
(DFT, see the supporting information for details) and indeed found a favorable reaction Gibbs free
energy of -9.5 kcal.mol!. In an effort to investigate the generality of this transmetallation, we
reacted 3 with other MCl, precursors (PClz, BiCls, ZrCls, and KoPdCls) in CD>Cl,, but we only

obtained complex mixtures (Figure S68).

Figure 7. ORTEP depiction of the X-ray structures of 5 and 6 (thermal ellipsoids drawn at the

50% probability level; solvent molecules, B(C¢Fs)4™ anion and hydrogen atoms are not shown for
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clarity). Selected bond distances (A) and angles (°) for 5: C1-C2: 1.367(3); Sb-N1: 2.070(2); Sb-
N2:2.101(2); Sb-P1: 2.5508(7); P1-P2: 2.2196(9); P2-N2: 1.646(2); C1-P1-P2: 99.52(8); N1-Sb-
N2: 99.86(8); Za(P1): 271.59(12); Za(Sb): 259.56(12). Selected bond distances (A) and angles (°)
for 6: Ti-Cll: 2.2433(15); Ti-CI2: 2.2404(15); Ti-C13:2.2053(15); Ti-N: 1.949(4); Ti-P:
2.4294(15); ClI1-Ti-Cl2: 102.32(6); CI2-Ti-CI3: 109.09(6); CI3-Ti-Cl1: 110.85(7); Za(N):

359.6(5).

Bonding analysis

In order to elucidate the electronic structure of 3 and 5, we optimized the corresponding cations
with DFT in dichloromethane (see the computational details). The computed geometries of 3* and
5* are in good agreement with the experimental X-ray diffraction structures, for instance the Ti-P
and Sb-P bonds are well reproduced (2.52 A and 2.60 A, respectively vs 2.48 A and 2.55 A for the
experimental values).

The bonding situation in 3* and 5" was analyzed using Bader’s Atoms in Molecules (AIM).%46¢
The corresponding contour maps of the Laplacian of the electronic density are shown in Figure 8.
Interestingly, the NPN’ ligand retains a normal covalent P-P bond like the BIPP ligand: indeed,
the topological parameters at the bond critical point (Table 3) and the aspect of the contour map
of V?p in the region of the P-P bond (Figure 8) are similar between 1, 3* and 5*. A slightly less
negative value of V2p is observed at the bond critical point for 3* and 5" (-4.29 ¢ A and -3.78 ¢
A, respectively, vs -4.46 e A on average for 1), pointing to a slightly more polar P-P bond in the

NPN’ ligand. Within the latter, the P1-C1 bond is even more polarized than the P1-P2 bond, as

evidenced by the small charge depletion (V2p > 0) at the bond critical point.
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Figure 8. Contour maps of V?p in the M—P-P plane for 3* (left) and 5* (right); red lines indicate

charge concentration and blue lines indicate charge depletion.

Another interesting feature of the NPN’ ligand is the similarity between M-N bonds in 3" and

5*: indeed, following the classification rules set by Macchi and Sironi, these bonds display the

characteristics of both a polarized covalent bond between light atoms (large p; G/p > 1) and a

donor-acceptor interaction between heavy atoms (V?p > 0; H/p <0) .%7-% This intermediate bonding

situation is consistent with the participation of an atom with 4 (Ti) or 5 (Sb) atomic shells in the

M-N bond. Thus, although the M-N2 bonds are slightly more polar than the M-N1 and Ti-N3

bonds (less positive V2p, lower DI), iminophosphorane and amide ligands share common

characteristics. This i1s consistent with the notion that the zwitterionic representation of

iminophosphoranes (P*~N-) should be favored over the hypervalent “ene” form (P=N).*

Table 3. Relevant AIM topological indexes for 3" and 5*.

P VZp G/p H/p DI
(e A?) (e A%) (Ene™) (Ene™)
P1-P2 0.80 -4.29 0.26 -0.63 0.89
P1-Cl 0.97 2.46 1.01 -0.84 0.96
. TiNI 0.86 10.53 1.20 -0.34 0.83
Ti-N2 0.62 7.30 1.04 -0.21 0.53
Ti-N3 0.82 9.33 1.12 -0.33 0.75
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Ti-P1 0.43 1.25 0.47 -0.26 0.56

Ti-P3 0.36 2.96 0.76 -0.18 0.34
P1-P2 0.77 -3.78 0.22 -0.57 0.82
P1-Cl 1.04 1.78 0.99 -0.87 0.97
in Sb-N1 0.67 6.96 1.00 -0.27 0.79
Sb-N2 0.59 6.19 0.97 -0.24 0.72
Sb-P1 0.49 -0.10 0.32 -0.34 0.82

Despite the similarities between 3" and 57, these compounds differ slightly where the M-P1
interaction is concerned. The Sb-P1 bond displays the characteristics of a normal covalent bond
(e.g. G/p <1), which are actually not too dissimilar from those of the P1-P2 bond. Obviously, the
presence of a heavy element does change the topology of V?p in the region of the Sb-P bond, but
the resemblance is still visible (Figure 8, right).

The Ti-P1 bond, on the other hand, is much more polarized towards P, as expected from the
electronegativity difference between these elements:’° this is evident in the slightly positive value
of V2p (1.25 e A) at the bond critical point, in the low delocalization index (DI = 0.56), and in
the contour map of V?p (Figure 8, left).”! Importantly, the Ti-P3 interaction (which chemical
common sense urges to describe as a donor-acceptor interaction despite the values in Table 3)
displays similar characteristics as Ti-P1.

These conclusions are in agreement with the topological analysis of ELF basins shown in Figure
9. Indeed, the V(P1,P2) bonding basin is present in both complexes, consistent with a normal
covalent P-P bond. Moreover, the ELF analysis also indicates that the donor-acceptor character of
the M-N and M-P bonds is more pronounced with Ti than with Sb. Thus, V(N1, Sb) and V(N2,

Sb) bonding basins can be observed in 5* (instead of lone pairs on N1 and N2 in 3*), while one of
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the lone pairs on P1 is on the verge of becoming a V(P1, Sb) bonding basin. Finally, the diffuse

lone pair on Sb is clearly visible.

Figure 9. ELF basins of 3* and 5" limited to the first coordination sphere of the metal. Red
volumes indicate lone pairs and green volumes indicate bonding basins.
To summarize the results of these topological analyses of the bonding situation in 3" and 5%, we

propose the Lewis representations depicted in Chart 5.

Ph % - By
Ph{\ S
/V

P—-Sb
\Pth \® 7
Ph P/Nph Ph,P— NPh
2
3* 5*

Chart 5. Suggested Lewis representation for 3* and 5% according to AIM analysis.

Conclusion

The reactivity of dicoordinate phosphorus compounds has long been recognized as a useful
synthetic tool, providing access to a variety of “P™ synthons with controlled reactivity. In the
herein reported study, we have shown that a Ti-coordinated BIPP ligand undergoes nucleophilic
cleavage of one of its P-P bonds. These ligands can therefore be considered a new addition to the
small family of ambiphilic phosphides. The reactivity of complex 1 towards alkynes results in the

template formation of highly functionalized NPN’ ligands that would otherwise be extremely
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difficult (if not impossible) to synthesize. We are currently investigating further rearrangements

enabled by the residual ambiphilic character of the NPN’ ligand.
Experimental section

General considerations

All reactions were carried out under Ar using conventional Schlenk techniques or in an Ar
glovebox. Toluene, CH>Cl,, Et2O, pentane and THF were dried using an MBraun MB SPS-800
solvent purification system. Bromobenzene was distilled over CaH> and stored over activated 3A
molecular sieves in the glovebox. Deuterated solvents and terminal alkynes were dried by passage
through a short column of activated neutral alumina (Brockman grade II). Additionally, deuterated
solvents were stored over activated 3A molecular sieves in the glovebox, either at room
temperature (C¢Ds, CsDsBr...) or at -18°C (ds-THF, CD2Cl,...). Alumina and molecular sieves
were activated by heating for at least 6 hours above 230°C under vacuum. Diatomaceous earth
(dicalite) was dried in an oven at 110 °C. Complex 1** and [Et;SiHSiEt:;][B(CeFs)4]”> were
prepared according to literature procedures. All other reagents were commercially available and
used as received.

For analytical details (including NMR spectroscopic data for compounds 2a-d and 3-6), kinetic
studies and additional reactivity experiments, see the Supporting Information.

Synthesis of compounds

2a. In an Ar glovebox, complex 1 (1.63 g, 1.96 mmol) and phenylacetylene (930 mg, 7.79 mmol)
were dissolved in CH2Clz. The reaction mixture was stirred for two days and three nights, filtered
over a borosilicate fibre filter, then evaporated to dryness. The solid residue was triturated in 50
mL of pentane and the suspension was filtered over a sintered glass frit. The resulting solid was

rinsed with pentane and dried under vacuum, yielding complex 2a as a purple-brown powder
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(1.323 g, 79 %). Single crystals suitable for X-ray diffraction were grown by slow diffusion of
pentane into a CHxCl> solution of 2a at -20 °C. Elemental Analysis: calculated for
C43H4sCIN3PsTi: C, 68.62; H, 5.40; N, 5.00. Found: C, 68.59; H, 5.42; N, 4.95.

2b. In an Ar glovebox, complex 1 (415 mg, 0.05 mmol) and valylene (210 mg, 3.18 mmol) were
dissolved in CH2Cl,. The reaction mixture was stirred for 7 days, filtered over a borosilicate fibre
filter, then evaporated to dryness. The solid residue was triturated in 10 mL of pentane and the
suspension was filtered over a sintered glass frit. The resulting solid was rinsed with pentane and
dried under vacuum, yielding complex 2b as a green-brown powder (308 mg, 77%). Elemental
analysis was performed on a batch recrystallized from CH>Clo/pentane (Figure S16).

Elemental Analysis: calculated for CssHs4sCIN3P3Ti: C, 67.22; H, 5.64; N, 5.23. Found: C,
67.54; H, 5.73; N, 5.25.

2¢. In an Ar glovebox, complex 1 (1 g, 1.2 mmol, 1 eq) and cyclopropylacetylene (405 mg,
6 mmol, 5 eq) were mixed in CH2Clz. The reaction mixture was stirred for eleven days, filtered
over a borosilicate fibre filter, then evaporated to dryness. The solid residue was triturated in 20
mL of pentane and the suspension was filtered over a sintered glass frit. The resulting solid was
rinsed with pentane and dried under vacuum, yielding complex 2¢ as a brown powder (800 mg,
91%). Elemental analysis was performed on a batch of compound containing 10 mol% of pentane
and 30 mol% of CH>Cl, respectively (see figure S24). Elemental Analysis: calculated for
C4sHasCIN3P3Ti(CsHi2)0.10(CH2ClL)o3: C, 65.74; H, 5.64; N, 5.02. Found: C, 65.91; H, 6.01; N,
5.07.

2d. In an Ar glovebox, complex 1 (1.157 g, 1.4 mmol, 1 eq) and 2-ethynylpyridine (744 mg,
7 mmol, 5 eq) were mixed in CH>Cl,. The reaction mixture was stirred for 10h, filtered over a
borosilicate fibre filter, then evaporated to dryness. The solid residue was triturated in 50 mL of

pentane and the suspension was filtered over a sintered glass frit. The resulting solid was rinsed
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with pentane and dried under vacuum, yielding complex 2d as a dark brown powder (1.165 g,
99%). Elemental analysis was performed on a batch of compound containing 10 mol% of pentane
(see figure S32). Elemental Analysis: calculated for C47H44CIN4P3Ti(CsHi2)o.1: C, 67.25; H, 5.37;
N, 6.60. Found: C, 66.96; H, 5.81; N, 6.78.

3. Note: this synthesis was performed using Apiezon H grease in order to avoid the formation of
Ti-polysiloxane adducts. In an Ar glovebox, complex 2a (750 mg, 0.89 mmol) and
[EtsSiHSiEt3][B(CeF5)4] (813 mg, 0.89 mmol) were dissolved in C¢HsBr in a 20 mL crimp seal
vial. The reaction mixture was stirred for 5 min. It was then added to 80 mL of pentane under
vigorous agitation in a Schlenk flask and stirred for 1 h, during which a brown-red solid formed
on the walls of the Schlenk. The supernatant was discarded, the solid was crushed and suspended
in 30 mL of pentane. The suspension was filtered over a sintered glass frit, and the resulting solid
was rinsed with pentane (10 mL) and dried on the frit, yielding complex 3 as a red-brown powder
containing 25mol% of pentane (1.216 g, 90 %). Single crystals suitable for X-ray diffraction were
grown by slow diffusion of pentane into a CH>Cl, solution of 3 at -20 °C. Elemental Analysis:
calculated for C72HasBF20N3P3Ti(CsHi2)o.25: C, 58.28; H, 3.22; N, 2.80. Found: C, 57.51; H, 2.34;
N, 2.64. HRMS (ESI-pos): calculated for CagHasN3PsTi" [M-B(CeFs)4]™: 804.23003. Found:
804.22871 (-1.6 ppm).

4. In an Ar glovebox, complex 3 (304 mg, 0.2 mmol) and p-iodo benzaldehyde (46.4 mg, 0.2
mmol) were dissolved in CH2Clz (1.5 mL), affording a greenish-brown solution instantly. Work-
up at this stage gives complex 4 as a mixture of two diastereomers (see Figure S41). The reaction
mixture was stirred for 24 h, then added to 120 mL of pentane under vigorous stirring. A brown
solid precipitated, which was filtered over a sintered glass fritt. The solid was suspended twice in
20 mL of pentane and dried under vacuum, affording complex 4 as a greenish-brown powder

containing 20 % of pentane (242 mg, 70 %) and over 95 % of the major diastereoisomer.

24



Elemental Analysis: calculated for C79Hs0BF20IN3OP3Ti(CsHi2)o2: C, 55.54; H, 3.45; N, 2.03.
Found: C, 55.26; H, 3.46; N, 2.52.

5 and 6. In an Ar glovebox, complex 3 (304 mg, 0.20 mmol) and SbCl; (48 mg, 0.21 mmol)
were dissolved in CH2Clz (3 mL) in a 20 mL crimp seal vial. The reaction mixture was stirred
overnight, and was layered with 15 mL of pentane. A solid precipitated, which was filtered over a
sintered glass frit, and suspended four times in 5 mL of pentane. After drying on the frit, complex
5 was obtained as a brick-red solid containing 50 mol% of CH>Cl» and 50 mol% of pentane (0.253
g, 94 %). Prolonged drying afforded pentane-free material suitable for analyses. The filtrate was
concentrated under vacuum and stored in a 20 mL crimp seal vial at -20 °C. Red crystals grew
overnight, the supernatant solution was discarded and the crystals were crushed. Complex 6 was
obtained as a red powder (0.047 g, 54 %). Single crystals suitable for X-ray diffraction analysis
were obtained by slow diffusion of pentane into a CH2Cl> solution of § at -20 °C. For 6, crystals
were obtained by cooling a saturated solution of 6 in pentane at -20°C. Elemental Analysis of 5:
calculated for Cs4H30BF20N2P2Sb(CH2Clo)o5: C, 49.45; H, 2.36; N, 2.80. Found: C, 50.33; H, 2.43;
N, 2.10. Elemental Analysis of 6: calculated for CisHisCIzNPTi: C, 50.22; H, 3.51; N, 3.25.
Found: C, 50.02; H, 3.57; N, 3.33.

Computational details

All Quantum mechanics calculations were performed using the Gaussian 16 package.”® Energy
and forces were computed by density functional theory with the hybrid B3LYP exchange-
correlation functional.”*’” The dichloromethane solvent effects were modelled by means of the
continuum model within the SMD approach as implemented in Gaussian.’® In addition, dispersion
effects have been considered using the D3 dispersion correction suggested by Grimme et al. with
Becke-Johnson damping.” Geometries were optimized and characterized with the double-z

quality plus polarization def2-SVP basis set.®” Transition states were localized using the string
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theory[E, W.; Ren, W.; Vanden-Eijnden, E. Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66,
052301] as implemented in Opt’n Path.®! Gibbs free energies have been computed at 298 K and 1
atm using unscaled density functional frequencies.

In order to gain insight into the nature of the chemical bonding, we performed Atoms In
Molecules analysis (QTAIM),** %2 using AIMALL software,®* and Electron Localization Function
analysis using the TopChem2 package.’* 85 The ELF basins have been plotted with VMD

software.’® % 3D geometries have been drawn with CYLview.®
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Synopsis : A Ti-imido complex supported by a bis(iminophosphoranyl)phosphide
(BIPP) ligand undergoes a rearrangement in the presence of terminal alkynes, leading to the
diastereoselective formation of Ti-bound pincer-type NPN’ ligands. An NPN’ ligand was
transferred to Sb by transmetallation between a d’ Ti-NPN’ cation and SbhCl;. The bonding
situation in the Ti- and Sh-NPN’ cations was analyzed computationally, thus enabling the
description of the NPN’ ligands and their complexes in a chemically intuitive way.
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