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Abstract

Reaction of [Ru(PPh3)sHCI] with LiCH,TMS, MgMe> and ZnMe> proceeds with chloride abstraction
and alkane elimination to form the bis-cyclometalated derivatives [Ru(PPh3z)(CsH4PPh2)H][M ] where
[M]= [LI(THF)2]" (1), [MgMe(THF)2]" (3), and [ZnMe]" (4), respectively. In the presence of 12-
crown-4, the reaction with LICH>TMS yields [Ru(PPhsz)(CsHaPPh2) H][Li(12-crown-4),] (2). These
four complexes demonstrate increasing interaction between M and the hydride ligand in the
[Ru(PPh3)(CsH4PPh2)2H] anion following the trend 2 (no interaction) < 1 < 3 < 4 both in the solid-state
and solution. Zn species 4 is present as three isomers in solution including square-pyramidal
[Ru(PPh3)2(CeHaPPh2)(ZnMe)], 5, that is formed via C—H reductive elimination and features unsatu-
rated Ru and Zn centers and an axial Z-type [ZnMe]* ligand. A ZnMe* adduct of 5,
[Ru(PPh3)2(CsH4PPh2)(ZnMe)2][BAIT4] (6) can be trapped and structurally characterized. 4 reacts with
H. at -40 C to form [Ru(PPhs)s(H)3(ZnMe)], 8-Zn, and contrasts the analogous reactions of 1, 2 and 3
that all require heating to 60 C. This marked difference in reactivity reflects the ability of Zn to pro-
mote a rate-limiting C-H reductive elimination step, and calculations attribute this to a significant stabi-
lization of 5 via Ru - Zn donation. 4 therefore acts as a latent source of 5 and this operational ‘dual un-
saturation’ highlights the ability of Zn to promote reductive elimination in these heterobimetallic sys-
tems. Calculations also highlight the ability of the heterobimetallic systems to stabilize developing pro-

tic character of the transferring hydrogen in the rate-limiting C-H reductive elimination transition states.



Introduction

Oxidative addition and reductive elimination are fundamental steps in the transition metal (TM)
mediated activation and transformation of organic molecules under both stoichiometric and catalytic con-
ditions.? Efforts to enhance these processes at a TM center typically focus on modifying the steric and
electronic properties of the surrounding ligands, which usually feature non-metallic elements (P, N, O, C,
Hal etc.). In contrast, the use of main group metals (M ) as ligands for TMs has received far less attention.?
8 However, there are isolated examples showing that the presence of a TM—M interaction can bring about
transformative changes to the reactivity of the TM center. For example, Bergman and Tilley have shown
that whereas neither [(phen)PtAr,] nor [(bipy)PtAr2] (Ar = p-'BuCsHa) undergo reductive elimination of
biaryl even after 48 h at 200 C, the reaction is complete within just 15 min at 60 C upon addition of 10
equiv Zn(CeFs)2.° The possibility of tuning a TM center toward reductive elimination (or possibly the
reverse, oxidative addition) by judicious choice of M is intriguing, and indeed has been demonstrated
with Ni-M heterobimetallics (I, Scheme 1) where a polydentate ligand scaffold supports the Ni-M in-
teraction. The Ni—Ga species was found to perform best for both alkene!® and CO2 hydrogenation;'* how-
ever, in addition to promoting oxidative addition, it has been conjectured that M may also enhance reac-
tivity by facilitating the ligand dissociation that is necessary in these systems, or by stabilising hydride
intermediates.'? Defining the role of M in these and other related metalloligand scaffolded systems such
as 11,® 111** and 1V*® is therefore a challenge.

We have recently reported the preparation of a series of heterobimetallic Ru-M (M =Zn, Ga, In)
complexes by reaction of the cationic N-heterocyclic carbene (NHC) ruthenium hydride precursor
[Ru(IPr)2(CO)H]* with M —alkyls (M = Zn, Ga, In).1%18 The reactions proceed through simple elimina-
tion of an alkane!®?8 to afford products featuring unsupported and unconstrained Ru-M bonds, V and
VI, in which (in contrast to metalloligand scaffold systems) both the TM and M centers are coordinatively

unsaturated (Scheme 1). This “‘dual unsaturation’ allows these Ru-M complexes to react with both E-H



bonds (E = H, B, Si) and CO; moreover, these systems proved amenable to detailed mechanistic studies
that delineate the role of the Ru-M moiety in promoting these processes. Subsequently, alkane loss was
also observed upon addition of ZnMe; to the neutral precursor [Ru(IMes)(PPhs)(CO)HCI],? showing that
an electrophilic TM—H precursor is not a pre-requisite for alkane elimination to take place.*® Two equiv-
alents of CHys, along with MezZnCl, are now lost, with the second “H’ arising from cyclometallation of the
IMes ligand to give VII (Scheme 1). This cyclometallation strategy was then exploited to form further
Ru-Zn heterobimetallics through the reaction of ZnMez and [Ru(PPhs)sCl2], showing that alkane loss can

be induced even from simple, non-hydride-containing TM precursors.>!
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Scheme 1 TM-M heterobimetallic complexes®®

In light of this reactivity, our attention was drawn to the report by Cole-Hamilton and Wilkinson
in 1977 on the reactions of [Ru(PPhs)sHCI] with Zn, as well as Li and Mg, alkyls.? These were reported
to yield heterobimetallic products containing the cyclometalated {RuH(CsH4PPh2)(PPhs)2} fragment, al-
beit with structures that were poorly defined. Following a reinvestigation of these reactions, we now show

that the products are in fact [Li(THF)2]* (1), [MgMe(THF)2]" (3), and [ZnMe]" (4) derivatives of the bis-
4



cyclometalated anion, [Ru(PPh3)(CeH4PPh2)H]", which originates upon elimination of two equivalents
of CHs, along with M ClI, and cyclometallation of the PPhs ligand. These species, together with a [Li(12-
crown-4),]* derivative (2), have allowed us to undertake a comparative study of the influence of M on
the reactivity of a common Ru fragment. A combination of experiment and computation has revealed a
remarkable acceleration of C—H bond reductive elimination when M = ZnMe, resulting in the formation
of an equilibrium mixture of the complex [Ru(PPhz)(CsHsPPh2)2H(ZnMe)] (4) and its dual unsaturated
isomer [Ru(PPhz)2(CsHsPPh2)(ZnMe)] (5). As a result of this operational dual unsaturation, 4 reacts with
H> at -40 °C, whereas the Li and Mg derivatives require heating at 60 °C to demonstrate equivalent reac-

tivity, a difference of 100 °C.

Results and Discussion

Synthesis and Characterization of [Ru(PPhs)(CeHaPPh2)2H][M ] Complexes (M =
Li(THF)2 (1), [Li(12-crown-4)2] (2), MgMe(THF)2 (3) and ZnMe (4)). [Ru(PPh3)sHCI] reacts instan-
taneously with 2 equiv LICH2TMS in THF to eliminate LiCl and SiMes and form
[Ru(PPh3)(CsHaPPh2).H][Li(THF)2] (1, Scheme 2a), rather than [Ru(PPhs)2(THF)(CsH4PPh2)H] as pre-
viously proposed.3? The presence of two cyclometalated phosphines®3-3¢ was apparent from the appear-
ance of two low-frequency *'P{*H} NMR resonances at -20.7 and -25.1.3¢3" Together with the pres-
ence of a single high frequency 3P signal ( 53.3) and 2Jee values of 17-22 Hz, these data are consistent
with the three phosphorus centers adopting a fac geometry (Scheme 2). The *H NMR and X-ray data for
1 show evidence for a close association of the [Li(THF)2]* moiety with the [Ru(PPhs)(CsHsPPh2).H]
anion and are discussed in detail below. Complete separation of the lithium ion in 1 was induced upon
addition of 12-crown-4% in benzene, to yield [Ru(PPhs)(CsH4PPhy).H] with a [Li(12-crown-4),] cation

(2, Scheme 2a) in 74% isolated yield (ESI).
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Scheme 2 Synthetic routes to 1-4

The analogous reaction of [Ru(PPhz)sHCI] with MgMe> in THF afforded a Mg-containing ana-
logue of 1, fac-[Ru(PPh3)(CeH4sPPh2).H][MgMe(THF)2] (3, Scheme 2b). Unlike 1, the synthesis of 3
was less selective (ca. 85% yield of 3 based on NMR) and also presented difficulties in separating the
product from the MeMgCI byproduct. 3 was therefore best prepared via Li/Mg metathesis of 1 with
MeMgCI. Similarly the reaction of [Ru(PPh3)sHCI] with ZnMe; gave the related Zn complex,
[Ru(PPh3)(CsH4PPh2)2H(ZnMe)] (4, Scheme 2c). The formation of M —Cl-containing byproducts once
more proved problematic (ESI) and the synthesis of byproduct-free 4 was achieved through exchange of
1 with MeZnCl (generated in-situ upon reaction of [Ru(PPhs)sHCI] with ZnMey; ESI). In contrast to the
strong coordination of THF to Li and Mg in 1 and 3, THF readily dissociated from Zn in 4 (ES1)* and

complexes with and without coordinated THF molecule could be isolated, depending on crystallization



conditions (ESI). As shown in Scheme 2c, Zn/Li exchange was also possible, affording 1 cleanly and in
good yield upon addition of LICH>TMS to 4 in THF.

Experimental and Computational Analysis of 1-4. The level of interaction between the hydri-
doruthenate [Ru(PPhz)(CsH4PPh2)2H]™ and the different [M ] cations in 1-4 (M = Li(THF)2, Li(12-
crown-4)2, MgMe(THF)2, and ZnMe respectively) was analysed using a combination of single crystal
X-ray diffraction (Fig. 1; Tables 1 and S7), multinuclear NMR spectroscopy (Tables 1 and S6) and DFT
calculations (Table 1, Fig. 1). Across all four compounds, [Ru(PPhs)(CsH4PPh2)2H] exhibited the same
distorted octahedral“®* structure, with a fac-arrangement of the three phosphine ligands and the hydride
trans to the P atom of one of the cyclometalated CeHsPPhz groups. For 1 and 2, the Ru Li(THF). and
Ru MgMe(THF), distances were identical (2.825(6) and 2.8250(8) A respectively). The Ru Li value
was longer than the sum of the two covalent radii (2.74 A) whereas with Mg, it was slightly shorter
(2.87 A).** In the case of 4 (M = ZnMe), the Ru Zn distance (2.4717(3) A) was now much reduced
( covalent radii = 2.68 A).** 4 also displayed a rather short Zn-Cg (Table 1, Fig. 1b) distance of
2.282(2) A (comparable to the -interactions in [ZnPh,], (2.364(5)-2.442(4) A))* and, as a result, an

elongated Ru—Cg distance (2.173(2) A; cf. Ru—Ca 2.0937(19) A).
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Fig. 1 (a) Molecular structure of 4. Ellipsoids are represented at 30% probability. Only the major component of the disordered phenyl group lig-
and (attached to P3) is shown. Hydrogen atoms, with the exception of H1, have been also been omitted for clarity. (b) Summary of key distances
in 4. (c) Detail of the QTAIM molecular graph for 4 showing key bond critical points (BCPs, green spheres) and ring critical points (RCPs, pink

spheres) with associated BCP electron densities, (r), ina.u. The experimental structure was employed with the H atoms optimized, giving Rul-

H1 and Zn1-H1 distances of 1.69 A and 1.80 A respectively (ESI).



The degree of interaction between the Ru-hydride and M was also reflected in the magnitude of
the trans H-Ru—P coupling constant. Thus 2, which is a separated ion-pair and therefore features a ter-
minal Ru hydride ligand, displayed a trans 2Jup splitting of 93 Hz.%® The stronger Ru-H ZnMe interac-
tion in complex 4 reduces this value to 51 Hz. 1 and 3 showed intermediate coupling constants, leading
to an overall order of trans 2Jup of 2 > 1 > 3 > 4 (Table 1).%” This order correlates well with the changes
in hydride character seen in a Quantum Theory of Atoms in Molecules (QTAIM) study of these systems
(Table 1, Fig. 1c). Thus the electron density, (r), associated with the Ru—H bond critical point (BCP)
reduces from 0.130 au in 2 to 0.114 au and 0.112 au in 1 and 3 and then to 0.108 in 4. This suggests a
weakening of the Ru—H covalent interaction that is also reflected in the reduced (negative) values of the
total energy density, H(r), along this series. The Ru—H BCP ellipticities ( ) also indicate increasing
bridging character from 1 to 3 and 4, and compare with 2 where the near-zero value is consistent with a
terminal Ru-H -bond.*® Accordingly Li-H, Mg-H and Zn-H bond paths are all identified for 1, 3 and
4 with increasing (r) values. Although the associated total energy densities, H(r), are always small they
do move from positive to negative values along this series, suggesting a trend towards increased cova-
lency. A Zn—Cg bond path is also seen for 4, as well as a ring critical point (RCP) associated with the
{Ru-H-Zn-Cg} unit. No equivalent M —Cg bond path is seen for either 1 or 3. The lack ofaRu M
bond path in all of these species suggests no direct Ru—M" interaction despite, in the case of 4, the Ru—
Zn distance being well within the sum of the covalent radii. Bonding character is therefore diverted

through the bridging hydride and Cg positions.*°



Table 1 Comparison of key structural, NMR (THF-ds) and QTAIM parameters (in a.u.) for 1-4

Parameter 2 1 3 4
M Li(crown), Li(THF)2 Mg(THF).Me ZnMe
Ru M (A) - 2.825(6) 2.8250(8) 2.4717(3)
M Cs(A) - 2.317(7) 2.596(2) 2.282(2)
2JRut-pa (HZ) 93.3 83.9 68.0 51.3
QTAIM Data
(n 0.130 0.114 0.112 0.108
Ru-H BCP 0.008 0.011 0.051 0.065
H(r) -0.061 -0.047 -0.044 -0.043
() - 0.019 0.029 0.070
M HBCP - 0.421 0.478 0.337
H(r) - 0.003 0.001 -0.019
(r) 0.052
Zn-Cg BCP 0.021

H(r) -0.010




Solution behavior of 4. Upon dissolution, yellow crystals of 4 afforded red solutions,®? which
by NMR spectroscopy, revealed the fac configuration of the complex to be the major component, along
with two minor species, assigned as further isomers (Scheme 3; for clarity, fac- and mer-4 will be used
when discussing solution behavior, whereas 4 will be used for solid-state phenomena). The ratio of the
three isomers was somewhat solvent-dependent (50:2:1 in THF-dg and 75:3:2 in Ce¢Dg), but was invari-

ant both with time (weeks at room temperature) and between different batches of 4.

fac-4 mer-4 5

Scheme 3 Isomers of 4 observed in solution

The more prominent of the minor components (ca. 4% intensity) was assigned as mer-4 based on
the presence of three 3P NMR signals ( -20.4, -25.3 and 54.8, with 2Jpp values of 25 and 272 Hz) and a
hydride resonance with cis couplings to all three phosphorus centers (?Jue = 16, 11, 5 Hz). As a result of
their coordinative saturation, fac- and mer-4 would be expected to generate colorless or yellow solu-
tions, implying that the red coloration of the reaction mixture results from the second of the minor iso-
mers (ca. 2% intensity). This species, 5, was therefore assigned as the coordinatively dual unsaturated
complex, [Ru(PPhs)2(CsHsPPh2)ZnMe], which contains a direct Ru-Zn bond (Fig. 2). The assignment
was substantiated by the *'P{*H} NMR data, which indicated a mer-arrangement of phosphine ligands
in 5, of which only one was now cyclometalated. There was no evidence for Li or Mg analogues of 5 by

NMR spectroscopy in solutions of 1 or 3.
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Additional support for the identity of 5 was provided by the isolation and structural characteriza-
tion of the cationic [ZnMe]*-trapped derivative, [Ru(PPhs)2(CsHaPPhz)(ZnMe)2][BArF4] (6),%° formed
upon reaction of 4 with MeZnCI/NaBAr", (Fig. 2). Although 6 was stable in benzene, toluene and
fluorobenzene, it eliminated [ZnMe]* and underwent metallation of one of the two PPhsz ligands in THF,
reforming a mixture of fac- and mer-4 and 5. Figure 2 outlines a proposed pathway to 6, which involves
chloride abstraction from MeZnCl (generated alongside 4 in the initial reaction of [Ru(PPhs)sHCI] and

ZnMey) by NaBArF,, followed by reaction of the resulting [ZnMe]* with 5.

| BAF
S F’Phsz y [BAr,]
Phyp, | EMMe
1) ZnMe, Ru_~;ZnMe
(Ph3P);RUHCI — | )
2) Na[BAr 4] Pth
2 ZnMe; | -znMeCl - 6 B
_CH4 \
Na[BArF] [ZnMe]| [BArF] THE
-NaCl
PPh,
H/ / \ Z M
'ZnMe —= Ph3P,'Lu\\ nivie
Ph,P
4 5

Fig. 2 Pathway to formation of 6 (left) and X-ray structure of the cation in 6 (right). Ellipsoids are repre-
sented at 30% probability and all hydrogens have been omitted for clarity. Selected bond lengths (A)
and angles ( ): Ru(1)-Zn(1) 2.5503(4), Ru(1)-Zn(2) 2.4107(3), Ru(1)-C(3) 2.194(3), Zn(1)-Zn(2)

2.6754(4), Zn(1)-Ru(1)-Zn(2) 65.198(12).

Formation of 5 through Zn-facilitated reductive elimination at 4. The formation of 5 arises
upon reductive elimination from fac-4. This could involve either of the two cyclometalated aryl rings

(i.e. carbons Ca or Csg, Fig. 3) cis to Ru—H. The complete assignment of the phosphorus signals in both

12



fac-4 and 5, together with 3!P{*H} EXSY measurements, revealed that only the aryl group bridging the

Ru and Zn centers (leading to Ce—H bond formation, Fig. 3) was involved.® The absence of cross-peaks
between mer-4 and either fac-4 or 5 suggested that the metallation of 5 to give the mer-isomer of 4 has a
higher barrier than that for the fac-isomer (vide infra).

A2 B2 c2

WMMW

r-32

-28

a5

‘ [ 31 (52.7,-26. - {47.5,46.5 ,/\ e
{34.{,\?0.1’ : \‘ = ' (B\' Lo —= i/h L | |
A1 | \ L0 BT N J c1 \ & La7

~-29

V

48

L-24

| “PasPhy
PgsPhs

Fig. 3 3'P{*H} EXSY illustrating the equilibrium between fac-4 and 5.

The various reductive elimination pathways were explored with density functional theory (DFT)
calculations. Geometries and associated thermodynamic corrections were computed with the BP86 func-
tional, with electronic energies recomputed with B97x-D and including corrections for toluene solvent
and a larger def2-TZVP basis set. This protocol best captured the relative free energies of the various
species implied from the solution NMR speciation studies. Thus fac-4 (0.0 kcal/mol) was computed to
be most stable and is the dominant species in solution over mer-4 (+1.8 kcal/mol) and 5 (+3.7 kcal/mol).
Geometries were obtained after extensive conformational searching following our published protocol

(see ESI for full details and functional testing).>?
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TS(fac-4-5)p
+20.9

TS2(fac-4-5)g
+18.5

+16.1
Int(fac-4-5)p
TS1(fac-4-5)g
+5.1

439 37
Int(fac-4-5)g

Fig. 4 Computed reaction profiles (free energies, kcal/mol) for Ce—H reductive elimination and Ca—H

reductive elimination pathways from fac-4. Selected distances are shown in A,

Figure 4 shows Cg—H reductive elimination in fac-4 to form 5 proceeds in two steps involving
first rotation about the Ru  Zn vector via TS1(fac-4-5)s followed by Cg—H bond formation via
TS2(fac-4-5)s. This second step is coupled to an isomerization that moves Pa cis to the new ZnMe moi-
ety that is itself trans to the vacant site. C—H bond coupling is accompanied by some shortening of the
Ru-Zn distance in TS2(fac-4-5)s (2.47 A) which is then even more pronounced in 5 (2.37 A) in which
both the Ru and Zn centers are unsaturated. The overall barrier for the formation of 5 from fac-4 is
+18.5 kcal/mol. In fac-4 Ca is already cis to the hydride and so Ca—H reductive elimination can proceed
directly through TS(fac-4-5)a to form Int(fac-4-5)a, an isomer of 5 with an agostic interaction trans to
Pe. This process has a higher barrier of +20.9 kcal/mol, possibly as the Ru—-H bond is initially co-planar

with the cyclometalated Ca ring and some distortion is required to access the transition state geometry.

14



In contrast, the Ru—H bond in Int(fac-4-5)s is perpendicular to the Cg ring which facilitates the cou-
pling process. Reductive elimination in mer-4 was also computed and entails a transition state at +21.8
kcal/mol (ESI). Thus Cg—H reductive elimination in fac-4 is the easiest of these three processes, con-
sistent with it being the dominant process observed experimentally. The square-pyramidal structure of 5
with an axial ZnMe ligand reflects the high trans influence of the [ZnMe]" moiety,> and a more detailed
electronic structure analysis of this species is presented below.

Reaction of Complexes 1-4 with H2. Complexes 1-3 reacted with Hz (1 atm, THF-dg) only at 60
°C, leading to 50% depletion over ca. 3.5 h, 1.5 h and 1 h, respectively (Scheme 4). Complex 1 gave a
mixture of fac-[Ru(PPhs)2(CsH4PPh2)H2][Li(THF)n] (7-Li)*%>* and fac-[Ru(PPhs)sHs][Li(THF)s] (8-
Li),40-435556 which, over 24 h, converted completely to 8-Li. The reaction of 2 with H, proceeded with
dissociation of the crown ligand from Li to also yield a mixture of 7-Li and 8-Li, whereas 3 yielded
[Ru(PPhs)sHs][MgMe(THF)n] (8-Mg) as the major product,®” without formation of any significant

quantities of 7-Mg (ESI).

Ml
H m H M
Ph3P/, | \\\H Ph.P | \\H T1/2 at 6000
H, (1 atm) “RuU H, (1 atm) 3t R
— | ph.p” — SRS 1:3.5h
0 2 | Ph,P” | TH .
60 °C Ph.P 2 2:15h
2 PPhg 3:1h
1-3 7 8-M

Scheme 4 Reactivity of 1-3 with Ha.

In stark contrast, we observed 50% loss of 4 under 1 atm Hz in only ca. 35 min even at -40 °C.
The major product was identified as mer-[Ru(PPhs)sHs(ZnMe)] (mer-8-Zn, Scheme 5), along with a mi-
nor amount of what is assigned as fac-7-Zn.% Upon warming to 0 °C, mer-8-Zn isomerized to fac-8-Zn
which, upon standing at room temperature, gave the Zn-bridged ruthenium dimer, fac-

[{Ru(PPhs)sHs}2Zn] (fac-8-Zn ; ESI).4359.60
15



PPh;
H<
7 H
H™ |
PPh;
mer-8-Zn
0°C

fac-7-Zn fac-8-Zn' fac-8-Zn

Scheme 5 Reactivity of 4 with H;

A further interesting feature of the reaction of 4 with H» (performed at -10 °C) was that whereas
agitation resulted in a rapid change of color from red to yellow, the red color quickly reappeared when
stirring was stopped. This process was repeatable several times until 4 was completely consumed (ca. 2
min of stirring see video file in ESI). This behavior can be rationalized by assuming that 5 is an interme-
diate in the reaction of fac-4 with Hz (Scheme 5) and that (as shown below) the onward reaction of 5
with Hy is facile. Red 5 would therefore quickly react with H2 and would only slowly accumulate in so-
lution when H: is deficient due to slow diffusion (i.e. with no stirring). The mer-arrangement of phos-
phine ligands in 5 would also explain the exclusive formation of mer-8-Zn upon addition of H» to fac-4
at low temperature.

The computed reaction profile for the reaction of 5 with Hz is summarized in Scheme 6(i). Addi-
tion of Hz to 5 is barrierless and forms dihydrogen complex 5.H2 at +5.2 kcal/mol from which C—H re-
ductive elimination yields Int(5-mer-8) through a transition state at 14.1 kcal/mol. Both these processes
occur at the unsaturated Ru center in 5 but the dual unsaturated Int(5-mer-8) can then accommodate a
further equivalent of H> via a barrierless reaction that proceeds with net addition of H across the Ru-Zn

vector to form mer-8-Zn.
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To highlight the effect of Zn on these processes, we characterized the analogous profile for
[Ru(PPh3)(PPh2CsHa)2H] (2) for which the initial C—H reductive elimination entails a significantly
higher barrier of 24.4 kcal/mol (Scheme 6(ii)). This leads to the 4-coordinate Ru(0) anion
[Ru(PPh3)2(PPh2CsHa4)] (5r) at +16.6 kcal/mol which can then undergo facile oxidative addition of Hx
to give 71 (-8.8 kcal/mol). C—H reductive elimination then proceeds with a barrier of 21.2 kcal/mol to
form Int(7-8)n at +7.4 kcal/mol, that can then engage in a barrierless addition of a second molecule of
H> to give 8n. Thus, the greater reactivity of fac-4 with Hzis linked to the kinetically more accessible
initial C—H reductive elimination to form 5 ( G* = 18.5 kcal/mol) compared to that in 2 ( G* = 24.4
kcal/mol). The resulting dual unsaturated Ru-Zn intermediate 5 (+3.7 kcal/mol) is also being signifi-
cantly stabilized compared to Zn-free 5+ (+16.6 kcal/mol), greatly favoring the pre-equilibrium popula-

tion of the formally Ru(0) species in the presence of Zn.

(i) PPh; PPh; PPh,
[18.5]* barrierless PhsP/, l wZnMe [14.1]F PhgP,, | wZNMe  parrieress PhsPr,, | WHo
fac-4 = 5 > - u —_— = Ru‘ - u‘ /ZnMe
(0.0) (+37) He H” | | TH H, H” | "H
Ph,P PPh3 PPhs
+5.2 -8.9 -29.5
5.H, Int(5-mer-8) mer-8-Zn
(ii)
: Tphf* ; H ; PPh; H
PhaP//, IOWH [24.4]FPhsP,, | © [21.6]F PhgPr,, [©wH [12.4]F PhsP, | o "parrierless PhsP.,, |O.WH
B2 N T N e
PhP” | | Hy  PheP™ | [Ny ™2 | H
Ph,P Ph,P Ph,P PPhy PPh,
0.0 +16.6 -8.8 +7.4 -21.3
2 5H 7H Int(7'8)H 8H

Scheme 6 Summaries of the computed profiles for C—H reductive elimination and the onward reactions
with Hy of (i) fac-4 and (ii) the anion of 2. Relative free energies are in kcal/mol and full details of all

profiles are provided in the ESI.
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The role of Zn in stabilising species 5 was further probed (Fig 5).5* A QTAIM study identifies a
Ru—Zn bond path with a BCP (r) of 0.075 au, a similar value to that characterized for
[Ru(IPr)2(CO)(ZnEt)]" cation.®? NBO also identifies a major interaction between a Ru lone pair (equat-
ing to the 4d2 orbital) and the Zn—Me * orbital, which is quantified via second order perturbation anal-
ysis at 129 kcal/mol. The resultant NLMO shown in Figure 5 is heavily weighted toward Ru but does

show 13% Zn character. A Ru-Zn Wiberg bond index of 0.42 is computed.

Fig. 5 Electronic structure analysis of 5 and its Mg congener 5wmg illustrating the major NLMO contrib-

uting to Ru—-M bonding in each case.

To place these results in context, we have also considered the analogous Mg complex, 5mg. This

is computed to lie 12.7 kcal/mol above fac-4myg, the analogue of the Zn reactant fac-4, signaling a lower
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ability of Mg to stabilize the Ru(0) metal center compared to Zn. That 5wmg is also much closer in energy
to 5+ is also consistent with the lower reactivity of the Mg system seen experimentally.®® The computed
structure of 5mg exhibits a similar square-pyramidal structure to 5, although with a tilting of the Ru—
Mg-Me vector toward the remaining cyclometalated carbon (Mg C = 2.52 A). The Ru-Mg distance of
2.52 A'is 0.15 A longer than the Ru-Zn distance in 5. All other computed metrics point to a significantly
weaker Ru Mg interaction in 5wmg: reduced Mg character in the relevant NLMO, weaker LPry -  *mg-
me donation, and a reduced Wiberg bond index and RuMg BCP electron density.

The computed structures of the rate-limiting C—H reductive elimination transition states also
highlight the role of Zn in promoting this process (see Figure 6 which also shows comparative data for
the immediate precursors to C—H reductive elimination). For Zn, TS2(fac-4-5)s displays a 4-centered
structure with a near-linear Zn  H  C unit and a short Ru-H distance of 1.67 A. The Ru-Zn distance
shortens slightly in the transition state and little change in the P1-Rh—P? angle is computed. This struc-
ture closely resembles -bond metathesis transition states computed for late-transition metal centers.%46°
In contrast, TS(2-5)w is a 3-centered transition state in which C—H bond formation is far more advanced
and a significant widening of P-Ru—P angle is computed. The transition state in the Mg system,
TS2(fac-4-5)s-mg, lies between these two extremes, but unlike its Zn congener, no shortening of the
Ru-Mg distance is seen.®® The computed NBO charges (in italics, Figure 6) all indicate the transferring
H to have significant protic character in the transition state. However, as the precursors in the heterobi-
metallic systems show significant hydride character the degree of charge distribution is far greater for
these systems. This excess charge is accommodated by the Ru—M" moiety and appears to be facilitated

in the Zn system by the greater Ru-Zn interaction.
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Fig. 6. Computed key distances (A) in the rate-limiting C—H reductive elimination transition states and
their immediate precursors for the Zn and Mg systems and anion 2. NBO charges are also indicated in

italics.

Conclusions
Reaction of [Ru(PPh3)sHCI] with LiCH,TMS, MgMe> and ZnMe; proceeds with chloride ab-

straction and alkane elimination to form the bis-cyclometalated salts [Ru(PPhs)(CsHsPPh2)H][M']

20



(M 1= [Li(THF)2]" (1), [MgMe(THF)2]* (3)) and the complex [Ru(PPhs)(CsH4PPh2).H(ZnMe)] (4).
Upon treatment of 1 with 12-crown-4, the [Li(12-crown-4);]" derivative, 2, is produced. Experimental
and computational studies show increasing covalent interaction between the [M ] cations with the Ru—H
ligand along the series 2 < 1 < 3 < 4, both in the solid-state and in solution. The Zn species 4 exists as
three isomers in solution: a dominant fac isomer, together with a minor mer isomer and a minor third
species formulated as [Ru(PPhs)2(CsHzPPh2)(ZnMe)], 5, which is formed via C—H reductive elimina-
tion. The DFT-computed structure of 5 features a square-pyramidal geometry with an axial ZnMe ligand
and unsaturated Ru and Zn centers. 5 is computed to lie 3.7 kcal/mol above fac-4. Further support for
the structure of 5 comes from the isolation and crystallographic characterization of a [ZnMe]" trapped
adduct, [Ru(PPhs)2(CeH4PPhy)(ZnMe)2][BAI 4] (6).

Compound 4 undergoes efficient reaction with Hz at -40 C to form [Ru(PPhs)zHz(ZnMe)], 8-
Zn. In marked contrast, the analogous reactions of 1, 2 and 3 all require extended heating at 60 C. This
difference is attributed to the ability of the [ZnMe]™ moiety to promote C—H reductive elimination in
fac-4 to form 5, a step that DFT calculations identify as the overall rate-limiting process in these hydro-
genation reactions. With fac-4 a barrier to reductive elimination of 18.5 kcal/mol is computed, signifi-
cantly below the value of 24.4 kcal/mol for the free [Ru(PPhs)(CsH4PPh2).H] anion. QTAIM and NBO
calculations show the Ru(0) metal center in 5 is significantly stabilized by donation from the Ru 4d;2
orbital to the Z-type [ZnMe]" ligand, and that this effect is significantly attenuated in the Mg analogue.
Fac-4 therefore acts as a latent source of 5. This operational dual unsaturation highlights the ability of
Zn to promote reductive elimination in these heterobimetallic systems. Calculations also highlight the
ability of the heterobimetallic systems to stabilize developing protic character of the transferring hydro-
gen in the rate-limiting C-H reductive elimination transition states.

Our work also showcases how the alkane elimination strategy (coupled here with chloride ab-
straction) provides straightforward access to novel heterobimetallic complexes from simple organome-

tallic precursors.}”183931 The resulting dual unsaturated systems also feature unsupported TM-main
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group bonds that provide a well-defined platform for detailed mechanistic studies of the heterobimetal-
lic effect on reactivity.

The present systems, in which strong Z-type interactions* facilitate ligand reductive elimination
represents a novel mode of activation of anionic TM complexes. These contrast previous approaches to
enhance the reactivity of anionic TM complexes, which commonly rely on the use of weakly interacting
counter-cations M ([(2,2,2-cryptand)K]", etc.) in order to increase the nucleophilicity of a system.®’
Here we have demonstrated that the higher level of interaction between a TM anion and M cation can

be also advantageous for reactivity.
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