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ABSTRACT: This manuscript reports the synthesis of a series of complexes based on the bis(pentamethylcyclopentadienyl)ytter-
bium(ll) (Cp*,Yb) (1) and bis(tetramethylphospholyl)ytterbium(Il) (Tmp,Yb) (2) fragments bearing an additional neutral bis(me-
thyliminophosphoranyl)pyridine ligand (L) on which the steric demand was modulated at the phosphorus position (triethyl, LE;
triphenyl, L”" and tricyclohexyl, L) to yield the original complexes Cp*,YbLE! (1-LEY), Cp*,YbL"" (1-LP"), Tmp,YbLE (2-LEY),
Tmp2YbL™ (2-L°") and Tmp,YbL® (2-LY) while no reaction occurs between 1 and LY. The crystal structures of these sterically
crowded complexes are reported as well as room temperature NMR data for all the complexes. The solid-state coordination mode of
LR differs depending on the nature of the fragments 1 and 2 and on the steric bulk of LR. The crystal structure of the divalent
Tmp2Yb(py): (3) is also reported for structural and spectroscopic comparisons. Interestingly, in both 2-LE" and 2-L%Y, one of the two
Tmp ligands coordinates in n? rather than in n?®, a relevant coordination mode for the study of Sterically Induced Reductions. The
behavior of those complexes in solution varies with the sterics and electronics of the ligands as demonstrated by variable temperature
NMR experiments. In solution, the YJy,.p coupling is used to track the coordination mode of the Tmp ligand and a large difference of

1Jve-p coupling constant allows the distinction between a n®- coordination mode and a dynamical n®-n!switch.

INTRODUCTION

The chemistry of divalent lanthanide complexes presents mul-
tiple interesting facets and their use in organic chemistry or in
the activation of small molecules remains an attractive re-
search area.? In these reactions, the coordination of the small
molecule (organic or not) is usually followed by a single elec-
tron transfer process, which leads to its mono-electronic re-
duction and to the oxidation of the metal center to its trivalent
state, the most stable oxidation state of lanthanides.3* Once
this transfer is achieved, the reduced ligand reacts in different
ways and many examples are reported including simple pro-
tonation,® insertion chemistry,® C-C radical coupling (reversi-
ble or not),”0 C-H activation! or a second electron transfer
provided by another divalent lanthanide complex to form di-
mers. The versatility of these reactions reinforces the need of
the deep understanding of the coordination chemistry of diva-
lent lanthanides complexes and the study of the surrounding
ligand’s steric bulk is of particular interest.'?

For decades, the coordination chemistry of divalent lan-
thanide complexes have been dominated by cyclopentadienyl
ligand with different substituents leading to modifications in
the electronic structures of the metal center in agreement with
the donation capacity of the substituents.* Very recently, other
ligands such as silyloxides,*? silyls** or chelate podant lig-
ands'® appeared in the coordination chemistry of divalent lan-
thanides complexes leading to drastic modification of their
electronics and interesting reactivity with CO2'3 or CS>! for
example. The modification of the electronic structure in these
complexes is not the only way of setting up chemical reactions
and the use of a large steric bulk has also been shown to be
effective. In 2008, Harder et al. reported the spontaneous re-
duction of a trivalent samarium complex with a bulky Cp8'¢

ligand,*¢ an interesting example of the Sterically Induced Re-
duction?’ discovered in the end of the 90s by Evans for the
Cp*sSm complex.'® In the latter complex, the steric bulk
around the trivalent samarium complex induced a reduction
with a concomitant departure of a radical ligand and very in-
teresting reactivity has been described from this singularity.’
Recently, some of us reported the room temperature bipyr-
idine reduction with a concomitant departure of a bulky phos-
pholyl radical ligand at a thulium metal center.'® The mecha-
nism of this intriguing reaction was investigated and the pos-
sibility of an easy n°-n?! switch of the phospholyl ligand ap-
peared as a good potential explanation to justify the formation
of a bisphospholyl bispyridine thulium intermediate complex
that triggers the reactivity. The possibility of a n°>-n?! switch
of one cyclopentadienyl ligand is also postulated to be the key
intermediate to explain the sterically induced reduction.?®
However, there are not many spectroscopic tools known to ef-
fectively track these types of n! intermediate in solution. If
this coordination mode was reported with rare earth metal
ions,?1-?8 the Cp ligand is always supported by another differ-
ent metal ion. To the best of our knowledge, this coordination
mode is not yet reported for Cp ligands only supported by lan-
thanides. The equilibrium and dynamic solution behavior be-
tween the two coordination modes usually prevents to trap
such intermediates and only few lanthanides complexes have
been described by X-ray with such a coordination mode and
concern phospholyl complexes of samarium (Chart 1).2%30
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Chart 1.

In the present work, we report the coordination chemistry
of bis(pentamethylcyclopentadienyl)ytterbium(ll) (Cp*2Yb),
1, and bis(tetramethylphospholyl)ytterbium(ll) (Tmp2Yb), 2,
with neutral bis(methyliminophosphoranyl)-pyridine ligands
(LR) in which the steric demand was modulated at the phos-
phorus position. These syntheses gave us the opportunity to
gather information on the geometric modulation of the Tmp
and Cp* ligands when the steric bulk of the equatorial ligand
increases, a study that is relevant to the elucidation of the ste-
rically induced reduction in lanthanoids’ complexes. The use
of the pincer ligands LR is rationalized by their ability to act
as hemilabile ligands3! and also by the good & and = donating
ability of iminophosphoranyl ligands that suits well with rare
earth metal ions.323% Herein, the solid-state structures of the
complexes are reported along with their solution dynamic be-
haviour. The latter studies highlight the evolution of the Jyp-p
coupling constant in agreement with the modification of the
coordination mode of the Tmp ligand.

RESULTS AND DISCUSSION

Syntheses and Solid-state Crystal Structures. The ligands
LEtand L were synthesized in high yield according to the
published synthesis®* of LP" from the 2,6-bis(azidome-
thyl)pyridine and the corresponding phosphines PEts and
PCys. LEtand LY show asinglet in 3'P{*H} NMR at 25.6 ppm
and 20.5 ppm (thf-dsg), respectively, which compares well with
the singlet resonance observed at 9.9 ppm (in CD2Cly) for LP".
All the ligands are moisture sensitive and are kept in the glove-
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Figure 1. Representation of the ligands used in this work, LEt
LS and LP" and of the divalent fragments Cp*2Yb (1) and
Tmpz2Yb (2).
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X-Ray suitable crystals of LP" and L% are obtained by re-
crytallization from concentrated toluene solutions and ORTEP
are shown in Figure 2 while main structural parameters are in
ESI. The ligands crystalize in their unfolded form with an al-
ternation of the N(2)-C(7)-N(3)-C(6)-N(1) atoms in zigzag.
The P(2)-P(1) distance is maximized and is 10.04 A and 9.84
Ain LPh and LY, respectively. The mean free N-P distance of
the iminophosphoranyl groups is 1.55(1) A and 1.57(1) A in
LPhand L, respectively. The N-C distance of the nitrogen of
the iminophosphoranyl group and the carbon next to it is
1.45(1) A for LP" and 1.450(3) A for LS. The C-C and C-N
pyridine distances are 1.38(1) A 1.340(3) A for LP" and
1.385(5) A 1.34(1) A for LY in agreement with an aromatic
pyridine. Space-fill views shows that the steric hindrance
tends to be a little more important in LS than in LP" but dif-
ferences are minimal between these two ligands (See ESI).

Figure 2. ORTEP of LP" and of L®. Ellipsoids are repre-
sented at 50 % level. Carbon atoms are in dark grey, phospho-
rus atoms in orange and nitrogen atoms in blue. Hydrogen at-
oms are removed for clarity.

The reaction of Cp*2Yb(OEt2)3637 with LEt is performed in
diethylether and leads to a deep green solution from which
green X-Ray suitable crystals of Cp*2YbLFt (1-LFY) are ob-
tained in good yield by letting stand the solution at room tem-
perature. The reaction of Cp*2Yb(OEt2) with L"" is also per-
formed in diethylether but the solubility of the resulting com-
plex Cp*2YbLP" (1-LP") is lower and a silver-colored powder
is obtained in good yield after 1 h of stirring. The latter can be
recrystallized in toluene, yielding dark green X-Ray suitable
crystals of 1-LP". The reaction of 1 with L was also at-
tempted and monitored by 3'P{*"H} NMR spectroscopy but no
sign of the eventual coordination of L is observed after sev-
eral hours and only 1 can be recrystallized from the reaction
mixture.

The X-Ray crystal structure of 1-LFt and 1-LP" are shown
in Figure 3 and metrical parameters are found in Table 1 and
in ESI. The structure of 1-L5t shows the k2 coordination of LEt
to the ytterbium metal center with the nitrogen atom of the
pyridine (2.562(3) A) and a nitrogen atom of an iminophos-
phoranyl group (2.511(3) A) while the other is not coordi-
nated. The mean Cp*(C)-Yb distance of 2.77 A is slightly
longer than that found in Cp*2Yb(py)2% and Cp*2Yb(thf)3¢ of
2.74 A and 2.66 A, respectively, and are therefore in agree-
ment with the divalent nature of the ytterbium metal center in
1-LEt (N.B. the mean Cp*-Yb distance is 2.50(1) A). The pyr-
idine C-C and C-N distances are uniform and are of 1.385(7)
A and 1.353(2) A, respectively, which do not indicated any
eventual electron transfer. The C-N and N-P bond distances of
the iminophosphoranyl arm coordinated to the ytterbium
metal center are 1.480(8) A and 1.593(3) A, respectively and
are slightly longer than in the non-coordinated arm (1.444(7)
A and 1.561(4) A). Similar distances and differences between
coordinated and free N-P were found in the copper bromide
complex with LP" and are in agreement with a strong c dona-
tion at the nitrogen atom that removes charge density from the
nearest bonds.3!



1-LEt 1-LPh 2-LEt 2-LPh 2-L%Y 3
Yb-Ctr (n5-centroid) 2.50(1) 2.42(1) 2.573 2.586(1) 2.614 2.51(2)
Yb-N(py) 2.562(3) 2.53(1) 2.493(2) 2.562(2) 1.466(3) 2.517(3)
Yb-N(iminophosphorane) 2.511(3) - 2.52(1) 2.556(2) 2.60(2) -
Ctr-Yb-Ctr 136 140 123 133 111 137

Table 1. Main structural parameters, for 1-LEt, 1-LPh 2-LEt, 2-LPh 2-L% and 3. Distances are in A and angles in °. Ctr is for

centroid.

1-LPh

Figure 3. ORTEP of 1-LEt and of 1-L"". Ellipsoid are repre-
sented at 50 % level. Carbon atoms are in dark grey, phospho-
rus atoms in orange, nitrogen atoms in blue and ytterbium at-
oms in green. Hydrogen atoms and co-crystallized solvent
molecules are removed for clarity.

Replacing the ethyl groups by phenyl groups modified
greatly the coordination mode of LR. The X-ray crystal struc-
ture of 1-LP" shows a ! coordination mode for the ligand
(LP") by the nitrogen atom of the pyridine while the two
N=PPhs moieties are flanked on both side of the Cp*2Yb frag-
ment and remain not coordinated. The N-P distance of
1.562(8) A is close to that observed in non-coordinated groups
and confirmed the above statement. The mean Yh-C(Cp) dis-
tance is 2.65 A and is 0.11 A shorter than that of 1-LEt, This
can be explained by the decrease of the coordination number
and a less constrained structure at the ytterbium metal center.
Finally the Yb-N(pyridine) distance (Yb-N(3)) is 2.53(1) A,
that is only slightly shorter than that of 1-LEt (2.562(3) A).

The different coordination modes found in the crystal
structures of 1-LEtand 1-L"" can be explained by the different
steric hindrance caused by the presence of larger phenyl
groups instead of ethyl groups. However, this may be taken
cautiously because additional effects of the solid-state bulk,
packing and stacking effects may also contribute to this result
since the solid-state structure of 1-LP" contains two highly dis-
ordered toluene molecules (See ESI). Furthermore, the solu-
tion properties of these both complexes will give the begin-
ning of an answer and is presented later in the manuscript.

Complexes 2-LFt, 2-LP" and 2-L<Y are synthesized in di-
ethylether combining Tmp2Yb(thf)3® and the ligands LEt, LP"
and L, respectively, at room temperature. While 2-LP" and
2-L°Y are obtained as green powders in good yield, 2-LFt is
obtained as a sticky solid and trituration in pentane is

necessary to obtain a clean green powder in moderate yield.
Green X-ray suitable crystals can be obtained for all three
complexes, from diffusion of pentane onto a concentrated tol-
uene solution of 2-LE, by letting stand a concentrated tolu-
ene/methylcyclohexane solution of 2-LPhat -40 °C and by let-
ting stand a concentrated toluene/pentane solution of 2-L%Y at
-40 °C. ORTEP of these crystals structures are shown in Fig-
ure 5 and main distances and parameters in Table 1 and ESI.
The divalent ytterbium complex Tmp2Yb(py)2 (3) was also
prepared from Tmp2Yb(thf)2?° in order to obtain X-ray quality
crystals for structural comparison with 2-LFt, 2-L.P" and 2-L.©.
An ORTEP of 3 is shown in Figure 4.

Figure 4. ORTEP of 3. Ellipsoid are represented at 50 % level.
Carbon atoms are in dark grey, phosphorus atoms in orange,
nitrogen atoms in blue and ytterbium in green. Hydrogen at-
oms are removed for clarity.

Complex 3 shows two coordinated pyridine molecules and
two n’-tetramethylphospholyl ligands. The mean Yb-N dis-
tance is 2.517(3) A and the Yb-P and Yb-C(Tmp) distances
are 2.94(2) A and 2.81(3) A, respectively, while the Yb-Tmp
centroid distance is 2.51(2) A and the Tmp-Yb-Tmp angle is
137 °. The two Tmp ligands are eclipsed and the phosphorus
atoms are found in the opposite side to that of the pyridine.

The X-Ray crystal structure of 2-LEt is surprising in the
sense that the coordination mode is different that than of 1-LFt alt-
hough the sterics of Cp* and Tmp present minimal differences. 2-
LEtshows a pincer coordination mode in 3 for LFt while one of the
Tmp ligand is coordinated with an n' hapticity and the second re-
main in 1’ mode. This behavior is likely to be due to the electronic
difference between Tmp and Cp* ligands, the former being less
electron donating than the latter, and is very interesting since it
shows that the steric pressure of the equatorial ligand may induce
a coordination switch of the Tmp ligand. Several other lanthanides
complexes with such a coordination mode are known (see Chart 1)
but only two in the divalent state. The Yb-N(3) distance is 2.493(2)
A, that is 0.02 A shorter than that found in 3 and 0.04 A and 0.06
A shorter than these of 1-LFt and 1-L™, respectively. The Yb-N
mean distance of the two iminophosphoranyl moieties is 2.52(1) A,
that is in the same range than that of the coordinated one in 1-LFt,
The Yb-Tmp centroid distance found for the n® Tmp ligand is of
2.573 A and is 0.06 A longer compared to 3. This is likely to be
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due to the steric bulk provided by the LF* ligand. Finally the Yb-
P(4) distance of the ' coordinated Tmp ligand is 2.9723(8) A. This
is relatively long compared to the Cp*2Sm(CsMesP) complex
(Chart 1), in which the Sm-P distances are 2.856(1) A and 2.891(1)
A (two molecules in the unit cell).?° This shows well how the metal
center is sterically constrained because of the pincer coordination
type of LFt. The better chelation (entropic effect) of L** in a pincer
mode (x*) compared to the n’ coordination mode of Tmp ligand is
likely to contribute to the 1! hapticity switch of one Tmp ligand.
However, the pure entropic origin of this effect is to take cautiously

(pure steric) because the entropy gain of the Tmp ligand switch is
not known. Moreover, because this switch is not observed in 1-LEt,
it also indicates that the 6- coordination enthalpy (compared to that
of the n> mode) of the Tmp ligand plays a sizeable role in this re-
sult. Larger groups than ethyl were necessary to get insights in
these questions.

2-Et

2-LCy

Figure 5. ORTEP of 2-LE, of 2-LP" and 2-L%. Carbon atoms are in dark grey, phosphorus atoms in orange, nitrogen atoms in
blue and ytterbium atom in green. Ellipsoids are represented at 50 % level. Hydrogen atoms and co-crystallized solvent molecules

are removed for clarity.

Replacing the ethyl groups by bulkier phenyl or cyclohexyl
groups, the solid-state data show two different outcomes for
the complexes 2-LP"and 2-LF. 2-L% presents a similar struc-
ture than that of 2-LFtwith the ligand L5t coordinated in a pin-
cer mode, one of the Tmp ligand in n® hapticity and the other
one in n! (Figure 5). The mean Yb-N distance of the two
iminophosphoranyl moieties is 2.60(1) A, which is 0.08 A
longer compared to 2-LEt. This significant elongation of the
coordination distances of LY with Yb is not reflected by the
Yb-N(3) distance that is decreased to 1.466(3) A. This can be
explained by the steric hindrance of the cyclohexyl groups that
leads to an increased distance between to the two arms (N(1)-
N(2) distance of 4.65 A in 2-L compared to 4.55 A in 2-LEY),
However, in order to accommodate the charge density at the
metal center, a mechanical decrease of the Yb-N(3) bond is
induced with a concomitant slight increase of the
N(1)N(2)N(3) bite angle (112° for 2-L® and 114° in 2-L%.
The Yb-Tmp distance of the centroid to the ytterbium is 2.614
A, that is 0.04 A longer compared to the distance found in 2-
LEt and the Yb-P(4) distance is 3.023 A, again 0.04 A longer
than that of 2-LE. Finally, the angles between the plane
formed by the n* Tmp ligand and the mean plane formed by
all atoms of the pincer ligands 2-LF'and 2-L©Y are 78 and 86
°, respectively. The latter measurement is a good indication of

the n! switch of the Tmp ligand and shows well it is almost
perpendicular to the equatorial ligand in 2-L©V.

Phenyl groups are larger than ethyl groups but the steric
demand at the metal center of a coordinated N=PPhs moiety is
almost comparable than that of coordinated N=PCys groups.
However, the crystal structure of 2-LP" presents a different ar-
rangement than the one found in 2-LE and 2-L®Y (Figure 4).
The structure is similar to that of 1-LE with two phospholyl
ligands coordinated in ) and the LP" ligand coordinated in k2
with the coordination of the nitrogen atom of the pyridine and
the nitrogen atom of one of the two iminophosphoranyl
groups. The Yb-N(1) distance is 2.556(2) A and is longer than
that found in 1-LEt (2.511(3) A) and is intermediate between
those of 2-LEtand 2-L%Y. The Yb-N(3) distance is 2.562(2) A
and is longer than these found for 2-LFtand 2-L.%Y because of
the different coordination mode but comparable to that of 1-
LEt that exhibits the same coordination mode. The Yb-Tmp
distance is 2.586(1) A, which shows a significant increase
compared to 3 in agreement with an increase of the steric bulk
on the phosphorus atoms, but is intermediate between the (n°-
Tmp)-Yb distances of 2-LE and 2-L®Y. Finally the Tmp-Yb-
Tmp angle is 133° and is comparable to the one of 3.

Another relevant measurement for the description of the
n°-n? switch in these complexes lies in the measurement of
the Tmp-Yb-Tmp (centroids) angle. This angle is 137 ° for 3
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and 133° in 2-LP", complexes in which solid-state data indi-
cate that the two Tmp ligands are coordinated in n° but
shrinks to 123° in 2-LEt and 111° for 2-L<Y, when one of the
Tmp ligand switches to n!. If the solid-state metrics tend to
show that the steric bulk is likely to be the principal reason, it
is facilitated with the phospholyl group since the o- coordina-
tion is possible compared to the bonding situation of the Cp*
group. In this set of five structures, two features are noticeable.
The first concern the Cp* series and lies in the k! coordination
of the LP" ligand. As it is discussed above, it is likely that the
phenyl group may engage in stacking interactions with solvent
molecules or with the phenyl groups of other molecules. These
forces - that are typically around few kcal,** may be strong
enough, if additive, to disfavour the k? coordination in the
solid state as it is observed for 1-LEt In the Tmp series, the
LPM ligand also behaves differently than LEt and LY although
the steric hindrance is very similar between phenyl groups and
cyclohexyl groups. The rigidity of the phenyl moieties may
explain this result as well as the reduced Lewis basicity of the
LP" ligand compared to the LE and L ligands. Because the
sole solid-state data cannot confirm these hypotheses in solu-
tion, the solution dynamic behavior of all these five complexes
was studied and is presented in the next paragraph.

Solution Properties. The dissolution of 1-LFtand 1-LP"in a
thf-ds solution led to only one singlet resonance in 3'P{'H}
NMR observed at 33.8 ppm and 14.7 ppm, respectively. The
!H NMR data also show five resonances for the LEt ligand and
six resonances for the LP" ligand. Additionally, one Cp* reso-
nance is present in both cases at 2.06 ppm and 2.08 ppm, re-
spectively. These data are in agreement with a C2y symmetry
in solution, a different situation than that found in the crystals
structure of 1-LEt. Decreasing the temperature of the thf-ds so-
lution of 1-LFtleads to a decrease in intensity of the phospho-
rus resonance at around -40 °C and to two well separated sig-
nals at -80 °C. One resonance is found at 29.4 ppm, a value
that is very close to that found for the free ligand in thf-ds (&p
= 25.6 ppm), and the other is found at 40.4 ppm and is at-
tributed to the coordinated arm. This signal presents also ad-
ditional satellites that are attributed to the 2Jvb-p coupling with
a value of 55.0 Hz, a value comparable to that obtained by
Roesky et al. in their iminophosphoranyl complexes of diva-
lent ytterbium.*? This situation (at -80 °C) is in good agree-
ment to that found in the solid-state and that was described
above. Taken together, these data are in agreement with a fast
dynamic exchange of the two iminophosphoranyl arms in so-
lution, as shown in Scheme 1. This behaviour was also re-
ported for copper complexes with LP" and shows nicely the
hemilability of L&t

+
EteP PEt, EBtP
\N ’\jl N
\ b, = 7 b
L) via —NC S
N N
3

Scheme 1.

The same variable temperature experiment was performed
with a solution of 1-LP" and also leads to the decoalescence of
the sole resonance found in 3!P{*H} NMR at around -80 °C to
form two new resonances at 31.9 and 9.2 ppm. This is more
surprising since it indicates a different situation than the one
found in the crystal structure of 1-L"". The analysis of the co-
alescence signal shape with the temperature leads to the acti-
vation parameters of the exchange process which are AH* =
15.7(2) kcal.mol! and AS* = 24(1) cal.mol1.K, for 1-LEtand
AH* = 7.9(3) kcal.mol* and AS? = - 0.7(5) cal.mol1.K"! for 1-

LP". The value of AH! for 1-LEt is significantly higher than
that found in the copper complex CuBrL"" (7.3(1) kcal.mol
131 and is in agreement with a larger steric bulk induced by
the Cp* ligands. The large positive AS* suggests that the
mechanism is dissociative since large positive entropy is in
agreement with a transition state that is less organized than the
reactant and the product. A complex, in which the two imino-
phosphoranyl groups are dissociated, is likely to resemble the
transition state (Scheme 1). This situation is different than that
found in CuBrLP", for which an interchange mechanism is re-
ported.3?

The situation of 1-LP" is a little different. A large decrease
of the activation entropy is observed in comparison to 1-LFt,
and it shrinks to a similar value than that obtained for the cop-
per complex CuBrLP" although the steric bulk is amply larger
in 1-LP". The activation entropy value is close to zero and is
not in agreement with a dissociative mechanism. Form these
data, it is clear that the exchange mechanism is different in the
two complexes 1-LEtand 1-LP". A small entropic barrier im-
plies that the shape of the transition state is close to the one of
the product. The X-ray crystal structure of 1-LP" suggests that
the form in which the two arms are not coordinated (unfolded
structure, 1) is stabilized enough and a two steps mechanism
in which | is not a transition state is likely to happen. The
shape of the transition state is therefore closer to the reactant
shape, that has only one arm coordinated and exhibits a lower
activation enthalpy than that of 1-LF* because the dissociation
of the second arm is facilitated by the formation of I. Lower-
ing the temperature to -90 °C did not allow the observation of
the postulated intermediate | in solution.

Energie (a.u.)

+
Pth_»N PPhs b
N
< —_ —_— S AN
PPhy PhP, Phop =N
/ N |
N —
‘ Yb‘N\ > .
PhP. N PPhy
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N Yb—N=
Yb—N 7
N
=N
PPh, PhgP
Scheme 2.

The reasons for the stabilization of the dissociated form of
1-LPh are not obvious and could be the addition of a large ste-
ric bulk and of weak intermolecular interactions in solution.
The fact that LY does not react with the Cp*2Yb fragment
would suggest that the steric hindrance plays a major role in
the solution behavior of 1-LP".

From the X-ray data and the solution dynamic data, it
seems that the Cp* ligands remain coordinated in n® and do
not switch to n when the steric bulk is increased in the equa-
torial position. However, if this switch is dynamical, only the
average symmetry is retained and this is the reason why we
choose to replace the Cp* ligand by a Tmp ligand. In the latter,
a o coordination is possible at the phosphorus center and the
Tmp ligand possesses a similar steric hindrance than the Cp*
ligand. The elongated C-P distance in the cycle partially com-
pensates the absence of one methyl in the ring. Moreover, the
mean Yb-C distance is longer because of the presence of the
bigger phosphorus atom as exemplified by the mean Yb-C dis-
tance of 2.81(3) A found in 3 compared to 2.74(1) A found in
Cp*2Yb(py)a.

When crystals of 2-LP" are dissolved in toluene-ds, three
different resonances are present in 3'P{*H} NMR at 79.0 ppm,
20.3 ppm and 5.8 ppm. The resonance at 79.0 ppm exhibits
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two satellites separated by a coupling constant of 172.3 Hz
that is attributed to the Jvb-p coupling and the resonance is
therefore attributed to the phosphorus of the Tmp ligand. The
two other resonances are attributed to a coordinated imino-
phosphoranyl group and a non-coordinated one. This Cs sym-
metry in solution indicates a similar situation to that found in
the solid state with two phospholyl ligands coordinated in n°®
and the LP" ligand coordinated in 2 by the pyridine and one
arm of the N=PPhs group (Scheme 3). Interestingly, it shows
that the two arms are not in exchange like it was discussed
above for 1-LP" and 1-LEt.

PhP

it
Phep =N N =pph, P%%\

Scheme 3.

The YJvp-p is rather large compared to the one observed in
3 that is of 105.5 Hz. This may not be ascribed to the Yb-P
distance, which is similar in both complexes (2.94(2) A in 3
and 2.947(1) A in 1-LP"), but rather to the coordination angle
of the phosphorus atom to the ytterbium metal. The three main
mechanisms in the scalar coupling (or indirect coupling) are
the spin-orbit contribution (diamagnetic and paramagnetic),
the spin-dipole contribution and the Fermi contact.*® For the
31p atom, the principal contributions are the Fermi contact and
the paramagnetic spin-orbit contribution. The Fermi contact is
directly related to the relative s contribution in the observed
atom and is therefore related to the o bonding scheme** of the
Tmp ligand. On the other hand, the paramagnetic spin-orbit
contribution is related to the = orbitals.*>4¢ The increase of the
LJvp-p is therefore related to the bonding mode of the phospho-
rus atom in the Tmp ligand. The NMR of 2-LEtand 2-L% is
then of high importance to test this conjecture because of the
observed n! coordination mode as described above in the X-
ray structures.

The 3'P{*H} NMR spectra of 2-LEtand 2-L% performed
in toluene-d® shows two resonances at room temperature at
77.9 ppm and 47.2 ppm for 2-LEt and at 79.3 ppm and 38.8
ppm for 2-L<Y. The presence of 2Jyv-p coupling constants of
42.9 Hz and 47.0 Hz for 2-LFtand 2-L.%Y, respectively and the
symmetry of the complex in solution indicate the coordination
of both the iminophosphoranyl arms at room temperature,
which is markedly different from 1-LEt, in which an exchange
is observed. The presence of a sole resonance for the Tmp lig-
and is in agreement with an average symmetry between the
two ligands and could be in agreement with either a n® coor-
dination of both Tmp ligand or a dynamic n°®>n?! switch but
that is faster than the NMR time scale (Scheme 4). Lowering
the temperature did not lead to a splitting of the corresponding
resonances of LEtand L but the resonances attributed to the
Tmp ligand split at around -90 °C to give two resonances at
81.6 ppm and 70.0 ppm for 2-LEt and at 84.4 ppm and 76.8
ppm for 2-L.%Y. The broadness of the signal did not allow de-
termining the individual *Jvbp coupling. The analysis of the
shape of the resonances at the coalescence temperature allows
the determination of the activation parameters that are AH* =
7.4(3) kcal.mol ! and AS* =-3.5(5) cal.mol*.K"1, for 2-L.Et and
AH* = 9.8(3) kcal.mol* and AS* = 2.8(5) cal.mol1.K! for 2-
LS. The increase of the activation enthalpy in 2-LY is in good
agreement with the increased bulk of the LY ligand compared
to LBt The two activation entropy values are close to zero and
seem in good agreement with a concerted inter-conversion
(Scheme 4).4748

Scheme 4.

The 1Jvp-p values are 434.7 Hz and 491.4 Hz for 2-LFtand 2-
L, respectively, and are very large compared to those re-
ported for 3 and 2-LP" (Figure 6). Such an increase is in excel-
lent agreement with the n! coordination of one of the Tmp lig-
and and a fast dynamic of the two Tmp ligands in solution (see
Scheme 4). The c-coordination mode of the Tmp ligand leads
to an increased s character of the bonding, which amplifies the
Fermi contact contribution and the absolute value of the indi-
rect coupling. Such large *Jvb-p were already reported in phos-
phine*® and phosphide complexes of ytterbium,30-5 in which
the ligand is coordinated in a n'-c fashion. The increase of
this value from 2-LFtand 2-L© also correlates well to the
structural parameters difference noted in the previous section
such as the angle between the plane of the equatorial ligands,
LEtand LS, and the Tmp ligand or the Tmp-Yb-Tmp angle.
A clear trend can be drawn between the 1Jvh-p values and the
situation found in the X-ray crystal structures.

3 111 o 8p=T79.5 ppm
| \\ Jyp=105.5Hz
— NI N
2-LFh Ipp=172.3Hz 8p=79.0 ppm
2-Et ||‘ 1Jpp=434.THz 8p=77.9 ppm
J
T
|
’ I 8p=179.8
2-LC [\ Upp=aoramz % pem
e N S A
300 20 200 150 100 400 150 200 2% 300

0
3P (H2)

Figure 6. Comparison of the Jvnr values obtained from
31p{1H} NMR in toluene-ds at room temperature for 3, 2-LPh,
2-LEtand 2-L.©.

This observation is very important since it gives a tool to fol-
low the destabilization of the Tmp ligand that is relevant for
the study of sterically induced reduction.'” In these reactions,
the n®>-n?! switch is postulated to be at the origin of this singular
reactivity.5” If sterically induced reduction reactions are often
reported with Cp* ligands and samarium, some of us recently
showed that phospholyl ligands complexes of the smaller thu-
lium cation may behave the same way.® The complexes de-
scribed in this work push away our knowledge of the coordi-
nation chemistry of Cp* and phospholyl ligands with lantha-
nides, greatly helped by the NMR Jvb-p coupling constants.

CONCLUSION

In conclusion, we report the synthesis, the X-ray structure and
the dynamic solution behaviour of ytterbocene and phos-
phaytterbocene fragments with neutral pincer bis(iminophos-
phoranyl) ligands. The main feature of these complexes is that
the Tmp ligand can switch to a n! coordination mode when
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the steric bulk increases while this is not observed for the Cp*
ligand. The modification of the coordination mode can be fol-
lowed in solution by monitoring the 1Jvb-p coupling constants
in the phospholyl complexes. The coupling constant increases
dramatically when a ligand is coordinated in n! because of the
increased Fermi contact derived from a o-coordination alt-
hough the symmetry remain high in solution because of the
fast dynamic switch of the two Tmp ligands. This observation
is reinforced with the solid-sate data that are in good agree-
ment with the solution behavior. Because the n5-n! switch is
relevant for the study of the sterically induced reduction reac-
tions in lanthanides, we hope to take advantage of this tool to
gain insights in the mechanism of this reaction and discover
novel reactivity with ytterbium since it was only reported for
samarium, thulium and uranium complexes. Work in this di-
rection is currently in progress.

EXPERIMENTAL SECTION

General considerations. All reactions were conducted under an atmos-
phere of dry nitrogen, or argon, using standard Schlenk and glovebox tech-
niques. Solvents and reagents were obtained from commercial sources. Tet-
rahydrofuran, pentane, dichloromethane, diethyl ether, toluene and petro-
leum ether were dried with an MBraun MB-SPS 800 solvent purification
system (for ligand syntheses) or over sodium/benzophenone (for reaction
with divalent ytterbium). CD;CN was distilled from CaH,, under dry nitro-
gen, other deuterated solvents were used as received and stored over mo-
lecular sieves. 2,6-bis(azidomethyl)pyridine and LP"3! Cp*,Yb(OEt,) (1-
OEt,)?® and Tmp,Yb(thf) (1-thf)® (2) were prepared following literature
procedure.

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Av300 spectrometer operating at 300 MHz for *H, 75.5 MHz
for °C, and 121.5 MHz for *'P. Solvent peaks were used as internal
references for *H and *3C chemical shifts (ppm). 3P peaks were refer-
enced to external 85% H3;PO,. The following abbreviations are used;
br, broad; s, singlet; d, doublet; t, triplet; m, multiplet; hept, heptuplet,
bd; fr, free, bonded. Labelling of atoms is indicated in Scheme 5. El-
emental analyses were from the London Metropolitan University.

Scheme 5.

Syntheses. Synthesis of LE. To a Schlenk flask containing 2,6-bis(az-
idomethyl)pyridine (5.45 mmol, 1.03 g), a solution of PEt; (2 equiv., 1.29
g, 10.9 mmol in 10 mL of petroleum ether) was slowly added via cannula
(about 15 min.). The reaction induced a strong nitrogen evolution (the flask
should be open, under nitrogen flux) and turned pink. The mixture was
stirred for an extra hour. A singlet at 23.6 ppm in P NMR indicated the
completion of the reaction. Solvents were evaporated under reduced pres-
sure, yielding a slightly pink powder, which was sonicated and dried again
under vacuum. Upon standing the pink color (maybe caused by traces of
the phosphazide) disappears to yield 1.29 g of L& (94%)).

SpLIH} NMR (THF-d®) § 25.6 (s). *H NMR (THF-d®) § 7.43 (s, 3H, Hu,
H, and H, are magnetically equivalent, confirmed by HSQC), 4.22 (d, 3Jpn
=19.7 Hz, 4H, Hy), 1.64 (dq, Jpn = 11.5 Hz, 3Jpn = 7.7 Hz, 12H, Hs), 1.64
(dt, 33pn = 15.3 Hz, 33y = 7.7 Hz, 18H, He). *C NMR (THF-d®) § 165.8 (d,
J =17.9 Hz, C;), 135.6 (C4), 118.2 (Cy), 52.1 (d, Jec = 4.5 Hz, C,), 19.2 (d,
Jpc =62.2 Hz, C5), 6.5 (d, Jec=4.5Hz, Ce) Calcd for C19H37NsP2: C, 61.77;
H, 10.09; N, 11.37. Found: C, 61.64; H, 10.15; N, 11.47.

Synthesis of LS. To a Schlenk flask containing 2,6-bis(azidomethyl)pyri-
dine (5.71 mmol, 1.08 g) in Et,O (20 mL), a solution of PCy; (2.1 equiv.,
1.29 g, 12.0 mmol) in 50 mL of Et,O and THF (v/v 4:1) was added via
cannula. Evolution of nitrogen was not obvious but the colour changed to
pink. The phosphazide intermediate was detected (5, = 33.0 ppm).*® The
reaction was stirred under a stream of nitrogen for 3 h., then closed and
stirred overnight at room temperature. A white precipitate was formed and
completion of the reaction was checked by NMR showing a broad singlet
at 20.8 ppm in *P{*H} NMR and traces of PCy; (9.0 ppm) and OPCy3(45.0
ppm). The solvent volume was reduced to about 20 mL. The solution was
filtered under nitrogen and washed with petroleum ether (20 mL) to yield a
white solid that was dried under high vacuum for 3 h (3.22 g, 4.64 mmol).
The filtrate was kept at -78°C for 1 h to induce the crystallization of another
crop of solid (0.65 g). In total, L was obtained in 93 % yield. 3P{*H}
NMR (CgDs) 520.5 (s). *H NMR (C4D¢) & 8.22 (d, 3Jun = 7.6 Hz, 2H, Hy),
7.75 (t,%Jun = 7.6 Hz, 1H, H,), 5.06 (d, %Jpn = 14.2 Hz, 4H, Hy), 2.19-0.84
(M, 66H, Hs.gi748). °C (CsDs) & 166.3 (d, Jpc = 20.5 Hz, Cj3), 136.2 (Cy),
118.5 (C»), 53.0 (d, Jpc = 4.0 Hz, Cy), 35.8 (d, Jec = 57.5 Hz, Cs), 27.8 (d,
Jrc = 6.5 Hz, Ce), 27.7 (d, Jpc = 14.5 Hz, C7), 26.8 (S, Ca) Calcd for
CusH73sNsP2: C, 74.42; H, 10.60; N, 6.05. Found: C, 74.36; H, 10.77; N,
6.15. The compound was also univocally identified by X-ray analysis of
crystals obtained by recrystallization of the petroleum ether layer (see Fig-
ure 2 and ESI, S2).

Synthesis of Cp*;YbLE! (1-LY). In a glove-box, 1-OEt; (15.9 mg, 30.7
pmol) and LE* (11.4 mg, 30.8 pumol) were mixed in Et,O (1.5 mL) leading
to the formation of a deep green solution which was stirred for 10 minutes.
After stopping the stirring and upon standing for few extra minutes, crystals
appeared; the mixture was allowed to stand at - 40°C overnight leading to
the formation of green crystalline blocks. After filtration, the crystals were
washed with pentane (1.5 mL) and dried under reduce pressure for 1 h to
yield 1-LE (17.3 mg, 66%). 3P{*H} NMR (THF-d?, 35°C) & 33.8 (brs). 'H
NMR (THF-d8, 35°C) & 7.60 (brt, 1H, Hy), 7.51 (brd, 2H, H,), 4.29 (brd,
3Jpy ca. 12 Hz, 4H, Hy), 2.06 (brs, 30H, Hip), 1.69 (brdg, 12H, Hs), 1.05
(brdt, 2Jpy ca. 15 Hz, 3Juy ca. 8 Hz, 18H, Hg). BC{¥P} NMR (THF-d?,
35°C) 5 138.0 (Cy), 124.3 (Cy), 111.5 (Co), 52.3 (C4), 19.6 (Cs), 12.7 (Cio),
7.3 (Ce), Cswas not observed. Calcd for CsHg7N3sP,Yb: C, 57.62; H, 8.31;
N, 5.17. Found: C, 57.55; H, 8.39; N, 5.20. Suitable crystals for X-Ray
analysis were obtained by standing for 2 h. a concentrated solution in Et,0
at room temperature.

Synthesis of Cp*,YbL™"(1-L""). In a glove box, L™ (69.1 mg, 105.0 umol)
and 1-OEt;, (54.4 mg, 105 pmol) were mixed in Et,O (4 mL) and stirred for
1 h leading to the formation of a green precipitate. The mixture was filtered
and the solid washed with Et,O (2 mL) and pentane (2x3 mL). Finally the
dark green solid was dried under high vacuum for 2 h to yield 1-L"" as a
silver-coloured powder (96 mg, 87 umol, 83 %). *P{*H} NMR (CsDs) &
14.7 (5). *H NMR (CeDs) 6 7.97 (d, 3Jus = 7.7 Hz, 2H, Hy), 7.87-7.68 (m,
18H, Hess), 7.62 (t, *Juw = 7.7 Hz, 1H, Hy), 7.13-6.97 (m, 12H, Hy), 4.49 (d,
3Jp = 14.9 Hz, 4H, Hy), 2.08 (s, 30H, Ho). 3C NMR (CeDe) 5 164.7 (d, Jpc
=24.0 Hz, Cs), 137.5 (s, C1), 133.3 (d, Jpc = 95.7 Hz, Cs), 133.1 (d, Jpc =
9.1 Hz, Cg), 131.7 (d, Jpc = 3.2 Hz, Cg), 128.8 (d, Jpc = 11.6 Hz, C;), 120.8
(s, Cy), 112.3 (s, Cq), 50.4 (5, C4), 12.0 (s, C1o). Calcd for CezHe7N3sP,Yb: C,
68.71; H, 6.13; N, 3.82. Found: C, 66.62; H, 6.32; N, 3.92. Suitable crystals
for X-Ray analysis were obtained by cooling a concentrated toluene solu-
tion at -40 °C.

Synthesis of Tmp,YbLE (2-LEY). Et,0 (10 mL) was condensed to a flask
containing LE*(140.9 mg, 0.38 mmol) and 1-THF (200.0 mg, 0.38 mmol),
the mixture was then stirred at room temperature for 1 h. resulting in the
formation of a green sticky solid. The Et,O was removed and pentane (5
mL) was added, the mixture was triturated with a spatula and stirred for
another 30 minutes allowing the formation of a dark green solid. The solid
was isolated by filtration and dried under high vacuum to yield 2-L5 as a
dark green solid (226.1 mg, 0.275 mmol, 72%).

SIPLTH} NMR (Tol-d®) § 77.9 (S, \vop = 434.7 Hz), 47.2 (S, 2vop = 42.9 HZ).
'H NMR (Tol-d®) 5 7.10 (t, *Juu = 7.5 Hz, 1H, Hy), 6.47 (d, *Juu = 7.5 Hz,
2H, Hp), 4.13 (d, 3Jpn = 14.6 Hz, 4H, Hy), 2.45 (d, 2Jpn = 10.5 Hz, 12H, Hyp),
2.22 (s, 12H, Hyp), 1.70 (dq, 2Jpn = 12.9 Hz, 33y = 7.6 Hz, 12H, Hs), 0.78
(dt, *Jpy = 15.5 Hz, 3Jun = 7.6 Hz, 18H, He). *C NMR (CDsCN) § 163.2 (d,
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Jec = 21.7 Hz, Cs), 138.5 (s, C1), 120.6 (s, Cy), 52.2 (s, C4), 17.5 (d, Jpc =
61.2 Hz, Cs), 16.2 (d, Jec = 31.4 Hz, Cy), 14.0 (s, C12), 6.9 (d, Jpc = 4.4 Hz,
Cs), Coand Cy; were not observed. Calcd for C3sHgiNsP,Yb: C, 51.21; H,
7.49; N, 5.12. Found: C, 51.35; H, 7.55; N, 5.22. Suitable crystals for X-
Ray analysis were obtained by diffusion of pentane onto a concentrated so-
lution in toluene.

Synthesis of Tmp,YbLP" (2-LP"). In a centrifugation tube, L™ (75.2 mg,
0.11 mmol) and 1-THF (60 mg, 0.11 mmol) were stirred in Et,O (3 mL)
for 1 h. leading to the formation of a green precipitate. Pentane (5 mL) was
added to enhance the precipitation and the mixture was centrifuged. The
supernatant was removed and the solid washed with pentane (5 mL) in the
same manner, the solid was finally dried under high vacuum to yield 2-L""
(104.5 mg, 82%). 31P{*H} NMR (Tol-d®) & 79.0 (s, Wy = 172.3 Hz), 20.3
(s, bd N=P), 5.8 (s, fr N=P). 'H NMR (Tol-d®) 5 8.15 (d, 3Jun = 7.4 Hz, 1H,
Haparz ), 7.89-7.67 (m, ca. 16H, Ha), 7.41-6.88 (m, ca. 16H, Ha/), 4.78 (d,
3Jpn = 16.2 Hz, 2H, Hapa, 4.56 (d, 3Jpn = 15.9 Hz, 2H, Hax), 2.30 (d, 2Jp =
10.1 Hz, 12H, Hy), 1.97 (s, 12H, Hy,). The moderate solubility in THF-d®
and C¢Ds prevents meaningful *C analysis. Elemental analysis, Calcd. for
CsoHeiNsP4Yb: C, 63.89; H, 5.54; N, 3.79. Found: C, 63.84; H, 5.64; N,
3.65. Suitable crystals for X-Ray analysis were obtained by letting stand a
concentrated toluene/methylcyclohexane solution of the compound at -
40 °C.

Synthesis of Tmp,YbL® (2-LY). In a centrifugation tube, L (127 mg,
0.18 mmol) and [Yb(tmp),(THF)] (96 mg, 0.18 mmol) were stirred in Et,O
(2 mL) for 3 h leading to the formation of a green precipitate. Pentane (10
mL) was added to enhance the precipitation and the mixture was centri-
fuged and stored at — 40 °C overnight. The liquid was removed and the
operation repeated another time with 10 mL of pentane. Finally the dark
green solid was dried under high vacuum for 2 h. to yield 2-L (130 mg,
0.11 mmol, 62 %). 3'P{*H} NMR (Tol-d®) & 79.8 (s, YJypp = 491.4 HZ), 38.8
(s, 2y = 47.0 Hz). *H NMR (CeDe) & 7.42-7.33 (m, 3H, Hy.2), 4.70 (d, 3Jpn
=148 Hz, 4H, H4), 2.58 (d, zJsz 10.6 Hz, 12H, H1o), 2.39 (S, 12H, H12),
2.27-0.99 (M, 66H, Hs.g:7:5). °C NMR (CeDg) 6 165.6 (d, Jpc = 15.8 Hz,
Cs), 138.0 (s, C1), 135.1 (d, Jpc = 28.8 Hz, Cy), 129.4 (s, C11), 119.7 (S, C2),
51.0 (S, C4), 35.2 (d, Jpc = 56.2 Hz, Cs), 27.8 (d, Jpc = 3.1 Hz, Ce), 27.3 (d,
Jpc: 11.3 HZ, C7), 26.5 (S, Cg), 16.7 (d, Jp(;z 27.3 HZ, Cm), 14.9 (S, C12)-
Elemental analysis, Calcd. for C59H97N3P4Yb: C, 61.87; H, 8.54; N, 3.67.
Found: C, 61.63; H, 8.62; N, 3.65. Suitable crystals for X-Ray analysis were
obtained by standing a concentrated toluene/pentane solution of the com-
pound at -40 °C.

X-Ray Diffraction. Single crystals of the compounds L™, L, 1-LF, 1-
LPh, 2-LB 2-LP", 2-L%Y and 3 were mounted on a kapton loop using Para-
tone® oil and cooled to 150 K in a nitrogen stream for X-ray structure de-
termination. The loop was transferred to a Nonius Kappa diffractometer us-
ing Mo-Ka (A=0.71073 A) X-ray source, a graphite monochromator and a
Brucker APEX-II detector. Preliminary orientation matrixes and cell con-
stants were determined by collection of 10x10 s frames, followed by spot
integration and least-squares refinement. Data were integrated and cor-
rected for Lorentz and polarization effects. The crystal structures were
solved in SIR97% and refined in SHELXL-2013% by full-matrix least-
squares using anisotropic thermal displacement parameters for all non-hy-
drogen atoms. All hydrogen atoms were placed at geometrically calculated
positions. Details on crystal data and structure refinements are summarized
in Table S1. ORTEP drawings were produced using Mercury or ORTEP I11
for Windows.

Cif files were deposited at the Cambridge Data Base Centre under the ref-
erence CCDC numbers: 1423768 (LP"), 1423769 (L), 1423770 (1-LFY),
1423771 (1-LP"), 1423772 (3), 1423773 (2-LFY), 1423774 (2-L™") and
1423775 (2-L).

Supporting Information. Information concerning X-ray crystallography
and variable temperature NMR is available.
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