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Abstract:

Gas-phase ion-ion reactions between the trication, [Yb(L)3]>* (where L = N,N,N’,N’-
tetramethylpyridine-2,6-dicarboxamide), and the tetraphenylborate anion, [BPh4],
and its sodium bound dimer, [(BPh4)2Na]~, were examined to establish whether ion-
pair formation and transmetalation from boron to ytterbium can occur. lon clusters that
were formed with the formal +3 oxidation state for the ytterbium metal centre include:
the ion pair [Yb{")(L)3][BPh4]** (m/z 578, (6a)); the ion triplet [Yb(!!)(L)3][BPha]2* (m/z
1475, (7a)); and [Yb(")(L)3(BPhs)sNa]* (m/z 1817, (8a)). In addition, electron transfer
from [BPha4]™ to [Yb(L)3]3* resulted in complexes in which the the ytterbium metal centre
is in the formal +2 oxidation state, which reacted further to yield the ion pairs:
[Yb")(L)3][BPh4]* (m/z 1156, (7b)); [YbU)(L)2]J[BPhs]* (m/z 935, (8b)); and
[Yb!)(L)][BPh4]* (m/z 714, (9b)). Selected ion pairs were mass isolated and subjected
to collision-induced dissociation (CID) to examine if they underwent transmetalation
from B to Yb. Most of the observed ytterbium(lll) complexes were found to undergo
transmetalation. Density functional theory (DFT) calculations were used to determine
the energetics for the sequential ion-ion reactions associated with the formation of
[Yb")(L)2][BPh4]* as well as its fragmentation reactions via ligand loss (observed
experimentally) versus transmetalation (not observed experimentally).

1. Introduction
In recent years there has been a renewed interest in the chemistry of the lanthanides,
driven by their unique electronic properties and potential applications in organic

¢ Dedicated with respect and admiration to Prof. Mary T. Rodgers on the occasion of her 60th Birthday
and in recognition of her important contributions to gas-phase ion chemistry and service our
community.
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synthesis’ and materials science.* While there has been significant progress in the
study of ytterbium chemistry of relevance to organic chemistry, challenges remain. For
example, some structural and mechanistic aspects of ytterbium organometallic
chemistry remain poorly understood. A case in point are the pseudo-Grignards first
described by Evans and co-workers over 50 years ago.% 8 They reported that ytterbium
metal reacts with alkyl and aryl iodides in tetrahydrofuran (THF) at low temperatures
to give solutions of “(R)Ybl(S)" (where S = solvent), which undergo typical Grignard
type reactions. Subsequent work has suggested that these are +2/+3 mixed valence
species, but isolation and structural characterisation of these compounds has been
challenging due to a combination of factors, including the existence of Schlenk
equilibria, redox processes, the role of coordinated solvent (S), and the thermal lability
of the Yb—C o-bond. Four decades after Evan’s report, Wiecko et al. isolated two
different crystalline materials from a “(Ph)Ybl(thf),” mixture and showed that they
corresponded to [(Ph)sYb(!)(thf)s] and [Yb(Dl2(thf)4].”- 8 By changing the solvent to the
bidentate dimethoxyethane (dme), they isolated the charge separated mixed valence
ion pair [{Yb!)(dme)s}{(Ph)sYb(")(dme)}].

Apart from oxidative addition of alkyl or aryl halides to ytterbium metal, a range of other
approaches to the stoichiometric and in situ formation of organoytterbium species
have been reported.®'" For example, transmetalation reactions, which involve the
transfer of carbon ligands (e.g., alkyl and aryl) from one metal to another,'? have been
used to prepare organoytterbium complexes that are either neutral or with a formal
negative charge at ytterbium (“ate” complexes)'® from ytterbium(lll) salts and
organolithium or organomagnesium compounds and these have been structurally
characterised'*'® or have been implicated in reactions with organic substrates.’”-20
Fewer transmetalation reactions of ytterbium salts with other organometallic reagents
have been reported. While the tetraphenylborate anion undergoes transmetalation to
a wide range of transition metal salts,?" its reactions with ytterbium salts have solely
been used to form a range of complexes suitable for X-ray crystallography.?? The types
of complexes that have been isolated have ranged between discrete ionic complexes
such as [Yb(18-cr-6)(NCMe)s][BPh4]2 and [(CeF5)YDb(thf)s][BPhs]?> 23  through to
complexes such as 1 - 3 (Scheme 1, A)?*#26  which have been described as pseudo-
metallocenes since the tetraphenylborate acts as a coordinating ligand.??
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Scheme 1: (a) examples of structures of ytterbium tetraphenylborate pseudo-
metallocenes determined via X-ray crystallography; (b) ion—ion reactions in the gas-
phase between the ytterbium trication (4) and tetraphenylborate (5) to directly probe
the role of ion pairs in transmetalation (this work).

As part of a series of studies aimed at examining fundamental aspects of
transmetalation,?’-?° we recently described a new mass-spectrometry based approach
deploying gas-phase ion-ion reactions.?% 3" We found that reactions between tris-
1,10-phenanthroline metal dications, [(phen)sM]?>* (where M = Ni or Mg), and the
tetraphenylborate anion yielded the ion pairs [M()(phen)s][BPhs]*, which underwent
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transmetalation upon loss of a phen ligand to give the organometallic complexes
[(Ph)M(phen)2]*.32 Here we examine the first ion-ion reactions between a ytterbium
trication and the tetraphenylborate anion, (5) (Scheme 1, B) and its sodium bound
dimer, [(BPha4)2Na]™ (Na*.52), with the aim of establishing whether ion pair formation
and transmetalation can occur in these systems. Specifically, [Yb(L)3]** (4) (where L
= N,N,N’,N’-tetramethylpyridine-2,6-dicarboxamide TMPDA) was chosen, since this
class of ytterbium trications are well established species in both the condensed
phase3? 34 and the gas phase.®®

2. Experimental

2.1.Materials
Ytterbium() nitrate pentahydrate and sodium tetraphenylborate were both
purchased from Millipore Sigma (St. Louis, MO). HPLC-grade methanol (MeOH)
was purchased from Fisher Scientific (Pittsburgh, PA). N,N,N’ N-
tetramethylpyridine-2,6 dicarboxamide (TMPDA) was synthesised as
reported.36

2.2.Sample Preparation

Ytterbium{" nitrate pentahydrate (Yb) was dissolved into MeOH at an initial
concentration of 2.2 mM. Purified TMPDA was dissolved into MeOH at an initial
concentration of ~4.5 mM. Stock solution of each Yb and TMPDA were used to
prepare a final mixed solution of Yb and TMPDA, ~20 and 40 uM, respectively.
It was found empirically that a 1:2 molar ratio yielded the most stable and
consistent metal complex. Sodium tetraphenylborate (NaBPhs4) was dissolved
into MeOH at an initial concentration of ~3 mM and diluted to a final
concentration of 50 pM.

2.3.Mass Spectrometry

All experiments were conducted on a Sciex QqTOF 5600 platform that has been
previously modified to enable the study of gas-phase ion-ion reactions.3” A dual
pulsed nano-electrospray ionisation (ESI) spray system was used to generate
anions and cations separately.3® First, [Yb{')(L)3]** was generated via positive
nano-ESI, mass selected (isolated at ~0.3 unit resolution), and transferred to
the high pressure collision cell, g2. Second, [BPh4]™ was generated via negative
nano-ESI, mass selected in Q1 (isolated at unit resolution) and transferred to
g2 where auxiliary AC waveforms were applied for 50 ms (timing for all ion-ion
reactions unless specified elsewhere) for mutual trapping of oppositely charged
ions allowing for ion-ion reactions to occur at a low mass cut-off of 100.
Subsequent products were isolated and subjected to single-frequency ion trap
collision induced dissociation (CID) at q=0.2 for further interrogation prior to
transmission to the time-of-flight tube for mass analysis.3°

2.4.DFT calculations
Density Functional Theory (DFT) with Gaussian 16 (G16) was employed*‘to fully
optimize the structures at the M06 level of theory.*' For describing the Yb, the SDD
basis set was chosen while the 6-31G(d) basis set was used for all other atoms. All
the frequency calculations were calculated using the same level of theory as those for
the optimisation process and were used to confirm the local minima (no imaginary
frequencies). The Conformer—Rotamer Ensemble Sampling Tool (CREST) (version
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2.11) was utilised to search for the conformers of the tetraphenylborate dimer dianion
[(BPha4)2]?~.4? Using the search tool with semiempirical tight-binding model -gfn2 as the
level of theory*® and in the gas-phase (no implicit solvation was added), three
conformers of [(BPh4)2]>~ were found. The three conformers were then optimised via
DFT using MOG6 level of theory and 6-31G(d) basis set. This basis set combination is
referred as BS1. The three structures were further refined, and single point energy
calculations carried out with the basis set wB97XD def2tzvp/BS2. The enthalpy at O
K, HO, of each species was obtained using wB97XD def2tzvp/BS2.

3. Results and Discussion
3.1.Product channels in the ion-ion reaction between [Yb")(L)3:]** (4) and
[BPh4]™ (5).

Positive ion nano electrospray ionisation (+nESI) of a methanolic solution
containing 20 uM Yb(NO3)3.5H20 and 40 uM N,N,N’,N’-tetramethylpyridine-2,6-
dicarboxamide (TMPDA = L) gave rise to an abundant signal of the desired triply
charged cation [Yb(')(L)3]** (4) at m/z 279, which was mass selected and
injected into the ion trap for ion-ion reactions (Yb has seven stable isotopes and
in all cases the most abundant peak was mass selected, which is dominated by
the '74Yb isotope). Negative ion nano-electrospray ionisation (-nESI) of a 50 uM
methanolic solution of sodium tetraphenylborate gave rise to an abundant signal
of the singly charged anion [BPh4]™ (5) at m/z 319, which was mass selected
and injected into the ion trap. lon-ion reactions were enabled by mutually storing
(4) and(5) in the ion trap for 50 ms, resulting in the positive ion mass spectrum
shown in Figure 1A.
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Figure 1: (A) lon-ion mass spectrum of [Yb!")(L)3]** (4) at m/z 279 with [BPha4]~ (5) at
m/z 319, showing the formation of the ion triplet [Yb(!")(L)3][BPhs]?* (7a) at m/z 1475;
(B) ion-ion mass spectrum of [Yb(")(L)3]** (4) at m/z 279 with [(BPh4)2Na]™ (Na*.52) at
m/z 661 showing the formation of the ion triplet [Yb(!)(L)3][BPh4]?* (7a) at m/z 1475
and the ion pair [Yb(Ill)(L)3][BPh4]?* (6a) at m/z 578. Oxygen containing product ions
arise from ion-molecule reactions with background oxygen.

Although the spectrum contains a range of different product ions, they can be
rationalised as arising from two primary ion-ion reaction channels (Scheme 2):
formation of the ion pair [Yb(')(L)3][BPhs]?* (6a) at m/z 578 (eq. 1a), which was
not observed in our initial experiments (shown in Figure 1A), as well as
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[Yb()(L)3]?* (6b) at m/z 418 via an electron transfer pathway (eq. 1b). A plausible
explanation for the observation of the ion triplet [Yb(")(L)3][BPha4]2* (7a) 44 at m/z
1475 is that it arises from a second ion-ion reaction between the ion pair (6a)
and (5) (eq. 2a). The Yb() complex (6b) also undergoes a second ion-ion
reaction with (5) to yield the ion pair resulting from loss of a ligand
[YbU)(L)2][BPha4]* (8b) at m/z 935 (eq. 2b) which can lose a second ligand to give
[Yb()(L)I[BPh4]* (9b) at m/z 714 (eq. 3b). The ion at m/z 434, which we assign
as [YbO2(L)s3]?*, appears to arise from an ion-molecule reaction between
[Yb()(L)3]>* and background oxygen. In addition, there are several other product
ions in Figure 1B that contain oxygen. There are other examples of ion-molecule
reactions between background oxygen and ions, including the reactions peptide
radical cation ETD products with O2,%° reactions of distonic radical cations with
O2,%¢ reactions of molybdenum halide cluster anions with oxygen or water.?” Due
to the high oxophilicity of ytterbium,*® there are several examples of ytterbium
complexes reacting with adventitious oxygen in the condensed phase to form
peroxides.*6-48 While the exact nature of the bonding within the oxygen
containing species in our experiments is unclear, of all the oxygen reduced
species (superoxide from 1e reduction, peroxide from 2e reduction or oxide
formation via 4e reduction), superoxide complexes seem most likely as they
would result in ytterbium complexes in the common +3 formal oxidation state.
Perhaps gas-phase IR spectroscopy could shed further insights into the bonding
arrangements in these complexes.*°
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Scheme 2: Sequential ion-ion reactions between [Yb(")(L)3]** (4) and [BPhas]~ (5) that
give rise to the primary and secondary product ions (Figure 1, A). Species shown in
dashed boxes were further examined to establish whether they underwent
transmetalation.

3.2. Why did the ion pair [Yb(")(L)3][BPh4]?* (6a) initially elude detection?

As noted, the ion [Yb(!)(L)3][BPh4]?* (6a) at m/z 578 formed via eq.1a (Scheme 2) was
not initially observed in the full mass spectrum (Figure 1A). We postulated that there
are two possible reasons: (1) (6a) is unstable and that [Yb(")(L)3]** (1) instead reacts
directly with the dimer dianion [(BPhas)2]?~ (which has the same m/z value as [BPha]")
to give the ion triplet [Yb{')(L)3][BPha4]2* (7a) — this reaction does not require formation
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of (6a) as an intermediate; (2) [Yb(")(L)3][BPhs]?* (6a) rapidly undergoes a second ion-
ion reaction with another tetraphenylborate anion to give (7a).

3.2.1. Testing hypothesis 1:

Hypothesis 1 requires that: (i) (6a) is an unstable reactive intermediate in the gas-
phase; and (ii) [(BPhs)2]> be a stable reactive intermediate in the gas-phase. To test
point (i), we examined whether (6a) could be formed in the ion-ion reaction experiment
between [Yb{)(L)3]** (4) and tetraphenylborate sodium bound [(BPhs)2Na]~ (Na*.52).
An examination of Figure 1B reveals the formation of previously observed ions (7a),
(8b) and (9b). Interestingly, the missing [Yb(')(L)3][BPh4]?* (6a) at m/z 578 was now
detected, highlighting that it is a stable species in the gas phase. Other ions observed
include the ion pair [Yb()(L)s3][BPhs]* (7b) at m/z 1156 (Scheme 3, eq. 5b) and
[Yb(")(L)3(BPhs)sNa]* (8a) at m/z 1817 (Scheme 3, eq. 5a) as well as various ions
arising from addition of background oxygen.
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Scheme 3: Sequential ion-ion reactions between [Yb(")(L)3]** (4) and [(BPh4)2Na]”
(Na*.52) that give rise to the primary and secondary product ions (Figure 1, B).
Species shown in dashed boxes were further examined to establish whether they
underwent transmetalation.

Regarding point (ii), this is not only a key issue for our study, but fundamentally
important in inorganic chemistry as it relates to the well-known concept of phenyl
embraces,?® which are often observed in the X-ray crystallography of salts formed by
the tetraphenylphosphonium cation, [PPhs]* 2° and the tetraphenylborate anion,
[BPh4]~.30 Although we could find no experimental evidence for [(BPh4)2]*” in the gas
phase (there were no peaks spaced at m/z 0.5 for the isotopes), to test whether the
tetraphenylborate dimer dianion [(BPha4)2]>" is stable in the gas phase, we utilised DFT
calculations to calculate the energy of dissociation into two [BPh4]” monomers (eq. 8).
DFT results predicted that all four calculated conformers of the dianion [(BPha)2]?>~ were
not stable in the gas-phase (Figure S5).

[(BPha)2]?~ (eq. 8)

—

2 [BPha]"

3.2.2. Testing hypothesis 2:
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Having established that [Yb(")(L)3][BPh4]?* (6a) is a stable reactive intermediate in the
gas-phase whereas [(BPh4)2]?" is not, we then revisited the ion-ion reaction conditions
to confirm that the ion triplet [Yb(")(L)3][BPhas]2* (7a) is formed via sequential reactions
(Scheme 2) from firstly reacting (4) with (5) via eq.1a to form (6a) followed by another
ion-ion reaction of (6a) with (5) to give (7a) (eq.2a). We first varied the reaction time.
At a reaction time of 200 ms (Figure S1, A), the formation of [Yb(")(L)3][BPhs]?* (6a) at
m/z 578 and [Yb(")(L)3][BPhas]2* (7a) is observed together with the formation of other
ytterbium ions as described previously. Increasing the reaction time to 400 ms only
results in a decrease in the relative abundance of [Yb(")(L)3]** (4) (Figure S1, B). In
another type of experiment, the initially formed ion [Yb(")(L)3][BPhs]?* (6a) at m/z 578
was selectively removed during the experiment, preventing it from undergoing a
second ion-ion reaction with another tetraphenylborate anion. The ion triplet
[Yb(")(L)3][BPha]2* (7a) disappeared (Figure S1, C), highlighting that (7a) is indeed
formed via the sequential reaction (eq, 2a, Scheme 2).

3.3. The search for transmetalation from B to Yb: role of oxidation state of
Yb and number of ligands.

Selected ion pairs that were formed in the ion-ion reactions (Figure 1, Schemes 2 and
3) were mass selected and subjected to CID to examine if they could undergo
transmetalation (Figure 2, Scheme 4).
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Figure 2: CID of the: (A) ion pair [Yb(")(L)s][BPh4]?* (m/z 578, (6a), 50mV for 50ms);
(B) ion triplet [YbU'")(L)3][BPha4]2* (m/z 1475, (7a) , 140mV for 100ms);); (C) ion pair
[Yb")(L)2][BPh4]* (m/z 935, (8b) , 45mV for 50ms);). The red asterisk indicates the
mass selected precursor ion subjected to CID.

3.3.1 [YbU'")(L)3][BPh4]?* (m/z 578, (6a))

The main fragmentation channel in the CID spectrum of the mass selected ion pair
[Yb('(L)3][BPh4]?* (6a) (Figure 2A and Scheme 4A) involves formation of [Yb(')(L)3]?*
(6b) at m/z 418 via electron transfer (eq. 9b). A minor loss of triphenylboron is
observed. This may arise via transmetalation to give the organometallic ion
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[(Ph)YbU"(L)s]?* (9a) at m/z 457 (eq.9a), although we cannot rule out phenide transfer
to one of the coordinated ligands, L.
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écheme 4: Summary of fragmentation reactionls‘of the ion pairs: (A)
[Yb()(L)3][BPh4)?* (m/z 578, (6a)); (B) [Yb(")(L)3][BPha]2* (m/z 1475, (7a)); (C)
[Yb("(L)3(BPhas)sNa]* (m/z 1817, (8a)); (D) [Yb()(L)2][BPha]* (m/z 935, (8b)).

3.3.2 [Yb"(L)3][BPha]2* (m/z 1475, (7a))

The CID spectrum of the ion triplet [Yb(!)(L)3][BPh4]2* (7a) (Figure 2B and Scheme 4B)
shows the formation of [Yb(!)(L)2][BPha]2* (10a) at m/z 1255 via ligand loss (eq. 10a)
and [(Ph)Yb{"(L)2][BPh4]* (11a) at m/z 1012 (eq. 11a1) which is formed via ligand loss
and transmetalation. A second transmetalation reaction was also observed from (11a)
to give [(Ph)2Yb!)(L)2]* (12a) at m/z 770 (eq. 12a). This was confirmed by applying
CID on the isolated ion (11a) to give [(Ph)2Yb(")(L)2]* (12a) at m/z 770 (eq. 11a2)
(Figure S2).

3.3.3 [Yb(')(L)3;(BPh4)3sNa]* (m/z 1817, (8a))

The fragmentation pattern of (8a) solely shows a loss of NaBPha4 (eq. 13a, Figure
S3) to give the ion triplet [Yb(!)(L)3][BPh4]2* (7a) (Figure S3 and Scheme 4C). No
transmetalation reaction was observed (eq. 14a). Loss of NaBPhs is also observed in
the CID spectrum of the sodium bound dimer, [(BPhs)2Na]~ (Na*.52)

(Figure S4).

3.3.4 [YbU)(L);][BPh4]* (m/z 935, (8b))

Applying CID to the ion pair [Yb()(L)2][BPha4]* (8b) only results in the formation
of [Yb)(L)[BPha* (9b) at m/z 714 (Figure 2C and Scheme 4D). No
transmetalation occurs since the ion [Yb{")(L)2(Ph)]* (10b) at m/z 693 was not
observed (eq. 11b).

3.4. DFT calculations of selected reactions.

To gain a better understanding of these reactions, DFT methods were employed to
calculate the energies associated with the formation of some of the observed ytterbium
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complexes. Attempts were made to calculate the transmetalation pathways and the
ligand loss pathways. The formation of [Yb(')(L)3]** (6b) from the reaction between (4)
and (5) via electron transfer (eq.1b, Scheme 2) was calculated to be exothermic by -
152.2 kcal/mol. The addition of an anion [BPh4]™ to (6b) via (eq.2b, Scheme 2) to give
[Yb")(L)2][BPh4]* (8b) with a loss of a ligand was calculated to be exothermic by -69.1
kcal/mol. Both of these results are consistent with the experimental observation of
these reactions under the ion-ion reaction conditions of the ion trap mass
spectrometer. The ion pair (8b) lost a ligand under CID conditions to give
[Yb!)(L)][BPh4]* (9b) and this process was calculated to be endothermic by +30.6
kcal/mol (Figure 4). On the other hand, the ion pair [Yb!)(L)2][BPh4]* (8b) did not
fragment under CID conditions to give the organometallic ion [(Ph)Yb()(L)2]* (10b) via
transmetalation even though this process was calculated to be endothermic by +26.5
kcal/mol. Although we have not been able to locate the transmetalation transition state,
it seems likely that the barrier is higher than the energy required for ligand loss to give
[Yb!)(L)][BPh4]* (9b).
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Figure 4: DFT calculations estimating the thermodynamics of transmetalation and
ligand loss pathways from [Yb(')(L)2][BPh4]* (8b) to give [Yb()(L)][BPha4]* (9b) (left)
and [(Ph)Yb()(L)2]* (10b) (right). The energies are AH° in the gas-phase obtained at
the M06/SDD-6-31G(d) level of theory.

4. Conclusions

In conclusion, ion-ion reactions between the ytterbium trication, [Yb(")(L)s]** (4) and
the tetraphenylborate anion (5), or its sodium bound dimer (Na*.52), provide
fundamental information on the competition between electron transfer pathways and
ion-pair formation, together with information on which ion pairs can undergo further
reaction via transmetalation. In the case of the reaction between (4) and (5), electron
transfer dominates (Figure 1a, eq. 1b of Scheme 2) to produce the ytterbium dication,
[Yb(L)3]>** (6b) which undergoes a second ion-ion reaction with (5) via ligand
displacement reaction to give the ion pairs [Yb("(L)2][BPh4]* (8b) and [Yb("(L)][BPha4]*
(9b) (egs. 2b and 3b of Scheme 2). The former ion pair does not undergo
transmetalation, preferring ligand loss. In contrast, when (4) is allowed to react with
the sodium bound dimer, (Na*.52), electron transfer is suppressed and becomes a
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minor channel (Figure 1b, Scheme 3). Since loss of NaBPha allows any excess energy
of the ion-ion reaction to be carried away, abundant ion pairs are observed for
[Yb("(L)3][BPh4]?* (6a) and [Yb(")(L)3][BPh4]2* (7a) (egs 4a and 6a of Scheme 3). The
former ion pair undergoes direct transmetalation while the Ilatter undergoes
transmetalation with concomitant ligand loss. When establishing that the sequential
ion-ion reactions between (4) and (5) gives rise to [Yb(")(L)3][BPhs]2* (7a), it was
important to rule out that [(BPha4)2]?~, which is isobaric with respect to (5), is unstable
in the gas-phase. DFT calculations reveal that various conformers of the
tetraphenylborate dimer dianion are indeed thermodynamically unstable in the gas-
phase. This is consistent with the study of D’Oria et al. who found that the
tetraphenylphosphonium dimer dication [(PPhas)2]?* is unstable.3! Thus, it appears that
a key stabilising factor that facilitates the various phenyl embraces observed in the
solid state are the attractive forces of the counter anions (which are absent in the gas-
phase), which offset the repulsive forces of the like charges (anion-anion in [(BPha4)2]?~
or cation-cation [(PPha4)2]?*).
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