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Brgnsted-Lowry Acid Strength of Metal Hydride and Dihydrogen Complexes
Robert H. Morris*
Department of Chemistry, University of Toronto, 80 Saint George St. Toronto, Ontario, M553H6, Canada

Transition metal hydride complexes are usually amphoteric, not only acting as hydride donors, but also
as Brgnsted-Lowry acids. A simple additive ligand acidity constant equation (LAC for short) allows the
estimation of the acid dissociation constant K,"A° of diamagnetic transition metal hydride and
dihydrogen complexes. It is remarkably successful in systematizing diverse reports of over 450 reactions
of acids with metal complexes and bases with metal hydrides and dihydrogen complexes, including
catalytic cycles where these reactions are proposed or observed. There are links between pK,"*“ and
pKa™F, pKP™M, pK,MeN for neutral and cationic acids. For the groups from chromium to nickel, tables are
provided that order the acidity of metal hydride and dihydrogen complexes from most acidic (pKa‘A¢ -18)
to least acidic (pKa"* 50). Figures are constructed showing metal acids above the solvent pK, scales and
organic acids below in order to summarize a large amount of information. Acid-base features are
analyzed for catalysts from chromium to gold for ionic hydrogenations, bifunctional catalysts for
hydrogen oxidation and evolution electrocatalysis, H/D exchange, olefin hydrogenation and
isomerization, hydrogenation of ketones, aldehydes, imines, and carbon dioxide, hydrogenases and their
model complexes, and palladium catalysts with hydride intermediates.
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1 INTRODUCTION

Transition metal hydride complexes are usually amphoteric, not only acting as hydride donors, but
also as Brgnsted-Lowry acids. This review is a survey of reactions of transition metal complexes with
acids and bases that help establish the relative Brgnsted-Lowry acid strengths of transition metal
hydride and dihydrogen complexes. It concentrates on thermodynamic properties; the kinetics of the
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reactions have been examined elsewhere.'? It organizes the literature that mainly follows a
comprehensive review of the subject in 1992.! There have been several other useful reviews and
summary articles regarding the acid and base strength of transition metal hydride and dihydrogen
complexes.®® There was much interest in the protonation behavior of metal hydrides after it was
established in 19859 that dihydrogen complexes could be prepared by such reactions and this
provides a particularly rich literature for the acid-base reactions reviewed here.*>

Chemists frequently refer to the pK, values of compounds to plan out syntheses or explain reaction
pathways. Estimates of the pK;, values of C-H, O-H and N-H containing compounds are of great use in
predicting reactivity as long as the appropriate pK, value for the solvent of interest is used (often this is
not the case). The pK, of M-H bonds should find similar utility if used carefully as illustrated in this
article. The physical organic chemistry community has provided extensive compilations of pK; data for
organic compounds in several solvents.??® Methods have been developed to quantitate acid strength in
low dielectric solvents. 7131718 This article attempts to provide the start of a similar compilation for
hydride and dihydrogen-containing coordination compounds.

This review orders the approximate equilibrium strengths of hydride acids based on literature
reports of reactions observed. Acid strengths from superacidic to very weakly acidic hydrides (with very
strong conjugate bases) are reported. The protonation/deprotonation of hydrides often have a low
kinetic barrier so that there is often a meaningful equilibrium set up at room temperature. However it
should be remembered that there are reports of sterically hindered reaction partners taking several
days to attain a proton transfer equilibrium at room temperature.”*® Our report® of a simple method for
estimating the pK; of metal hydride and dihydrogen complexes by the addition of ligand acidity
constants, hereafter referred to as the LAC method, greatly assists in structuring the literature of
transition metal hydride complexes. Since these are estimated values, they will be denoted pK,*A¢. We
have shown that these reproduce the reported pKk,™" (also referred to as pK.'"", the ion pair-corrected
values) or pK." values for many hydrides reported to within 3 pK, units. Equations are available to
convert pK,"A¢ or pK,™F for approximate use in other solvents.”!® The LAC method provides the
opportunity to bring together and systematize diverse reports of over 450 reactions of acids with metal
complexes and bases with metal hydrides and dihydrogen complexes, including catalytic cycles where
these reactions are proposed or observed.

Transition metal hydride and dihydrogen complexes are intermediates in many homogeneous
catalytic processes. Hydrogenation is the most obvious one and here the heterolytic splitting of
dihydrogen is often a key step, directly reflecting the acidity of the metal complex. Information in this
article helps to understand the thermodynamics of this type of reaction as well many other catalytic
reactions of academic and industrial importance. The heterolytic splitting of dihydrogen can also occur
on main group elements (B, Al, P) by the frustrated Lewis pair (FLP) mechanism but this will not be
discussed here. 2°2* Main group elements on metals can also be sites of the FLP enabled heterolytic
splitting of dihydrogen.?*2°

2 Experimental and theoretical methods for determining acid strengths

of transition metal hydrides

This review will concentrate on the determination of acid dissociation constants K, (Equation 1).
Typically this involves finding equilibria (Equation 2) with protonated bases of known K, (Equation 3).
The results are reported as pK, values (Equation 4). As in the classic studies of acid strength of organic
compounds,t?1%2627 early experimental equilibria involving hydride acids were measured using solvents
of high to medium dielectric constant including water, methanol, or acetonitrile and were measured



against standard compounds using UV-visible detection and, for metal carbonyls, IR and NMR
detection.’? Enthalpies of protonation can also be employed indirectly to obtain these equilibrium
constants; this is done by obtaining a correlation equation between pK,*"e" vs the enthalpy of
protonation for compounds where both quantities have been measured.”?®?° Equilibria for other metal
hydride and dihydrogen complexes have been measured in MeCN, THF, and DCM using NMR as well. ”
82830 Advances in density functional theory (DFT) computation and especially the treatment of solvation

have led to applications in the calculations of relative pK, of transition metal hydrides (see Section 4). 3%
35

Equation 1

KaMHLn+
MHL," = ML, + H(solvent)* (1)
Equation 2

Ke9

MHL," + B = ML, + BH* (2)
Equation 3

KaBH+
BH* = B + H(solvent)* (3)
Equation 4
pKaMHLn+ - pKaBH+ _ pKeq (4)

The measurement of K, can be complicated by a variety of factors including ion pairing, the
forming of aggregates of ion pairs at high concentrations, selective interactions such as hydrogen-
bonding of the reactants or products with the solvent or with themselves to form homoconjugates or
heteroconjugates.?® These problems can be usually avoided by studying dilute solutions (< 0.01 M) in
solvents of high or medium dielectric constant and employing reactants and products that have similar
solvent-ion and ion-ion interactions. Examples of this will be provided in the discussion that follows.

2.1 Measurement of pKs for acids in solvents with medium to high dielectric constants

2.1.1 Acetonitrile

The use of MeCN is strongly recommended whenever possible for pK, determinations of hydride
complexes.! This solvent has a sufficiently large dielectric constant (36.0) to minimize problems
associated with ion pairing that can influence the equilibria of interest. There is a large collection of
pKaVeN of reference organic acids to use (see Table 1 and Table 2 for representative acids that appear in
this review).’ A wide range of acid strengths can be resolved in acetonitrile because of its small
autoprotolysis constant of approx. 10°° (see Equation 5). Values ranging from 1073 to 103° have been
reported. ¥>3¢ The 103° value appears to be correct because the largest pK,"'*™N that could be resolved
with phosphazenes of increasing basicity was 38.6; above this value acetonitrile was found to
polymerize and decompose. The measurements involving the strongest phosphazene bases had to be
done in THF or DMSO so that the reported pK.Me™N values above 39 are estimates obtained by
extrapolation.’



Equation 5
2 CH3CN = CH3CNH* + CH2CN™ Kayto = [CH3CNH*][CH,CN] = 10 (5)

Acids with pK; less than zero are leveled to the acid strength of [HNCCHs]* while those greater than
approx. 38 have conjugate base forms that are leveled to the base strength of [CH,CN]". There are
particularly accurate pK,""*“N scales for cationic acids from 2 to 32 and neutral acids from 3 to 17°% and
there are several links between the two groups that are self-consistent.®

Certain acids in acetonitrile have more complicated behavior because of the formation of
homoconjugates. ¢3¢ Neutral acids AH with acidic functional groups NH, OH or XH where X is a halogen
can produce anions A" that are destabilized by poor solvation by acetonitrile but are greatly stabilized
when they act as a hydrogen bond acceptor from one (e.g. AHA", Equation 6) or more (e.g. A(HA),")
equivalents of acid HA.3¥% These HA appear considerably more acidic than cationic nitrogen acids of
similar aqueous pKj, (see Section 5) since the formation of a strong hydrogen bond with the loss of some
entropy of reactants to form a homoconjugate AHA in acetonitrile can push a protonation reaction
forward with the release of up to 7 kcal/mol (5 pK; units). The formation constants of homoconjugates
been determined for several carboxylic acids and acidic alcohols and phenols in a variety of solvents®®
and these can be used to correct acid-base equilibria for these association processes.3 Similarly acids
BH* such as anilinium ions associate in acetonitrile (Equation 7).*° This must also be taken into account
when determining acid dissociation constants.>*! Fortunately metal hydride complexes are weak
hydrogen bond donors** and are sterically hindered from forming homoconjugates. However certain
metal hydrides, RuHz(dppm), and OsH,{P(CH,CH,PPh,)s} for example,** can act as medium strength
hydrogen bond acceptors.

Equation 6
2 HA + B = [HB][AHA] (6)

Equation 7

2 HB* + B = HB™ + [BHB]* (7)

Acetonitrile with electrolyte added is an excellent medium for electrochemistry. Several pK,
values listed in this review were obtained indirectly by use of thermodynamic cycles. 4%
Thermodynamic cycles that make use of pK,MeN values of metal hydride complexes and redox potentials
of their conjugate base form can provide estimates of metal-hydrogen bond dissociation energies.*



Table 1 Selected cationic acid pK, in solvents of decreasing dielectric constant. Bracketed values are estimates.

Acid/base Pk pK,PMsO pKVeeN pKa""For  Ref.

or pK,"MF pK"™M or

pKaLAC

HN'BUP(NMe,):NP(NMe,)s*/ 21.5 33.5 (28) 37
N'BuP(NMe;),NP(NMe3)3
HP(N'PrCH,CH,)sN*/ 33.6 (28) 47
P(N'PrCH,CH,)sN
HN'BUP(NMe,)s*/ 26.9 21.7 17,48
NtBUP(NMez)a
DBU-H*/DBU 24.3 20 15,17
TMG-H*/TMG 13.6 13.2 23.3 17.8 49-50
DMAP-H*/DMAP 9.6 18.2 14.1 15,50
HNEts*/NEt; 10.7 9 18.5 13.7 15,49-50
Morpholinium®*/ 16.6 (10) 51
HN(CH2CH,),0
2,4,6-Mespy-H'/2,4,6- 7.3 14.98 10.4 38,50
Mespy
HPCys*/PCys 9.7 7
py-H*/py 5.2 3.4 12.3 8.3 49
PhNH3*/PhNH; 4.6 3.6 10.6 8.0 49
2,4-Cl,CeH3NHs"/ 2,4- 1.5 4.5 50
Cl,Ce¢H3NH;
HPPhs*/PPhs 2.7 8 3 7
[H(DMF)]OTf 0 6.1 (1) 15
[H30]*/H,0 0 2 (0) 26
[H(OEt,),]BF4/OEt, 0.2 5 28,52
HO=CMe,*/acetone (-7) -0.1 (-6) 26,53




Table 2. Neutral acid references in solvents of decreasing dielectric constant. Bracketed values are estimates.

Acid/base Pk, pK,PMS0 pKVeN pKa""For  Ref.

or pK,PVF pK"™M or

pKaLAC

Ho/H 25 50 > 49° 7,54
DMSO/CH,SOMe 35 12,55
CH,Ph, /CHPh, 32.3 (46) 48° 7,18,37
HO'Bu/KO'Bu 32 7,56
HOH/OH" 15.7 31 (38-41) 12,56-57
CH3CN/CH,CN" 313 33-39 15,26,36-37
HOMe/OMe 15.5 29.0 (39) 12,56-57
HNPh,/NPh," 25 41 7,26
CF3CH,0OH/CFsCH,O 12.5 23.5 58-59
HNPhPO(OEt),/ 18.3 32 7,12
NPhPO(OEt),"
HOPh/OPh" 9.95 18 27.2 12,60
(CF3),CHOH/ 9.3 17.9 59,61
(CF3),CHO
MeCO,H/OAC 4.8 12.3 22.3 12,60,62
CH»(CN)2/CH(CN)y 11.0 24 7,12
PhCO,H/PhCOy 4.3 11.1 20.7 12,60,62
CF3COOH/CF3COy 3.4 12.65 12,63
2,4,6- 0 -1 11 11 7,12,38,64
C5H2(N02)3OH/piC>
(CF3)3COH/ (CF3)sCO 10.7 65
HCl/Cl -8 1.8 10.4 10 12,15,66
HOTs/OTs 8.3 8.6 38,62
HOTf/OTf -14 0.3 2.6 12,62

@ With K(18-crown-6)*, pK, approx. 49. 7 ® Streitweiser et al. © plus 9-phenylfluorene reference
correction’

Thermochemical cycles have also been reported to link pK,"*“Nvalues with electrochemical potentials,

bond dissociation energies, and hydride donor thermodynamics of transition metal hydrides.334>57,68

2.1.2  Water and methanol

The strong interest in catalysis and electrocatalysis in agueous medium has pushed ahead the
study of metal hydrides in water.>*%%% The close thermodynamic links between redox potentials and
hydrogen ion concentration should provide a particularly strong framework for understanding the
chemistry of transition metal hydrides in buffered solutions. A wide range of acid-base indicators can be
used in titrations. A set of self-consistent constants with convenient standard states has been reported
to allow a better understanding and prediction of the chemistry of transition metal hydrides in water. >*
Included is a value of 25.2 for the pKa(H2/H’) of dihydrogen in water. This value was derived with the
unproven assumption that the hydration energies of fluoride and hydride are similar due to their similar
size.®* There have been several reports of pK,2® determinations of metal hydride complexes in water.



Most have been catalogued in older reviews.»*’® Selected ones are included in the tables below (22
entries of the 400). Water has a dielectric constant of 80.4 so that there are minimal contributions to
equilibrium constant measurements from ion pairing.

The use of water has limitations as a solvent for transition metal hydride acid-base chemistry.
The common ligand sets that stabilize metal hydrides usually make the complexes hydrophobic. Water
allows only a limited range of acid strengths due to its autoprotolysis constant of 1.0 x 1014, Only half of
all of the acids listed below have estimated pK,®@ values in the range of 0 to 14; however most are not
soluble or would react by ligand substitution or redox reaction (e.g. hydrogen evolution). The other half
would be leveled in acid strength to H;O* or OH’, even if they were soluble in water and did not react by
substitution or redox reactions. Methanol, with an autoprotolysis constant of 105 has similar
limitations.>® For very acidic hydrides, acidic solvents such as CFsCOOH,%> H,S04% and HF/SbFs®” have
been employed in rare cases.

2.1.3 Dimethylsulfoxide

Dimethylsulfoxide is an excellent solvent for the determination of the acidity of neutral organic
compounds and a wide range of reference acids of known pK,°™*° are available.’? The autoprotolysis
constant for DMSO is approximately 10 This provides a much wider range of resolution of acid
strengths than water. Table 1 and Table 2 lists the pK.,°™° of selected acids that appear as reactants in
this review. DMSO has a large dielectric constant of 46.7 so that ions are completed dissociated. DMSO
is an excellent hydrogen bond acceptor and strongly solvates nitrogen- and oxygen-based Brgnsted-
Lowry acids. Cationic acids with pK,M*N less than 2 are leveled in strength to [HOSMe;]*. However this
solvent is rarely used for metal hydride complexes because they might reduce this solvent to the sulfide
or undergo unwanted ligand substitution since both sulfur-bonded and oxygen-bonded sulfoxides are
good ligands.® In addition, hydrides with conjugate bases with pK, greater than 35 cannot be studied in
this solvent since the base will be leveled in strength to that of CH,SOMe".

2.2 Low dielectric constant solvents

As mentioned, transition metal dihydrogen and polyhydride complexes often undergo loss of
dihydrogen when dissolved in the coordinating solvents mentioned thus far. It has been found that THF
or DCM (or DCE) were suitable solvents for their pK, measurements. >288993 THF is best used for
hydrides with strong conjugate bases while DCM is useful for hydride and dihydrogen complexes that
are very acidic.

The measurement of pK, in low dielectric constant solvents is often made challenging because
of ion pairing and homoconjugation. Methods have been described to determine the free ion pKg™F
values for hydrocarbon acids.'* lon-pair dissociation constants are determined using conductivity
measurements or can estimated theoretically when the concentrations are low enough (<0.01 M) to
avoid aggregation of ion pairs.>% Typical dissociation constants range from 10 to 10% M for 1:1 ion
pairs in THF. Thus without correction this might result in errors as large as 5 pKa units.” The values
increase with decreasing inter-ion separation. In order to minimize this problem, large, weakly
interacting counteranions such as tetraarylborates or PFs and countercations such as [K(2,2,2-crypt)]*
(abbreviated Q below) are employed. When solubility is a problem, the use of [BAr"s]  where Ar = 3,5-
(CF3),CsHs is recommended.’

Homoconjugation is particularly important when the conjugate base form A of an acid HA forms
a strong interaction, usually a hydrogen bond, with one or more equiv. of the acid (Equation 6). This is
typically observed for oxygen-based acids such as alcohols and phenols (see Section 5) or hydrogen
halides.



2.2.1 Tetrahydrofuran

A wide range of compounds are soluble and stable in THF (dielectric constant 7.6) including
labile dihydrogen complexes and very basic and reactive organic anions and transition metal hydrides.
For example the pK.™ 39 has been determined for the very reactive RuHs(P'Prs),/[RuHs(P'Prs),] acid-
base pair. Acetonitrile could not be used for this determination. The anionic conjugate base complex
reacts and loses hydrogen immediately when dissolved in MeCN as expected on the basis of the MeCN
autoprotolysis constant as discussed above.

THF-ds is readily available so that NMR can be used for equilibrium constant determinations.
Potentially, pKa"" values can range from approximately 0 for H(THF),* to greater than 50 for the
deprotonation of THF. The actual autoprotolysis constant for THF is not known. The solvent must be
carefully dried and made oxygen-free for these measurements. The protonated solvent is not stable and
strong acids are known to cause the ring-opening polymerization of THF.

The pK;, values in the tables below may or may not be corrected for ion pairing and so there is
the potential for errors up to 5 units. Nevertheless, they provide a starting point to relate the acid
strength of one compound with another. Some equilibria are less perturbed by ion pairing than others.
For example the reaction of a cationic acid/large counterion X salt with a base results in little change in
ion-pairing energies (Equation 8) as does the reaction of a neutral acid with an anionic base with a large
countercation Q* (Equation 9).

Equation 8
[HBY]X + B2 = B!+ [HB?]X (8)
Equation 9
HB® + [Q]B* = [Q]B' + HB? (9)

In these cases the equilibrium constant should reflect the K, difference in acid strengths. Nevertheless
concentrations of ions greater than 0.01 M can lead to aggregation of ion pairs which further
complicates the interpretation of the results. It is important to leave sufficient time to establish the
equilibrium. The equilibria between complexes with several large ligands and high pK; values (e.g.
[Re(H)4La]*, [Os(H)sLa]*, and [Ru(CsMes)(H)2(PMePh),]*) were very slow (12 h to 3 d). ’

In reactions where ion pairs are produced or consumed (Equation 10, Equation 11), applying a
correction for ion pairing is essential.

Equation 10
[HB]X + [Q]B? = B!+ HB? + [Q]X (10)
Equation 11
HB! + B> = [HB?]B! (11)

For Equation 11 the inter-ion separation between [HB?]* and [B!] is needed as well as any hydrogen-
bonding energy contributions to calculate the dissociation constant for the ion pair. The equilibrium will
be temperature dependent, with a shift to the left as the temperature is raised. A further complication is
the formation of homoconjugates which enhance the acidity of HB! beyond what might be expected

from the published pKaMe™N or pK,"M*C value (e.g. Equation 12).
Equation 12
2 HB! + B2 = [HB2][B'HB!] (12)
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As will be noted further in Section 5, reactions in THF of neutral metal complexes with the
alcohols and carboxylic acids of Table 2 are challenging to understand.?® For this reason the pK,™" values
for cationic acids (Table 1) and neutral references acids (Table 2) have been placed in separate tables.
There are different correlation equations that relate pK.Me™N or pk,°™*° values to pK."" values for these
two types of acids.

2.2.2 Dichloromethane

Many reactions involving strongly acidic hydride and dihydrogen complexes have been
conducted in this solvent. It has good solvating properties although ions are paired because of the low
dielectric constant (8.9). Large anions such as BAr,” are recommended but for very acidic compounds
(pK:P™ < 5) tetraphenylborate is converted to BPhs and benzene.?® In addition hydride acids with pK,°?™
> 15 have conjugate base forms that react with the solvent.” The solvent 1,2-dichloroethane (DCE) with
dielectric constant 10.4 has similar characteristics. The acidity and the bond dissociation energies of
about 50 cationic hydrides have been measured by protonating neutral metal complexes in DCE with
triflic acid (HOSO,CFs) and measuring the enthalpy of the reaction.?® These fall in the range of 10-40
kcal/mol (or approximately 5 < pK,"®™ < 13; see Section 4.3). The use of neutral carboxylic acids, acidic
alcohols and phenols should be avoided as reactants when determining pK, since they form extremely
stable homoconjugates in this solvent.*>°85%% An excellent ladder of overlapping acid-base equilibria in
DCE has been constructed of strong acids with pK,"“t values ranging from 0 for picric acid to -18 for
super acids. ¥ On this scale triflic acid (HOTf) has a pK."F -11.

2.2.3  pKsof dihydrogen.

The value of pK,™" {H,/(H* + H)} is approximately 50.” However an incorrect value of 35 is
commonly cited in the literature. This comes from the first determination of pK,"" 35-37 for
dihydrogen®® obtained by studying the reaction of [K(18-crown-6)]H with CHz(C¢H»-2,4-Me3), in THF to
produce H; and [K(18-crown-6)][CH(CsH2-2,4-Me3);]. The pK.™" of the diarylmethane acid was assumed
to be 36.3, based on the report of pK, 36.3 per hydrogen for this acid in cyclohexylamine solvent
containing cesium cyclohexamide® and it was assumed that this amine scale and the THF scale will could
provide similar pK, values.?’” However the choice of the anchor for the amine scale and the THF scale
was 9-phenylfluorene (9PF) with an assigned pK."" (9PF/free ion 9PF’) of 18.5.%” Note that the pK," of
CH3Ph; is about 48 (Table 2). This makes pK.""f(H./H") approx. 49 with a large error due to the difficulty
in accounting for ion pairing.” The highest pK.™" for a hydride acid that we have determined is 43 for
IrHs(P'Prs), and the conjugate base form [IrH4(P'Prs3),]” does not deprotonate dissolved dihydrogen.®
However the more basic compound IrHLi(Cp*)(PMes) reacts with H, in THF to give IrH,Cp*(PMes) and,
presumably, LiH.1°? The pK,™"F of this iridium dihydride was reported to be less than that of toluene but
greater than that of DMSO (pK.°™© approx. 35, Table 2, pk,™f >45). These reactions would be consistent
with a pK,™F of approx. 50 for the dihydride and dissolved dihydrogen.

The pKaVe™N can be calculated by use of a thermodynamic cycle using the redox potential of
ferrocenium/ferrocene, the bond dissociation energy of dihydrogen and an equation that relates these
quantities to the pK; of H,. In this case a pK,“'*™ value of 50 was estimated (Table 2).”

2.3 Comparing pKa values of acids in different solvents

In order to better understand the relative acid strength of hydrides it is useful to compare
reactions done in different solvents. Since MeCN, THF, and DCM are the solvents most commonly used,
understanding the conversion of acid strengths between these systems is essential. The change of pK;
on moving an acid from MeCN to THF is well established for cationic nitrogen-based acids (Equation 13)

and this equation applies to the acids shown in Table 1.1
Equation 13

pK,MeN(HB*/B) = 1.071pK, ™ (HB*/B) + 5.78  (13)
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A somewhat different correlation (Equation 14) was used for the analysis of transition metal
hydride complexes and for consistency this correlation using pKa"* in place of pK.™" in Equation 14 will
be used in this review.”® However the use of Equation 14 leads to the calculation of pK,V¢N values that

match those of Equation 13 within the range of the error (£2 units).
Equation 14

pK.MeN(HB*/B) = 1.13pKo ™ (HB*/B) + 3.2 (14)
A comparison of pK; values for cationic nitrogen-based acids in several other solvents is available.>®

For neutral acids the correlation is different as mentioned above (Equation 15). 78
Equation 15

pKVeN(HA/AY) = 0.81pK,MF(HA/A) + 1 (15)

However the number of reliable data points to make a correlation is small and in general, the values in
THF and MeCN appear to be the same within error for the neutral acids. Therefore no correction
between pK,"A¢ and pKaMe™N for neutral acids will be made in this review.

The pK.,?™ values are the same as the pK,' values because of a referencing convention.?

However strong acids can be distinguished even though their pk,°™ values are negative and this
suggests that the pk,?™ values will need to be shifted by at least 8 units more positive once the leveling
of very strong acids to the strength of [CH,Cl,H]* has been established.

DMSO MeCN

Equations that relate pK; and pK, are available”®*%: but in general the MeCN values tend
to be 9-12 units higher than those in DMSO*>7 for both cationic and neutral acids as can be seen by
inspection of Table 1 and Table 2. Similarly equations that relate pk,;® and pK;Ve™ for cationic and
neutral acids have been proposed but in general the pK,""*“N are 7-10 units higher for the cationic acids
and 10-16 for the neutral acids. The pK.®and pK,™" values appear to be approximately the same for
cationic acids but obviously there are big differences in the solvation properties of these solvents.

3 ADDITIVE LIGAND ACIDITY CONSTANT (LAC) METHOD USED FOR
ORDERING ACID STRENGTHS

We have proposed a simple method to predict pK."™" (or pk,°“M) values of diamagnetic hydride and
dihydrogen complexes of metals ranging from group 6 to group 10 to within approximately 3 pK, units.
We will refer to these predicted values as pK;*A°.

THE (

This method refers to the reaction of Equation 16:

Equation 16

Ka LAC

[MHL,]*Y == [ML,]* + H* (16)

They are calculated according to Equation 17:

Equation 17 of the LAC method.

pKaLAC= EAL + Ccharge + Cnd + Cd6 (17)
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1. A, values (Table 3) for each of the four to eight ligands around the metal in the conjugate base
complex are added. When the ligand binds to the metal at more than one coordination site (i.e. it is bi-
or polydentate), the A, value represents the contribution to each coordination site.

Table 3. Ligand acidity constants®

Type of ligand A Type of ligand A
SiCls” -12 n®-arene (cymene, 0.7 (x 3)°
CsMee)
CN- -11 PX; (P(OR)s) 1.6
Chloride, CI -6 PAr; (dppv; 2.7
phosphorus part of
PPh,-NH-NH-PPh;)
Carbonyl, CO (also PFs3) -4 PAr;R (PPh,Me; 3.0
dppe, dppm; dppp)
NO* -3 PArR; (PPhMey; 4.0
EtXantphos)
Olefin (C;H4, COD) -2(x1lorx2) Nitrogen donors 4
(MeCN; py; oxazolyl;
dach)
Hydridotris(pyrazolyl)borate, 0 NHC 4
Tp
Hydride, H- 0.2 PRs(PCys; P'Prs; 4.9
PMEg;
cyclo-(PRCH;NR’-
CH,PRCH;NR’-))
n°-Cyclopentadienide, Cp, 0.6 (x 3)° H20 6
MeCsHs (MeCp’)
n’- 0.9 (x3)°

Pentamethylcyclopentadienide,

Cp*

@ Abbreviations: COD = 1,5 cyclooctadiene; dtpe = (4-CF3CsH4)2PCH2CH,P(4-CF3CeHa),; dppv = Z-
PthCH:CHPth; dppe = PthCHzCHzPth,‘ dppm = PthCHzPth; dppp = PthCHzCHzCHzPth;
EtXantphos = 9, 9-diethyl-4,5-bis(diphenylphosphino)xanthene; py = pyridine; dach = trans-
diaminocyclohexane, NHC = N-heterocyclic carbene.
b Assumed to occupy 3 coordination sites: 3A,(Tp) = 0, 3A.(Cp) = 1.8, 3A(Cp*) = 2.7.

°The total contribution from the tetradentate ligand {PPh,CsH4,CH,NHCMe,-}, is 2A(N)+2A.(PArs).

2. Ccharge depends on the charge x of the conjugate base, [ML.]*, of Equation 17 (Table 4).

Table 4 The constant Ceparge Of Equation 17.

X ccharge
+1 -15
0 0
-1 30
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3. Cha = 0 for 3d and 4d metals or Cng = 2 for 5d metals. This recognizes the stronger M-H bonds of the 5d
metals. In actual fact as we will see this difference is subject to considerable variation for metal hydride
complexes depending on the group (c.f. Section 4.5.9, 4.7.2).

4. C4s = 6 when the metal ion of the acidic hydride complex loses the d® octahedral configuration on
going to the lower coordinate conjugate base form. For example this constant is added when calculating
the pK; for the hydride Fe(Cp*)(H)(CO), which is considered to have a d® octahedral ferrous ion while the
conjugate base, [Fe(Cp*)(CO),] is considered to have a d® 5 coordinate iron(0) atom.

Cgs = O for all other cases, including dihydrogen complexes with d® octahedral metal centers which
remain six coordinate with a d® configuration in their conjugate base form.

THF DCM

The pKaA° match known pKa™F or pK.°?™ values for hydrides, usually within 3 pKa units. The LAC method
is still a crude method of prediction since there are many ligand substituent effects and specific
solvation effects that are not accounted for. Nevertheless we find that useful trends in the literature
emerge when the reactions of transition metal hydrides are analyzed in the light of these predicted
values.

4 SPECIFIC OBSERVATIONS ACCORDING TO THE GROUP.

The reactions of acids with metal complexes to give hydrides or dihydrogen complexes are
organized here by group and then by increasing reported pK; or calculated pK;**© value. Also included
are reverse reactions, reaction of bases. There is enough data to construct tables that order the hydrides
from most acidic to least acidic for the groups from chromium to nickel. As mentioned pK,A¢ values are
estimates of pKa™", pKaM*™N, pK,29, and pK.Ve™ (neutral acids only) with predicted pK,Ve™ for cationic
acids in parentheses. The tables will be discussed moving from the most acidic to least acidic
compounds, but groups of compounds related by the same charge and type of ligands will be discussed
together even though they may not follow each other in the table.

4.1 Titanium group
There is little information on the acidity of the hydrides of the titanium group. Cationic titanium

and zirconium complexes are known to heterolytically split dihydrogen to produce hydride complexes.
102-103

4.2 Vanadium group

There is limited acid-base information on hydrides of this group. The carbonyl complex VH(CO)s is
a strong acid in water while VH(CO)s(PPhs) has a pK,% of 6.8.11% The protonation of a variety of
derivatives of trimethylsilylcyclopentadienyl complexes NbH(L)(CsH4SiMes),, L = CNR, SbPhs, PHPh,,
PMePh, with CFsCOOH (pK,“eN 13) in acetone-ds at 228 K produces the dihydrogen complexes
[Nb(H2)(L)(CsHaSiMes),]* (pK.A¢ approximately 7).1%° This reaction may be driven by the low
temperature conditions and the formation of the homoconjugated ion [CF3COOH"OOCCFs]". The
protonation of NbHs(Cp), with acids has been studied in toluene and methylcyclohexane.'® The use of
trifluoroacetic acid leads, at low temperature, to the formation of [Nb(H,)2(Cp).][CF3COO“H*OOCCFs].

4.3  Chromium group

Table 5 lists the reactions of hydrides of this group starting from the most acidic. The dihydrides
[WH2(CO)s(Cp)]* and [WH,(CO)3(Cp*)]* (entries 1 and 2 of Table 5) are the most acidic compounds. The
conjugate base monohydride forms are only partially converted to these dihydrides when treated with
excess CF3SOsH in CD,Cl,."” The high acidity results from the three pi-acid carbonyl ligands. Four
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ditungsten cationic carbonyl hydrides [W,H(CO)sCp.]*, [W2H(CO)s(fulvalene)]?,
[W2H(CO)e{(CsH3)2(SiMe;)2}1" and [W;H(CO),Cp2(PPh3),]* have been generated by the reaction of
tungsten-tungsten bonded compounds with strong acid (entries 3 to 6, Figure 1). The first three
hexacarbonyls have decreasing acid strength as listed since the first is not formed by protonation with
HBF4Et,0 in CH,Cl; while the second is not formed with HBF; THF and the third is deprotonated by
DMSO in CD,Cl,.1% The last complex [W,H(CO),Cpa(PPh,),]* (entry 43) with bridging diphenylphosphido
groups has a pK."f < 20, the pKk,™F of DBU, the base used to deprotonate the bridging hydride.'®

\Si/ i \S'/ I
\ H, 3 i
a\SIQ /O @Si@ o
OC'I/ / / B o + \ i
/W\ e C S + —_— OC"// / / ‘..CO + S
C” WS N T AW Wi /N
0 C C” 1L HTUN
o o o] o)

Figure 1. Reversible protonation of a tungsten-tungsten bond 1%

The molybdenum dihydride [MoH,(CsHe)(triphos)]*? (entry 7 with pK,*A€ -3) is only stable in neat
CFsCOOH. &

Highly acidic dihydride or dihydrogen complexes are potential catalysts for ionic hydrogenation
reactions (see Section 6.1). The molybdenum dihydride (entry 8) and the tungsten dihydrides (entries 14
and 15) have sufficient acidity to protonate electron rich ketones such as diethylketone and thus to
function as catalysts for their ionic hydrogenation. The complex [WH>(CO),Cp(PPhs)]* is sufficiently acidic
to protonate triphenylphosphine (HPPhs* pK,™" 3) and HPPhs* is indeed detected in the mixture during
ketone hydrogenation. 1° For comparison, the NHC complex [WH,(CO),Cp(IMes)]* has a pK,"eN 6.3.111

Wang and Angelici®>'? systematically varied the structures of molybdenum and tungsten

carbonyl phosphines (entries 9, 11-13, 16, 17, 19, 20, 23, 24, 37) and one chromium complex (entry 18)
and then measured their enthalpies of protonation in 1,2-dichloroethane (DCE) using CF3SOsH. The
enthalpies were shown to be linearly correlated with pK,™* values in THF” and in DCM? with the
assumption that entropy and ion pairing effects are similar for these M + HY — [MH]Y reactions. The
pKa™F values which range from -4 for [WH(CO)s{P(CH,CH,PPh;)s}]* to 12 for [MoH(CO).(dmpe),]* are
provided in Table 5 along with the values from the LAC method which agree within the 3 pK; unit error.
As expected the tricarbonyls are more acidic than the dicarbonyls. The acidity decreases from pK.""" 5 to
7 to 8 going down the triad of metals (entries 18-20) of the complexes [MH(CO)(dppm)2]*.

Protonation of the ansa-molybdenocene dihydride provides a dihydrogen hydride complex
(entry 22) which is stable below 260 K when the counterion is [B(3,5-(CF3)2CsHs)4]".1® This cationic
complex is expected to be quite acidic (pK:*¢ 4) on the basis of using 6 A(Cp) = 3.6 value to account for
the contribution for the linked cyclopentadienyl ligands in the LAC scheme. The pK*¢ of related
bispentamethylcyclopentadienyl complex (entry 26) is expected to be greater, and is estimated as
6A.(Cp*)=5.4.

The reaction of several Cp” or Cp* containing complexes (entries 21 and 31-36) with acidic
compounds HY at low temperature have been studied by UV-vis and/or NMR spectroscopy. The
fluxional dihydride [MoH,(CO),(Cp)(dppe)]* (entry 21) with a predicted pK,"* of 4 is produced by
protonating the monohydride conjugate base in CD,Cl; at 190 K with CF3SO3H.*** The monohydride is
not protonated in neat acetic acid, consistent with the predicted high acidity of the acid form. The
fluorinated alcohol CFsCH,OH (pK.°M*° 23.5, Table 2) is sufficiently acidic at temperatures below 250 K to
set up equilibria between the trihydrides MHs3(Cp*)(dppe) and tetrahydride cations
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[MH4(Cp*)(dppe)][CFsCH20], M = Mo (pKa€ 9), W (pKa"A€ 11) in CH,Cl, (entries 32 and 34). The tungsten
trihydride complex was noted as being more basic than the molybdenum one. The large discrepancy
between the pK,®*° value of the alcohol and the pK,‘A of the cationic hydrides might be explained by
(1) the destabilization of the alkoxide anion in DMSO; (2) its stabilization by hydrogen-bonding with
excess alcohol in CHyCly; (3) the thermodynamics of the MH + HY == [MH,]Y equilibrium where AS is
negative (approximately -13 eu **); (4) the favoring of ion pairing in low dielectric constant solvents like
CH,Cl,. Smaller discrepancies are observed for the equilibria of these compounds in the low dielectric
constant solvent toluene at low temperature where the molybdenum tetrahydride is in equilibrium with
CF3COOH (pK3PMS© 3.45%%) below 250 K and the tungsten complex, with (CF3),CHOH, pK,°™© 17.9%°
(entries 33 and 35). All of these cationic molybdenum hydrides are unstable with respect to loss of H, at
ambient temperature. This includes [MoH,(CO)Cp*(PMes),]* (entry 36).11¢ By contrast the more sterically
hindered, less acidic complex [MoH4(1,2,4- 'BusCsH,)(PMes),]* (entry 39) and the electron rich systems
[Mo(H)2(Cp)(PMes)s]* and [Mo(H)2(Cp*)(PMes)s]* (entries 41 and 42) are stable at room temperature.
[WH4(Cp*)(dppe)]PFs (entries 34, 35) has been characterized by X-ray crystallography.t?’

The catalytic activity of the complexes MoH(CO)x(PMes)s«(Cp or Cp*) were tested for the
decomposition of formic acid. Under the conditions of catalysis (0.3M HCOOH in CgHg at 373 K) the
complexes with x = 1 were found to be the most active.!*® This was attributed to their protonation by
formic acid to give the dihydrides [MoH,(CO)(PMes),(Cp or Cp*)][HCOO] that evolved H; and then CO,,
regenerating the monohydride. These dihydrides have pK,"A¢ estimated on the basis of the LAC method
to be approx. 9 at 298 K (entry 36). The complexes with x = 2 and x = 3 had much lower turnover
frequencies, consistent with the much lower pK,**¢ of their dihydrides estimated to be -1 and -10,
respectively.

The nitrosyl ligand with A (NO) of approx. -3, the carbonyl ligand and the positive charge in the
dihydrogen or dihydride complexes [MH(NO)(CO)(P'Pr,CH,CH,PPhCH,CH,PPr,)]* (M= Mo, entry 25 and
M=W, entry 28) contribute to the expected high acidity of these compounds.'!® These complexes with
pKa"F < 10 are postulated to form from the THF complexes under 25-60 bar of H, at 373 K and to
catalyze the ionic hydrogenation of imines by the outersphere proton before hydride transfer
mechanism (see below).

The dihydrogen complex W(H)(CO)s (entry 27) can be prepared in CD,Cl; at 200 K and is
deprotonated by NEts3 (pK."" 14 for acid) and also water (pK.™" 0 for H30%).1%° Although this dihydrogen
complex is neutral, it is very acidic because of the presence of the five carbonyl ligands. The
corresponding chromium and molybdenum pentacarbonyl complexes are unstable and their acid base
properties have not been reported.'?

The protonation of zero valent complexes yield hydrides by oxidative addition. The
molybdenum(0) alkyne tetraphos complex (entry 38) is protonated by HCl in THF (pK,"A approx. 10) or
HBFsether and so the cationic hydride form has a pk,™f > 10. The protonation of molybdenum(0)
dinitrogen complexes has been studied for many years. The effect of a pendant amine base in the
phosphine ligand on protonation has been investigated (entry 40).1?! Both the molybdenum and the
dinitrogen have similar basicity so that a mixture of the monohydride [MoH(N,),L;]" and the hydrazido
complex [Mo(NNH,)L,(OsSCFs)]" are obtained upon reaction with CF3SOsH in THF. By contrast,
protonation at chromium is observed when Cr(N;)(P?';sNE";)(dmpe) reacts with [H(OEt2),][B(CsFs)a] in THF
at 223 K (Figure 2, entry 44). DFT calculations provided a pK."" of 23 in good agreement with the value
of 20 from the LAC method (A.(N3) + 2xA(PRs)+ 3x A (PPhR;) = -2 +2x4.9 + 3x4 = 20).
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Figure 2. Protonation of a chromium dinitrogen complex in THF

Norton’s group has studied the effects of ligands and metals on the pK,'¢™ of the series of

hydrides MH(CO)x«(Cp or Cp*)(PRs)y, M = Cr, Mo and W (entries 43, 44, 46, 48, 50 and others discussed
elsewherel). For the tricarbonyls the Cr and Mo hydrides have similar acidity, being partially
deprotonated by pyridine in MeCN while the tungsten complex is about 2.5 units less acidic, where
reaction with morpholine is required. MoH(CO);(Cp) reacts with OsH,(PMePh;)4 in THF-ds and reaches
an equilibrium with the 1:1 ion pair [OsHz(PMePh;)4][Mo(CO)s(Cp)] (entry 47). From the equilibrium
constant and the estimated ion pair dissociation constant of 10° M, we determined the pK,™fto be 17,
slightly higher than pk;MeN of 13.9. The temperature (190-293 K) and solvent dependence (hexane, THF,
DCM, MeCN) of the reaction of MH(CO)sCp, M = Mo, W, with a variety of neutral bases
(hexamethylphosphoramide, pyridine and NEts) have been studied in detail.** The deprotonation of
these MH(CO)sCp complexes by neutral bases is favored as the temperature is lowered (AS approx. -25
eu) so that NEts; in MeCN completely deprotonates these compounds at 230 K and 10 equiv. of py leads
to an equilibrium mixture, although precipitation of [Hpy][MoCp(CO)s] occurs over a 30 min period.
Proton transfer is fast for Mo, even at low temperature and so the reactions are under thermodynamic
control. Oddly, proton transfer is favored in non-polar hexane and polar MeCN but not in the low
dielectric solvents THF and DCM. Specific hydrogen bonding interactions, ion pair energies, and energies
of homoconjugates (e.g. [py-H-py]*) all contribute to the thermodynamic position of the equilibrium.
The bimetallic analogue {W(CO)sH},Fv with linked cyclopentadienyl groups (fulvalene, Fv) has pK,Ve™N
14.0 for the first deprotonation and pK.Me™N 16.6 for the second to produce [{W(CO)s},Fv]*.???* The
second deprotonation takes place at a higher pKa,Ve™ than that of WH(CO)sCp (pKa“*™™ 16.1) because of
the negative charge on the neighboring tungsten. The water soluble tungsten complex
WH(CO)3(CsH4COO") with a carboxyl group on the Cp ligand is found to have pK, of 5.8 in water (entry
49). This value is significantly different than the expected pk.,Ve™ value of about 16 or pK,™* of 21 (entry
48). As expected, replacing Cp with Cp* (entries 50, 51) or replacing a carbonyl group with a phosphine
(entries 52 and 53) or N-heterocyclic carbene (entries 54, 55), results in an increase in the pK; value.
Strong bases such as Schwesinger’s phosphorane bases or potassium phenoxide need to be utilized to
find these equilibria.

The complex Cr{PMe,CH,)sCMe}, is a rare, neutral, highly basic d® octahedral complex of a group
6 metal (entry 56) thanks to the effect of six strongly donating phosphorus PR3 moeities.!® As expected
from the pK,*A¢ 30 of the protonated, diamagnetic form [Cr'"H{(PMe,CH,)sCMe},]*, a strong base such as
BulLi in THF is required to deprotonate it despite the fact that the hydride is a moncation.

The least acidic group 6 metal hydride determined so far is WHs(PPhMe;)s with pK,™F 42 (entry
57). This compound reacts and forms an equilibrium in THF-ds with the strong base [ReHs(PCys).]". The
rhenium complex had already been placed on a continuous ladder of pK,™" of hydride acids, in this case
ReH;(PCys), (pKa"" 42), and their conjugate bases.’
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Table 5 Acid and base reactions involving transition metal hydrides of the group 6 metals in order of approximately increasing pKa.

Entry Acid form Base form® Reactant Reaction Solvent Temp. pK:*? pKa"€  Ref.
1 [WH,(CO):(Cp)]* MH CF;SO;H MH + HY = [MH,]Y CD,Cl, 298 -8 107
2 [WH,(CO)3(Cp*)]” MH CF;SO;H MH + HY = [MH,]Y CD,Cl, 298 -7 107
3 [W,H(CO)sCp]" MM [H(OEt,),]BF, MM + [HB]Y — no reaction CH.Cl, 298 <5 122
4 [W,H(CO)s(fulvalene)]” MM [H(OEt,),]BF, MM + [HB]Y = [MHM]Y + B CH,Cl, 298 -5 122
5 [W>H(CO)s{CsH3)»(SiMe,)»} 1 MM DMSO [MHM]Y + B == MM + [HB]Y CH.Cl, 298 2 108
6 [W>H(CO),Cp,(PPhy),]" MM [H(OEt,),]BF, MM + [HB]Y - [MHM]Y + B CH,Cl, 243 >.5 109
7 [MoH,(C4He)(triphos)]* [MH]Y CF;COOH [MH]Y + HY = [MH,]Y>» CF;COOH 298 -3 85
8  [MoHy(CO)(Cp-PCy)]* MH O=CEt, [MH,]Y + B — MH + [HB]Y O=CEt, 323 -1 124
9 [WH(CO);(PEtPh,);]"* M CF;SO;H M +HY — [MH]Y DCE 298 -0.3 -1 8,112
10 [WH(CO);(PMePh,);]" M CF;SO;H M +HY - [MH]Y DCE 298 -1.3 -1 8,112
11 [WH(CO)s(triphos)]” M CF3;SO;H M +HY — [MH]Y DCE 298 -0.4 -1 8,112
12 [WH(CO);(tripod)] M CF;SO;H M +HY - [MH]Y DCE 298 -39 -1 8,112
13 [WH(CO);(bpy)(PPh.Me)]" M CF;SO;H M +HY — [MH]Y DCE 298 1 1 8112
14 [WH,(CO),Cp(PMe3)]" MH [DCA]BF, MH + [HB]Y = [MH,]Y +B CH,CN 298 56 1(4% 40
15 [WHy(CO),Cp(PPhs)]" MH PPh; [MH,]Y + B — MH + [HB]Y O=CEt, 298 <3 1 110
16  [WH(CO);(PPhEL,);]" M CF;SO;H M +HY - [MH]Y DCE 298 0.5 2 8,112
17 [WH(CO);(PPhMe,);]" M CF3;SO;H M +HY — [MH]Y DCE 298 0 2 8,112
18  [CrH(CO),(dppm),] M CF;SO;H M +HY - [MH]Y DCE 298 4.5 4 8,112
19 [MoH(CO)(dppm),]* M CF;SO;H M +HY — [MH]Y CH.Cl, 298 6.8 4 829
20  [WH(CO)y(dppm),]* M CF;SO;H M +HY - [MH]Y DCE 298 7.8 6 8112
21 [MoH,(CO)Cp(dppe)]* MH CF3;SO;H MH + HY = [MH,]Y CD,Cl, 190 >1 4 114
22 [Mo(H,)H(CsHsCMe,CsHy)]" MH, [H(OEt),]BAr' MH, + [HB]Y - [MH;]Y + B CD,Cl, <260 >-5 4 113
23 [WH(CO)s(PEt;)s]" M CF3;SO;H M +HY — [MH]Y DCE 298 42 5 8112
24 [WH(CO)5(PMe;);]* M CF;SO;H M +HY - [MH]Y DCE 298 1.1 5 8112
25  [MoH,(NO)(CO)(‘Prtriphos)]* MH [H(OEt,),][B(CgFs)4] MH + [HB]Y — [MH,]Y + B THF 298 >-5 8 119
26 [Mo(H,)H(Cp*),]" MH, [Mo(H,)H(CsH4sCMey MH, + [HB]Y - [MH;]Y + B CD.Cl, 243 6 113

CsH,)]BAT,

27 W(HL)(CO)s [MH] NEt; MH, + B — [HB][MH] CD,Cl 200 <13 12 120
28 [WH,(NO)(CO)(Prtriphos)]* MH [H(OEL),][B(CFs)a] MH + [HB]Y — [MH,]Y + B THF 298 >-5 10 119

18



29
30
31
32
33
34
35
36
37
38
39

40
41

42
43
a4
45
46
47
48
49
50
51
52
53
54
55

56
57

[MoH(CO),(dppe).]*
[WH(CO)x(dppe)2]*
[MoH(CO)x(dppp).]*
[MoH,Cp*(dppe)]”
[MoH,Cp*(dppe)]”
[WHy(Cp*)(dppe)]”
[WH4(Cp*)(dppe)]"
[MoH,(CO)Cp*(PMes),]*
[MoH(CO)y(dmpe),]*
[MoH(MeCCCOOMe)(tetraphos')]*
[MoH,(CsH,'Bus)(PMes),]*

[MoH(N>), {PhN(CH,PEt,),},]"
[Mo(H).Cp(PMes)s]

[Mo(H),Cp*(PMes);]*
[W,H(CO),Cpa(PPh,),]"
[CrH(N)(PP"3NB"3)(dmpe)]*
CrH(CO);Cp
MoH(CO);Cp
MoH(CO);Cp
WH(CO):Cp
WH(CO);(CsH,CO0")
CrH(CO);Cp*
MoH(CO);Cp*
CrH(CO),Cp(PCys)
WH(CO),Cp(PMes)
CrH(CO),Cp(IMes)
WH(CO),Cp(IMes)

[CI'H {(PMechz)sze} 2]+
WH@(PPhMez)3

MH;
MH;
MH;
MH;
MH

M
MH;

£ £

£E 2222 E2E

£ £ K =
ES 2 &2 5 52 5

22 E

CF;SO;H
CF;SO;H
CF;SO;H
CF;CH,0H
CF;COOH
CF;CH,0H
(CF3),CHOH
[H(OEt,),]BF,
CF;SO;H

HCI
[H(OE,),]BF,

CF;SO;H
[H(OEt,),]BF,

[H(OEt,),]BF,
DBU
[H(OEt,),][B(C¢Fs)s]
pyridine

pyridine
OsH,(PMePh,),
morpholine

H,O

NH,CH,Ph
morpholine
'‘BuP;(dma)

KOPh
[H'BuP,(pyrr)|BF,
P(NMeCH,CH,);N

BuLi
Z[ReH((PCys3),]

M +HY — [MH]Y

M +HY — [MH]Y

M +HY — [MH]Y

MH; + HY = [MH,]Y

MH; + 2HY = [MH,][YHY]
MH; + HY = [M'H,]Y

MH; + HY = [MH,]Y

MH + [HB]Y — [MH,]Y + B
M +HY — [MH]Y

M +HY — [MH]Y

MH; + [HB]Y — [MH,]Y + B

M +HY — [MH]Y
MH + [HB]Y — [MH,]Y + B

MH + [HB]Y — [MH,]Y + B
[MHM]Y + B — MM + [HB]Y
M + [HB]Y — [MH]Y + B
MH + B == [HB][M]

MH + B = [HB][M]

MH + M'H, = [M][M'H;]

MH + B = [HB][M]

MH + H,0 =M + H;0*

MH + B = [HB][M]

MH + B == [HB][M]

MH + B = [HB][M]

MH +KY = K[M] + HY

Z[M] + [HB]Y == MH + B + ZY
MH + B = [HB][M]

[MH]Y + LiB==M +BH + LiY
MH; + Z[M'Hg] = Z[MHs] +
M'H,

CHCl,
DCE
CHCl,
CH.Cl,
Toluene
CH.Cl,
toluene
THF
CH.Cl,
THF
THF

THF
CH3;CN

THF

CH,Cl,
THF

CH;CN
CH;CN
THF

CH;CN
H,O

CH;CN
CH;CN
CH;CN
CH;CN
CH;CN
CH;CN

THF
THF

298
298
298
<250
<250
<290
<290
<230
298
298

233
298

298
243
223
298
298
298
298
298
298
298
298
298
298
298

298
298

5.5
42
0.8
240

3d
240
18¢

12

23
13.3
13.9

17
16.1

5.8
17.1
17.1
26.1
26.6
27.2
31.9

42

o O A~ N b

11
11

12
>10
13
16
(249
18
<20
22
17

17
18
18
20
20
28

28
31

30
45

8,29
8,112
8,29
115
95
117
117
125
8,29
126
127

121
128

129
109
130
131
131

131
132
133
51

134
51

134
111

123
93
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@ Abbreviations: Ar' = 3,5-(CFs)2CsHs, triphos = PPhoCH2CH,PPhCH>CH,PPh,, PPrtriphos = P'ProCH2CH,PPhCH,CH PP, tripod = MeC(CH.PPh,)s, tetraphos'=0-CsHa(PPhCH2CH,PPh,),, PP"sNB"3= cyclo-(-
PPhCH2NBnCH2PPhCH;NBNCH>-), Imes = 1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene, Z = [K(2,2,2-cryptand)], Q = [K(18-crown-6)], Cp-PCy. = CsHaCH,CH,PCy,, DCA = 2,4-dichloroanilinium ,
'BuP;dma = (tertbutylimino)tris(dimethylamino)phosphorane) , [H'BuP1(pyrr]* = (tertbutylimino)tris(pyrrolidino)phosphorinium.

b The ligands are the same as in the acid form apart from the loss of a proton (and counteranion for cationic complexes).

¢ pK, corrected to the MeCN scale for cationic acids using Equation 14

4 pK."M*C but reaction done in lower dielectric constant solvent
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4.4  Manganese group

Table 6 starts with a series of dihydrogen or dihydride carbonyl phosphine rhenium complexes
(entries 1, 2, 6, 10, 11, 15, 29) ranging in pK,"*“ from -18 to 27. The dihydrogen complex
[Re(H2)(CO)s][B(CeFs)a] is one of the most acidic compounds reported in this review. Itis only formed by
protonation of the monohydride when an excess CF3SOsH in fluorobenzene is used (Table 6, entry 1).12°
The LAC methods gives a pKa"A of -18. Errors might result from the additive method breaking down
when five pi acids are at the metal, from the different dielectric properties of fluorobenzene and THF,
and from a strong H-H bond in the dihydrogen ligand because of little backdonation from the metal d
electrons into the c* orbital of the H,.The tetracarbonyl dihydrogen complex [Re(H2)(CO)4(P'Prs)]* (entry
2) is assumed to form when [Re(CICH,CI)(CO)4(P'Pr3)][B(3,5-(CFs),CsHs)a] reacts with dihydrogen in
CD,Cl,.1* However it is highly acidic, immediately protonating 'Pr,0, and forming a Re-H-Re bridged
dimer. This establishes its pK; to be less than zero. The nitrosyl and carbonyl ligands make
[Re(H2)(H)(NO)(CO)(P'Pr3)]* very acidic, with a pK.,° approx. -1. 3¢ The tricarbonyl dihydrogen complex
[Re(H2)(CO)s(PCys)2]* (entry 6) in CD,Cl, is deprotonated by proton sponge but not by NPh'Pry;*37
therefore its pK, appears to be between approx. 5 and 12 if no kinetic barriers are preventing reaction.
The LAC method predicts a value of 0, not in good agreement. The dicarbonyl dihydrogen complex
[Re(H,)(CO)2(Me(CH;PPh,)s3)]* (entries 10, 11) is deprotonated by NEts!3® (thus pKa, < 13) and is in
equilibrium with the acidic alcohol (CF3)sCOH (pka"™5° 10.7) in CH,Cl, at less than 260K.%° The
dihydride/dihydrogen mixture [ReH»(CO),(PMes)s]* (entry 15) catalyzes the ionic hydrogenation of
aldimines in chlorobenzene at 303-373 K, 100 bar H,.1*® For the catalytic cycle it is proposed that the
dihydride is sufficiently acidic to protonate the imine to give an electrophilic iminium which is then
attacked by ReH(CO),(PMes)s to give the amine product. The predicted pK,¢ of 9 supports this
mechanism. With no carbonyl ligands the complex [Re(H),(PMes)s]* (entry 29) is an extremely weak acid
with a measured pK," of 24.2.7 An equilibrium was detected between this dihydride cation in THF
under Ar and the tetrahydride cation [ReHs(PMes)s]* which has a pK.™ of 22.1 (entry 27).

The series of cationic manganese carbonyl hydrides (entries 15 and 17) is less extensive than that
of rhenium discussed above. [Mn(H)(CO)(P(OEt)s)s]* in CD,Cl; is deprotonated by NEts, **° providing an
upper limit of the pK, of 13 (pK."A predicted to be 7). The hydride complex
[MnH(CO)(PAr',CH,PAr';)(cyclo-PPhCHoNBNCH2PPhCH,NHBNCH,-)]BAr's, Ar’ = 3,5-(CF3):CHs, has a
protonated amine in the ligand. It undergoes extremely fast elimination and re-uptake of dihydrogen in
CH.Cl, solution in one of the most rapid heterolytic splitting reactions recorded (>10” s * at 25 °C, Figure
3).1* Thus the postulated intermediate dihydrogen complex [Mn(H)]* (entry 17) must have a pKanear
to that of the amine (12). The LAC method predicts a pK, of 10.

+ ~ +

+H,

|
<

Figure 3. The heterolytic splitting of dihydrogen at a Mn(l) complex

A series of cationic hydrido rhenium(lIl) complexes containing bipyridine and carbonyl or
phosphite ligands were synthesized and treated with HBF,Et,0 at low temperature to see if dihydrogen
complexes could be generated.*? The tricarbonyl [ReH,(CO)s(bpy)][BPhs] did not react with an excess of
this acid, consistent with predicted pK,*A¢ of -17 for the postulated dicationic trihydride
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[ReHs(CO)s(bpy)]?* (not listed in the Table). However the tris(phosphinite) complexes
[ReH(CI)(PPh(OEt),)s(bpy)]BPhs and [ReH,(PPh(OEt),)s(bpy)]BPhsin CD2Cl; could be protonated at about
190 K, to give very acidic dicationic hydride complexes (entries 3 and 7). The former reaction had to be
conducted with a large excess of acid, consistent with the predicted pK,"*¢ of -5.

The nitrosyl and carbonyl ligands in [ReH(NO)(CO)2(PPhs),]* and [Re(H2)(NO)(CO)Cp*]* (entries 4
and 5) make these highly acidic. The latter was reported to have a pK, on the pseudo aqueous scale of -2
since it was deprotonated by diethyl ether in CH,Cl, to produce a hydride bridged Re-H-Re dimer.1*?

The enthalpies of protonation of two Re(CO),(Cp*)(PRs) complexes by CF3SOsH were
measured!!? and related to pK.""" values of approx. 2 for the hydrides [ReH(CO),(Cp*)(PRs)]* (entries 8
and 9). One of the earliest reported pK, determinations of a hydride is 8.5 for [ReH(Cp)2]* in a 60%
dioxane solution (entry 12).

The acidic properties of at least two hydride-bridged dirhenium complexes have been reported
(entries 13, 14, 34). The compound Re;H;(CO)s, thought to have one bridging hydride and one terminal
hydride, is deprotonated by PMe,Ph in THF (pK."™"F(HPMe,Ph*) 8). Thus this neutral rhenium complex has
a pKa, < 7. Clearly the conjugate base form is stabilized by the large number of carbonyl ligands present.
The hydride-bridged conjugate base [NEts][Re;H(CO)s] in CD,Cl; is partially protonated by the alcohol
(CF3),CHOH (pK32@9.3; pK,°M° 17.9). The reason provided for why this alcohol protonates this weakly
basic anion is the favorable formation of the strongly hydrogen bonded homoconjugate anion
[(CF3),CHOH~OCH(CFs),] that is solvated by excess alcohol.®! The other dirhenium complex is the very
weakly acidic complex Re;Hs(PMePh;), that has four bridging hydrides. In THF it is partially
deprotonated by the base [PO(OEt).NPh] to give a triply hydride bridged dirhenate complex, indicating
that its pK.™" is 33 (Figure 4). ** Thus the two dirhenium complexes in Table 6 illustrate the dramatic
change in acidity on going from carbonyl to phosphine ligation.

[K(2,2,2-crypt)]

H

MePh,P.
MePhaP.. ,}? / HO " PPhoMe ez }?e/ N/ " PPh,Me
e ! —
MePh,P™" / /R\ PPh,Me MePh,P™ / ~_~H Re\\Ppthe
WZ H /N
+ [K(2,2,2-crypt)][(Et0),(O)PNPh] + (Et0),(O)PNHPh

Figure 4. The deprotonation of a hydrido-bridged rhenium dimer

The properties of several cationic polyhydride rhenium complexes have been reported (entries
18, 22, 24-27). The hexahydride [ReHs(PPhs)2(PTA-HBF,)]*is predicted to have a pK,"*“ of approx. 10; a
nitrogen on one of the PTA ligands is protonated as well as the rhenium. A series of tetrahydride cations
were linked via successive equilibria to determine the pK,™" ranging from 14.7 (entry 22) to 22.1 (entry
27).” The compound [ReHs(PhMe,)s]* forms useful equilibria with protonated DBU in MeCN (entry 26)
thus providing a link to the pk;MeN scale and with CH,(CN); in THF (entry 25).

Neutral hydride acids with several m-acid ligands are as acidic as the cationic acids just discussed.
The aqueous pK,** of MnH(CO)s was reported as 7.1 (entry 19) and that of ReH(CO)s as a very weak
acid.? The pK,"'*N determined by reaction with morpholine and NEts, respectively, are 15.1 and 21.1.>*
This change of 6 pK, units on going from the 3d to 5d metal is much larger than the average value of 2
used in the LAC method. In the gas phase the difference in enthalpy of protonation of the corresponding
anions differ by about 13 kcal/mol (318 for Mn, approx. 331 for Re) and this difference was attributed to
the stronger metal-hydride bond for rhenium.'*>1%¢ The gas phase acidities of the PFs substituted
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complexes MnH(CO)s(PF3); and MnH(CO),(PFs); were found to be greater than that of the pentacarbonyl
complex and similar to CF3SO3H.® This suggests that PFs; has a more negative A than CO in the LAC
scheme. The pK,*A¢ values calculated by the LAC method for the d® octahedral hydrides MHLs/[MLs] such
as those of entries 19-21, and 30 are obtained by adding the A, of the five ligands of the conjugate base
form, then adding 6 to account for the large ligand field stabilization of the MHLs hydrides, adding 30
because of the negative charge on the conjugate base and finally 2 for the rhenium complexes.

Kristjdnsdéttir and Norton? reported that the substitution of one carbonyl in MnH(CO)s with
PPhs made the hydride MnH(CO)4(PPhs) (entry 23) less acidic by 2.6 units in MeCN, resulting in a pK,“e™N
of 20.4. Substitution of three carbonyls with an n®-C¢Hs ligand caused a decrease in acidity of 6.4 units,
making 26.8. This suggests that the 3A((n°-C¢He) = 3 (entry 30). They also reported the pk,Me™N of
ReH;(Cp)(CO), to be 23.0.

The strong base Na[N(SiMes),] was used to remove an HBr equivalent from
Re(H2)(Br)2(NO)(P'Pr3); in benzene to make ReH(Br)(NO)(P'Prs),.2*” The need for a strong base is
consistent with the large value of the pK,“* of 27 (entry 31).

The equilibrium between the acid/base pairs ReH;(Ph,PCsH4F),/[ReHs(Ph2PCeH4F)2] (entry 32)
and [ReH,(PMes)s]*/ReH(PMes)s provided a useful link between a pK,™F ladder of cationic hydrides and a
ladder of neutral hydrides including the remaining heptahydrides and a pentahydride listed in Table 6,
entries 33, 35 and 36.” To make this link the ion pair dissociation constants had to be estimated by use
of the Fuoss equation with approximate ionic radii. The approximations made here mean that the pK,™"*
values above 30 for neutral hydrides listed have potential errors up to =3 pK; units. A remarkable
feature of the ReHL, complexes is the large change in acidity with small changes in the structure of L.
For example ReH;(PPhs), (entry 33, pK.""F 30) is 12 units more acidic than ReH(PCys), (entry 36, pK.™"
42). This large change is not accounted for in the LAC method that predicts an average change of only 4
units.
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Table 6 Acid and base reactions involving transition metal hydrides of the group 7 metals in order of approximately increasing pKg.°

Entry  Acid form Base form®  Reactant Reaction Solvent Temp. pKa? pK.“‘C  Ref.
1 [Re(H>)(CO)s]* MH Et,O [MH,]Y + B — MH + [HB]Y CoHF 208 18 120
2 [Re(Hy)(CO)(PPr:)]" [MHM]* PO 2[MH,]Y + B — [MHM]Y + [HB]Y ~ CD,Cl, 208 <0 9 135
3 [ReH,CI(PPh(OEt),)s(bpy)]?  [MH]' [H(OEt),]BF, [MH]Y + [HB]Y — [MH,]Y>+B  CD,CL 193 6 142
4 [ReH(NO)(CO),(PPhy).]" M CF:SO;H M + HY —> [MH]Y ELO 298 4 148
5 [Re(H,)(NO)CO)Cp*]* MH Et,O [MH,]Y + B — MH + [HB]Y CH.Cl, 190 2 2 143
6  [Re(Hy)(CO)s(PCys).]" MH proton sponge [MH,]Y + B - MH + [HB]Y CD,CL, 298 <12 0 137
7 [ReHy(PPh(OE),):(bpy)] [MH.]* [H(OEt),]BF, [MH,]Y + [HB]Y — [MH;]Y+B  CD,CL 193 0 142
8 [ReH(Cp*)(CO)(PMe;Ph)]" M CF:SO;H M + HY —> [MH]Y DCE 298 0.5 1 8112
9  [ReH(Cp*)(CO),(PMes3)]" M CF;SO;H M+ HY - [MH]Y DCE 298 1.5 2 8,112

10 [Re(H,)(CO)(Me(CH,PPhy))]”  MH NEt [MH,]Y + B — MH + [HB]Y CH,CL, 298 <13 3 138
11 [Re(H>)(CO)(Me(CH,PPh))]T  MH (CF,),COH MH +HY = [MH,]Y CH,Cl, <260 11 3 65
12 [ReHy(Cp).]* MH H,O MH, + H,0 == MH + H;0* H,0/dioxane 8.5 6 149
13 Re:Hx(CO) M,H, PMe-Ph M,H, + B — [HB][M,H] THF <7 61
14 Re;Ho(CO)o [MHM] (CF;),CHOH ZIMHM] + 2HY = [M,H,] + CD,Cl, <240 18° 61
Z[YHY]
15 [Mn(Hy)(CO)(P(OEt):),]* MH NEt, [MH,]Y + B = MH + [HB]Y CD,CL 298 <13 2 140
16 [ReHa(CO)(PMes)s]* MH PhCH=NCH,Ph [MH,]Y + B — MH + [HB]Y CeD:CI 208 9 139
17 [MnH(CO)PArL,CH,PAr)(PPh-  MH N(CH,Ph)(CH,PPhR),  [MH.,]Y + B = MH + [HB]Y CH,Cl, 298 10 141
NBn-PPh-NBn-)]*

18  [ReHy(PPhy),(PTA-HBE)]" MH; [H(OEt,),]BF, MHs + [HB]Y —> [MH]Y + B CDsCl <270 11 150
19 MnH(CO); M] H,0 MH + H,0 = [M] + H;O" H,0 298 7.1 15 3
20 MnH(CO)s ™MJ morpholine MH + B= [HB][M] CH,CN 208 15.1 15 51
21  ReH(CO)s M] NEt; MH + B = [HB][M] CH;CN 298 21.1 17 51
22 [ReHy(PMePh,),]" MH, [OsHy(PMe,Ph),]BPh,  MH, + [M'H;]Y=[MH,]Y + M'H,  THF 298 147 15 7
23 MnH(CO),(PPhs) M] NEt; MH + B = [HB][M] CH;CN 298 20.4 2 1
24 [ReHy(PMe>Ph),] MH, [OsH;(PEt;),]BPh, MH; + [M'Hs]Y=<[MH,]Y + M'H,  THF 208 20.0 19 7
25 [ReH,(PMe,Ph),J* MH, [Q]INCCHCN] [MH,]Y + ZY = MH, + HY + ZY  THF 298 20.0 19 7
26 [ReHy(PMe,Ph),]" MH, DBU [MH,]Y + B = MH; + [HB]Y CH:CN 298 253 19259 151
27 [ReHy(PMey)]" MH, [ReHy(PMe,Ph)y]BPh,  MH; + [M'H,]Y = [MH.]Y + M'H;  THF 298 22.1 2 7
28 ReH(Cp)(CO), MH T™MG MH, + B = [HB][MH] CH,CN 208 23.0 2 151
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29 [ReHy(PMes)s]* MH ReH3(PMes), [MH,]Y + M'Hy =MH + [M'H,]Y  THF 298 242 27 7
30 MnH(CO)x(CeHy) [M]" KOPh MH +KY = K[M] +HY CH;CN 298 26.8 31 1
31 Re(Hy)(Br),(NO)(PPrs), MH Na[N(SiMe3),] MH;Br + NaY — MH + NaBr + HY  CqHj 298 29 147
32 ReH;(Ph,PCsH,F), [MH] ReH(PMes)s MH; + M'H = [M'H,][MH,] THF 298 28 39 7
33 ReH;(PPh;), [MH,J FeH(Cp)(CO), Z[MH ] + M'H = MH; + Z[M] THF 298 30 39 7
34 Re,Hg(PMePh,), [MH, ] Z[PO(OEt),NPh] MH + ZY = Z[M,H;] + HY THF 298 33 144
35  ReH,(NO)(P'Pry), [MH,] OsH4(CO)(P'Pry), Z[MH;]+ M'H, = MH, + Z[M’H;]  THF 298 38 37 7
36 ReHs(PMePhy); [MH,] Z[NPh,] MH; + ZY « Z[MH,] + HY THF 298 40 42 7
37 ReH,(PCy,), [MH,J Z[PO(OEt),NPh MH, + ZY = Z[MH,] + HY THF 298 42 43 7

9 Abbreviations: PPh-NBn-PPh-NBn = cyclo-PPhCH2NBnCH2PPhCH2NBNCH.-
b The ligands are the same as in the acid form apart from the loss of a proton (and counteranion for cationic complexes).
¢ pK."MS° but reaction done in lower dielectric constant solvent.

4 pKa corrected to the MeCN scale for cationic acids using Equation 14
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4.5 lron group

4.5.1 Very acidic dihydrogen complexes

The acidity of a variety of Fe(ll), Ru(ll) and Os(ll) dihydrogen complexes of the type trans-
[M(H2)(r-acid-L)(diphosphine),]?** have been examined (Table 8 entries 1, 5-9). The dipositive charge on
the complex combined with the presence of a carbonyl or isonitrile m-acid ligand makes these complexes
some of the most acidic iron group complexes studied (pK.™f -7 to -3). In order to observe
[Fe(H2)(CO)(dppe)2]?* (entry 1) in CD,Cl,, 10 equiv. of CF3SOsH needed to be added to the monohydride
conjugate base form.> Twelve equiv. of CF3SOsH needed to be added to [OsH(CO)(dppp).]" in CD,Cl; to
form a similar dihydrogen complex.'s* The acid HBF4'Et,0 in CD,Cl; was not strong enough to generate
either of these complexes indicating that the pK.,°™ is < -4.7.28 The pK.™" 2 of HOTf (Table 2) at first
sight does not seem consistent with these observations. However as we will see in several instances, a
small neutral acid such as HOTf reacting with a neutral base to produce a strongly ion-paired anion and
cation in a solvent of low dielectric constant is more favorable than the reaction with a cationic acid
such as [H(OEt,),]*. These two examples are stable with respect to loss of H, at room temperature,
unlike the equally acidic ruthenium complex [Ru(H,)(CO)(dppp).]*>* which decomposes above 240 K.**3
Very acidic hydrogen isocyanide analogues of these complexes can also be prepared by protonating
cyanide complexes of the type trans-MH(CN)(diphosphine), with excess CF3SOzH (entries 6-9).1>* When
the diphosphine is donating, as in [Fe(H,)(CNH)(depe),]** the pK."™ increases to 3 (entry 36). The
complex [Fe(H,)(MeCN)(PMe,CH,PMe;)(PEt,CH,NMeHCH,PEt,)]** with an ammonium group in the
backbone of the ligand has a pK;¢™ approx. 5.1%°

4.5.2 Hydrogenase and model complexes

The FeFe hydrogenases have a dithiolate that bridges the irons at the active site (see Section
6.9.2). A wide range of acidity (pKa""" <-5 to 21) has been found for several complexes designed to model
aspects of these hydrogenases (entries 3, 54, 59, 98, 115, 135, 152).

The presence of cyanide and dihydrogen at the active site of hydrogenases is modelled by the
dihydrogen complex [Fe(H:)(depe)2(CN)]* (entry 97).2°* This complex has a pK."™ of 9 due to the
acidifying effect of the cyanide ligand. The combination of carbonyl and cyanide ligands in FeH(CN)(CO),4
(entries 53, 54) makes this complex sufficiently acidic to be deprotonated by aniline (pKaVe™N of 10.5 for
anilinium) in MeCN. The anionic hydride [FeH(CN),(CO)s]” has a pK.""*“Nthat is greater than 17 since the
dianionic conjugate form deprotonates ammonium (entry 151). Such an anionic Fe(ll) complex is not
sufficiently acidic to release protons under biological conditions.

Single iron hydrogenases are also known with the active site summarized as Fe(H;)(CO)z(acyl-
py)(Scysteine) (entry 83). These are discussed in Section 6.9.1

4.5.3 Phosphine carbonyl hydride complexes

The acidity of a range of [MH(CO)«Ls«]* complexes x = 1 to 4 have been studied (for example
entries 4, 13, 19-21,23-28, 30, 31, 43-47, 154). For this class of complexes the hydride form has extra
stability due to the high ligand field stabilization energy of the d® octahedral configuration, contributing
an additional 6 units (less acidic) than the pK; value obtained by adding the A, values of the ligands in
the conjugate base form.2 The tetracarbonyl complex cis-[RuH(CO)4(PCys)]* of entry 4 with a pK,‘A¢
estimated to be -5 is observed in sulfuric acid solution. A pK,"™ ladder of tricarbonyl iron hydrides
[FeH(CO)sL,]* (13, 19-21, 23, 28, 30, 31, 45-47) was constructed that spans the range from pK.°™ of -3 (L
= P(C¢Hs-4-F);, entry 13) to 4 (L = PCys, entries 45-46) with the expected decreases in acidity as aryl
groups are replaced with alkyl groups on the phosphorus donors.?® This allowed the pK,°™™ of fifteen
other hydride and dihydrogen compounds whose acid-base reactions have been reported to be placed
on this scale as well as the pK."“ of [HOEt,]BF4/Et,0 of -4.7. This latter value underlines the fact that the
pK.P™M scale is not referenced correctly since protonated CH,Cl, should be 0 on this scale. Wang and
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Angelici measured the enthalpy of protonation of complexes that produced monohydride complexes
[MH(CO)sL,]* with a chelating L, (entries 24-26, 43, 44); the derived pK,A¢ values show the same trends
and mesh well with the monodentate series. Also included is a separate report of the formation of
reactive [RuH(CO)s(dppe)]* formed by protonation of Ru(CO)s(dppe) by CFsSOsH in CsDs (entry 27).16
This complex is thought to be an off-cycle product in a Ru-catalyzed water gas shift reaction. A very early
example of the deprotonation of a dicarbonyl hydride was the reaction of [RuH(CO)2(PPhs)s]* (pKa“A¢
approx. 7) with sodium methoxide in an unspecified solvent to give Ru(CO),(PPhs)3.>” An example of a
monocarbonyl hydride of this series is shown in entry 154. The weak acid [FeH(CO){P(CH,CH,PMe,)s}]*
was deprotonated by KO'Bu in THF to give the iron(0) carbonyl complex.?>® A related deprotonation of
an Fe(ll) dinitrogen hydride complex (entry 155) and protonations of Fe(0) and Ru(0) dinitrogen
complexes (entries 153 and 156) are also included in Table 8. Structural aspects of the protonation of
triosmium carbonyl phosphine cluster compounds have been studied.®

As a side note, the Lewis acid GaCls behaves like a large proton in reactions with iron group
carbonyl phosphine complexes M(CO)n(PMes)s., complexes (n =5, 4) to give adducts
M(GaCl3)(CO)n(PMe3)s.,.2%° The order of stability mirrors the pK,**¢ values of the corresponding hydrides
although the ruthenium complexes are more stable than the iron complexes, possibly for steric reasons.

4.5.4 Cyclopentadienyl complexes

An extensive range of “half sandwich complexes” containing cyclopentadienyl (Cp) and
substituted cyclopentadienyl, especially pentamethyl cyclopentadienyl (Cp*), have been studied with
pKa""C ranging from -5 to 33. The most acidic of these are the cationic dicarbonyl dihydrogen complexes
[M(H3)(CO)2(Cp*)]1[CF3SO3] M = Ru (entry 5)*°1262 gand Os (entry 12)%°” which are only partially protonated
by 1 equiv. CF3SO3H in CD,Cl>. The osmium complex is actually a mixture of a trans-dihydride (87%) and
dihydrogen complex (13%), with the lower concentration dihydrogen complex being more acidic. The
ruthenium complex is only stable at low temperature. Nevertheless it has been implicated in the
catalytic cycle for the deoxygenation of 1,2-propanediol to 1-propanol. 107161162 g hstitution of a
carbonyl for phosphite and Cp* for Cp gives the acidic dihydrogen complex [Ru(H2)(CO)(Cp)(P(OPh)s3)]*
(entry 22) which has a larger equilibrium constant than [Ru(H2)(CO)2(Cp*)]* for the reaction: CF;SO3sH +
RuH = [Ru(H2)][CF3S03].1! The dfepe ligand P(C,Fs),CH,CH,P(C,Fs), has electron-withdrawing
characteristics similar to that of two carbonyl ligands. The complex [RuH,(Cp)(dfepe)]* is prepared by
protonation of the monohydride with HOTf and is deprotonated by ether in DCM.2 The complexes
[Ru(H)(CO)(Cp)(PR3)]* (entries 34 and 35) are expected to have higher pk,"™ than the phosphite
complex but their reported reactions do not allow a precise value to be determined. It is interesting that
an unstable PCy; derivative is formed at low temperature by the reaction of excess (CF3)sCOH in CD,Cl;
(entry 35). This reaction would not be expected on the basis of the pk,™" of this alcohol (approx. 21,
Table 2) however strong ion pair formation plus a strongly hydrogen-bonded homoconjugate ion and
the low temperature all contribute to the enhanced acidity. In keeping with this observation,
[Ru(H2)H2(Cp*)(PCy3)][(CF3)2CHOH~OCH(CF3);] forms in toluene-ds at 200K by reversible protonation of
the corresponding trihydride complex with (CFs),CHOH.®*

The complex denoted [(CO),Ru(u-H)(u-Cp-Cp)Ru(CO),]* (entry 76) was found to have a pK,“'e™N
of 6.4 which can be converted to an approx. pK,""f of 1. Despite the presence of the four carbonyl
ligands, the stability of this hydride benefits from the pseudo six-coordinate, d® configuration of the
metals (Figure 5). This complex was found not to catalyze the deoxygenation of 1,2-propanediol unlike
similar monomer ruthenium complexes.*¢!
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Figure 5. Hydrido-bridged ruthenium complex.

The osmium(IV) complex [OsH(CI)(Cp)(PPhs),]* (entry 39) is estimated to have a pK.™" of 1 based
on Angelici’s work.”**2 The acidifying effect of the chloride lowers the pK, relative to the pK." of 13 for
the dihydride analogue [OsH,(Cp)(PPhs),]* (entries 79, 80).7%29:166

The appearance of a neutral hydride FeH(CO)(SiCls)2(Cp) (entry 41) among these very acidic
cyclopentadienyl complexes is remarkable. It is so acidic that it is reported to partially protonate the
acetonitrile solvent.'®” Clearly the SiCls groups strongly stabilize the anionic conjugate base and so we
assign an A value for this group of -12. This value is consistent with the fact that FeH,(n®-toluene)(SiCls),
with a pKa"A¢ of 6 is deprotonated by pyridine (pK,V'**N 12.3, pK,™" 8.3) in CHsCN solvent (entry 67). An
order of acidity was established for three SiCls-containing complexes in CH,Cl,: FeH(CO)(SiClz)>(Cp) >
FeH(CO)4(SiCls) > MnH(CO)(SiCl3)(Cp) **” which nicely agrees with the pK,““ order for the three acids 0 <
8 < 12, respectively.

A wide variety of cationic complexes [M(Cp or Cp*)H,L,]* M = Fe, Ru, Os, L = phosphorus donor
have been prepared and studied (entries 52, 72-80, 84-93, 95, 96, 99-113, 116, 120, 121, 127, 129-131).
6308990 pepending on L the complexes can have a dihydrogen ligand or two hydride ligands or an
equilibrium mixture of the two. Bidentate ligands forming four- or five-membered rings with the metal
allow both the trans-dihydride and dihydrogen tautomers to coexist.”® In the isosteric series of complexes
[CpRuUH.L]*, where L is a para-substituted tertiary diphosphine ligand (e.g. entries 52, 90), decreasing the
electron density on the metal favors the formation of the n?-dihydrogen tautomer over that of the
dihydride.?® The most thermodynamically stable products for the electron-rich Cp* complexes are the
trans-dihydrides in a square-based piano-stool geometry with monodentate phosphines or a bidentate
phosphine with a large enough bite angle (i.e. dppp, entry 84) to span trans sites without much strain.
Their acidities range widely from a pK.°™ of 4 for [RuH,(Cp*)(dtfpe)]* (entry 52 with a less donating dtfpe
ligand PAr,CH,CH,PAr,, Ar = 4-CF3CsHa) to a pKa™F of 14.6 for [Ru(H)2(Cp*)(dmpe)]* (entry 130). The acidic
dtfpe complex was used to protonate dinitrogen coordinated to tungsten.®® The thermodynamic acidity
of dihydrogen and dihydride tautomers are similar and just depend on relative amounts of the two forms
when they are in dynamic exchange. When the dihydride form is more abundant, as in the complexes
[CpRuH(L2)], L, = dppm (entry 85), dppe (entry 90), and dape (Ar = 4-MeCgH.), the dihydrogen form is
more acidic. However, for the more electron rich complexes [CpRuH,(dmpe)]* and [Cp*RuHz(dppm)]*, the
dihydride form has a greater thermodynamic acidity.®® Since the conjugate base form of the two
tautomers is the same monohydride complex, the LAC method assigns the same pK,*A° to them both. The
osmium analogues are consistently 3-5 pKj, units less acidic than the ruthenium ones (entries 78 vs 79-80;
85-86 vs 87, 88-90 vs 91) Certain [RuH(Cp)(diphosphine)]* have been used as catalysts for the
hydrogenation of imines and iminium compounds; these compounds are sufficiently acidic to protonate
an imine and thus make it susceptible to hydride attack (see below).?®® The introduction of a
cobaltacenium backbone in the diphosphine (entries 105-106) does not have a significant impact on the
pKs when compared to the pK, of other neutral diphosphine ligands such as dppe (entries 103-104, 107-
109). Introduction of amines in the backbone of the ligand allows the iron complex of entry 113 (Figure 6,
A) to act as a dihydrogen oxidation electrocatalyst’’® and of entry 127 to act as a hydrogen evolution
electrocatalyst (see below).}”! Note that a pK.Me™N of 22 is given for entry 113 even though the acidity of
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the dihydrogen complex was bracketed between DBU-H* and NEtsH* in PhF.2’° The dihydrogen complex
of Figure 6 B has the same acidity as the protonated amine (pK,V*™N of 18.9 corresponding to pK," of 13).
Similarly the amine dangling from the cyclopentadienyl ligand of the osmium complex of entry 131 (Figure
6 C) has a similar basicity to that of the osmium so that a dihydride or a protonated amine complex can
be observed.?”? In contrast the amine is more basic (pKa 13) than the ruthenium in the complexes [RuH(Cp-
NHMe;)(dppm)]* so that two equiv. of HBF4 are required to produce the dihydrogen complex [Ru(Cp-
NHMe;)(H2)(dppm)]*? (entry 93). This last complex is a poorly active catalyst for CO, hydrogenation.'”?

Ph ] + N ] + N ] +
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>, P. ./ H
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\,, H Ph H-N— P N—
] \/ By | i 2 ] i r, T
A B,n=23 c

Figure 6. Iron group cyclopentadienyl complexes with ligands with tethered bases.

As expected the chloro complex [RuHCI(Cp)(PMes),]* (entry 65, pK."E = pK.,PM 2) is more acidic
than the dihydride complex [Ru(H2)(Cp)(PMes),]* (entry 120, pK,>°™ = 13.9) by 12 pK. units. The Cp*
analogues (entries 72 and 129) show a similar difference (10 pK; units). It is interesting to note that the
water soluble complex Ru(H)(Cp)(PTA), undergoes H/D exchange in DO which provides evidence that
[RuH2(Cp)(PTA),]" is a strong acid in water, unstable with respect to protonation of a nitrogen on the PTA
ligand while its pKa"AC is approx. 7 (entries 73-74). 174

Cationic complexes containing just cyclopentadienyl ligands and hydrides are quite acidic. The
protonated metallocenes [MH(Cp*),]* with M = Ru is determined to be more acidic (pK.""" = pK.>M=1,
entry 56) compared to the hydride with M = Os with pk,;Me*N 9.9 (entry 57). This last entry can be
converted into a pK,™" of 4. The trimetallic complexes with six bridging hydrides [MsHs(Cp*)s]* (Figure 7)
are less acidic with pK,™" of 11 for M = Ru and >13 for M = Os. Interestingly the ruthenium complex has
similar acid strength to ammonium (pK.Me™N of 16.5, thus pKa""" of 11) (entry 117) and benzoic acid
(entry 118) in THF. Y7578 Entry 118 suggests that this ruthenium complex likely has a benzoate
counterion that is hydrogen-bonded to additional benzoic acid in THF. Thus benzoic acid is effectively a
stronger acid than its pKa"eN 21 (or pK.""" 20) would indicate because of these homoconjugate effects.
For the simple molecule ferrocene is not clear whether protonation occurs at the metal or at a

cyclopentadienyl ring (as an agostic n?-CH).*”’
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Figure 7. Equilibrium reaction involving [RusHgs(Cp*)3]*

The neutral complexes MH(Cp or Cp*)(CO), (entries 159-162, 164) have pK;Me™N in the range 27-
33 (pK,""¢ = 30-32). They are weakly acidic because of the unfavorable solvation of the anionic conjugate
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base form and the loss of ligand field stabilization of the pseudo-octahedral d® metal hydride complex.
FeH(CO),Cp* reacts with [K(18-crown-6)][ReHs(PPhs);] to give an equilibrium with [K(18-crown-
6)][Fe(CO),Cp*] and ReH;(PPhs); (entry 164) and another unidentified low concentration species.
Assuming that ion-pair dissociation constants are comparable, the pK.""" of the iron complex was
determined to be approximately 31.7 Its pK,"'*®N 29.7 has been determined using phenolate base.?® The
complex OsHsCp* (pK,“A¢ 35) can be deprotonated by ‘'Buli/pmdeta (pmdeta =
pentamethyldiethylenetriamine) in pentane to produce the monoanion [Li(pmdeta)][OsH4Cp*].2"®

4.5.5 Complexes with nitrogen donors

A series of tris-pyrazolylborate (HBPzs', also abbreviated Tp) and 1,4,7- triazacyclononane (tacn,
also abbreviated tacn with hydrogens on the amines) half sandwich complexes with structures that
parallel those of the cyclopentadienyl complexes just described have been prepared and studied (e.g.
entries 10, 17, 32, 40, 63, 64, 66, 71). 5179181 [Ru(H,)(CO)(PPhs)(HBPz3)]* has a pK.,"™™ of -2 (entry 17),
similar to that of the Cp relative [Ru(H2)(CO)(P(OPh)s)Cp]* (entry 22). The Os analogue
[Os(H2)(CO)(PPhs)(HBPz3)]* is less acidic with a reported pK,"“™ of 9 for a reaction at 213 K (entry 40).
The tacn ruthenium complexes with similar co-ligands were found to be more acidic (e.g. entry 10).° The
complexes with two phosphorus donors have pK.°“V in the range 8-9 for the HBPz3 complexes
[M(H2)L2(HBPz3)]* (entries 63, 64 and 66), and 3 for the tacn complex [Ru(H.)(PPhs),(tacn)]*. While both
the HBPz3  and tacn ligands provide three nitrogen donors fac on the metal, the use of the neutral tacn
ligand results in a more acidic complex. Similarly the complex [Ru(H2)(PPhs).(tpm)]?*, where tpm is
tris(pyrazolyl)methane, has a pK.°®™ 2.8.182

Several bipyridine complexes have been studied (entries 11, 14, 15, 33, 81, 136, 157) with pK,"A¢
ranging from -4 to 26. The bipyridine ligand contributes 8 pK, units to a metal hydride complex
according to the LAC system. The usual trend of replacement of carbonyl ligands by phosphine or
phosphite ligands resulting in expected increases of pK, is observed. The dramatic effect of five nitrogen
donors is noted for the complex [RuH(tpy)(bpy)]* which was deprotonated by the strong Verkade base
P(NMeCH,CH,)sN (entry 157);18 this complex has a pK,"“ of 26. By contrast the paramagnetic dicationic
iron(lll) hydride with a Py,Tstacn containing two pyridinyl donors, two amine donors and one tosylamine
donor in a pentadentate ligand is predicted by DFT to have a pK,* of 1.8 (Figure 8).1* An acidic
dihydrogen intermediate [Ru(H2)H(N-N)(PPhs)] reversibly heterolytically splits dihydrogen to the
diazafluorenide part of the ligand in the complex of Figure 9 (pK."" fluorene is approx. 35).18 The pK,*A
of the dihydrogen complex is estimated to be between 14 (assuming a cationic ruthenium with nitrogen
donors like bipyridine) and 44 (assuming a neutral ruthenium). It must be near the pk,™" 35 of fluorene.”
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Figure 8. Iron(lll) hydride complex with a pentadentate ligand.
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Figure 9. The heterolytic splitting of dihydrogen at a ruthenium(ll) diazafluorenide complex.

The octaethylporphyrin complex Os(H,)(oep)(THF) was weakly acidic, requiring lithium diisopropylamide
in THF to convert it to the mono anion (entry 158).18¢

The water soluble complexes [RuH,(CsMes)(bpy)]*? with pK.2? < 6 (entry 81) and
[RuH(CsMeg)(bpy)]* with pK.MeN of 23 and pK."AC of 16 (entry 136)'® are of interest because of their
catalytic activity in the reduction of CO; using borohydride.'®” The dicationic complex was postulated to
form at pH 3-6 but this seems unlikely on the basis of the pK,;** of approx. -5. The monohydride complex
was found to be a good hydride donor.'® The monocationic arene complex [Ru(Hz)(cymene)(Tsdpen)]*
has a pK,V*N of 16.1 (entry 144).

The complex [Os(H2)(NH3)s]** (pK:Me%" > 16) cannot be deprotonated by one equiv of methoxide
in methanol.’®® The LAC method is in poor agreement giving pK."*C of 7 when using A.(N donor) 4. The
amine ligand may have an A, of 6 due to solvation (hydrogen-bonding) effects to explain this. The
oxidized, d®> complex [OsH»(NHz)s]**is only stable at very low pH in water as expected on the basis of
increase in positive charge by one unit (at least 15 pK, units).!®8

Complexes with mixed nitrogen and phosphorus donors are also placed in position in Table 8
(entries 38, 48, 49, 82, 94) and the reactions reported agree with the pK;*A¢ values.

4.5.6 Complexes with several phosphorus donors

The complexes trans-[M(H,)H(PAr,CH,CH,PAr,),]* are a family of dihydrogen complexes where
the electronic properties can be systematically varied without changing the steric factors.” When Ar = 4-
CF3CesH4 (dtfpe) the pKa™F increases from Fe (6.7) to Ru (8) to Os (8.4) (entries 60-62). Interestingly the
ruthenium complex (entry 123) is least acidic (14) when Ar = Ph with the iron and osmium complexes at
pKa"F 12. This unusual order was attributed to the strong short bond in the H; ligand of the ruthenium
complex. When Ar = 4-MeOCsH,4 the pK,™ for Ru increases to 17 (entry 134). As expected replacing the
hydride trans to dihydrogen with electronegative chloride greatly decreases the pK; for Ru when Ar = Ph
to 4.7 (entry 70) and Os to 7.4.1% The corresponding dppp complexes (entries 68, 69 vs 125, 126 ) show
similar trends although in this case the osmium chloro complex is much less acidic (pK.>“™ = 12.3) than
the ruthenium complex (pK.?™ = 5.6).13 The complexes FeH,(PR,CH,CH,PR;), , R = Me, Et, Pr with four
very electron donating phosphorus groups are in equilibrium at 267 K with the dihydrogen complexes
[Fe(H2)H(PR,CH,CH2PR;,)2]* (pKatA€ 20) in neat ethanol (pK, 16).2° Similarly the related tetraphos complex
FeH,{P(CH,CH,PMe;)s} is protonated by ethanol to give [Fe(H;)H{P(CH,CH,PMe;)s}]*; when the ethanol is
removed, the dihydride is regenerated.’®® The ruthenium complex RuH,(dmpe); is also in equilibrium
with the [Ru(H2)H(dmpe),]*in neat ethanol.’®* Water soluble complexes of the type
[M(H2)(H)(dmprpe):]* (M = Fe. Ru, Os), dmprpe = P((CH2)30Me),CH,>CH,P((CH»)30Me),, .are stable in
buffered aqueous solutions at pH 7.7®

The osmium trihydride cations [OsHsL4]" L = PPh,Me, PMe,Ph, PMes and PEt; (entries 132, 133,
137, 138, 147, 149) are useful acids to establish the pK,™" scale from 12 to 19. They also provide a link to
Angelici’s enthalpy of protonation scale in dichloroethane solvent (DCE).” The complexes
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[M(H2)H(P(OEt)3)4]*, M = Fe, Os are readily deprotonated by NEt; as expected based on their pK,*A of 8-
10.1319% |n the series [MH4(PMes)s]* the pK,™F increases from M = Fe (16) to M = Ru and Os (17).” The
iron complex is a mixture of dihydrogen hydride and trihydride tautomers while the ruthenium complex
is in the (cis) dihydrogen hydride form.!®> The conjugate base dihydrides react with methanol to form
equilibrium mixtures from which pK,"'¢°" can be determined to show the regular trend: Fe (10.3) < Ru
(10.9) < Os (11.2). 1*®* The complexes with PEts ligands (entries 148 and 149) are less acidic than the PMes
analogues, as expected. The five coordinate dihydrogen complex [Fe(H2){Si(CsHaP'Pr,)s}]* was
determined to have a pK,™" = 10.8 (entry 150). This was also reported as the converted value, pK,
15.9.7% The Fe(0) complex Fe{'BuSi(CH,PMe,)s}(dmpe) with five basic phosphorus donors partially
deprotonates the methyl group of ethylacetate in benzene solution to give the Fe(ll) hydride of entry
163.1°7 This reaction is consistent with the high pK,"* of 30 calculated for this hydride. The complex
FeHz(PMes)s (pKa*© 56) could not be deprotonated by neat CH,PMes. %
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Figure 10. [Fe(H)(Si(CsH4P'Pr3)s]*

t CH,COOEt
Bu\Si/\IL/ Bu. /\F’)/ 2
Q\P/ b \\P/ 1Y%
P o + CH3COOEt —> e
/Fe\ > 3 Fe >
R P— 7Y

Figure 11. Protonation of Fe{tBuSi(CH.PMey)s}(dmpe).

4.5.7 Neutral, weak hydride acids

Entries 139-143 are neutral carbonyl hydride complexes with pk;Me™N in the range 11-21. The
first is an Fe(ll) complex with a cyclometallated triphenylphosphite ligand. In the M(H),(CO), series
(entries 140-142) the iron complex with pKoMe™N = 11.4 is a significantly stronger acid than the ruthenium
(20) and osmium (21) analogues.>! The Fe complex has a pK:,*®of 4.0 and a pK,"'*°" 6.9. These values are
quite different than the pK,"*¢ of 20. The small conjugate base [FeH(CO)4]” will have quite different
solvation in hydrogen bonding solvents than in THF or MeCN. The ion pairing effects caused by this small
anion will be quite significant in THF. A second pK,®for [FeH(CO)a4]/[Fe(CO)4]* has been reported to be
12.7. 1 The cluster complex RusHs(CO)10(P(OMe)s); is in equilibrium with pyridinium in MeCN and its
pKaV¥Nis 15.4.1 As mentioned earlier, the many carbonyls make the cluster complex more acidic than
expected for a neutral hydride complex such as RuH;(CO)a.

The neutral hydrides in Table 8 with two or more phosphine ligands are very weak bases (entries
165-171). The weakest measured is the bis-dihydrogen complex Ru(H2)2H2(P'Prs), (pKa™" = 39) which
gives the pentagonal bipyramidal pentahydride anion [RuHs(P'Prs),]" when it is deprotonated.'®® The
corresponding osmium hexahydride is more acidic (pK.""" = 36). Again strong H-H bonding in the
ruthenium acid may make this complex less acidic than expected.

The hydride FeH(CO),(tris(NHC)BPh) is formed by the reversible protonation of
[K(cryptand)][Fe(CO)(tris(NHC)BPh)] by toluene in THF.2% The pK,™F of this hydride was determined to
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be 44 on the basis of pK."" of 44 for toluene estimated by Breslow in 1980. However since CH,Ph; has a
pK.™F of approx. 48 on our scale, the pK,™" of toluene would be about 50. Thus anionic tridentate NHC
ligand has an A, of 8/3 to make a pK,"A = 2x-4+3x8/3+6 +30 = 50 for this d® octahedral hydride.
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Figure 12. The deprotonation of toluene by [K(cryptand)][Fe(CO),(tris(NHC)BPh)] in THF (Mes = mesityl).

4.5.8 Other group 8 hydride complexes.

Entry 37 is a bis-dihydrogen complex of osmium(ll) with a cyclometallated aryl N-heterocyclic
carbene ligand. Its pK;®®" is 3. The ruthenium(ll) dihydride complex of entry 42 has a pK,** of 4 yet is
in equilibrium with CFsSOs3H at low temperature.?’! The pentaaqua dihydrogen complex [Ru(H2)(OH,)s]**
deprotonates somewhere in the region between pH 3 and 14 (entry 51).7% The iron(IV) dihydride with a
cyclometallated phosphite ligand is deprotonated by a bulky amine base (entry 114).

459 Effect of the metal on acidity

Table 7 lists complexes with the same ligand set but different iron group metal ions. There is no
obvious trend in the difference in pK, between the complexes of the 3d, 4d and 5d metals. Ruthenium
complexes are about 1 unit less acidic than the iron congeners apart from the tetracarbonyl example
which may have special ion pairing effects. The pK, gap between the 4d and 5d complexes is on average
2.6. Thus the LAC method underestimates the gap between the metals in this triad by approx. 2 pKa
units (within the error of the method). Further refinement of the method may be required.

Table 7. Effect of the metal on the pK,** °

Fe Ru Os Entry
[MH(Cp*),]* 0.8 5 56, 58
[M(H,)H(dtfpe).]* 6.7 8 8.4 60-62
[M(H2)(HBPz3)(PPhs),]* 7.6 8.4 63, 64
[M(H2)Cl(dppp).]* 5.6 12.5 68, 69
[M(H)2(Cp)(PPh3).]* 7.6 13.4 77, 80
[M(H)2(Cp)(PPh3).]* 6.8 11.0 78,79
[M(H2)H(dppe).]* 12 14 12 122-124
MH(CO)4 11.4 20 21 140-142
[MHs3(PMes),]*? 16 17 17 145-147
MH(CO)1(Cp) 27 28 33 160-162

9 pK,®*® = literature value in the solvent specified in Table 8.
b dihydrogen/dihydride and trihydride isomers
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Table 8 Acid and base reactions involving transition metal hydrides of the group 8 metals in order of approximately increasing pKg.°

Entry  Acid form Base form®  Reactant Reaction Solvent Temp. pKa™?  pKa"*C  Ref.
1 [Fe(H,)(CO)(dppe).]™ [MH] CF,;SO:H [MH]Y + HY = [MH,]Y, CH,Cl, 298 -5 -7 152,202
2 [Os(H,)(CO)(dppp)s]™ [MH]* CF3SO;H [MH]Y + HY = [MH,]Y> CD,Cl 298 6 5 153
3 [(CO)sFe(u-H)(u- MM [SiEt;][B(CeFs)s] + HCI MM + HY = [MHM]Y CeHsF 298 <5 203
SCH,CH,CH,S)Fe(CO)5]*
4 [RuH(CO)(PCy3)]" (cis) M H,S0, M + HY — [MH]Y H,S0, 298 5 86
5 [Ru(H,)(CO)(Cp*)]* MH CF;SO;H MH + HY = [MH,]Y CD,CL 193 5 161-162
6  [Fe(H,)(CNH)(dppe),]™? [MH]" CF3S0;H [MH]Y + HY = [MH,]Y> CD,Cl, 298 <0 5 154,202
7 [Ru(H,)(CNH)(dppe).]™ [MH]* CF;SO;H [MH]Y + HY = [MH,]Y> CD,CL, 298 5 5 154
8 [Os(H,)(CNH)(dppe),]™? [MH]" CF3SO;H [MH]Y + HY = [MH,]Y> CD,Cl, 298 <0 3 154
9 [Ru(H,)(CNH)(dppp).]* [MH]* CF;SO;H [MH]Y + HY = [MH,]Y> CD,CL, 298 <0 5 154
10 [Ru(H,)(CO)(PPhs)(tacn)] [MH]* Et,0 [MH,]Y +B = MH + [HB]Y CH,CI, 298 2 4 28,180
11 [Os(H,)(CO)(PPhs)y(bpy)]™ [MH]* CF;SO;H [MH]Y + HY = [MH,]Y> CD,CL, 298 5 4 204
12 [OsHx(CO)(Cp*)]* MH CF3SO;H MH + HY = [MH,]Y CD,Cl, 298 3 107
13 [FeH(CO);(P(C4HF)s)]" M Fe(CO)3(PPhs), [MH]Y + B = [M] + [HB]Y CH,CL, 298 3 3 28
14 [FeHy(P(OEt);)s(bpy)] [MH]" CF3S0;H [MH]Y + HY — [MH,]Y, CH,Cl 193 2 205
15 [Ru(Hy)(P(OEt);)s(bpy)]™ [MH]* CF;SO;H [MH]Y + HY = [MH,]Y> CH,CL, 298 2 206
16  [Os(H.)(CO)(pyS)(PPhs),]" MH H,0 [MH,]Y +B = MH + [HB]Y CDCly 298 2 207
17 [Ru(H,)(CO)(PPhs)(HBPz3)]* MH [RuH(CO)(PPh;)(tacn)]" [MH,]Y + M'H — MH + [M'H,]Y CH,CL, 298 2 -1 28,180
18 OsoHy(CO)ys [M,H]- [H(OE,)]BF, Z[M,H] + [HB]Y = MyH, + ZY + B CH,Cl 298 <0 208
19 [FeH(CO)s(Ptol;),]" M Fe(CO)s(PCyPhy), [MH]Y + B = [M] + [HB]Y CH,CL, 298 0.1 128
20  [FeH(CO)s(PPhs),]" M Fe(CO)s(Ptols), [MH]Y + B = [M] + [HB]Y CH,Cl 298 -1.1 -1 28
21 [FeH(CO)s(PPhs),]* M CF;SO;H M+ HY — [MH]Y DCE 298 0.6 1 8112
22 [Ru(H)(CO)Cp(P(OPh)3)]* MH CF3SO;H MH + HY = [MH,]Y CD,Cl, 193 0 161
23 [FeH(CO)s(PPh;Cy),]" M [HPPh;]BF, M + [HB]Y = [MH]Y + B CH,CL, 298 1.3 0 28
24 [FeH(CO)s(dppp)]’ M CF3SO;H M + HY — [MH]Y DCE 298 2.0 0 8112
25 [FeH(CO);(dppm)]* M CF;SO;H M+ HY — [MH]Y DCE 298 3.6 0 8112
26 [FeH(CO)s(dppe)]* M CF3SO;H M+ HY — [MH]Y DCE 298 32 0 829
27 [RuH(CO)y(dppe)]" M CF;SO;H M + HY — [MH]Y CsDs 298 0 156
28 [FeH(CO)s(PPh,Me),]* M CF3SO;H M + HY — [MH]Y DCE 298 0.1 0 8112
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54
55

56
57
58

[Fe(H)(CO)(depe),]
[FeH(CO)y(PPhCy»)s]"
[FeH(CO)s(PPhMe,),]*
[Ru(H,)(PPhs),(tacn)]
[Ru(H)(P(OEt);)(bpy).]
[Ru(H)(CO)(Cp)(P'Pr)]*
[Ru(H2)(CO)(Cp)(PCy3)]"
[Fe(H,)(CNH)(depe),]
[Os(H2)2(NHC-CHy)(PPr3),]"
[Os(H2)(CH;CN)(dppe)2]
[OsH(C1)(Cp)(PPhs),]"
[Os(H,)(CO)(P'Pr;)(HBPz;)]*
FeH(CO)(SiCls),(Cp)

[RuH,(CI)(CO)(PPh,-NBn-PPh,)]"

[FeH(CO);(dmpm)]*
[FeH(CO)s(dcpe)]
[FeH(CO)s(PCys),]*
[FeH(CO)5(PCys),]"
[FeH(CO)s(PMes),]*
[Ru(H,)CI(PPhs)(P-py-P)]*
[Os(H2)CI(PPh;)(P-py-P)]*
[FeH(Py,Tstacn)]™
[Ru(H,)(H,0)s]2
[RuH,(Cp)(dtfpe)]”
FeH(CN)(CO),

FeH(CN)(CO),
(CO)sFe(u-SCH,CH,CH,S-)(1-

H)Fe(CO)(PPh,CH,NPrCH,PPh,)]*

[RuH(Cp*),]*
[OsH(Cp*).]"
[OsH(Cp*).]"

CF;SO;H
PPh;
CF;SO;H
RuHCl(dppe),
CF;SO;H
NEt;
(CF5);COH
CF3;SO;H
acetone

Et,O
CF3;SO;H
PPh;

CH;CN
CF3SO;H
CF3;SO;H
CF3;SO;H
CF3;SO;H
PPh;
CF3;SO;H
[HPTol;]BE,
RuH(Cp)(PPhs),
H,O

OH-
[HPTol;]BF4
HCl

NH,Ph
NH,Ph

CF,SO:H
[NH,Ph]BF,
CF,SO:H
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[MH]Y + HY — [MH,]Y,
[MH]Y + B = [M] + [HB]Y

M +HY — [MH]Y

[MH,]Y + M'H = MH + [M'H,]Y
[MH]Y + HY = [MH,]Y,
[MH,]Y + B — MH + [HB]Y
MH + 2HY — [MH,](YHY)
[MH]Y + HY — [MH,]Y>
[MH,]Y + B = MH; + [HB]Y
[MH,]Y, + B = [MH]Y + [HB]Y
M +HY — [MH]Y

[MH,]Y + B = MH + [HB]Y
MH + B = [M]- + [HB]"

MH + HY = [MH,]Y

M +HY — [MH]Y

M +HY - [MH]Y

M +HY — [MH]Y

[MH]Y + B = [M] + [HB]Y

M +HY — [MH]Y

MH + [HB]Y = [MH,]Y + B
[MH,]Y + M'H == MH + [M'H,]Y
[MH]™2 + H,0 = [M]" + H;0"
[MH,]Y, + B = [MH]Y + [HB]Y
MH + [HB]Y = [MH,]Y + B
K[M] + HCI - MH + KCI

MH + B — [HB][M]
[MHM]Y + B — MM + [HB]Y

M +HY — [MH]Y
M + [HB]Y = [MH]Y + B
M +HY — [MH]Y

CH,Cl,
CH,Cl,
DCE
CH,Cl,
CH,Cl,
CH,CL,
CH,CL,
CH,Cl,
acetone
CH,Cl,
DCE
CD,Cl,
CH;CN
CD,Cl,
DCE
DCE
DCE
CH,Cl,
DCE
CH,Cl,
CH,Cl,
H,O/CH3;CN
H,O
CH,Cl,
CH;CN

CH;CN
CH,Cl,

DCE
CH;CN
DCE

298
298
298
298
298
298
200
298
298
298
298
213
298
198
298
298
298
298
298
298
298
298
298
298
298

298
298

298
298
298

3.1
2.1
32

<13
11°

3.0

4
12
9.0
2.6

7.1
6.1
44
44
32
4.0
72
1.8

4.0

<8

0.8
9.9
5.1

W W W W W NN
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5
7(129)
;

154

28
8,112
28,180
206
209
210
8,154
211

28
7,112
181
167
201
8,29
8,29
92

28
8,112
28,212

184
74

168
213

213
214

8,29
7,112,215
7,112



59

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

[(CO)sFe(p-H)(u-SCH,CH,CH,)Ni-
(dppe)]”

[Fe(H,)H(dtfpe),]" (trans)
[Ru(H,)H(dtfpe),]" (trans)
[Os(H,)H(dtfpe),]" (trans)
[Ru(H,)(HBPz;)(PPhs),]"
[Os(H),(HBPz;)(PPh;),]*
[RuHCI(Cp)(PMe;),]"
[Ru(H2)(HBPz3)(dppe)]”
FeH,(toluene)(SiCl;),
[Ru(Hz)Cl(dppp).]”
[Os(H2)Cl(dppp).]”
[Ru(Hy)Cl(dppe):]
[Ru(H,)(PPh3)(CH;CN)(HBPz;3)]"
[RuH(CI)(Cp*)(PMes),]"
[Ru(HD)(Cp)(PTA),]"
[Ru(H2)(Cp)(PTA),]"
[Ru(H)»(Cp)(PPh,CsH4PPh,]"
[(CO):Ru(u-H)(u-Cp-Cp)Ru(CO) |
[Ru(H)x(Cp)(PPhs),]"
[Ru(H)(Cp)(PPhs),]"
[Os(H)(Cp)(PPhy),]" (trans)
[Os(H)»(Cp)(PPh;),]" (trans)
[RuH:(CsMeq)(bpy)]
[Ru(H,)Cl(tmeP,NH>)]"
Fe(H,)(CO),(acyl-py)(Scysteine)
[Ru(H)(Cp)(dppp)]
[Ru(H2)(Cp)(dppm)]*
[Ru(H2)(Cp)(dppm)]*
[Os(H)(Cp)(dppm)]* (trans)
[Ru(H)(Cp)(dppe)]”

MM

MH,
MH,
MH,
MH
MH

MH
[MH]-
MH
MH
MH
MH

MH
MH
MH
M,
MH
MH
MH
MH
[MH]"
MH
MH
MH
MH
MH
MH
MH

NH,Ph

OsH,(dtfpe),

[Ru(H),(Cp*)(PMePh,),]"

RuH(Cp)(PPh;),
RuH(Cp)(dppm)
RuH(Cp)(PPh),
CF;SO;H
RuH(Cp)(dppm)

py

PPh;

NEt;

PPhE,
RuH(Cp)(PPhs),
CF;SO;H

DO

H,0"
[Ru(H,)(Cp)(dppm)]BF,4
[HPPh;]BF,
[HPCy5]BF,

CF;SO;H

CF;SO;H
OsH(Cp)(dppp)

H;O" (pH 6)
[HPPhCy,]BF,
internal FeSR
[RuH,(Cp)(PPhs),]BF,
[RuH,(Cp)(PPhs),|BF,
CF;SO;H
RuH(Cp)(PPhs),
CF;SO;H
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[MHM]Y + B = MM + [HB]Y

[MH;]Y + M'H, = MH, + [M'H;]Y
MH, + [M'H,]Y = [M(H)H]Y + M'H
[MH;]Y + M'H = MH, + [M'H,]Y
[MH,]Y + M'H == MH + [M'H,]Y
[MH,]Y + M'H == MH + [M'H,]Y
M +HY - [MH]Y

[MH,]Y + M'H == MH + [M'H,]Y
MH, + B — [MH]- + [HB]*
[[MH,]Y + B == MH + [HB]Y
[MH;]Y + B = MH, + [HB]Y
[[MH,]Y + B == MH + [HB]Y
[MH,]Y + M'H == MH + [M'H,]Y
M +HY — [MH]Y

MH + D,0 = [MHD]" + OD

MH + H* = [MH,]*

MH + [M'H,]Y = [MH,]Y + M'H
M, + [HB]Y = [MHM]Y + B

MH + [HB]Y = [MH,]Y + B

MH + HY — [MH,]Y

MH + HY — [MH,]Y

[MH,]Y + M'H == MH + [M'H,]Y
[MH]" + H+ =M + [MH,]*

MH + [HB]Y = [MH,]Y + B
MH,(SR) = MH(HSR)

MH + [M'H,]Y = [MH,]Y + M'H
MH + [M'H,]Y = [MH,]Y + M'H
MH + HY — [MH,]Y

[MH,]Y + M'H == MH + [M'H,]Y
MH + HY — [MH,]Y

PhCN

THF
THF
THF
CH,Cl,
CH,Cl,
DCE
CH,Cl,
CH;CN
CH,CL,
CH,Cl,
CH,CL,
CH,Cl,
DCE
D,O
H,O
THF
CH;CN
THF
DCE
DCE
CH,Cl,
H,O
CH,Cl,
Enzyme
THF
THF
DCE
CH,Cl,
DCE

298

298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298
298

10.7

6.7

8.4
7.6
8.8
2.1
7.9
<12
5.6
12.5
4.7
8.9
7.1

-1.0
6.0
6.4
7.6
6.8

11.0

13.4
<6
6.9

8.7
7.2
6.3
10.0
6.4

N N9 9 9 NN 0 NN 0NN

o 0 3 2

-5

63

7,91
180
166
8,29
180
216
153,217
153
28,218
180
8,29
72

174
169
165

8,29
8,29
7,166
187
92
219

7,169
8,29
166
8,29



89
90
91
92
93
94
95
96

97
98

99
100
101
102
103
104
105
106
107
108
109
110
111
112

113
114

115

116

117
118

[Ru(H)x(Cp)(dppe)]*
[Ru(H)(Cp)(dppe)]
[Os(H)ACp)(dppe)]” (trans)
[Os(H)y(Cp)(PPh,Me),]*
[Ru(Cp-NHMe,)(H)(dppm)]
[Ru(H,)(Cl)(dach)(PPhs),]"
[Ru(H)x(Cp*)(PPhs),]"
[Ru(H)(Cp*)(PPhs),]"

[Fe(H2)(CN)(depe).]
(CO),(PMes)Fe(p-H)(u-SCH,CH,CH,S)
Fe(CO),(CN)

[Ru(H),(Cp*)(PMePhy),]"
[Ru(H,)(Cp*)(dppm)]*
[Ru(H)»(Cp*)(dppm)]”
[Fe(H.)(Cp*)(dppe)]*
[Ru(H)(Cp*)(dppe)]”
[Ru(H,)(Cp*)(dppe]”

[Ru(H,)Cp* {(PPh,CsH,)Co(CsH,PPh,)} 2
[Ru(H),Cp* {(PPh,CsH4)Co(CsH,PPhy)} ]
[Ru(H)>(Cp*)(dppe)]”
[Ru(H)»(Cp*)(dppe)]”
[Ru(H)>(Cp*)(dppe)]”
[Os(H)x(Cp*)(dppe)]*
[Ru(H,)(Cp)(P'Pr;NHCH,(NHPPr,)]"
[Ru(H,)(Cp)(P'Pr,NHCeH (NHP'Pr,)]*

[Fe(H,)(Cp)(PPh-NPh-PPh-NPh)]*
[FeH,(CO)[2,6-((Pr,PO)-Pr-i),
CsH;](PMes) T
[(CO)y(PMe;)Fe(u-H)(-SCH,NBnCH,S)
Fe(CO),(PMe;3)]"

[Ru(H)»(Cp*)(PMe,Ph),]"
[Rus(H)s(Cp*)s]”
[Rus(H)s(Cp*)s]*

MH
MH
MH
MH
MH
MH
MH
MH

MH
(MM]

MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH

MH
MH

MM

MH
M;H;5
M;H;

(CF3),CHOH
[RuH,(Cp)(PPh;),]BF,
RuH(Cp)(PPh;),
CF;SO;H

NMe,R

[HPBu;]BF,
[HP(‘Bu);]BF;
CF;SO;H

[HPCy,]BF,
HCl1

[HP(Bu);:BF,
[HPCy;]BF,4
[HPCy,]BF,
4-NO,C¢H4OH
4-NO,C¢H,OH
(CF5),CHOH
2,5-lutidine

NEt;
[PhMeC=NC,H;s)]BF,
CF;COOH
[Ru(H,)(Cp)(dppm)]BF,
CF;CH,OH

PhCOOH

(CF5),CHOH

DBU
NPr,Et

HCl1

[RuH(Cp*)(PMePh,),]BF,
NH;
PhCOOH
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MH + 2HY = [MH,][YHY]

MH + [M'H,]Y = [MH,]Y + M'H
[MH,]Y + M'H = MH + [M'H,]Y

MH + HY — [MH,]Y
[MH,]Y + B == MH + [HB]Y
MH + [HB]Y = [MH,]Y + B
MH + [HB]Y = [MH,]Y + B
MH + HY — [MH,]Y

[MH + [HB]Y == [MH,]Y +B
Z[MM] + HCl > MHM + ZCl

MH + [HB]Y = [MH,]Y + B
MH + [HB]Y = [MH,]Y + B
MH + [HB]Y = [MH,]Y + B
MH + 2HY = [MH,][YHY]
MH + 2HY — [MH,][YHY]
MH + 2HY = [MH,][YHY]
[MH,]Y + B — MH + [HB]Y
[MH,]Y + B == MH + [HB]Y
MH + [HB]Y = [MH,]Y + B
MH + HY — [MH,]Y

MH + [M'H,]Y = [MH,]Y + M'H

MH +2 HY = [MH,][YHY]
MH + HY = [MH,]Y
MH + HY = [MH,]Y

[MH,]Y + B — MH + [HB]Y
[MH,]Y +B — MH + [HB]Y

MM + HCI - [MHMI]CI

MH + [M'H,]Y = [MH,]Y + M'H

[M;3Hg]Y + B = M;H;s + [HB]Y
M,H; + HY = [MsHq]Y

CD,Cl,
THF
CH,Cl,
DCE
THF
CH,Cl,
THF
DCE

CH,Cl,
CH;CN

THF

THF

THF

CD,Cl,
CD,Cl,
CD,Cl,
CD,ClL,
CD,Cl,
CD,Cl,
CD,Cl,
THF

CD,Cl,
toluene
CD,Cl,

PhF
CD,Cl,

CH;CN
THF

THF
THF

200
298
298
298
298
298
298
298

298
298

298
298
298
200
<230
<230
298
298
298
193
298
230
298
298

298
298

298

298
298
298

7.2
11.8
12.1

7.1

8.6

11

9.8

11

12
9.2
8.9
11°
11°
18°
<9

13

11.0

11.0
24¢
11°
18°

22.0

15

11
21

10
10

L 0 0 o
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—_ = =
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<12

11

96

166
8,29
173
92

7,89
8,29

8,154
66

7,90
7,90
7,90
220
221
221
222
222
169
221
169
223
224
224

170
225

226
7,90

176
175



119

120
121

122
123
124
125

126
127

128
129
130
131
132
133

134
135

136

137
138
139
140
141
142

143
144

145
146
147
148

[Os3(H)s(Cp*)s]”

[Ru(H)(Cp)(PMes)]*
[Ru(H)(Cp)(dmpe)]*

[Fe(Hy)H(dppe),]" (trans)
[Ru(Hy)H(dppe),]" (trans)
[Os(H,)H(dppe.]” (trans)
[Ru(H:)H(dppp)2]" (trans)
[Os(H)3(dppp)2]”
[Fe(H,)(CpMe)(P'Bu-N-P'Bu-N-)]*
[Ru(Hz)(PCy3)(*S4)]
[Ru(H)(Cp*)(PMes).]"
[Ru(H)(Cp*)(dmpe)]
[OsH,(Cp-NMey)(P'Pr3),]"
[OsH;(PPh;Me),]*
[OsHy(PPh,Me),]*

[Ru(Hy)H(dape),]"

[(dppv)(H)Fe(n-CO)( p-
SCH,NHCH,S)Fe(CO)(dppv)]*
[RuH(C¢Mes)(bpy)]*

[OsH;(PMe,Ph),]*
[OsH3(PMe,Ph),]"

FeH(CO), {CsH,OP(OPh),} (P(OPh)y)
FeH,(CO),

RuH,(CO),

OsH(CO),

RuyHy(CO)1o(P(OMe);)
[Ru(Hy)(cymene)(Tsdpen)]*

[FeHs(PMe).]*
[Ru(Hy)H(PMe;)4]" (cis)
[OsH;(PMes)s]*
[RuH:(PEt;)]*

M3H5

MH
MH

MH,
MH,
MH,
MH,

MH,
MH

MH
MH
MH
MH
MH,
MH,

[HNEt;]BE,

proton sponge
NEt;

NEt;
[Ru(H)»(Cp*)(PMe,Ph),]"
[RuH,(Cp*)(PMePh,),]BPh,
NEt;

NEt;
NEt;

CD;0D
[Ru(H)»(Cp*)(PMe,Ph),]BPh,
[Ru(H)»(Cp*)(PMe;Ph),]BPh,
[HNEt;]BPh,

NEt;

CF;SO;H
[Ru(Cp*)(H)x(PMe),]"

T™MG

NEt;

CF3;SO;H

DBU

aniline

morpholine

NEt;

pyridine

[NH4]BF,
[OsH3(PMes)s]BPhy
[OsH;(PMe;)4]BPh,
[OsHx(PMe,Ph),
[OsH;(PMe;)4]BPh,

38

M;Hs + [HB]Y — [M;H]Y + B

[MH,]Y + B = MH + [HB]Y
[MH,]Y + B = MH + [HB]Y

[MH;] Y + B = MH, + [HB]Y
[MH,]Y + M'H = MH, + [M'H,]Y
MH, + [M'H,]Y = [MH;]Y + M'H
[MH,]Y + B = MH, + [HB]Y

[MH;]Y + B == MH, + [HB]Y
[MH,]Y +B == MH + [HB]Y

Z[MH] + HY = M(I],) + ZY

MH + [M'H,]Y = [MH,]Y + M'H
MH + [M'H,]Y = [MH,]Y + M'H
MH + [HB]Y — [MH,]Y + B
[MH;]Y + B = MH, + [HB]Y

MH, + HY — [MH;]Y

MH, + [M'H,]Y = [M(H,)H]Y + M'H

[MH]Y + B =M + [HB]Y

[MH,]Y + B = MH, + [HB]Y
MH, + HY — [MH;]Y

MH + B — [HB][M]

MH, + B = [HB][MH]

MH, + B = [HB][MH]

MH, + B = [HB][MH]

M,H, + B == [HB][M,H;]
MH + [HB]Y == [MH,]Y + B

MH, + [M'H;]Y == [MH;]Y + M'H,
MH, + [M'H5]Y = [ M(H,)H]Y + M'H,
[MH,]Y + M'H, = MH, + [M'H;]Y
MH, + [M'H;]Y == [MH;]Y + M'H,
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149  [OsH;(PEt;)4]" MH, [OsH;(PMe;)4]BPhy MH, + [M'H;]Y == [MH;]Y + M'H, THF 298 19 22 7
150  [Fe(Hy){Si(CsH4PPry)s}]" MH proton sponge [MH,]Y + B=MH + [HB]Y THF 298 16 16 196
151 [FeH(CN),(CO);]- [M]- NH,PF, Z,[M] + [HB]Y — Z[MH] + B + ZY CH;CN 298 >17 213,233
152 [(CO)sFe(H)(CO)(SCsH,S)Fe(CO),1* MM Electrochemical cycle CH;CN 298 21 234
153 [FeH(N,){P(CH,CH,P'Pry)3}]* M [2,6-Me,CcH;NH]BF, M + [HB]Y — [MH]Y + B THF 298 24 235
154  [FeH(CO){P(CH,CH,PMe,)s}]" M KOBu [MH]Y +KY - M +KY + HY THF 298 24 158
155  [FeH(N,)(dmprpe),]* M KO'Bu [MH]Y +KY — M +KY +HY THF 298 24 236
156 [RuH(N,){P(CH,CH,P'Pr,);}]* M [2,6-Me,CsH;NH]BF, M + [HB]Y - [MH]Y + B THF 298 24 235
157  [RuH(tpy)(bpy)]* M P(NMeCH,CH,);N [MH]Y + B — M + [HB]Y CH;CN 298 <33 26 183
proazaphosphatrane
158  Os(H,)(octaethylporphyrin)(THF) [MH]- LiN'Pr, MH, + ZY — Z[MH] + HY THF 298 f 186
159  FeH(CO),(Cp) [M]- electrochemistry simulation CH;CN 298 27.5 30 57
160 FeH(CO),Cp [M]- 1,5,7 triazabicyclo[4.4.0]dec-  MH + B = [HB][M] CH;CN 298 27 30 39
5-ene (TBD)
161 RuH(CO),Cp [M]- 1,5,7 triazabicyclo[4.4.0]dec- MH + B = [HB]M CH;CN 298 28 30 39
5-ene
162  OsH(CO),Cp [M]- P(N'BuCH,CH,);N Verkade's MH + B = [HB][M] CH;CN 298 33 32 237
superbase
163  [Fe(H)('BuSi(CH,PMe,);)(dmpe)]* M CH;COOEt M +HY = [MH]Y CsDs 298 30 197
164  FeH(CO),Cp* [M]- [ReHq(PPh;),]- Z[MHg] + M'H = MH; + Z[M'] THF 298 31 31 78
165 RulL(H,)(CO)(P'Prs), [MH;]- ReH;(PCys), Z[MH;] + M'H; = MH, + Z[M'H¢] THF 298 38 36 7
166  Os(H,)(H),(CO)(P'Pr3), [MH;]- OsHg(P'Pr3), Z[MH;] + M'Hg == MH, + Z[M'Hs] THF 298 36 38 7
167  FeHy(CO),(PBus), [MH]- KH MH + KH—> K{M] + H, THF 298 38 238
168  RuH,(H)(PPhs)s [MH;]- OsHg(P'Pr3), Z[MH;] + M'Hg == MH, + Z[M'Hs] THF 298 36 39 7
169  RuH,(H)y(P'Pr;), [MH;]- OsH,(CO)(P'Pr3), Z[MHs] + M'H, = MH, + Z[M'H;] THF 298 39 41 7
170  OsHg(P'Prs), [MHs]- [K(2,2,2- MH; + Z[M'H¢] = Z[MH;s] + M'H, THF 298 36 43 7
crown)][ReHg(PPh;),]
171 OsH4(P'Pr:), [MH]- HPPh, MH; + Z[M'Hg] = Z[MH;] + M'H, THF 298 36 43 7

@ Abbreviations: pK.®® = literature value; pK,'*A = from additivity acidity method; dppm = PPh,CH,PPh,, dppe= PPh,CH.CH,PPh;,, dppp = PPh,CH,CH,CH,PPh;, tacn = 1,4,7-triazacyclononane, PPh,-NBn-
PPh2 = PPh2CH2CH2NBnCH2CH2PPh2, dmpm = PMe,CH.PMe;, dcpe = PCy.CH,CH,PCy,, Py Tstacn = TsN{CH.CH:N(CH2py)CHz-},, dtfpe = ((4-CF3C¢Ha)2PCH2CH2P(CsH4CF3)2, HBPz3 =

hydrotris(pyrazolyl)borate, PTA = P(CH2NCH2)s, Cp-Cp = CsHs3(SiMe2).CsHs, Cp-NMe:z = CsHaCH2CH2NMe;, {Cp-NHMez}" = {CsHaCH2CH2NHMe:}*, dach = 1,2-transdiaminocyclohexane, P-py-P =
PPh,CH,CsH3sNCH2PPh;, tmeP,NH; = PPh2CsHsCHNHCMe>CMe;NHCH,CsH4PPh,, (P'Bu-N-P'Bu-N-) see Figure 6 A, dape = PAr,CH,CH,PAr,, Ar = 4-MeOCgHa, Tsdpen = TSNCHPhCHPhNH,, PPh-NPh-PPh-
NPh = cyclo-{-PPhCH2NPhCH,PPhCH:NPhCH>-}, dmprpe = P((CH2)s0Me).CH,CH2P((CH2)s0Me),.
b The ligands are the same as in the acid form apart from the loss of a proton (and counteranion for cationic complexes).
¢ pKs"MS0 but reaction done in lower dielectric constant solvent.

93<pKa.<14

¢ pKa corrected to the MeCN scale for cationic acids using Equation 14

f12<pK,<50

39



4.6 Cobalt group

4.6.1 Cyclopentadienyl complexes

Half sandwich hydride complexes of iridium with Cp or Cp* ligands represent the most acidic
(entries 1-2) and least acidic (entries 83-84) of the cobalt group (Table 9). Dihydride complexes of
iridium of this type have been studied for factors that influence trans vs cis dihydride or dihydrogen
structures and for applications in catalysis. The very water sensitive dicationic complex
[IrH2(Cp*)(dppm)][B(CsFs)sl2 (entry 1 of Table 9) is prepared by reaction with starting chloride complex
[IrCI(Cp*)(dppm)][B(CsFs)4] with [SiEts][B(CeFs)a] under dihydrogen in CD,Cls. It exists as a mixture of a
compressed cis-dihydride structure with an H...H distance of 1.5 A and a trans-dihydride structure.
Traces of water convert it to a monohydride making the dihydride pK; less than zero, consistent with its
pKa""C of -4 . The corresponding PMe,CH,PMe; (dmpm) complex (entry 2) was prepared in a similar
fashion and is also extremely acidic. The pK.°™ must be less than -4 since the monohydride
[IrH(Cp*)(dppm)][B(CsFs)s] does not react with CF3SOsH in CD,Cl».2%9 In this case the pK,**“ of 0 is an
overestimation. A related dihydrogen complex with a chelating dicarbene ligand [Ir(H2)(Cp*)(NHC-
NHC)]?* (entry 4, 5, Figure 13) is also strongly acidic but less so than the dmpm derivative since it is
deprotonated by Et,0 and H,0 but full formed by the addition of one equivalent of CF3SOsH.2*°

— - PFg = 2+
Ir// . Ir///, H

/\/ Cl + H, + Et3SiB(CgF5)s — N /‘/ H'
X\N DoM | N >”\\N/
\’N\J Q/ \’NQ

Figure 13. Formation of a very acidic iridium dihydrogen complex

The reaction of [Ir(Cp*)(H.0)(bpy)]** with hydrogen in water results in the formation of
[IrH(Cp*)(bpy)]+ and hydronium ion.?*! This heterolytic splitting step, which is expected based on the
KatAC of -2 for the intermediate dihydrogen complex [Ir(Cp*)(H2)(bpy)]?* (not listed in the Table) is
|mportant in the mechanism for the hydrogenation of carbon dioxide into formic acid catalyzed by the
monohydride complex in water at pH 3 (see Section 6.7).

The enthalpy of protonation of a wide range of Ir(Cp*) and Ir(Cp) complexes were determined
by Wang and Angelici (entries 10, 12, 13, 17, 30, 32, 33, 35, 37, 38, 47-49).2%!'2 The hydrides generated
in situ include [IrH(Cp*)(C0),]CFsSOs (entry 10, pK,*A€ 3), [IrH3(Cp)(P(OPh)3)]CF3SOs (entry 12, pK,“A€ 7)
and [IrHs(Cp)(PPhs)]CF3S0s (entry 13, pK.*A¢ 7). The two trihydrides display interesting patterns in the
hydride region of their 'H NMR spectra due to a quantum mechanical exchange coupling
phenomenon.?*? Related acidic dihydrogen complexes of cobalt(lIl) [Co(H2)(Cp*)H(P(OMe)s]* were
prepared and deprotonated by NEt3.2*® The iridium(lIl) complex of entry 50, [IrH2(CO)(PPhs)s]CF3SOs,
although not containing a cyclopentadienyl ligand, has a pk,°?™ 11.

The oxidation of dihydrogen in DCM by an iridium Cp* complex containing an amidophenolate
ligand was postulated to proceed via oxidation and then deprotonation of two acidic species by 2,6-
ditertiarybutylpyridine (pKaV*™N 11.5, pK.°™™ approx. 7) as shown in Figure 14. Their pK,>®™ values are
listed as <6 in entries 15-16 in Table 9.
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Figure 14. Successive deprotonations of an iridium hydride complexes starting with a radical-based ligand

The Ir'"" hydride [IrH(Cp*)(bpy)]* with a bipyridine ligand has pK;MeN 23 as determined by its
equilibrium with DBU-H* (entry 63).2* The conjugate base Ir' form is very basic, dissolving in water to the
Ir'"" hydride cation and hydroxide ion (entry 64).2%° This basic nature is consistent with the pK,** 19 which
converts to pK,V'¢™N 24, The photolysis at 430 nm of [IrH(Cp*)(bpy)]* in MeOH results in the elimination
of a proton to form the conjugate base Ir(Cp*)(bpy) complex which is reprotonated rapidly.?*® The
excitation of the Ir(lll) to bpy charge transfer band effectively oxidizes the iridium, making it much more
acidic by losing the d® electron configuration (worth -6 pK; units) and increasing the charge by one
(worth -15 pK; units) making an effective pK,*A¢ of 19-21 = -2 for the excited complex.

Entries 66 and 69 are cationic Ir¥ dihydrides with Cp* and chlelating monoanionic ligands. Their
pK.MeN are determined to be 13.9 (equilibrium with lutidinium) and 17.4 (equilibrium with HNEts*),
respectively.?3?

The neutral hydride Rh"H(Cp*)(NCsH4CsHa) (entry 71) has a monoanionic cyclometallated
phenylpyridine ligand. It is a very weak acid (pKzVe™ 30.3) requiring reaction with strong phosphazene
base to observe an equilibrium in MeCN. The neutral dihydride Ir'"H,(Cp*)(PMes) (entries 83 and 84) can
be deprotonated by Buli in THF and the conjugate base form is so basic than it reacts with hydrogen gas,
presumably to make LiH, and it reacts with dimethylsulfoxide (DMSO) to give the anion CH,SOMe".2%!
The pK,*€ of 46 may be too low, considering that the pk;MeN(H,/H) is approx. 50. However the correct

accounting of ion pairing could result in significant increases to the numbers for this complex.

Hydrides of this group with Cp or Cp* ligands are important in a variety of catalytic applications
as discussed further below.

4.6.2 Dicationic hydride acids

As expected on the basis of the LAC equation, dicationic acids normally have low pK, values. In
addition to the very acidic dicationic cyclopentadienyl complexes just discussed (entries 1,2, 4, 5 of Table
9) there are several other dicationic complexes in Table 9 with pK, values ranging from less than zero in
water (entry 7) for the rhodium(Ill) complex [RhH(CNR)4(OH,)]?* with 4 wt-acid isonitrile ligands’3?%” to
18.9 in MeCN (entry 39) for [RhH(dmpe),(MeCN)]?** with strongly donating phosphine ligands. In
between is [RhH(dppe)(MeOH)s]?** (entry 8) which is in equilibrium with protonated methanol.?*® The
complex [Ir'"H(CN'Bu)s]?* is formed presumably from the protonation of [Ir'(CN'Bu)s]* with NH4PFs in
MeOH (pK,“e°" approx. 9).2*° Titration of the water soluble complex [Ir(COD)(PMes)s]* with HCI provides
the pK,29 4.2 for [IrH(COD)(PMe3)3]?* (pKaAC = 2x-2+3x4.9+2-15+6= 4).2°° Complexes
[MH(diphosphine),(MeCN)]?* (M = Co, entry 22; M = Rh, entries 25-27, 39-43)%>! have pK,;M*N ranging

41



from 5.8 to 18.9 and the cobalt(lll) complex [CoH(Ps)(MeCN)]*(entry 45)?** with phosphine and nitrile
donors has a pK,V'*™ of 16 (Figure 15). The effect of the metal on pK,Ve™N is illustrated by the compounds
[M"H(dppe).(MeCN)]** where Rh"" (9.0, entry 26) < Co" (11.3, entry 22) (a similar ordering of the 4d vs
3d metal is seen for Pd" < Ni" (see below). Complexes with predominantly nitrogen donors have pK,2%in
the range 9-14: [RhH(NHs)4(H20]?* (entry 23),”® [RhH(bpy)2(H201** (entry 24),” [CoH(rac-
macrocycle)(H20)]1?* (entry 44, Figure 16)*3 and [CoH(N(CH2CHpy).CH2bpy)]** (entry 46, Figure 16).%83

Ph 2 " ph 1*
N \N +
H Z H
am N T\ N
N /P"/,C \\\‘PPhZ + | N /P",/ \\\-PPhZ + | ~
Ph/ N\ 0 = MeCN Ph/ N\ Co 7
\p? N PPh, \_R? | Speh,
NN NN
¢ ¢
| Me a | Me

Figure 15. Equilibrium of a Cobalt(lll) complex of a tetraphosphine (P,) ligand with protonated collidine.

— - 2+ — - 2+
o
‘ . N
C

Figure 16. Cobalt(lll) hydride complexes

4.6.3 Monocationic hydride acids

There is a wide range of pK, values for these positively charged complexes ranging from pKP™ -4
for the iridium(lll) cis-dihydride of entry 3 to pK."*™ 32.4 for the paramagnetic cobalt(ll) hydride
complex [CoH(P4)]* (entry 78).%°2 The iridium(l) monohydride IrH(dpfepe), containing electronegative
chelating ligands (C;Fs),PCH,CH,P(C;Fs); is not protonated by HBF,Et,0 in CH,Cl; and requires two equiv.
of triflic acid in CH,Cl; to give the iridium(lll) cis-dihydride of entry 3.2>* The complex
[Ir(H2)H(SCHS)(PCys).]* (entry 6)**° is so acidic that it is deprotonated by water in CH,Cl, (Figure 17).
Similarly the complex [IrH2(PPhtrop).]" where trop is an appended olefin is in equilibrium with
IrH(PPhtrop), and H30*in THF/DCM/H,0 mixtures and is estimated to have a pK,* 2.2°®

PCy; |" PCys
s. |H. s, | 4 )
C H | +H0  —= & e +HO
s ‘\H DCM S/ ‘\H

PCy3 PCy3

Figure 17. Deprotonation of an iridium dihydrogen complex by water in DCM

The complex [RhH(CI)(CO)(PPhs),]* is prepared by protonating RhCI(CO)(PPhs),. It has a pK,"A¢ 1
and indeed has a pK,"'°" of 1.8 (entry 9).%” The iridium analogue [IrH(CI)(CO)(PPhs),]* (entry 11) is
slightly less acidic, as expected, with a pK;Me°" of 2.1. Replacing the PPhs with PMe,Ph reduces the
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acidity further (entry 18) although not as much in MeOH (pK,V¢°" 2.8) as predicted for THF (pK,*A° 6).
The complex [IrH(1)(COD)(Josiphos)]BF, (Figure 18) with a pK.‘A¢ 5 is partially dehydrohalogenated by

imine that models the substrate of the Metolachlor process, a large scale industrial asymmetric

hydrogenation process (see Section 6.1.5);% its iminium form is expected to have a pK

value.

DCM

near to this

H Xyl BF4 Xyl,  |BFa
/, T . e /, "///’Ir\\\\‘P +
| - | \P N ;a/, | - \P N
I pn, Fe \( Ph, Fe \(
0 0
L \ L \

Figure 18. Deprotonation of an iridium(Ill) complex by an imine.

The entries 19-21 represent the delicate balance of protonation state of the complexes
[Ir(H2)H(bg-NH.)(L)2]A/[Ir(H)2(bg-NHs)(L):]A that depends on L and the counterion A (Figure 19).%°° When
the counterion is kept fixed as A = BF4, then the small basic L = PPh,Me, causes protonation of the
iridium to produce a dihydrogen hydride structure with the anion participating as a hydrogen bond
acceptor from the dihydrogen ligand. When L is large, either PPhs or PCys, the protonation occurs at the
aniline-like amino group with the anion participating as a hydrogen bond acceptor. Since the pK.°™ of
anilinium is 8, these complexes are thought to have values near to 8 as well. While not listed in the
table, the dihydrogen complexes [Rh(H:):H2(PRs).]*, R = Cy, 'Pr are acidic and decompose by elimination
of protonated phosphine.?®®

L = PMe,Ph (small)

L = PCy; or PPhs (big)
Figure 19. The structure of an iridium(lll) complex depends on the nature of the ligand L and the anion A (BFy)

Similarly entries 28 and 29 (Figure 20) demonstrate the powerful influence hydrogen bonding
can have on the effective pK; of acids in low dielectric constant solvents.?! The methyl piperidinium
group attached to the iridium(lll) dihydride complex should have a pK.°™ of approx. 13 while the iridium
trihydride cation is expected to have a pK,“* of approx. 7. In the presence of hydrogen bond acceptors,
either THF or OPPhs the piperidinium form is favored (entry 28) while in neat DCM, the trihydride form
is favoured (entry 29). The cobalt(I11)/(1) electrocatalyst [CoH(CsH4CsF4N)(P®“2NP"2)]* with an electron-
withdrawing fluoropyridyl substituent on the Cp ring was determined to have a pK,M**N 15.6; 2 the
pK,"C is 18 for the d® octahedral complex with a Cp ligand.
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Figure 20. The position of protonation depends on the additives present.

Burgess and coworkers have established the acidic nature of the iridium(V) complexes of entries
31 and 34 by estimating pK.""*N values of 11.5 and 17.4 respectively by use of DFT calculations.?3 The
complex with a chelating ligand consisting of a triarylphosphine donor and an oxazoline donor is
calculated to be about 6 units more acidic than one with a chelating N-heterocyclic carbene donor and
an oxazoline donor (Figure 21). The values are similar to those predicted by the LAC method scale,
pK.Me™N 12 and 15, respectively, using the A, values of 2 for the PAr; donor, 5 for the NHC donor and 4
for the oxazoline donor and the conversion from the THF to MeCN scale. The related iridium(V) NHC
complex of entry 51 has a pK,** 13 and this explains why it can be deprotonated by DBU to give the
trihydride iridium(Ill) complex (with DBU-H* pK,™F 20) but not by quinoline (with quin-H* pk,™" approx.
8, like py-H*).

@ ﬁﬁ TV
(A D

'Pr. N7 ppN

yo PhR N/
Pr Ad-1 (1 pPh

Figure 21. CN and PN ligands on iridium

The iridium(ll1) hydride complex with a tetradentate k3-P, k!-N ligand IrH3{N(CH,CH,PPh,)s} is
protonated with a strong acid in DCM to produce an unstable complex [IrHs{N(CH,CH,PPh3)s}]* (entry
54).58 The pK,"*C for the product protonated at the metal [Ir'H4L]* or at the hydride [Ir'"'H,(H2)L]* is
approx. 15 so that the reaction would be very favorable. In actual fact it is reported that the complex is a
seven coordinate tetrahydride with a k3-P ligand i.e. the nitrogen donor has detached. By contrast the
protonation of the five coordinate iridium(l) complex IrCI{N(CH,CH;PPh;)s} with triflic acid produces the
six coordinate d® iridium(Ill) complex [IrHCIL]CF3SOs as expected for a pKaA€ of 15 (entry 55).

Entries 56, 57 and 58 present two basic iridium complexes that are protonated by excess
methanol or water in toluene or dioxane. The first is Cp*Ir'(u-H)Ir'"'Cp* which protonates at the bridging
position to produce two formally Ir'" centers in [Cp*Ir'"'(u-H)sIr'"'Cp*]* with a homoconjugated
[MeOH..OMe] methoxide ion.?%* The protonated form is favored as the temperature is lowered below
298 K as is normally observed when neutral acids and bases produce ionic species in a low dielectric
constant solvent. The pK,¢ is estimated to be around 25 based on a pK.""" approx. 43 for MeOH and the
fact that the acid (MeOH) behaves much stronger (by approx. 20 pK; units) in such reactions than would
be indicated by the pK; value. The second is the complex Ir'CI(PMes)s which produces the hydride
IrH(CI)(OMe)(PMes)s or IrH(CI)(OH)(PMes)s upon treatment with MeOH or water (entries 57 and 58).2°
The pK2*A¢ 17 is based on the IrCI(PMes)s formula and the d® octahedral structure of the acid form. This
reaction is thought to proceed via protonation to first form a five coordinate Ir'"' complex [IrHCI(PMes3)s]*
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with homoconjugated anions. The dimeric complex [{IrH(CO)(Cp*)}.(u-H)]* is deprotonated by NEt; in
DCM while [{IrH(P(OPh)s)(Cp*)}2(u-H)]* requires the stronger base, lithium diethylamide.?®®

Entries 59 and 70 are cobalt(lll) complexes with two dppe ligands. The first, [CoH,(dppe)z]* has a
pK.Me™N measured as 22.8 (in equilibrium with TMG-H*);* the pK,‘A¢ 18 is in agreement when converted
to pKaMeN 24, Entry 70 is the paramagnetic complex [Co"H(dppe).(MeCN)]* which is weakly acidic
(pKaMeN 23,6, pK,A€22)* because of its good donor ligands. The pK."*™in this case was determined
indirectly by use of electrochemical measurements and a thermodynamic cycle (Figure 22).

-2.03
Co® Co™

38.1

| -1.56

Eip (V)
BDE (kcal/mol)
HQCOIH pKaMeCN

Figure 22. Thermodynamic cycles for the [Co(dppe).] system relating pK, (bold), Co-H bond dissociation energy (plain text) and
reduction potentials (italic).

Similar cycles were used to estimate the pK,V'*™ 31.7 for trans-[Co""H,(P4)]* (entry 72, Figure 15) and
32.4 for [Co"H(P4)]* (entry 78).2°2 The related tetraphos complexes [MH,{P(CH,CH,PPh;)s}]*, M = Co,%’
Rh?%8 (pK,'A€ 20) can be prepared by protonation of the basic monohydrides MH{P(CH,CH,PPh;)s} with
CF3COOH (pka¥e™ 13) in THF. In order to reverse the protonation to prepare the monohydride of
rhodium(l), a strong base like MeLi or KO'Bu was required.?®’

The least acidic cationic hydride complexes in Table 9 are the rhodium(Ill) and iridium(lll)
octahedral complexes containing four very basic phosphorus donors (entries 73-77) and are estimated
to have pK,"€ in the range of 26-28 (pK.V'**N 31-33). This agrees well with the determination of pk,"e™N
30.6 for [RhH,(depx),]*, depx = 1,3-(PEt,CH;),CeHa (Figure 23), by use of a phosphazene base.®® The
complexes [RhH,(dmpe),]* and [RhHz(depe),]* have similar acidity to 'BuOH in THF (entry 74, 75). The
iridium(l) complex IrMe(PMes)s is very basic, deprotonating the weak hydrides FeH(CO).Cp (pKa*A¢ 30)
and MnH(CO)s (pKa"A¢ 16) in pentane, to give the cationic hydride [IrH(Me)(PMes)s]* (pKa"A¢ approx. 28)
strongly ion paired with the conjugate base form of these carbonyls (entries 76, 77).2%°

PEt, PEt, PBu, P'Bu,
depx dtpx

Figure 23. The chelating diphosphines ortho-bis(diethylphosphino)xylene (depx) and ortho-bis(ditertiarybutylphosphino)xylene
(dtpx)

4.6.4 Neutral and anionic hydride acids

The neutral dimeric rhodium complex of entry 36 is unusually acidic, eliminating HCI reversibly
(Figure 24, L = 1-adamantylisocyanide, P-N—P = bis(trifluoroethoxy) phosphino)methylamine. 2° The
electronegative groups on the bridging phosphine-amine ligands, the chloride ligands and the w-acidic
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isocyanide ligand all contribute to the acidity. The pK,*A° of HCl is 10 suggesting that this complex has a
similar pK,“C.

R N 0% RN 0K

RO_P~ Sp-OR RO_P~ Np-OR
Ho L -HCI

Cl—Rh——Rh—ClI Cl—Rh——Rh—ClI

ro—m e | Hel \idl

RO | OR RO | OR

Figure 24. Reversible addition of HCI to a dimeric rhodium complex

The m-acidic carbonyl ligands of CoH(CO)4 cause this complex (pK,MeN 8.3) to have a similar
acidity to HCl (entry 52)*° and para-trifluoromethylanilinium (entry 53).% Substitution of a carbonyl with
(P(OPh)s)s (entry 65) or PPhs (entry 67) cause the expected decreases in pK,""**N values. Completely
replacing the carbonyls with phosphorus donors in CoH(dppe). (entry 79) results in a pKa""*™™ of 38 on
the basis of a thermochemical cycle. The conjugate base form of this last complex [Co(dppe).]- when
dissolved in MeCN (pK(autoionization) approx. 38) would probably deprotonate MeCN to give this
hydride and CH,CN". Similarly RhH(dppb). is estimated to have a pK,;MN 35 (entry 80) and RhH(depx),,
51 (entry 85). pK:MeN ranging from 39.4 (R =Ph) to 49.9 (R = Cy) have been reported for RhH(P?*N~"2),
complexes. 27!

Table 9 also classifies reactions of anionic rhodium and iridium hydrides in water (entries 60-62
and 68). Rhodium(lll) dihydrides [RhH,CIL;]™ with sulfonated phosphine ligands are protonated at pH
8.0-8.5 to produce dihydrogen complexes [Rh(H2)HCILs]"?! (entries 60-61). The negative charge on the
ligands appears to reduce the acidity of the complex relative to analogous PPh; complexes
[Rh(H2)HCILs]* which have pK.*A€ 3. The rhodium(lll) hydride with a tetra p-sulfonatophenyl porphyrin
ligand is a weak acid with pK,* 7.0 (entry 62)?’2 while the iridium analogue has pK,?® 11.7 (entry 68).%°
The replacement of eight H by F at the pyrrole positions to give the rhodium porphyrin
[RhD(porphyrinFs-Ars]*> where Ar is CsH2F,SOs™) reduces the pK,29 to 2.2.%73

The iridium(V) pentahydrides IrHsL, with tricyclohexylphosphine (entry 81) and
triisopropylphosphine (entry 82) are very weak acids with pK,"™F 42 and 43, respectively. The first
complex was determined by NMR measurements to react with [K(18-crown-6)][WHs(PMe,Ph)s] to
create an equilibrium with WHe¢(PMe,Ph)s (pKa™F 42, entry 55 of Table 5).1%° The second iridium complex
reacted with [K(18-crown-6)][IrH4(P'Prs),] to create an equilibrium with IrHs(P'Prs),. The complex
CoH(PMes)s (pKa"€ 50) could not be deprotonated by neat CH,PMes.?%®

Other less quantifiable reactions that involve the acid-base chemistry of cobalt group hydride
and dihydrogen complexes can be found elsewhere. 27427
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Table 9 Acid and base reactions involving transition metal hydrides of the group 9 metals in order of approximately increasing pKg.°

Entry  Acid Base® Reactant Reaction Solvent Temp. pK. ™ pKa'AC Reference
1 [IrHy(Cp*)(dppm)] 2 [MHIY H.0 [MH,]Y> + B < [MH]Y + [HB]Y CDCl, 208 <0 4 239
2 [IfH(Cp*)(dmpm)]” [MH]Y CF,SO:H [MH]Y + HY « [MH,]Y> CD.Cl, 298 <4 0 239
3 [IrHa(dpfepe)s]” MH CF:SO;H MH + HY = [MH,]Y CH,Cl, 208 4 254
4 [I(Hy)(Cp*)(NHC-NHC)] [MH]Y Et0 [MH,]Y> + B — [MH]Y + [HB]Y CD.Cl, 298 <0 0 240
5 [Ir(Ho)(Cp*)(NHC-NHC)] 2 [MH]Y CF,SO:H [MH]Y + HY —> [MH,]Y> CDCl, 208 >4 0 240
6 [Ir(H)H(SCHS)(PCys).]" MH,  H0 [MH;]Y + B = MH, + [HB]Y CD.Cl, 298 -1.0 255
7 [RhH(CNR),]™ [MH]Y [M]* + H* = [MH] H,0 208 <0 73
8  [RhH(dppe)(MeOH);]> [M]"  HBF, [M]* + H' = [MH]2 MeOH 298 1.0 248
9  [RhH(CI)(CO)(PPh;),(MeOH)]" M M+ H"=MH" MeOH 298 1.8 1 3,257

10 [IrH(Cp*)(COY]* M CF:SO:H MH + HY - [MH,]Y DCE 298 22 3 8,112
11 [IrH(CO)CI(PPhy),]" M CFSO:H M + H = [MH]" MeOH 208 2.1 3 3,257
12 [IHy(Cp)(P(OPh))]* MH,  CF:SOH MH + HY - [MH,]Y DCE 298 3.1 6 8,29
13 [IrHs3(Cp)((PPh;)]* MH, CF;SOsH MH, + HY — [MH;]Y DCE 298 1.2 7 8,29
14 [IrH(I)(COD){Josiphos}]* M Imine® [MH]Y + B=M + [HB]Y CH,CL, 298 5 258
15 [Ir(Hy){'BuNC4H(‘Bu),0}Cp*]* MH 2,6-BuCsHiN  [MHL]Y + B — MH + [HB]Y CH,Cl, 295 <6 280
16 [Ir(H){BuNC4H;(Bu),0}Cp*]* M 2,6-Bu,CsH:N  [MH]Y + B — M + [HB]Y CH,CL, 295 <6 280
17 [IrH(Cp)(COD)]* M CF;SOsH MH + HY — [MH,]Y DCE 298 3.0 6 8,112
18 [ItH(CO)CI(PPhMe,),]" M CF:SO;H M+ H' = [MH]" McOH 298 28 6 3,257
19 [Ir(Hy)H(bg-NH,)(PPh;Me),]" MH,  bgNH,/BFs [MH,]Y + B < MH, + [HB]Y CDCl, 208 -6 259
20 [Ir(H,)H(bg-NH,)(PCys )] MH,  bgNH,/BF, [MHL]Y + B - MH, + [HB]Y CD.Cl, 298 -8 259
21 [Ir(Ha)H(bq-NH,)((PPhs).]" MH,  bgNH,/BFs [MH,]Y + B — MH, + [HB]Y CDCl, 208 -8 259
22 [CoH(CH:CN)(dppe).]” [MI*  CH,OCH.NH,  [MH]Y,+ B ==[MH]Y + [HB]Y CH,CN 298 113 (1 307) 44
23 [RhH(NH)(H,0)]> M]* [M]* + H* = [MH]? H,0 208 ~14 7 73
24 [RhH(bpy)x(H,0)]" M [M]* + H = [MH]2 H,0 298 9.5 7 73
25 [RhH(CH:CN)(dppb)s] M 4-BrC{H.,NH, [MH]Y, + B = [M]Y + [HB]Y CH:CN 298 9.4 7 251
26 [RhH(CH;CN)(dppe)s] > [MI*  4-BrCeH,NH, [MH]Y, + B = [M]Y + [HB]Y CH,CN 298 9.0 (1367) 251
27 [RhH(CH;CN)(dppp)s]” M]* [DMEF-H]CF;80;  [M]Y + [HB]Y = [MH]Y; + B CH:CN 298 5.8 Zz 071 251
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28
29

30
31

32
33

35
36
37

38
39

40

41

42

43

44

46
47
48
49
50
51
52
53
54
55

[IrH; {CsH,CH(CH,CH,);NMe} (PPhs)]"
[IrH; {C5H4CH(CH2CH2)2NM€} ((PP]’I3)]Jr

[IrH(Cp*)(COD)]"
[ITI‘I4(Czl‘[4)(PthC(,l‘L;-OXE‘.ZOHI’IC)Tr

[IrH(Cp)((PPh;)(CO)]*

[IrH(Cp)(PPh,Me)(CO)]*
[IrH4(C,H4)(NHC-oxazoline)]"

[IrH(Cp*)((PPh3)(CO)]*
CI(H)Rh(p1-P-P),(uCI)RhCI(THF)
[IrH(Cp*)(PMePh,)(CO)]*

[IrH(Cp)(PPhMe,)(CO)]*
[Rh(H)(dmpe),(CH;CN)]*?

[RhH(CH;CN)(depe),]*

[RhH(CH;CN)(depp).]*

[RhH(CH;CN)(depx),]*?

[RhH(CH;CN)(PCy,CH,CH,PCy;),]"

[CoH(rac-macrocycle)(H,0)]?
[CoH(P4)(CH3CN)]*? (trans)

[CoH {N(CH,CH,py),CHbpy}]™
[IrH(CO)(Cp*)(PPhMe,]*
[IrH(CO)(Cp)(PMe3)]"
[IrH(CO)(Cp)(PEL;)]
[IrH,(CO)((PPhs),]"
[TrH4((PPhs)(Benz-NHC)]
CoH(CO),4

CoH(CO),4

[IrH4 {N(CH,CH,PPh,);}1"
[IrH(C1) {N(CH,CH,PPh,);} 1"

MH,
MH,

MH;

MH;

CD,Cl,
THF
CF;SO;H

CF;SO;H
CF3;SO;H

CF;SO;H
HCI
CF;SO;H

CF;SO;H
[proton sponge-
H]CF;SO;
[proton sponge-
H]CF;SO;

[4-
CH30C6H4NH3]
CF3S0;
CH30C6H4NH2

[DMF-H]CF;SO;

2,4,6-M63C5H2N
collidine

H,0
CF;SO;H
CF;SO;H
CF;SO;H
CF;SO;H
DBU

HCl
4-CF3CgHNH,
[H(OE,),]BF,
CF;SO;H

MH, + [HB]Y « [MH;]Y
[MH;]Y + B — MH, [YHB]

MH + HY — [MH,]Y
DFT calculation

MH + HY — [MH,]Y

MH + HY — [MH,]Y
DFT calculation

MH + HY — [MH,]Y
MM + HCl = HM(u-ChHM
MH + HY — [MH,]Y

MH + HY — [MH,]Y
[M]Y + [HB]Y = [MH]Y, + B

[M]Y + [HB]Y = [MH]Y, + B

[M]Y + [HB]Y = [MH]Y, + B

[MH]Y, + B == [M]Y + [HB]Y

[M]Y + [HB]Y = [MH]Y, + B

From pH
[MH]Y, + B = [M]Y + [HB]Y

[MH]Y, + H,0 — [M]Y + H;0+
MH + HY — [MH,]Y

MH + HY — [MH,]Y

MH + HY — [MH,]Y

MH + HY — [MH,]Y

[MH,]Y + B — MH; + [HB]Y
Z[M] + 2HCl = MH + Z[CIHCI]
MH + B = [HB][M]

MH; + [HB]Y - [MH,]Y

M +HY — [MH]Y
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CD,Cl,
THF

DCE
CH;CN

DCE

DCE
CH;CN

DCE
THEF/diox.
DCE

DCE
CH;CN

CH;CN

CH;CN

CH;CN

CH;CN

H,O
CH;CN

H,O
DCE
DCE
DCE
DCE
toluene
CH;CN
CH;CN
CD,Cl,
THF

298
298

298
298

298

298
298

298
298
298

298
298

298

298

298

298

298
298

298
298
298
298
298
298
253
253
<240
298

<13
6.1
11.5
7.0

7.8
17.4

10.9

8.3
18.9

6.0

11.7
16.0

15
11.4
8.7
8.6
11.8
<19
8.3
8.3

(167
11
(167
11
(167)
11
(167
11
(167
11
(167)
11
11
11
11
12
13
14
14
16

15

261
261

8,112
263

8,112

8,112
263

8,112
270
8,112

8,112
281

251

251

68

251

253
252

83

29
8,112
8,112
8,112
282
40
51

58

58



56
57

58
59

60
61

62
63

64

66

67

68
69
70

71
72

73
74
75
76
77
78
79
80
81
82
83
84

[Cp*Ir(uH)sIrCp*](OMe)
IrH(CI)(PMe;);(OMe)

IrH(CI)(PMe;);(OH)
[CoHx(dppe).]*

[Rh(H,)H(CI){PPhy(CcH4S03) } 51>
[Rh(Hy)H(CI){P(CeH,S05)s}31*

[RhD(tspp)(D:0)]*
[IrH(Cp*)(bpy)]*

[IrH(Cp*)(bpy)]*
CoH(CO)3(P(OPh);)

[IrH,(Cp*)(TsNCHPhCHPhNH,)[*

CoH(CO);((PPhs)

[IrD(tspp)(D:0)]*
[Ier(Cp *)(I\II‘IQCthC(,l‘L;)Tr
[CoH(dppe)>(CH;CN)]

RhH(Cp*)(NCsH,-CeH)
[CoHa(P4)]" (trans)

[Rh(H)2(depx).]"
[Rh(H)(dmpe),]*
[Rh(H),(depe),]"
[IrH(Me)(PMe;)4]"
[IrH(Me)(PMe3)4]"
[CoH(Py)I"
CoH(dppe),
RhH(dppb),
IrHs(P'Pr3),
IrHs(PCys),
Ir(H)(Cp*)(PMes3)
Ir(H)(Cp*)(PMes)

MeOH
MeOH (excess)

H,0 (excess)
™G

DBU

Hzo
CH3OC6H4NH2

[2,6-
lutidinium]BF,4
morpholine

[HNEt;]BF,

(C4H3N)3P:N1Bu

(Me,N);P=NMe
KO'Bu

KO'Bu
FeH(CO),Cp
MnH(CO)s

WHg(PMe,Ph),
IrHs(P'Pr3),

H,

DMSO

MH,M + 2HY = [MH;M][YHY]
M +nHY — [MH][YHY+(n-2)HY]

M +nHY — [MH][YHY+(n-2)HY]
[MH,]Y + B = MH + [HB]Y

[MH;]" == MH, + H'
[MH;]" = MH, + H'

M + H* = MH
MH + B = [HB][M]

M +H" — MH*
MH + B = [HB][M]

MH + [HB]Y = [MH,]Y + B

MH + B = [HB][M]

[M] + H* =MH
MH + [HB]Y = [MH,]Y + B
From thermodynamic cycle

MH + B = [HB]M
From thermodynamic cycle

[MH,]Y +B == MH + [HB]Y
[MH,]Y + KX = MH + KY + HX
[MH,]Y + KX -— MH + KY + HX
M+ M'H — [MH][M']

M + M'H — [MH][M]

From thermodynamic cycle

From thermodynamic cycle

From thermodynamic cycle
Z[MH,] + M'Hg = MH; + K[M'Hs]
Z[MH,] + M'Hs == MH;s + K[M'H4]
Z[MH] + H, - MH, + ZH
Z[MH]+HY —» MH, + ZY
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toluene
toluene

dioxane
CH;CN

H,O
H,O

H,O
CH;CN

H,O
CH;CN
(H,0)
CH;CN

CH;CN
(H20)

H,O
CH;CN
CH3CN

CH;CN
CH;CN

CH;CN
THF
THF
pentane
pentane
CH;CN
CH;CN
CH;CN
THF
THF
THF
THF

298
243

298
298

298
298

298
298

298
298

298

298

298
298
298

298
298

298
298
298
298
298
298
298
298
298
298
298
298

22.8

8.5
8.0

7.0
23.0

114
13.9

15.4

11.7
17.4
23.0

303
31.7

30.6

>28
>15
324
38.0
35.0

42

43
>50
>48

25
17
17

(249

19

(269

19

11

17°)

20

22

22

(299

26

(339

26
26
28
28

42
42
43
43
46
46

264
265

265
44

75
75

272
244

245
51

232

51

80
232
44

252

68
283
283
269
269
252

31,44

251
100
100
101
101



85  RhH(depx), [MT From thermodynamic cycle CH,;CN 298 51.0 50

68

@ Abbreviations: pK.®® = literature value; pKa“A° = from additivity acidity method; imine = 2,6-Me>CsH3N=C(Me)(CH.OMe), diox. = dioxane, P4 = PPh2CH2CH2N(CH2NHPhCH>):NCH2CH:PPh;
b The ligands are the same as in the acid form apart from the loss of a proton (and counteranion for cationic complexes).
¢ pKacorrected to the MeCN scale for cationic acids Equation 14
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4.7 Nickel group

Hydride complexes of this group are found in many catalytic processes (see particularly Sections
6.8 and 6.11) and so there have been several investigations to understand their acidity and
electrochemistry.

4.7.1 Dicatonic hydride acids

Nickel complexes with chelating phosphine ligands are of particular interest due to their
application as electrocatalysts for the oxidation of dihydrogen or reduction of protons.?®* These studies
have resulted in the determination of acidity of a range of dicationic nickel(lll) monohydride complexes
[NiHL;)?* and nickel(IV) dihydride (or nickel(ll) dihydrogen) complexes [NiH,L,]** as illustrated in Table 11,
entries 2-10. These dicationic complexes were not easily accessible by experimental means and so their
properties were obtained indirectly via DFT calculations and thermochemical cycles as shown in Figure
25.32 The pK,Me™N for the dppe complexes are very negative with the nickel(lll) complex (entry 2) more
acidic than the nickel(IV) complex. The complexes become less acidic as the substituents on phosphorus
are changed from aryl to alkyl, as expected. When there are basic nitrogen groups attached to the ligand
as in entries 4, 9 and 10, the nitrogen is protonated in preference to the less basic metal center (or
hydride ligand).

-0.61 -1.34
Ni" Ni' Ni®
3.2 23.2
35 52
7 -023 |/
HNi' i
2.1
56 Eqip (V)
AG%,. (kcal/mol)
H2Ni” pKaMeCN

Figure 25. Thermodynamic cycles for the Ni(depp), system

An interesting dicationic hydride complex is the tetraplatinum dihydride polycarbonyl complex
(entry 11, Figure 26) which is in equilibrium with the monohydride and [H(OEt;),]BF4 in DCM.%° The
electron deficient nature of the dicationic cluster explains its high acidity.

— — + — — 2+
Ph,P PPh, PhaP PPh;
o

OC~p—pt—co © C\ F’t Cco
H/ \ + [H(OEL)]* . / + Et,0
\ N/

oc—FPt Pt—CO C———Pt Pt co

PhZPTPPhZ PhZPTPth

Figure 26. Protonation of a tetranuclear platinum complex
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The dicationic bisdihydrogen complex hexanuclear cluster (entry 17) is thought to form by
reaction of the triflato starting cluster with dihydrogen in DCM.% It then protonates triphenylphosphine
(pK:>™ 3) in DCM to give the neutral dihydride cluster as shown (Figure 27). Again the electron deficient
nature of the dicationic cluster contributes to its high acidity.

o o (OTh,
B oo By ¥ ol

tBu__P—"Pt C '(Bu___P Pt

TfO L/ \\\Pt / +2H, == \Pt/ \ Pt /B
--Pt | Pt==Rt=p! 2= - Pt 2P

N IR

tBu/I/: | C l\t OTf tBLI/I/D ' \tBu H

tBU co tBU tBU co tBLI

S e
; /Pt\ IFF\/\:FSt/P\tBu
tBu—P— P

Figure 27. The heterolytic splitting of dihydrogen at a tetranuclear platinum cluster

When the complex [Ni"(triphos)(SEt)]*, where triphos = (PPh,CH,CH,),PPh, is protonated (entry
13), the thiol complex [Ni"(triphos)(SHEt)]?* with pK.Me™N 14.6 is produced instead of the hydride complex
[NiVH(triphos)(SEt)]** which would be expected to have a pK:*A® near 0. The instability of Ni"V hydrides
was discussed above.

With the more donating cyclam ligand, the dicationic nickel(lll) hydride is formed in water (entry
14) at pH 1.8. It is interesting that the pK,“*“ would be calculated as 4x4-15=1. It is not known whether
the LAC method can be generally applied to paramagnetic hydride complexes.

The palladium(0) complex Pd(PPh,py)>(NCHC=CHCN) in DCM (entry 16) is protonated twice at
low temperature with excess triflic acid at the pyridine substituents (pKaA°8) but not the metal (pK,“*¢ 4

for monohydride cation, -11 for dihydride cation).®’

The pK M of the dicationic platinum(lV) complex [PtHz(EtXantphos),]?* (Figure 28) was found
to be 6.8 by reaction with p-cyanoanilinium (entry 18).228 Interestingly the dicationic platinum(lll)
complex [PtH(EtXantphos),]** was found to have a very similar pK,'*™ 7.1 by means of electrochemical
measurements and a thermochemical cycle (entry 19).
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Figure 28. [PtHy(EtXantphos),]**

4.7.2 Monocationic hydride acids [M"HL4]*

The majority of monocationic hydrides have the general formula [M"HL4]* that contain four
phosphorus donors L as monodentate or bidentate (L;) ligands. These span the range of acidities from
exceedingly acidic [PtH(PFs)4]* which only exists in “magic acid” (entry 1)% to very weakly acidic
[PtH(dmpe),]* with pK,MeN31.1.(entry 57)%° While an LAC A, parameter has not be established for PF3, it
is likely it is similar to that of CO (-4), making the pK.A° of [PtH(PFs)4]* approx. -10. By contrast the A, of
dmpe is 2*4.9 making the pKa*A¢ of [PtH(dmpe),]* 22 (which translates into a pK.Me™N of 28). Note that
[PtH(CO)(PPhs),]* (pKa"AC 3) is formed in neat CFsCOOH.?*° The reaction of [PdH(PPhs)s]* with CO results
in proton elimination in aqueous CFsCOOH to give a lower valent Pd carbonyl complex. *2°2 This
palladium solution catalyzes the hydrocarbonylation of ethylene.?*?

Table 10 lists examples of pK,MeN of [M"HLs]* from Table 11 to illustrate the effect of the metal
and increasing donating ligand. The order of increasing pK; is Pd < Ni << Pt with the difference between
Ni and Pt of about 7 units, much larger than 2 observed for other 3d/5d combinations discussed above.
Thus the LAC method will underestimate the pK; values of Pt(ll) complexes. Relativistic contributions to
the bonding increase on going from W to Pt, possibly contributing to this difference. The increase in pK;
on going down the Table 10 is explained mainly by the usual inductive effect of the substituents at
phosphorus although the ligands with methyl substituents (dmpp and dmpe) provide less acidic
complexes than those with ethyl substituents (depp, depe). The large bite angle EtXantphos ligand
seems to cause a dramatic difference of 9 in the pK; of the Pd and Pt complexes [MH(EtXantphos),]*.

Table 10. The pK,VeN of the complexes [M'"HL4]*

Formula Ni(ll) Pd(ll) Pt(l1) Entries of
Table 11
[MH(P(OMe)s)4]* 13.4 10.6 18.5 30, 23,40
[MH(dppe).]* 14.7 22.2 31,44
[MH(EtXantphos),]* 18.5 27.3 39,54
[MH(Et,PCH,NMeCH,PEL,),]"  22.2 22.1 43, 42
[MH(depp).]* 23.3 22.9 48, 46
[MH(depe),]* 23.8 23.2 29.7 49, 47, 55
[MH(dmpp).]* 24.0 30.4 50, 56
[MH(dmpe),]* 24.3 31.1 51,57

The complex Ni(dppe), reacts with HCl in THF to quickly give an equilibrium (K =200) with [NiH(dppe),]Cl
(entry 28) and then slowly to produce H,.2%3 If the pK,™ of HCl is 10 then the pK,™" [NiH(dppe).]Cl is 12,
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consistent with the pK;*A 12. The palladium analogue can be prepared by reacting Pd(dppe), with triflic
acid in THF at 273 K (entry 26). Two palladium complexes (entries 38 and 41) with wide bite angle
ligands were found to have pk,*™N 18.3 and 19.8, similar to that of [PdH(EtXantphos),]* (entry 39).29
Positioning amines on the backbone of the diphosphine can favor hydrogen evolution when the
protonated amine is more acidic than the nickel hydride [NiH(-PMe-NPh-PMe-NPh-),]* (pKaV*N 22.5,
entry 45) or hydrogen oxidation when the protonated amine is basic in the nickel hydride [NiH(-PCy-
N'Bu-PCy-N'Bu-),]* (pKaMeN 24.7, entry 53, Figure 29).292%¢ See the catalysis Section 6.8 for more details.

[Ni]** [NiJ**
2BH"+2e — H,+2B Hy+2B —= 2BH'+2¢
- Ph WL 2 - 'Bu, VBT 2
N N
< < e >
\P/ \P/ ~Cy Cy
N NI 7~ BN \\V/N‘tsu
~
PR NR P Bu R J
L _ L Cy cy i

Figure 29. Nickel bis(diphosphine) complexes that catalyze the electrochemical reduction of acids and oxidation of dihydrogen.

Water soluble complexes [PtH(PTA)4]* (pK22% 7.9, entry 21),%7 [PtH(TPPTS-Na)4]* (pK2% 10, entry
22) and [PtH(P(CH20H)3)4]* (pKa?* 11, entry 27) show acid/base equilibria in basic conditions (see Figure
30 for the structures of PTA and TPPTS-Na).

©/SO3Na

]
' \N) Na0;S - C _P
\
SO3Na
PTA TPPTS-Na

Figure 30. Phosphorus donor ligands PTA and TPPTS-Na that impart water solubility.

4.7.3 Other complexes
The complex [PtH{PMe(C;Fs).}2(CO)]* (not listed in the table) is likely to be extremely acidic
because of the CO and fluorinated ligands. It is prepared in neat triflic acid.?*®

The nickel(Ill) hydride [NiH(P*Bu,CH,CsH3CH,P'Bu,)]* is calculated to have a pK,Me™N 1.7 (entry
12).2%°. The cyclometallated aryl in this pincer complex makes the hydride less acidic than the dicationic
nickel(lll) hydrides discussed above.

The Ni" olefin complex [NiH(CH,=CHOBu)(dppf)]*is a key intermediate in the nickel-catalyzed
Heck coupling reaction (entry 15). 3% The base NCy,Me (pK.""" 14) is needed to deprotonate this
complex in dioxane to turn over the catalyst. The strength of the base is appropriate given the pK,**“ 4 of
the nickel hydride intermediate.

A precatalyst for the Lucite process for the hydromethoxycarbonylation of ethylene is the
hydride [PtH(P'Bu,CH2CsH4CH,P'Bu,)(CO)]* (see Figure 23 for the structure of the ligand dtpx). This
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complex can be prepared from the Pt° complex by protonation with HBF,4 (entry 20).3°? Similarly
PdH(CI)(PCys), can be prepared from Pd(PCys), by reaction with [HNMeCy,]Cl (pk."™" 14) in dioxane while
PdH(CI)(P'Bus); reacts with NMeCy, to give Pd(P'Bus), (entries 24, 25).3°2 These reactions may proceed
via the intermediate [PdH(PRs)]" (see Section 6.11.1). The larger size of the P'Bus ligands make the latter
hydride complex more acidic and susceptible to deprotonation. These reactions are relevant to Heck
coupling catalysis where Pd® must be generated from Pd" by such a reaction with base.

The hydride [Pd"H(PPhs),(DMF)]* with acetate or formate counterions is in equilibrium with
Pd(PPhs); and acetic acid (pK:"MF 12.6)'® in DMF with an equilibrium constant of about 125, and with
formic acid (pK."MF 11.6) with K 250.3% The pK,A¢ of [PdH(PPhs)s]*is predicted to be 9 (not listed the
Table). The deprotonation of [PtH(PPhs)s]" by ethanolic KOH to produce Pt(PPhs)s was reported in
1966.3%* The palladium complexes Pd(P'Pr,CH,CH,CH,P'Pr;)(PRs), R = Cy, Et are very basic because of the
three trialkylphosphine donors and so are protonated to equilibrium with phenol or CFsCH,0H in
toluene-dg to produce [PdH(P'Pr,CH,CH,CH,P'Pr,)(PR3)]*.3%

Complexes of entries 32-37 are platinum(IV) hydrides, prepared by reacting the corresponding
platinum(ll) complexes with nitrogen donors and hydrocarbyl groups with acids HX ranging from neat
MeOH (pK,ve%" 16) to PhOH (pK."A“(PhOH/OPh’) approx. 30) in acetone to HCl (pK,A¢ 10) in THF or DCM.
This class of reaction has been reviewed.3% All of these are calculated to have pK,“*“approx. 16
assuming the hydrocarbyl ligands have an A_ near 0, but this has not been established. The pK,**¢ could
be higher than 24 with a larger A, for the methyl group and a larger 5d metal correction as discussed
above for Pt complexes. A higher value would explain the protonation reaction using phenol (entry 33).

The heterolytic splitting of dihydrogen (3.5-7 atm) by palladium alkoxide pincer complexes in
CsDe, as well as the reverse reaction, the reaction of palladium(ll) hydrides with excess alcohols to give
dihydrogen and the alkoxide complex have been studied (Figure 31).3% It is reported that the
equilibrium lies to the left for the acidic alcohols phenol (pK,*® 9.95, pK,"A¢ 30), 2,2,2-trifluoroethanol
(pKa2® 12.5, pKaA© 39) and 2,2-difluoroethanol (pK,®* 13.3) but it lies to the right for 2-fluoroethanol
(pK:29 14.4). Different palladium triflate or hydroxide pincer complexes also reacts with dihydrogen to
give hydride complexes,3%8-309

P'Bu, P'Bu,
Pd-OR + H, Pd—H + HOR
PtBle PtBUZ

Figure 31. The heterolytic splitting of dihydrogen at palladium(ll).

Other less quantifiable reactions that involve the acid-base chemistry of nickel group hydride
and dihydrogen complexes can be found elsewhere, 310-314
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Table 11 Acid and base reactions involving transition metal hydrides of the group 10 metals in order of approximately increasing pKg.®

Entry Acid Base® Reactant Reaction Solvent Temp. pKa™? pK,“A€ Reference
1 [PtH(PF3)s]" M HF/SbFs M+ HY = [MH]Y HF/SbFs 298 <<0 87
2 [NiH(dppe),]™ M DEFT calculation MeCN 298 -8.6 32
3 [NiHy(dppe),]™ [MH]" DFT calculation MeCN 298 -1.3 -3 32
4 [NiHy(dppp)(-PPh-NBn-PPh-NBn-)] [MH]* NR,CH,Ph reversible proton transfer to nitrogen 203 -1 315
5  [NiH(depp).]™? M]* thermochemical cycle MeCN 298 -3.2 45
6  [NiHy(depp).]™ [MH]* thermochemical cycle MeCN 298 -1.5 5 45
7  [NiH(dmpe),]" M]* DFT calculation MeCN 298 -0.8 32
8  [NiH,(dmpe),]* [MH]* DEFT calculation MeCN 298 0.9 5 32
9 [NiH(-PPh-NPh-PPh-NHPh-),]" M]* [DMF-H]CF;SO; protonation at nitrogen, not Ni MeCN 298 <6 316-318

10 [NiHy(-PCy-NBn-PCy-NBn-),] [MH]* NR,(CH,Ph) protonation at nitrogen, not Ni MeCN 298 <12 5 318-319
11 [Pts(u-H),(u- [M,H]" [H(OEt,),]BF,4 [M H]Y + [HB]Y == [M,H,]Y, + B CH.Cl, 298 0 285
PPh,C(=CH,)PPh,),(CO),] ™
12 [NiH(P'Bu,CH,CoH;CH,P'Buy)]* M DFT calculation MeCN 298 1.7 299
13 [NiH(SEt)(triphos)]* M(SEt) HNiSEt [HMX]? — [MXH]? MeCN 298 14.6 1 320
14 [NiH(cyclam)]™ [M]* [M]* + H+ = [MH]" H,0 298 1.8 1 69
15 [NiH(CH,=CHOBu)(dppf)]* M NCy,Me [MH]Y + B =M + [HB]Y dioxane 298 <13 4 300
16  [Pd(PPh,CsH,NH),(NCHC=CHCN)]" [M]* CF;SO;H protonation at py, not metal CD,Cl, 203 4 287
17 [Pte(Hy)2(u-P'Bu,)s(CO),] ™ MH, PPh3 [M¢H4]Y> + 2B = M¢H, + 2[HB]Y CH.Cl, 298 <5 286
18 [PtHy(EtXantphos),]™ [MH]* [NCCH,NH;} BF, [MH]Y + [HB]Y - [MH,]Y, + B MeCN 298 6.8 3(79 288
19  [PtH(EtXantphos),]™ [MH]* from thermochemical cycle MeCN 298 7.1 288
20 [PtH(P'Bu,CH,CH,CH,P'Buy)(CO)]* M [H(OEL),][B(CsFs)s} M+ [HB]Y — [MH]Y + B PhCl 298 8 301
21 [PtH(PTA).]" M 3,5-CLL,C¢H;0H M + H+ = MH+ H,O 298 7.9 297
22 [PH)(TPPTS)s]* M M + H+ = MH+ H,0 298 10 10.1 71
23 [PdH(P(OMe);)s]" M [MH]Y + B =M + [HB]Y MeCN 298 10.6 6(11° 1
24 PAH(CI)(PCys), M [HNMeCy,]CI M + [HB]Y — MHY + B dioxane 293 11.8 302
25 PdH(CI)(P'Bu;), M NMeCy» MHY +B — M + [HB]Y dioxane 293 11.8 302
26  [PdH(dppe).]” M CF;SO:H M + HY — [MH]Y THF 273 >4 12 321
27  [PtH(P(CH,OH)3)4]" M M + H+ = MH+ H,0 298 11 70
28 [NiH(dppe),]* M HCI M + HY = [MH]Y THF 298 12.3 12 293
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29  [NiH(dppv).]* M CH;0C¢HsNH, [MH]Y + B=M + [HB]Y MeCN 298 13.2 12 (17°) 32,322
30 [NiH(P(OMe);)4]* M [MH]Y + B =M + [HB]Y MeCN 298 13.4 6(11° 1
31 [NiH(dppe).]* M py [MH]Y + B=M + [HB]Y PhCN 298 14.7 12 (17°) 323
32 [PtH(Me)y(tacn)]* M MeOH M +HY = [MH]Y MeOH 298 16 324
33 PtH(Me)(HB(pz);) KM PhOH K[M]+HY —» MH +KY acetone 298 16 306,325
34 PH(Me),(HB(pzMey);) KM HCI K[M] + HY - MH + KY THF 298 16 306,326
35  [PtH(Ph),(Ar-NH-NHAr)(MeCN)]" M [H(OEt,),]BF,4 M +[HB]Y —» [MH]Y + B MeCN <240 16 (229 327
36 PH(CI)(Ph)y(bpy-Bu,) M HCI M + HX — MHX CDCl; 200 16 328
37  PtH(OsSCF;)(Ph)(bpy-Bu,) M CF;SO;H M + HX - MHX CDCl; 200 16 328
38 [PdH(Et,PCcH4sOC¢H4PEL),]" M [HNEt;]BF, M +[HB]Y == [MH]Y + B MeCN 298 18.3 16 (229 294
39 [PdH(EtXantphos),] M [HNEt;]BF, M +[HB]Y == [MH]Y + B MeCN 298 18.5 16 (229 294
40  [PtH(P(OMe);)4]" M [MH]Y + B =M + [HB]Y MeCN 298 18.5 10 (159 1
41  [PdH(PEt,CH,C¢H4CH,PEL,),]" M [HNEt;]BF, M +[HB]Y == [MH]Y + B MeCN 298 19.8 20 (26 294
42 [PdH(PEL,CH,NMeCH,PEL,),]" M [TMG-H]BF, M + [HB]Y = [MH]Y +B MeCN 298 221 20(26% 329
43 [NiH(Et,PCH,NMeCH,PE,),]" M [PtH(dppe)-]PFs M +[MH]Y = [MH]Y + M' PhCN 298 222 20 (26 330
44 [PtH(dppe).] M NEt; [MH]Y + B =M + [HB]Y MeCN 298 222 14 (199 323
45  [NiH(-PMe-NPh-PMe-NPh-),]" M thermochemical cycle MeCN 298 22.5 20 (26° 295
46  [PdH(depp).] M [TMG-H]BF, M +[HB]Y == [MH]Y + B MeCN 298 229 20 (26°) 294
47  [PdH(depe),]" M [TMG-H]BF, M +[HB]Y == [MH]Y + B MeCN 298 232 20 (26 294
48  [NiH(depp).]" M ™G [MH]Y + B =M + [HB]Y MeCN 298 233 20 (26°) 32,289
49  [NiH(depe),]" M CH;0C¢HsNH, [MH]Y + B=M + [HB]Y MeCN 298 23.8 20 (26 32,289
50  [NiH(dmpp),]* M 4-BrC¢HsNH, [MH]Y + B =M + [HB]Y MeCN 298 24.0 20 (26°) 32,289
51  [NiH(dmpe),]" M T™MG [MH]Y + B=M + [HB]Y MeCN 298 243 20 (26° 323
52 [NiH(dmpe)(depe)]” M ™G [MH]Y + B =M + [HB]Y MeCN 298 243 20 (26°) 323
53 [NiH(-PCy-N'Bu-PCy-N'Bu-),]* M [DBU-H]PFs M +[HB]Y == [MH]Y + B PhCN 298 247 20 (26 296
54  [PtH(EtXantphos),]* M Ni(dmpe), [MH]Y, +M' = [M]Y + [M'H]Y MeCN 298 273 18(249 288
55 [PtH(depe),]" M KOPh [MH]Y + KX =M +KY + HX MeCN 298 29.7 22 (28 289
56  [PtH(dmpp).]* M NEt; [MH]Y + B =M + [HB]Y MeCN 298 304 22(189 289
57  [PtH(dmpe),]" M TMG [MH]Y + B==M + [HB]Y MeCN 298 31.1 22 (289 289
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@ Abbreviations: pK.® = literature value; pKa"*° = from additivity acidity method; -PPh-NBn-PPh-NBn- = - PPhCH2N(CH2Ph)CH,PPhCH2N(CH2Ph)CH,-, triphos = PPh,CH,CH,PPhCH,CH,PPh,, cyclam = -
NHCH>CH2NHCH>CH2NHCH,CH2NHCH2CH>-, dppf = PPh,CsHaFeCsH4PPh,, EtXantphos =, TPPTS = P(m-Ce¢HaSO3Na)s, -PCy-NBn-PCy-NBn- = -CyPCH2N(CH2Ph)CH,PCyCH,N(CH2Ph)CH._, dppv = Z-

PPh,CH=CHPPh;, ArNH-NHAr = bis(mesitylamino)acenaphthene, -Pcy-N'Bu-Pcy-N'Bu- = -CyPCH,N'BuCH2PCyCH2N'BuCHz-, - PPh-NPh-PPh-NHPh- = -PhPCH,NPhCH2PPhCH,NHPhCH.-
b The ligands are the same as in the acid form apart from the loss of a proton (and counteranion for cationic complexes).
¢ pKa corrected to the MeCN scale for cationic acids using Equation 14
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5 GENERAL OBSERVATIONS OF THE DATA IN SECTION 4

The simple LAC equation (Equation 17) is remarkably successful in accounting for the acid-base
reactions of transition metal hydride complexes. The order of ability of the ligand to increase the acidity
of a diamagnetic metal hydride as expressed by the ligand acidity constant A, is:

PR3 ~ NHC < PArR; ~ N-donors < PAr;R < PArs < PXs < Cp*/3 < Cp/3 < hydride < olefin < (HNO < CO ~ PF3
< CI'<CN < SiCls

The complexes Re(H)4(NO)(P'Pr3); (entry 31, Table 5) and Os(H.)(H)2(CO)(P'Prs), (entry 166, Table
7) have similar pK,™ values (Table 8); therefore, replacement of ReH(NO) by Os(CO) is predicted to
produce compounds of similar acidity. The A, -3 is tentatively assigned to NO* when a hydride is present.
Complexes with the SiCls™ ligand (entries 41, 67 of Table 8) are much more acidic than expected for
neutral acids in THF and the tentative A, -12 provides pK, that are consistent with the reactions of these
iron complexes. The assumption of additive contributions is a simplification that may break down for
compounds with large numbers of carbonyl ligands (e.g. [Re(H2)(CO)s]*, MH»(CO)4) where competition
for d electrons for backdonation is quite different than for monocarbonyl complexes. Similarly it can
break down for sterically demanding ligands and large bite-angle ligands.® However in this case it is
often possible to explain the deviance in terms of the stability of the higher coordinate acid versus the
lower coordinate base form.

Refinements in the LAC method may be needed to correct the predicted pK, according to the
group in the periodic table. Table 7 and Table 10 indicate that the gap between the 4d and 5d metals
increases from the iron group (approx 4 units) to the nickel group (approx. 7 units) for metal hydride but
only 2 units dihydrogen complexes. This may be due to an increase in 5d metal-H bond strength
attributed to relativistic contributions and the promotion energy from the s to the d orbitals.? The
existing LAC scheme is parameterized to give pK, values at the midpoint of these gaps for hydride and
dihydrogen complexes. However, in general the reactions listed in the tables are consistent with the pK;
values predicted by the LAC method.

Trends emerge that relate reactants and classes of hydrides in solvents where conversions of
values between the solvent scales are possible as shown in Figure 32 for representative examples of
cationic acids. The scales in this figure are drawn to show the approximate correspondence of pK, values
between THF/DCM, MeCN and DMSO. Above the scales are drawn a selection of metal hydride acids
with an arrow to indicate their approx. pK, value. Below the scales are drawn a selection reference
organic acids with their pK; indicated; the data for several of the compounds shown are taken from
other sources. *>3¢ Of course a caveat of such diagrams is that only a few of the possible reactions in
solvents have actually been done.

The polyhydride cations [MHx(PR3)4]*, R = alkyl including chelating diphosphines “(PR3),” such as
dmpe, M =Re, x=4, M =Fe, Ru, Os, x =3, M=Rh, Ir, x=2, Ni, Pd, Pt, x=1 are the weakest acids in this
diagram with pK,*A€ 20-22 (26-28 for Rh, Ir), pKa""" 18-26 (pK,V*™ 24-32). They are seen to be in
equilibrium with organic bases such as the phosphazene NMeP(NMe;)s, DBU, KO'Bu and TMG. As alkyl
groups are replaced by aryl groups the pK, decrease. For example the complexes with formulae
[MHx(PPh2R)4]* including diphosphines such as dppe, now have pK,A¢ 12-14 (18-20 for M=Rh, Ir), pK."F
10-16 (pK.VeN 16-22) and are in equilibrium with bases such as NEts, pyrrolidine and proton sponge.
Groups of [MH,(Cp*)(PPh;R)2]* M = Mo, W, x = 4, M = Fe, Ru, Os, x = 2, with pK,"A¢ 9-11 are in
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equilibrium with bases such as [CF3CH,0-HOCH,CF3)]", PCys, P'Bus, NEts, [4-NO,CsH4O-HOCgH4NO,-4],
2,6 lutidine and [PhO-HOPh)]". The corresponding iron-group Cp complexes have pK;*¢ 8-10. The
protonated metallocenes [MH(Cp*),]* M = Ru, Os have pK,**¢ 5-7 with the osmium complex in
equilibrium with anilinium. The Re relative [ReH(Cp).]* has pK,®® 8.5. The series [MHy(CO)s(PR3),]* is
represented by x= 2, M= Re, x =1, M = Fe with pK,"*“ 0 and 4 respectively. The iron complex is less acidic
because of its d® octahedral configuration and is in equilibrium with PPhs.

[MHX(Cr>)£iF’Q$)z]+
[MH,(Cp)(PPhg),]"
[MlﬂC—p!)z]+
[MHX(CO)et:lVI::Ph)z]+
[MHx(CO)s(PT\:*PM)zr
[Ru(H,)(PPh3)(CO)(HBPz3)]* [MH,(PPhaR)4I*  [MH(PR3)4]*
CH5CN 0 5 10 1* 5 20* 25 30 35
; ; : % : : : i : : >
THF, DCM -5 0 5 10 15 20 25 130 35 40 45
DMSO ' 6 zls 1lo 1'5 2lo 215 310 3'5 B}
H(O+Et2)+ HPIVTePh{ HNét{ PPh3£HMe2+
H(O+H2)+ H3I\TPh+ H—pyrroﬁdine+ P(NMe2)3I\TP(NMe2)2(NHMe)+
‘BuO*H{ H:y+ H-T+MG+ HP(NMeCH,CH,)sN*
H-T+HF+ HPM+e2Ph+ H-D+BU+ (P(NMe2)3NtzP(NMe2)(NHtBu)*
HPPhs*  HPCys* P(NMe,)s(NHMe)*  (P(NMey)sN)sPNHtBu*

N-Melmidazole-H*

Figure 32. Matching the pK, of classes of cationic metal hydrides and cationic reference acids

The construction of a harmonizing scale for the neutral hydride acids is more challenging
because of the variation in ion-pairing, hydrogen bonding and solvation energies in the cations and
anions in THF and DCM. Figure 33 shows the approximate placement of hydride acids (on top of the
scales) and organic reference acids (under the scales). Several of the pK,™" and pK,"**N determinations
were done using reactions that conserve equal numbers of ion pairs on each side of the equation
(Equation 9) and these should correspond as shown in Figure 33. Very strong bases such as O'Bu” and

NPh; will be strongly interacting with counterions and other species in solution and so a variation in pK,
is noted on the diagram.
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In general as the number of carbonyl ligands increases in the coordination sphere of the metal
the pK, drops when other ligands are kept similar according to the LAC scheme. Similarly, as the number
of phosphine donors increases the pK; increases as expected.

CoH(PPh3)(CO)3 RhH(PPh,CH,CH,CH,CH,PPh,),
Y Y
CrH(Cp)(CO)3 Re(H)2(Cp)(CO),  Os(H)g(PPrs), RhH(PEt,CH,CgH4CH,PEL,),
Y \ Y
MH,(CO)4, M=Fe,Ru,0s  MH(Cp)(CO), Ir(H)5(PiPr3)2

Vo \

CoH(CO), Mo(H)(Cp*)(CO)3  W(H)(Cp)(PMe3)(CO), ReHs(PMePhy)3

CH3;CN 0 5 10 15 20 25 30 35
I 1 ] ] ] ] ] 1 ] | 1 [
I I I I I I I I I 1 I =
THF 0 5 10 15 20 25 30 35 40 45 50 55
1 ] ] ] ] ] ] ] ] l -
| | | I I I I | | T =
DMSO 0 5 10 15 20 25 30 35
HBr  HCI 2,6-dinitrophenol  4-chlorophenol  acetophenone 'BuOH H,
tolSO3H CIH,CCOOH PhOH PhoNH DMSO
2,4 ,6-trinitrophenol PhCOOH + MePhNH
+ + 9-phenylfluorene + *
(tolSO,),NH CH3COOH Phs;CH Ar,CH,
Cl,HCCOOH CH,(CN), CH5CN
CF3SO3H + (CF3)3COH CFSCHZOH
CF;COOH

Figure 33. Matching the pK, of neutral metal hydride acids with neutral reference acids in three solvents.

When neutral acids react with neutral bases to generate a cationic acid in a low dielectric
constant solvent like THF or DCM, as in Equation 11 (HA + B = [HB][A]), the results can be quite
unexpected if the pK."M*° or pK,°? of the acids are used for comparison. Table 12 is a list of reactions of
this type taken from the tables above, several observed below room temperature due to the instability
of the protonated metal form. The ApK.™" values are calculated by adding 10 to pK.°™*° values of the
organic acids (the correction of 10 is obtained from the data of Table 2). It should be noted that the
equilibrium of Equation 11 is expected to have a negative AS. Thus it is expected to move toward the
organic acid and unprotonated metal base as the temperature increases. These trends are clearly

observed in a study of the reactions of MH(CO);Cp, M = Mo, W with neutral bases in hexane, THF, DCM
and MeCN as discussed in Section 4.3.
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Table 12 Equilibria between neutral acids and bases in low dielectric constant solvents (Equation 11)

Table/ Acid pKa Base (M) pKa¢ Solvent/ ApKa,

Entry (DMSO0) (MH") Temp. (THF)

Table 5/1 HOTf 0 WH(CO)sCp -8 DCM/298 ~18

Table5/2  HOTf 0 WH(CO):Cp* -7 DCM/298 ~17

Table 8/1  HOTf 0 [FeH(CO)(dppe)]* -7 DCM/298 ~17

Table 8/2 HOTf 0 [OsH(CO)(dppp).] -5 DCM/298 ~15

Table 8/5 HOTf 0 RuH(CO),Cp* -5 DCM/193 ~15

Table 8/12  HOTf 0 OsH(CO),Cp* -3 DCM/193 ~13

Table 5/33 CF;COOH 3.4 MoH;Cp*(dppe) 9 Toluene/ ~4
<250

Table 6/11  (CFs)sCOH 11 ReH(CO),(tripod) 3 DCM/ ~17
<260

Table 8/35  (CFs)sCOH 11 RUH(CO)Cp(PCys) 3 DCM/200 ~18

Table 4-NO,CsH4OH 11 FeH(dppe)Cp* 9 DCM/200 ~12

8/102

Table 4-NO,CsH4OH 11 RuH(dppe)Cp* 9 DCM/<230 ~12

8/103

Table PhCOOH 12 RuH(P-P)Cp° 10 Toluene/298 ~12

8/111

Table 5/35 (CF3),CHOH 18 WHsCp*(dppe) 11 Toluene/<29 ~17
0

Ref « (CF3),CHOH 18 RuH,(CO)(triphos) 6 DCM/200 ~22

Table (CF3),CHOH 18 RuH(dppe)Cp* 9 DCM/<230 ~19

8/104

Table (CF3),CHOH 18 RuH(P-P)Cp° 10 DCM/298 ~18

8/112

Ref ! PhOH 18 RuH,(dppm), 12 DCM/298 ~16

Table 5/32  CFsCH,OH 24 MoHsCp*(dppe) 9 DCM/<250  ~25

Table 5/34  CFsCH,OH 24 WHsCp*(dppe) 11 DCM/<290  ~23

Table CFsCH,0H 24 OsH(dppe)Cp* 9 DCM/230 ~25

8/110

Table 5/47  MoH(CO)sCp 14>  OsHy(PMePh,), 14¢ THF/290 0

Table 9/77 MnH(CO)s 15° IrMe(PMe3s)s 28 Pentane/298 -13¢

Table 6/25  (NC),CH, 11 ReHs(PMe;Ph), 20°¢ THF/298 4

(249)

Table CHsCOOEt 24 Fe(Ps)(dmpe)® 30 CeDe/298 ~4

8/163

Table 6/32 REH7(PPh2CsH4F)2 28°¢ ReH(PM63)5 24¢ THF/298 4

Table 9/76  FeH(CO),Cp 27° IrMe(PMes)4 28 Pentane/298 -1¢

9Pp-p= PiperHCGHloNHPiPrz

b I:)KaMeCN

¢ ion pair corrected pKy
9 Reaction goes to completion

THF
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€ P3 = tBUSi(CHzPMEz)a

The data from Table 12 are plotted in Figure 34. It can be seen from the Table and Figure 34 that
the neutral organic acids are acting as much stronger acids than their pk.°™° or estimated pK,™ would
indicate. The ApK.""f range from 4 to 25 for the OH-based acids, with CFsCH,OH providing the largest
differences. This last acid has a very small, polarizing anion that will usually be strongly hydrogen-
bonded to more alcohol or be placed in ion pairs extremely close to the metal cation, resulting in a large
ion pair attraction energy and very small ion pair dissociation constant in the low dielectric constant
solvents used in the reactions. Specific hydrogen-bonding interactions in the homoconjugated base also
contribute to the position of the equilibrium as well as the low temperature of the reaction in certain

cases.
[WH,(CO)3Cp*]* [RuH,(CO)Cp(PCys3)l*

[MH(CO)CpT" ¥ [MH,Cp*(dppe)l*,
[FeHo(CO)(dppe)l®  [RuH,Cp(PIPr,NHCgH,NHPPH)*

Y vy
CH,CN 0 5 10 15 20 25 30 35
: : : : : : : —>
THF 1 6 "1 16 21 26 31 36
CH,Cl, 4 1 6 M1 16 21 | |
] [l [l ! ! | ! | L
! I I | | I I I | | =
DMSO 0 5 10 15 20 25
h e A b A 4-nitrophenol
HOTf
A-ommmomn e A PhCOOH
Ao 4 (CF3);COH
O nEC R A (CF3),CHOH
A-mmmmrmmm e A

CF3CH,OH
Figure 34. Equilibria observed between cationic metal hydrides and neutral organic acids®

2 For [MH,(CO),Cp*]* M = Fe, Ru, Os; for [MH,Cp*(dppe)]* M = Mo, W, x=3; M = Fe, Ru, Os, x =2. The
arrow at the more positive position refers to the approximate pK, of the acid in THF while the arrow
joined by the dotted line to less positive values refers to the effective pK, in the equilibrium (refer to

Table 12).
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6 IMPLICATIONS FOR CATALYTIC PROCESSES

Acidic hydride and dihydrogen complexes have been implicated in the mechanism of many catalytic
processes. It is instructive to consider the established or proposed acid strength of these complexes to
provide a better understanding of the mechanism and possibly allow the design of new catalytic
processes. Berke has proposed a generalized scheme to classify catalytic reactions involving dihydrogen
with transition metal complexes into two electron and one electron processes.?3? The acidity of
transition metal hydride and dihydrogen complexes come into play in both classes. Within the two-
electron class, reactions proceeding via the heterolytic splitting of dihydrogen and ionic hydrogenation
are important and will be discussed first. The pK; of transition metal complexes can be related via bond
dissociation energies to one electron redox changes in order to characterize electrocatalysts for
hydrogen evolution or hydrogen oxidation. 32-33318333

6.1 lonic hydrogenation using dihydrogen gas

In most cases, lonic hydrogenations can be further categorized by the proposed mechanism of
transfer of the proton/hydride equivalent to the substrate.332 Acidic metal hydride and dihydrogen
complexes are thought to be important intermediates in the catalytic hydrogenation of ketones and
imines. An acidic dihydrogen or dihydride complex MH,L," might first transfer a proton to the substrate
X=Y (e.g. ketone, imine, electro-rich olefin) to create a more electrophilic substrate X=YH* which then
reacts with the moderately nucleophilic hydride complex MHL, to produce the hydrogenated product
HXYH. The resulting metal complex ML," adds dihydrogen to restart the cycle (Figure 35).332 Here the
neutral unsaturated substrate is much less reactive toward nucleophiles relative to its protonated form.
In this case the pK,! of the dihydrogen/dihydride complex is similar to the pK,? of the protonated
substrate X=YH*. The proton often transfers to the substrate in the outer coordination sphere of the
metal while the product of the hydride transfer may be coordinated or not. Bullock proposed this
mechanism to demonstrate that “cheap metals like molybdenum and tungsten can be used for noble
tasks” usually reserved for the platinum group metals. 33*

Ha
S
L,M* L,MH,* X=Y

HX-YH

X=YH*

Figure 35. Proton-first ionic hydrogenation mechanism

Alternatively under less acidic conditions a base B might react first to abstract a proton from a
hydride complex MH,L,* to produce a more nucleophilic complex MHL, (Figure 36).332 The first transfer
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to the substrate X=Y in this case is the hydride from MHL, followed by the proton from the base. In this
case the pK,! of the dihydrogen complex should be similar to the pK.? of the base B. The metal complex
can be a bifunctional catalyst if the base is attached to one of the ligands. Then the proton transfer step
from the ligand might occur as shown, or instead it might happen in concert with the hydride transfer.
Another possibility is that the substrate is attacked simultaneously by the metal hydride and the
protonated base L,MH..X=Y..HB in a “frustrated Lewis pair” fashion.2'-22332

Ha
>’_\

HX-YH + B LM* L,MH," B

@ pK,' ~ pK,2

BH* LM @ LMH  BH*
HX-Y-

Figure 36. Hydride-first ionic hydrogenation mechanism

X=Y

6.1.1 Ketone and aldehyde hydrogenation

A classic and pioneering example of the catalytic ionic hydrogenation of ketones was reported
by Voges and Bullock. 11933° They used molybdenum and tungsten carbonyl complexes in CD,Cl, or neat
dialkylketone. The proposed mechanism is shown in Figure 37 annotated with pK,A¢ values.

LaM(O= CR2 >,\(pK LAC 10100 )

0= (:R2 LM L,MH,*  O=CR,

HR,COH

L,M* @ LLMH  R,COH*
|
HR,COH \_< pK,AC 5

R,COH*

Figure 37. The proposed proton-first mechanism for the ionic hydrogenation of ketones catalyzed by group 6 metal carbonyl
complexes.

Here a complex of the form [M(Cp)(CO)s«(PRs)xL]BArs, Ar = 3,5-bis(trifluoromethyl)phenyl, M = Mo, W, R
=Cy, Me, Ph, x =0, 1, L = CD,Cl,, ketone or alcohol, reacts with dihydrogen to produce an acidic
dihydrogen complex. [M(H2)(Cp)(CO)s«(PRs)x]*. This complex either directly protonates the ketone or
first rearranges to a dihydride and then delivers the proton to the substrate. The monohydride
MH(Cp)(CO)s«(PRs)x that is produced then attacks the carbon of the protonated ketone in the outer
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sphere to produce the product alcohol. Dihydrogen coordinates to the unsaturated complex that is
produced to close the catalytic cycle. This ionic hydrogenation mechanism does not require coordination
of the ketone to the metal for the hydrogenation, thus differing from traditional mechanisms where
coordination of a ketone to a metal precedes migration of a hydride to the ketone. 1° However the
scope of ketones that can be reduced using these catalysts is limited to a few very basic ones and the
rates of reduction are very low. Formate can also be used as the hydride source in the transfer ionic
hydrogenation of ketones and aldehydes catalyzed by MoH(CO)sCp.18.

In most cases, conversion of the ketone or alcohol complexes to the dihydride is the turnover-
limiting step of the catalytic cycle, with ketone and alcohol complexes being observed during the
reaction. For the W-PCy; system, the dihydride [CoW/(CO),(PCys)(H)2]" is observed as the resting state of
the catalytic process. Proton transfer is slow and becomes turnover-limiting in this case. The Mo
catalysts are more active than the W ones, and the dependence on phosphine is PCy; > PPh3 > PMes.
The Mo-PCys system has the fastest initial turnover rate, but it is only about 2 h™%,

Norton and coworkers reported a pK,"*N of 5.6 for [CoW(CO),(PMes)(H),]* which corresponds
to a pKa"“C of 1 (entry 14 of Table 5). The pk;MeN of protonated acetone, HOCMe," is -0.1°3
corresponding to a pKa"A€ of -6. Thus the ketone protonation step of Figure 35 must be uphill for the
tungsten complexes [CpW(CO),(PRs)(H)2]* and this explains why this step is turnover- limiting in the
hydrogenation of O=CEt;, in CD,Cl,.1'° By comparison, the pK,**¢ of the tricarbonyl complexes
[MH,(CO)sCp]* range from -10 (Mo) to -8 (W) (entry 1 of Table 5) making the proton transfer step fast
and this could explain why dihydrogen coordination becomes the slow step with these catalysts. The
phosphine substituent would also serve to destabilize the adducts [M(Cp)(CO)2(PRs)L]*, L = ketone or
alcohol, in favor of the dihydrogen adduct in the dihydrogen coordination step of the catalytic cycle
while the tricarbonyl complexes would be stronger Lewis acids and form more stable adducts. Linking
the Cp ring to the phosphine in the complex MoH(CO),(CsH4CH,CH,PCy,) leads to a more robust catalyst
with higher turnover numbers.?*

A similar ionic hydrogenation mechanism to that shown in Figure 35 is proposed for the
hydrogenation at 750 psi H; of propionaldehyde to 1-propanol catalyzed by [Cp*(CO).Ru(p-
H)Ru(CO),Cp*]OTf in sulfolane with added HOTf at 110 °C.?%? The aldehyde was actually being produced
by the dehydration of 1,2-propanoldiol under the acidic conditions stated. The starting dimeric hydride
is converted under these conditions to the very acidic dihydrogen complex [Ru(H2)(CO).Cp*]* (pKa"€ -5,
Table 8, entry 5). First a proton is proposed to be transferred to the aldehyde to produce RuH(CO),Cp*
which then attacks the carbonium ion to produce the alcohol product.

Complexes of the type (R,R)- or (S,5)-RuH(arene)(NH,CHPhCHPhNTSs) are excellent catalysts for
the asymmetric transfer hydrogenation (ATH) under argon of prochiral ketones to enantioenriched
alcohols by transfer of hydrogen from the isopropanol solvent under neutral or basic conditions.33®
While they were ineffective in the ATH of chromane substrates (Figure 38. R = H, Me, Cl) the following
AH system did reduce these ketones.3!!
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Figure 38. The asymmetric hydrogenation of chromanes catalyzed by ruthenium complexes.

Such ruthenium complexes become asymmetric hydrogenation (AH) catalysts under slightly acidic
conditions (methanol with one equiv. of HOTf per ruthenium) at 10-100 atm H; and 60 °C.3¥” Thus when
the complex (S,S)-[Ru(OTf)(cymene)(NH,CHPhCHPhNTSs)] is used in the presence of 1 equiv. of HOTf for
the hydrogenation of these chromane ketones at catalyst loading of 0.02%, the alcohols are obtained in
ee up to 98% (S). The dihydrogen complex (S,S)-[Ru(Hz)(cymene)(NH,CHPhCHPhNTSs)]OTf is proposed to
form under catalytic conditions. The dihydrogen ligand is proposed to be deprotonated by the MeOH
solvent to give the hydride (S,S)-RuH(cymene)(NH,CHPhCHPhNTSs) that is known to efficiently transfer
the hydride from ruthenium and proton from the nitrogen of the primary amino group to give aryl-
substituted alcohols in >95% ee (S) (see the bifunctional catalysis section below). 33 Although it is
tempting to propose an ionic AH mechanism as shown in Figure 36, the authors propose that methanol
is more basic than the ketone under the conditions of catalysis. A DFT study of the mechanism suggests
that the triflate is actually the base that deprotonates the dihydrogen under these conditions and that
this H, heterolytic splitting is the slow step in the catalytic cycle.33® Another study?*? finds that
[Ru(Hz)(cymene)(Tsdpen)]* has a pKaV*™ of 16.1 (Table 8, entry 144). This suggests that the
deprotonation of the dihydrogen complex by methanol, triflate or ketone in the cycle has a significant
barrier.

The catalyst [Ir"'Cp*(H,0)3]?** is thought to operate by a proton-first mechanism (Figure 35) in the
hydrogenation at 1-7 atm of the C=0 bond of n-butyraldehyde and 2-butanone in water at an optimum
pH of 3.3% The complex is proposed to form the dihydrogen complex [Ir'"'(H;)Cp*(OH>),]** (estimated
pKa"A€ -5) that heterolytically splits dihydrogen to form a carbonium ion and the monohydride
[Ir'"(H)Cp*(OH,)2]* which react to give the alcohol product according to Figure 35. Interestingly C=C
bonds of allyl alcohol and 2-methyl-2-propen-1-ol are reduced by the same system at an even lower pH,
consistent with a carbonium ion mechanism.

Darensbourg and coworkers reported in 19863*! that complexes PPN[(CO)sM(u-H)M(CO)s], M =
Cr, Mo, or W, PPN = [PhsPNPPhs]* catalyze the hydrogenation at 43 atm of cyclohexanone (pK,*¢ -5) and
benzaldehyde in THF at 125 °C with TON 4-18 after 24 h. They proposed a hydride-first mechanism
(Figure 39) where the hydride [MH(CO)s]" attacks the carbonyl of the ketone to generate an alkoxide and
M(CO)s which then reacts with dihydrogen to produce MH,(CO)s (pK,*A€ 10- 12, entry 27 Table 5) which
is deprotonated by the alkoxide. The pK,A of alkoxides range from 25 to 40, depending on the
substituents and the nature of the countercation.

67



LaMH,"*  R,CHO"

)

LaM* @ LMH  R,CHOH
R,CHOX
2 O‘\{ pK,2 25-40

R20=O
Figure 39. Hydride-first catalytic ionic hydrogenation of ketones

6.1.2 Hydrogenolysis of alcohols

There is much interest in using biomass-derived chemicals such as sugars as replacements for
petroleum-derived chemicals for polymer and fine chemical synthesis.’®>3*? Model alcohols such as
diols are used in catalyst development to simplify the chemistry so that principles can be uncovered.
1,2-propanediol is hydrogenolyzed predominantly to 1-propanol and water in the presence of catalysts
of the type [Ru(H2)(Cp’)(CO).]* where Cp’ is Cp*3*2 or Cp'Pr4.2%2 The reaction is conducted in sulfolane
solvent with added HOTf under 50 atm H; at 110 °C. These dihydrogen complexes are very acidic and the
Cp* complex (Table 8, entry 5, pK.*A¢ -5) was found to have the optimum activity.'®? The reaction is
thought to proceed through the dehydration of the diol to 1-propionaldehyde which then undergoes a
proton-first hydrogenation as discussed in section 8.1.1. The dihydrogen complex
[Ru(H.)(CsHPrs)(CO),]OTf was characterized at -80 °C in CD,Cls. It was found to be in equilibrium with
the monohydride and HOTY{.

The aqua complexes [Ru(arene)(OH,)(diamine)]?** form very acidic dihydrogen complexes under
a pressure of hydrogen gas and also catalyze the hydrogenolysis of 1,2-diols.3** For example 1,2-
hexanediol is converted to mainly (60%) to n-hexanol in the presence of [RuH(cymene)(bpy)]* and HOTf
in sulfolane at 50 atm H, and 90 °C with a TON of approx. 60 and TOF of 3 h'l. The pK,® of
[Ru(H2)(cymene)(bpy)]** was estimated to between -7 and -2.34

6.1.3 Water and aldehyde shift to hydrogen and carboxylic acid

Just as carbon monoxide can act as a two electron reductant of water in the water gas shift
reaction, an aldehyde can serve as a two electron reductant of water to produce hydrogen and a
carboxylic acid. The complexes [IrH(Cp*)(bpy)]* and [RuH(cymene)(bpy)]* catalyze the conversion of
aldehydes in water predominantly to the carboxylic acid.®* The conditions are 0.4 mol% catalyst, 110 °C,
24 h. For acetaldehyde and Ir'" the TON was 250 and the TOF was 5 h'! to acetic acid and mainly ethanol.
Under the same conditions the Ru' catalyst was less active (TON 18, TOF 1 h) but the products in this
case were acetic acid and dihydrogen. Thus the latter is a catalyst for the “water-aldehyde shift”
reaction. The mechanism for dihydrogen formation is thought to be the protonation of the hydride
catalyst by H30* to give an unstable dihydrogen complex. For ruthenium this protonated complex is the
same dihydrogen complex [Ru(H:)(cymene)(bpy)]?* with pK,2* approx. -5 as discussed in section 8.1.2.

6.1.4 Carboxylic acid and ester hydrogenation

Only a few homogeneous catalysts are known to be active for the hydrogenation of neat
carboxylic acids. Dicationic complexes of the type [IrCp*(bpy-R2)(OH,)](OTf),, where bpy-R is a 2,2’-
bipyridine with electron releasing groups R, especially OMe (Figure 40), are particular active for the
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hydrogenation (at 27 atm, 120 °C) of glacial acetic acid to a mixture of ethanol, ethylacetate and diethyl
ether.3* Propionic and butyric acid were reduced in a H,O/HBF, solvent under similar conditions. A
proton-first hydrogenation mechanism similar to the ketone and aldehyde mechanism shown in Figure
41 was proposed. In this case the aqua complex coordinates dihydrogen to give the very acidic
dihydrogen complex [Ir(H2)Cp*(bpy-R2)]** (pKa"€ -2). This complex is proposed to transfer a proton to
the carboxyl group to generate a carbonium ion (pK.2%(CH3C(OH),*) -6.1)3** that is reduced to the
hemiacetal (Figure 41).

2+

Figure 40. Precatalysts for the hydrogenation of carboxylic acids (L = OH,, R = OMe)

+ H2
LnM(Oiz\i >f\(pKaLAC <0 )

HO L M2 L,MH,?* O=C(OH)R
HRC(OH),
H,O
+

0=CHR LM @ L.MH*  RC(OH),*
|

ML2* le OO
H R

RC(OH),*
RCH,OH

+ other products

Figure 41. Proton-first mechanism for the catalytic hydrogenation of carboxylic acids

The hydride [RuH(P"Bus)s(solvent),]* was detected in the catalyst solution during the production
of butyrolactone from the catalytic hydrogenation of succinic anhydride.3*® The catalytic activity and
selectivity was greatly improved by the addition of p-TsOH. Again a proton first mechanism may be
operative where an acidic dihydrogen complex is responsible for the heterolytic splitting reaction.

6.1.5 Imine and heterocycle hydrogenation

The proton-first ionic hydrogenation mechanism is commonly proposed for the hydrogenation
of imines catalyzed by acidic dihydrogen or dihydride catalysts. For this mechanism to proceed, the pK;
of the complex must be close to the pK; of the protonated imine substrate (i.e. the iminium). The
iminium pKa range is not well established but likely lies between pK,**¢ 5 and 10 for hydrogen, aryl and
alkyl substituents on the C=N bond; pK,*®values from 5-12 have been reported.?*’ The pK; of pyridines
have been studied extensively and can be used as a guide for the solvent dependence of these values;
for pyridine: pKz* 5.3; pK,PMS0 3.4;12 pK,MeNN 12.5;16 pK,™F = pK,“AC = 6-8 depending on counteranion

69



(Table 1).Y” The complex [Re(CO)3(PMes),(CIPh)]BArs, , Ar = 3,5-(CF3),CsHs reacts with dihydrogen in
chlorobenzene (PhCl) to produce the acidic dihydrogen complex [Re(H2)(CO)s(PMes),]BAr., (pKa¢ 0).13°
It catalyzes the hydrogenation the aldimine PhAHC=NCH;Ph to the amine (Table 13, entry 1). A proton-
first mechanism (Figure 42) was proposed for the catalytic cycle that is consistent with our LAC
evaluation of the relative pK; values with pKa(ReH;) < pKa(imininum). Thus the much less acidic
monocarbonyl complex [Re(H2)(CO)(PMes)s]BArs, (pKa"A¢ 18) is a very poor catalyst for this process. The
dicarbonyl complex [Re(H)(CO)z(PMes)s]BArs, (pKa""C 9) is a catalyst for the hydrogenation of the more
electron rich imine Me,C=N'Pr; the iminium ion in this case likely has a pKa close to 9. To our knowledge
these are the first homogeneous imine hydrogenation catalysts based on rhenium (Figure 42).33 Proton-
first mechanism for the hydrogenation of imines (NR is NAr or NCH=CHR)

H,
— @
R,CHNHR LM L.MH,* R,C=NR
He
R,CHNH,R* @ pPK,' ~ pK,2

PK,® < pK,? LM @ LLMH  R,C=NHR*
R,CH-NHR ‘\_.< PK,2 5-10
R,C=NHR*

Figure 42. Proton-first mechanism for the ionic hydrogenation of imines.

As mentioned above the complexes [MH,(NO)(CO)(P'Pr,CH,CH,PPhCH,CH,P'Pr,)]* (M= Mo, entry
25 and M=W, entry 28 of Table 5) with pK.""" < 10 are effective catalysts for the ionic hydrogenation of
imines.'® The most efficient system (M = Mo with added [H(OEt,),]BAr.) catalytically hydrogenated at
60 bar H, and 140 °C the aldimine 4-MeOCsH4CH=NPh with initial TOF 1960 h?, a significant
improvement on the catalysts discussed so far. The outersphere proton before hydride transfer
mechanism was proposed on the basis of several observations. The rate increases with increasing
pressure and there is a kinetic isotope effect kn/kp 1.34 suggesting that dihydrogen coordination is the
turnover limiting step and that proton transfer to the imine substrate is fast. The proposal for the fast
step is supported by a Hammett study involving changing substituents on the arenes of the imine. For
the hydrogenation of benzylidene aniline, an electron-donating group on the benzylidene side increased
the overall rates significantly while the para substituent influence on the aniline side was found to be
practically negligible. This suggests a non-rate-limiting proton transfer to the N atom of the imine. The
substituent on the nitrogen should be an aryl group so that the imine substrate is more basic than the
amine product.'?® The pK,™ (NH,PhR") is approx. 87 so the pK,™f(PhCH=NHPh*) must be greater than
this. It is interesting that there is no catalysis when there is an alkyl substituent on the nitrogen (e.g.
PhCH,CH=NiBu). In this case the amine that is produced in the first time around the cycle is more basic
than the imine and thus the amine product instead of the imine accepts the proton from the acidic
hydride complex and this prevents catalysis.
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Table 13. Imine hydrogenation catalysts

Catalyst

Reactant

Product

Cond-
itions

TON/
TOF

Ref

1 [Re(H;)(CO)s(PMes),]BAr,

2 [RE(Hz)(CO)z(PME3)3]BAI”4,

3 [Re(H2)(CO)(PMes)s]BAr,,

4 [MoH3(NO)(CO)(P'Pr,CH2CH2,PPhCH,CH,

PIPro)]*

5 [WHz(NO)(CO)(PiPr2CH2CH2PPhCHzCHzP
Pra)]*

6  [Ru(H;)(cymene)(Tsdpen)]*

7  [Ru(Hz)(cymene)(MeSO,dpen)]*

8 [Ir(H2)H2(PPh3)2(NHC)]*

9 Rth(Tp*)(SzC5H4)

18

11

11

13

PhHC=NCH,Ph

Me,C=N'Pr

PhHC=NCH,Ph

4-
MeOCgH4CH=N
Ph

4-
MeOCgH4CH=N
Ph

PhHC=NCH,Ph
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PhCH»-
NHCH,Ph

MezHC-
NHPr

PhCH,-
NHCH,Ph

4-
MeOCsH4C
H>-NHPh

4-
MEOC5H4C
H,-NHPh

PhCH,-
NHCH,Ph

100
atm
H,, 90
°C,
PhCI
55
atm
H,, 90
°C,
THF/t
ol

2 atm,
,90
°C,
PhCI
60
atm
Ha,
140
°C,
THF
60
atm
Ha,
140
°C,
THF
20
atm
H,, 15
°C,
MeOH
50
atm
H,, 0
°C,
EtOH
1 atm,
,35
°C,
toluen
e

1 atm,
50 °C,
EtOH

120/5.5
ht

40/2 ht

10/0.5
h-l

500/19
60 h?

500/74
oht

500/83
h-l

92/4 h'

100/> 6
ht

139

139

139

119

119

348

348

282

349

350



1 [Ir(n*COD)(Josiphos)]Cl, NBual, 351
0 MeSOsH atm, >105 ht

50°C
/ N '/,(

—O

The dihydrogen complex [Ru(Hz)(cymene)(Tsdpen)]* has a pK.MeN of 16.1, pK.‘A¢ 9 (Table 8,
entry 144).232 |t has been found to catalyze the asymmetric hydrogenation of 2-alkyl substituted
quinolines to high ee (96%) under relatively mild conditions (Table 13, entry 6).3*8 The mechanism
proposed was a proton first ionic reduction of the heterocyclic ring. Several less basic 2-aryl-quinolines
were also asymmetrically hydrogenated to the amine with ee > 90% using the similar derivative
[Ru(H2)(cymene)(MeS0,dpen)]* (Table 13, entry 7).3* During an investigation of the mechanism by
studying stoichiometric reactions, the authors found that the hydride complex RuH(cymene)(Tsdpen)
transfers its hydride to a quinoline only when the latter is protonated with HOTH.

The largest industrial asymmetric hydrogenation process is the production of the herbicide (S)-
Metolachlor from a prochiral MEA ketimine substrate.?! The catalytic mixture is composed of the
prochiral imine substrate (Figure 43), [Ir(n*-cyclooctadiene)(Josiphos)]Cl, NBual, MeSO3H heated to 50°C
under 80 atm H..

Xyl | BF4
T, P

/, \\‘

MEA / \

th Fe

N +Hy N-H

Y »
\( NBu,l, MeSO3H, (
c\) 50 °C, 80 atm H,

Figure 43. Iridium(l) catalyst precursor and the Metolachlor asymmetric imine hydrogenation process.

0
\

The MEA prochiral ketimine substrate has a bulky aryl group at nitrogen fulfilling the condition
that the protonated imine is more basic than the amine (as just mentioned). While it has been proposed
that the imine is coordinated to iridium when it is attacked by a hydride,?*® it is also possible that there is
a proton-first mechanism involving an acidic, cationic iridium(lll) dihydrogen complex that transfers a
proton to the bulky imine in the outer coordination sphere followed by hydride attack on the iminium by
a neutral iridium(lll) hydride in a similar fashion to that shown in Figure 42. It is interesting that an acidic
medium is essential for high activity, consistent with this mechanism.

The hydrogenation of quinolines is catalyzed by an Ir(lll) dihydrogen complex generated by the
reaction of [Ir'(COD)(NHC)(PPhs)]PFs with 1 atm H, and one equiv. of PPhs in THF. 282 The rate is slower
for quinolines that are not hindered by substitution next to the nitrogen. It is proposed, based on these
observations and on DFT calculations of the mechanism that quinolines are hydrogenated in a proton-
first mechanism (Figure 42). Thus the dihydrogen complex [Ir(H2)H2(PPhs)2(NHC)]* (pKa*© 13;
deprotonated by DBU pK,™ 20%7; entry 51 of Table 9) is proposed to first protonate the quinoline in the
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outer coordination sphere at nitrogen (pK.*A° approx. 8) in an endergonic process and then transfer a
hydride to the 4-position from the resulting neutral trihydride IrHs(PPhs),(NHC) in the turn-over limiting
step (Figure 44). This 1,4-dihydroquinoline is isomerized to the 3,4-dihydroquinoline and the resulting
imine is reduced by the same route to the tetrahydroquinoline.

PFg H-H PFe
<:Z N» _PPhy H, <:Z N» _PPhy
N~ "/, . N~ "I
| \H I | \H
Ph3P/ lL Ph3P/ J{

Figure 44. Proton-first reduction of a quinoline.

The complex Rh(Tp*)(S2CsH4)(MeCN) catalyzes the hydrogenation of a variety of aldimines with
aryl, benzyl and allyl groups at nitrogen under very mild conditions (100:1= imine:Rh; THF, H, 1 atm, 20
°C).3%9350 The complex reacts with triethylamine (pK.™" 13) under 1 atm H, to produce the anionic
hydride [NHEt3][RhH(Tp*)(S2CsHa)] (Figure 45). On the basis of this heterolytic splitting of dihydrogen the
authors proposed a proton first mechanism for this hydrogenation where the NHEts* protonates the
imine substrate.

H. [HNEG][

B\ h\,' B\ /P~1
\N ™ N? = \ Nd

N.

( N f N
- +H, + NEt; — s
‘Rh' 2 3 )
N— Iy =IOy
C
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Figure 45. The heterolytic splitting of dihydrogen at Rh(Tp*)(S,CsH4)(MeCN).

The asymmetric hydrogenation of N-aryl ketimines catalyzed by Pd(ll) phosphine complexes
under acidic conditions was reported by Zhou et al.3*2 This might also proceed by the proton-first
mechanism.

6.1.6 Iminium and enamine hydrogenation

The availability of prochiral iminium cations opens the opportunity for an outer-sphere
asymmetric hydrogenation reaction to produce valuable monochiral products. Magee and Norton
reported the first asymmetric hydrogenation (at 4 atm, 25 °C) of prochiral iminium cations catalyzed by

RUHCp*L systems, L = (S,S)-PPh,CHMeCHMePPh, (Chiraphos) or (R,R)-Norphos in DCM (Figure 46).3>3
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Figure 46. The hydrogenation of an iminium compound catalyzed by RuCp(H)(chiraphos).

Their proposed mechanism is an excellent example of the hydride-first mechanism shown in
Figure 47. In this mechanism the neutral hydride attacks the iminium ion in the outer sphere in the turn-
over limiting step to produce the enantioenriched amine (e.e. up to 60%) and the cation [RuCp*L]* which
reacts with H, to make the dihydrogen complex [Ru(H2)Cp*L]*. These dihydrogen complexes (pK."" 11;
e.g. dppe analogue of entry 109, Table 8) were known to be deprotonated by amines to regenerate the
monohydride RuHCp*L and the ammonium salt (pK."™" 13).” The dihydrogen complexes can also
rearrange to dihydrides depending on the nature of L which are usually less acidic.*

Ho

>V_\ pK,' 7-11
h

.
R,CH-NR, LM L.MH,*  R,CH-NR,
@ pKa1 ~ pKa2
L,M* L.MH  R,CH-NHR,*
R,CH-NR, \_< K2 1215

R20=N R2+
Figure 47. Hydride-first mechanism for the ionic hydrogenation of iminium compounds.

The Rh(lll) hydride complex RhH(Cp*)(py-CsHa) (py-CsHa = cyclometallated 2-phenylpyridine) also
hydrogenates iminium ions such as 1-(1-phenylethylidene)pyrrolidinium in MeOH very efficiently by a
hydride first mechanism (4 atm, 22 °C, TON 100-200, TOF 25-50 h'!).2 The amine that is produced is basic
enough to deprotonate the dihydrogen complex [RhH,(Cp*)(py-CeHa)]" that is produced in the catalytic
cycle. This suggests that the pK,“A¢ of this Rh(Ill) dihydrogen complex is less than 12. The pK,V¢™ of the
monohydride RhH(Cp*)(py-CsH4) was determined to be 30.3 (Table 9, entry 71). From this the A_ for the
(2-(2-pyridyl)phenyl) ligand can be estimated to be -8. Thus the pk,**¢ of the dihydrogen complex is
estimated to be -5, easily deprotonated by the product amine or methanol.

Hydride complexes RuHCpL and RuHCp*L with more basic diphosphines L such as dmpe (entries
entries 121, 130, Table 8) deprotonate iminium salts with pk,*A° approx. 11 to give enamines.'® The
iminium derived from pyrrolidine and acetophenone is deprotonated to the enamine but then
decomposes before it is hydrogenated. However other basic enamines that are more stable do undergo
ionic hydrogenations catalyzed by the acidic dihydrogen complex [Ru(H2)Cp(dppm)]BFs/RuHCp(dppm)
(pKa"F 7; entry 85 of Table 8) in DCM, this time by a proton-first mechanism (Figure 48).2%° In this
mechanism the dihydrogen complex quickly transfers a proton to the enamine converting it to an
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iminium ion which is then attacked by RuHCp(dppm) to give the amine product. This amine must be less
basic than the enamine so that the cycle continues to turn over; this is usually the case for enamines.¢°

Ho
)
CH3PhCH-NEt, LaM" L,.MHy*  CH,=CPhNEt,

He
1 2
CH3;PhCHNHEt,* @ PKa' < pKa

PK,3 < pK,? L,M* @ L,MH  CHzPhC=NEt,"

CH3PhCH-NE‘tz\“< pK.2 14
CHsPhC=NEt,*

Figure 48. Proton-first mechanism for enamine hydrogenation.

The complex RuH(Cp*)(dppf) catalyzes the hydride first hydrogenation of the acyl pyridinium
cation at the 4-position as shown in Figure 49 (6 atm, 10 °C, TON 43, TOF 2 h'?).3* Here the N-acyl
amine product of the hydride addition is not basic enough to deprotonate the dihydrogen complex
[Ru(H2)(Cp*)(dppf)]* of the catalytic cycle (pK:"*¢ 10). Thus tetramethylpiperidine (protonated form pK;,
11, pK.‘A€ approx. 14) is added to deprotonate the dihydrogen complex. The rate of deprotonation must
be greater than an irreversible isomerization of the dihydrogen complex to a trans-dihydride complex
that is not sufficiently acidic to be deprotonated.

0.0
“Ph > H H
Y ) RuHCp*(dppf) Y oPho A

By 4

10°C 80 psi Hy H H
Figure 49. The hydrogenation of an acylpyridinium catalyzed by RuH(Cp*)(dppf) and tetramethylpiperidine.

6.1.7 Reductive amination

Reductive amination reactions involve a two step process where an amine and aldehyde or
ketone condense to form an imine which is then reduced. An aldehyde is more easily reduced than a
neutral imine while it is less easily reduced than a protonated iminium. Therefore reductive aminations
are conducted under acidic conditions and may proceed by an outersphere ionic hydrogenation as
discussed above. The complex [IrCp*(bpy)(OH,)]?* is a reductive amination catalyst in water with
ammonium formate as the reductant with a max. TOF at pH 5 (Figure 50).3>° The iminium reduced in this
case is protonated a-imino acids produced by the condensation of ammonia with a-ketocarboxylic
acids. The hydride complex [Ir(H)Cp*(bpy)]* transfers a hydride to the iminium to give an amino acid. At
pH 5 the hydride would not be protonated since the corresponding dication [Ir(H2)Cp*(bpy)]** is
predicted to have a pKaA€-2, pK,29 < 0. It is reported that protonation does take place at pH 2 with the
irreversible formation the aqua complex [Ir(H,0)Cp*(bpy)]?**. The same system catalyzes the reductive
amination of butyraldehyde and ammonia to give butylamine.3*®
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Figure 50. Reductive amination of alpha-ketoesters to alpha-amino acids catalyzed by IrH(Cp*)(bpy)

Beller and coworkers have reported the iron-catalyzed asymmetric reductive amination of
ketones like acetophenone with amines such as p-methoxyaniline.®*” Knolker’s iron complex
FeH(CO),(Cp’-OH) (5 mol%) is used with the chiral Bronsted acid 3,3’-bisaryl 1,1’- binaphthyl-2,2’-diyl
hydrogen phosphates (2 mol%) in toluene at 51 atm H, and 65 C (Figure 51). After a hydride transfers
from the iron to an intermediate iminium ion, dihydrogen is heterolytically split at the iron to the
phosphate or the amine product (a hydride first mechanism). A possible dihydrogen complex

intermediate [Fe(H2)(CO)2(Cp’-OH)]* would be very acidic (pK,-A€ -5).
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Figure 51. The reductive amination of a ketone catalyzed by Knolker’s iron complex and a chiral phosphoric acid (TRIP = 2,4,6-tri-
isopropylphenyl)

6.1.8 Alkene and alkyne hydrogenation

The complex [Pd(H)(dppe):](X), X = OTf, BF4, SbFe, (Table 11, entry 26) is both hydridic and acidic
and is unstable with respect to loss of H, in MeCN.322358 For example it transfers a hydride to the
iminium PhCH,CH=NMe;" (pK>* 6) to produce the amine.3?! Two equiv. of the palladium hydride in THF
reduces the olefin of methyl methacrylate CH,=CHCOOMe to give CH;CH,COOMe, one equivalent of
[Pd"(dppe).]** and one equivalent of Pd(dppe),. A hydride-first reduction mechanism is postulated.3®
The hydride [Pd(H)(dppe).]OTf is a catalyst for the hydrogenation of cyclohexenone to cyclohexanone in
THF at 67 °C, 40 atm, with a TON of 200 and TOF of 95 h™.3°® The TOF increased with H, pressure,
implying that the heterolytic splitting of dihydrogen is the turn-over limiting step. The pK,*A® of
[Pd(H2)(dppe)2]* is predicted to be -3, sufficiently acidic to protonate the ketone in a proton-first
reduction mechanism (Figure 52). The authors proposed an alternative mechanism.**®
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Figure 52. Proton-first reduction of an eneone complex.

Cationic gold(l) phosphine complexes catalyze the asymmetric hydrogenation of olefins related
to itaconic acid in ethanol (4 atm H,, 20 °C, TON 1000, TOF approx. 6000 h) and the imine
PhCH,N=CMePh (4 atm Hy, 45 °C, TON 700, TOF approx. 30 h'?).3*° The ee of the alkane and amine
products were up to 95% and 75%, respectively when (R,R)-MeDuphos was used. On the basis of DFT
calculations, an ionic proton-first hydrogenation mechanism for the olefin is proposed as in Figure 52.3¢°
The heterolytic splitting of dihydrogen at [Au(H,)(PRAr)]* (pK."€ 6) produces the hydride AuH(PRAr)
and protonated ethanol (pK:F°" = 0). The pK,* of this dihydrogen complex is predicted to be 6 and as
expected, this heterolytic splitting step is calculated to have the highest energetic barrier in the catalytic
cycle. The hydride then attacks to produce the alkane and the cation [Au(EtOH)(PR;Ar)]*. The
hydrogenolysis of silyl enol ethers in dichloroethane catalyzed by the acidic dihydrogen complex
[Ru(H2)Cl(dppe)a]* (pK:"M 6, Table 8 entry 70) may proceed by a related proton-first mechanism.3¢! A
variety of ruthenium dihydrogen complexes with different pK, were tested but a pK; of 6-7 was found to
be optimum.

6.2 lonic transfer hydrogenation

Sacrificial reductants such as alcohols and formic acid can often serve as alternatives to hydrogen
gas in the transfer hydrogenation of ketones and imines. The complex [Ru"(CsMes)(bpy)(OH,)]** is a
water-soluble catalyst for the hydrogenation of ketones by transfer of hydrogen from aqueous formic
acid a pH 3.3%2 Formate is proposed to transfer a hydride to ruthenium to produce the active hydride
[Ru"H(CsMes)(bpy)]*. The hydride is proposed to attack the ketone with simultaneous addition of a
proton from Hs;0", i.e. RuH"R,COH* to give the product alcohol. It is reasonable that this hydride can
exist in pH 3 water without being protonated to give a dihydrogen/dihydride species
[RuH2(CsMes)(bpy)]?*; the latter has a pK,*@ < 6 (Table 8, entry 81) and would be expected to have a pK,*
of approx. -5 (see above) (see section 8.1.2). The complex [IrH(Cp*)(bpy)]* also catalyzes this transfer
hydrogenation reaction. The catalyst is deactivated when the pH is less than 1, consistent with the

removal of the reactive hydride by protonation to produce the complex [Ir(H2)(Cp*)(bpy)]?; its pKa“€ is -
2.363

An iridium(lll) complex with a cyclometallated imine ligand (Figure 53) catalyzes the efficient
hydrogenation of nitrogen heterocycles in aqueous buffer solutions (pH 4.5) of formic acid and sodium
formate.3®* Substituted quinolines were reduced at 30 °C, TON >930, TOF > 66 h. The mechanism
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proposed is very similar to the proton-first mechanism for imine hydrogenation (section 8.1.5, Figure 42)
where the heterocycle is protonated and then, in a slow step, hydride is transferred from iridium to the
iminium. The iridium hydride is regenerated in this case, not from dihydrogen, but from the formate.
The monohydride does not appear to be protonated to [Ir(H2)Cp*(C-N)]* under the conditions of pH 4.5
water.

C""”'r\IN—<:>—0Me

Figure 53. Cyclometallated imine on iridium for the catalytic reduction of nitrogen heterocycles.

6.3 Hydrogen/deuterium exchange

The reaction of metal hydride complexes with D,0 can sometimes lead to H/D exchange to form
metal deuterides or vice versa.>’2747838 The water soluble complexes Rh(TPPTS)3Cl and Rh(TPPMS)sCl
(where TPPTS = tris(3-sulfonatophenyl)phosphine, trisodium salt and TPPMS = 3-
sulfonatophenyldiphenylphosphine, sodium salt) catalyze the exchange of deuterium from D, into
water.”>3% The mechanism is thought to involve the acidic dihydrogen complexes [Rh"(H,)HCI(PAr3)3]"
(e.g. nis -8 for the TPPTS ligand complex or +1 if the negative charges on the sulfonated aryl groups are
neglected). The rate of single exchange where one D, is converted into one HD and one HOD goes
through a maximum at pH 8 for the less donating TPPTS ligand with 3 electron withdrawing sulfonate
groups and at pH 9 for the more donating TPPMS ligand suggesting that these are the approximate pK,
of these dihydrogen complexes. The overall negative charge of the complex reduces the acidity by about
5-6 pK, units from the value of approx. 3 for pK,"A¢ predicted if a charge at the metal of n= +1 is used.
Figure 54 shows the proposed mechanism for the single exchange reaction. The oxidative addition of D,
to Rh'CILs results in Rh"(D),ClLs which is then protonated by hydronium to produce [Rh"'(HD)DCILs]*. Loss
of DOH,* produces Rh"(H)(D) which reductively eliminates HD to restart the cycle.

D
%
[PsXRh]
>p
D2 H+
-HD \
H +
H  -D
PxRA) ~—— [P3XRh]\/ D
D D

Figure 54. Proposed mechanism for the D,/H,0 exchange catalyzed by Rh(TPPMS)sCl.

The complex [Ir(H,0)(Cp*)(4,4’-dihydroxybpy)]?*in D,0 catalyzes the deuteration of olefins such
as itaconic acid using H, gas or HCOOH.” For the case of H,, the acidic dihydrogen complex
[Ir(H2)(Cp*)(bpy(OH)2)]** (K€ -2) will rapidly protonate D,0 and exchange isotopes. The deuteride
formed then reduces the olefin, possibly by a proton-first mechanism as discussed in section 8.1.8.
Cationic iridium and ruthenium dihydrogen complexes are known to catalyze H/D exchange between
alcohols and deuterium gas in CD,Cl,.3¢’

78



6.4 Olefin hydrogenation vs isomerization

Rhodium(lll) dihydrides tend to be olefin hydrogenation catalysts while Rh(l) monohydrides
catalyze olefin isomerization. This was demonstrated by Schrock and Osborn where the complex
[Rh(H),(PPhs),(acetone),]* (pKa""F < 13) is an active catalyst for the hydrogenation of 1-hexene to hexane
while the deprotonated form using NEts, RhH(PPhs)s, isomerized the 1-hexene to 2-hexenes.3®®

Cationic iridium complexes with enantiopure chelating ligands (P-N) with dialkylphosphinite and
oxazoline donors or ligands (C-N) with NHC-oxazoline donors (Figure 21) are effective catalysts for the
challenging asymmetric hydrogenation of trisubstituted and tetrasubstituted olefins in DCM. 263369372
The proposed intermediates include tetrahydrides (or dihydrogen(dihydride) complexes [IrH4(P-
N)(olefin)]* (pKa"€ 7) and [IrH4(C-N)(olefin)]* (pKa"A€ 9). The pKVe™ for these species were calculated by
use of DFT to be 10 and 17, respectively, and organic acid-base indicators were used in the catalytic
solutions to demonstrate the greater acidity of the P-N donor complex.?®® The acidic P-N catalyst was
reported to be less selective than the C-N catalyst in the hydrogenation of acid sensitive enol ethers.3®

Cationic palladium hydride complexes having one labile ligand are efficient olefin isomerization
catalysts. For example [PdH(PCy2CH2CH,PCy;)(olefin)]* complexes (pK,"¢ 8) are effective at isomerizing
an alkenyl alcohol to the ketone by a chain-walking mechanism.?”® One would expect this acidic catalyst
to be incompatible with basic substituents on the olefin.

6.5 Carbon-hydrogen bond functionalization

The deprotonation of cationic rhodium dihydrides as mentioned in Section 6.4 can also be used to
promote carbon-carbon bond forming reactions.?’* The monohydride RhH(P(2-Fur)s)(L) produced by
deprotonation of [RhH,(P(2-Fur)s)2(DCM),]* (pK:A€ approx. 12) by Li,COs in DCM catalyzes the addition
under 1 atm H, of aldehydes to activated olefins (eneones) and enolates derived from ketones (aldol
reactions). Interestingly, an acidic additive, PhsCCO,H (pK."A® approx. 20) is required instead for the
coupling of aldehydes with alkynes catalyzed by rhodium diphosphine complexes in dichloroethane
under 1 atm H,. In this reaction a fast coupling of aldehydes with alkynes at Rh' to give an
oxarhodacyclopentene prevents dihydride formation. The role of the acid is to maintain a cation and
promote the heterolytic splitting of dihydrogen at Rh(lll) for the removal of the alcohol product.

Iridium diphosphine monohydrides presumably produced by the deprotonation of iridium
dihydrides by Li,COs in DCE/EtOAc under 1 atm H, catalyze the addition of aldehydes to allenes.>’® In this
case the dihydrogen is proposed to hydrogenolize the iridium alkoxide bond by the heterolytic splitting
of H; to give the alcohol product although these steps are not well defined.

The formal addition of a carbon-hydrogen bond of a primary aldehyde to butadiene is catalyzed
by RuH»(CO)(PPhs)s in the presence of dppf and an arylsulfonic acid.?’® The role of the acid is to
protonate off a hydride ligand so that the sulfonate group can coordinate and can influence the
stereochemistry of the C-C bond forming step while providing a monohydride for olefin insertion. The
reaction is performed in THF at 95 °C. The pK,*A¢ of the protonated intermediate, [Ru(H2)H(CO)(PPhs)s]*
is 5; sulfonic acids (pK."A“ 8, Table 2) are sufficiently acidic to cause this protonation. With enantiopure
binol- or taddol- derived acids, the coupling reactions can be done enantioselectively.

Evidence for methane activation at cationic Pt" was provided by the protonation reaction of
complex Pt"(diimine)(Me), by HOTf in CFsCH,0H.377378 The complex [Pt"(diimine)(H)(Me),]* (pKa“A¢
approx. 8) was observed at low temperature in CD,Cl,.
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6.6 Metal-ligand bifunctional catalysis

This title refers to the situation where the ligand can cooperate with the metal in the catalytic
mechanism. This will usually involve the ligand “storing a proton” during catalysis. The proton is often
derived from the heterolytic splitting of dihydrogen in hydrogenation reactions. More about bifunctional
ligands used in electrocatalysts can be found in section 6.8.

6.6.1 Reversible heterolytic splitting of dihydrogen

There many reports of the heterolytic splitting of dihydrogen to a hydride on the metal and a
proton on a nitrogen, 141,170,173,259,310,330,333,379-380 Oxygen'82,381-386 sulfur 207,350,387 or carbon 388-390 basic site
on a ligand in a metal complex.® In order to observe an equilibrium between the two forms the pK;, of
the dihydrogen complex and that of the protonated ligand must be similar.
Equation 18

M(H:)(L-B)L, = MH(L-BH)L, (Equation 18)

Table 14 lists some examples where both forms have been detected directly or indirectly. The
pK.MeN for the iron complex of entry 3 has been estimated as 18.3 (pK.""" approx 13 in agreement with
the pK,*A© 12), extrapolated from PhF solvent.3*! Here the proton is stored on a nitrogen of the ligand.

Table 14. Reversible heterolytic splitting of dihydrogen

Entry  M(H,)(L-B)® pKaA¢  MH(L-BH) Ref.

1 [Os(H2)(CO)(PPhs)2(quinS)]* 7 [Os(H)(CO)(PPhs)2(quinSH)1* 207

2 [Mn(H2)(CO)(P™",N®",)(PAr,CH,PAr)]* 10 [MnH(CO)(PP",NB",- 141
H(PAF2CH2PAr2)]+

3 [FE(Hz)(Cp-C5F4N)(PtBU2Nan)]+ 12 [Fe(H)(Cp—C5F4N)(PtB“2NB“2—H)]+ 333

a Ppthan = cyclo-PPhCHzNBnCHzPPhCHzNBnCHz—; Ar = 3,5-C6H3(CF3),' PtBuzNan = cyc/o—
P'BUCH,;NBNCH,P'BUCH,;NBNCH-.

Entry 1 is an example where a thiol-substituted quinoline with pK;, of approx. 7 when
coordinated to osmium is in equilibrium with an osmium(ll) dihydrogen complex. Entry 2 is provided by
an NMR study of the rapid exchange between protons on a manganese(l) hydride ammonium complex
and an indirectly detected manganese(l) dihydrogen complex of higher energy (by about 6 kcal/mol or 4
pK; units). The iron(ll) dihydrogen complex of entry 3 is the more stable isomer of this equilibrating
system which is active as an electrocatalyst. The basicity of the metal can determine the site of
protonation; for a series of phenoxide complexes, protonation at the oxygen occurred for rhodium(l)
complexes, but at the metal for more basic iridium(l).3%

6.6.2 Hydrogen/deuterium exchange

If the reversible exchange of protons between a dihydrogen complex and a basic site on a ligand
is occurring and the basic site already has a proton or deuteron, HD exchange can occur.® For example
iron dihydrogen complexes like that of entry 3 in Table 14 undergo H/D exchange between H, and D,0.
171 Similarly the amido complex RuH(PPhs),(NHCMe,CMe,NH,) reacts with D, to produce isotopomers of
trans-Ru(H*)2(PPhs)(N*H,CMe,CMe;NH*;) where the asterisk indicates sites of deuteration. 3 This H/D
exchange is caused by the reversible heterolytic splitting of H,/HD/D> across the ruthenium amido bond.
The same reaction occurs at RuH,(binap)(NH,CMe,CMe;NH;) .39

6.6.3 Olefin hydrogenation and isomerization

A bulky amine, when tethered to a cationic zirconium(lV) center enables the heterolytic splitting
of dihydrogen and catalytic olefin hydrogenation (Figure 55).1% It is not know yet whether there is a
side-on dihydrogen complex intermediate [Zr(H2)(Cp*)2(OCH,CH2N'Pr,)]* or whether there is an end-on
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activation between Zr and N in a similar fashion to “frustrated Lewis pair” activation of dihydrogen
between B and P in B(CsFs)3/PR3 systems.?%2® For catalysis to proceed in this way, the pK;*A° of the side-
on complex must be similar to that of the protonated amine, 14, implying that the alkoxide has an A, of
less than 8. A less basic alkoxide with an ortho-phenylene linker to a phosphine (Figure 56) enables the
splitting of dihydrogen to the less basic dialkylarylphosphine (with a protonated pK,*€ 8)).
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Figure 55. Mechanism proposed for the hydrogenation of olefins catalyzed by a cationic zirconium complex.
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Figure 56. The heterolytic splitting of dihydrogen at a cationic zirconium complex.

A bifunctional imidazolylphosphine P'Pr,imid coordinated to cationic
[Ru"(P'Primid)(Cp*)(MeCN)]* enables the efficient isomerization of simple alkenes (Figure 57).3% The
mechanism is thought to proceed via the coordination of the olefin to Ru", and then the transfer of a
proton to the imidazole nitrogen, producing an n3-allyl intermediate (Figure 58). Addition of the proton
to a different carbon of the allyl group results in isomerization. While hydride intermediates were not
postulated, it is noted that the pK,** of [RuH(Cp)(allyl)(PR3)]* might be similar to that of
[RuH2(Cp)(PPhs),]* (pKa" 8, entry 77 of Table 8).
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Figure 57. The isomerization of olefins catalyzed by a bifunctional ruthenium catalyst..
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Figure 58. Proposed mechanism for the isomerization of olefins catalyzed by a bifunctional ruthenium P-N catalyst.

6.6.4 Aldehyde, ketone and imine hydrogenation and amine dehydrogenation

The Noyori ruthenium catalyst systems RuCly(binap)(diamine)/base for the efficient asymmetric
hydrogenation of ketones in isopropanol proceeds through the heterolytic activation of dihydrogen at a
ruthenium amido complex. The active intermediate species are neutral ruthenium complexes without -
acid ligands. The dihydrogen ligand intermediate Ru(H;)(NHCR’RCHR’RNH,)(binap) (R and/or R’ is H, Ph,
iPr, Me) is not acidic and requires quite basic conditions for effective heterolytic splitting to form the
active dihydride catalyst trans-RuH(NH,CR’RCR’RNH,)(binap).38%3% In neutral isopropanol, a more acidic
cationic dihydrogen complex [Ru(H;)H(binap)(diamine)]" was postulated to be an intermediate in the
heterolytic splitting in solution.3%® However this compound is not an active ketone hydrogenation
catalyst until one equivalent of base, such as BH4 or O'Bu” is added to convert it to the neutral trans-
dihydride catalyst.>¥” The addition of excess base in THF causes the formation of anionic hydride species
by deprotonation of the coordinated amines.3*®

In a similar fashion the hydrogenation of ketones at an iron catalyst with a P-NH-N-P ligand
PPh,CH,CH,NHCHPhCHPhNCHCHPPh; is proposed to proceed via the heterolytic splitting of dihydrogen
in the intermediate Fe(H,)(CO)(P-N-N-P).3%® The splitting across the iron amido bond produces the
hydride amine complex FeH(CO)(P-NH-N-P) which reduces the ketone. 3%*% The dihydrogen
intermediate is not very acidic so the heterolytic splitting step is rate-limiting.

The bifunctional Noyori ketone and imine transfer hydrogenation catalyst system
RuH(NH,CHPhCHPhNTSs)(arene)/Ru(NHCHPhCHPhNTSs)(arene) can be converted into a pressure
hydrogenation system in the presence of one equivalent of HOTT. In this case the heterolytic splitting of
dihydrogen is thought to occur at the acidic cationic complex [Ru(H2)(NH2,CHPhCHPhNTs)(arene)]*
(pK.MeN 16, Table 8, entry 144); see Figure 59. 337 The triflate ion is thought to assist in the
deprotonation step.3%
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Figure 59. Ketone hydrogenation catalyzed by a ruthenium tosyldiamine complex.
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The formation of lactams from amines and water with the elimination of H; is catalyzed by a
ruthenium complex with a specially designed bifunctional P-N-P ligand that can store a hydride on its
acridine backbone. The hydrogen evolution step is proposed to be the formation of dihydrogen by
protonation of a hydride on ruthenium by an aqua ligand on ruthenium.??

6.7 Carbon dioxide hydrogenation and formic acid dehydrogenation
Finding efficient catalysts for the hydrogenation of carbon dioxide is an important goal toward a
sustainable future. Formate is a useful product of such a process that stores energy. The formation of
formic acid is thermodynamically uphill and so base is usually required for CO; hydrogenation. Their
catalytic decomposition into hydrogen and CO; provides a gas for use in fuel cells, for example.
A very active catalyst for CO, hydrogenation to formate in basic solution is the Ir'! complex
IrH3("Pr,PCH,CsH3N-CH,P'Pr,) of Figure 60)
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Figure 60. Proposed mechanism for the hydrogenat/on of carbon dioxide catalyzed by an iridium pincer complex.

The conditions are 120 C, 60 atm H,/CO,, 1 M KOH, 3.5x10° TON, 73000 h* TOF. This mechanism is
proposed to involve the heterolytic splitting of dihydrogen between the iridium and a carbon of the
deprotonated backbone of the ligand in the complex Ir(Hz)H2('Pro,PCH,CsHsNCHP'Pr,). The dihydrogen
ligand will be weakly acidic in this neutral complex.

The ruthenium hydride complex [Ru(H)(Tp)(PPhs)(OH,) was found to catalyze the hydrogenation
of CO; to triethylammonium formate in THF/H,0 when NEt; was added (50 atm CO»/H,, 100 °C, TON up
to 700, TOF 43 h1).%02 The hydride and proton on the aqua ligand were proposed to transfer to CO,
(Figure 61). Then the heterolytic splitting of dihydrogen to the hydroxide ligand in
[Ru(H2)(OH)(PPh3)(Tp)] regenerates the starting catalyst.
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Figure 61. The heterolytic splitting of dihydrogen at a ruthenium carbon dioxide hydrogenation catalyst.

Complexes of the type [RuH(CsMeg)(bpy-R2)]* (R = 4, 4’-H, OMe) and [IrH(CsMes)(bpy-R,)]* are
good catalysts for the hydrogenation of CO, to formic acid in aqueous solution at pH 3.2*! The hydrides
attack CO, and the dicationic complexes that result are proposed to coordinate dihydrogen and
heterolytically split it into a hydride and proton to the aqueous medium. Certainly the dihydrogen
complexes [Ru(H:)(CsMes)(bpy-R2)]** and (pKa"A¢~ -4) and [Ir(H2)(CsMes)(bpy-R2)1?* (pKaAC~ -2) are
sufficiently acidic to act in this way. An interesting bifunctional iridium catalyst [IrH(Cp*)(dhbp)]*, dhbp =
4,4’-dihydroxy-2,2’-bipyridine, is even active for the hydrogenation of CO, in water to formate (Figure
62). 492403 \When 4,4’,6,6’-tetrahydroxy-2,2'-bipyrimidine (thbpym) is used as a bridging ligand, catalysis
is significantly improved (60 °C, 200,000 h* TOF, 300,000 TON. The iridium complexes transfer a hydride
to CO; and the resulting complexes coordinate and split dihydrogen heterolytically to a phenoxide-like
substituent on the ligand. A water molecule is proposed to shuttle a proton in the H; splitting step.3&
The complex also catalyzes the reverse reaction, H, evolution from formate and water. While the
complex [Ir(H2)(Cp*)(bpy)]** has a pKa**© -2, the hydroxylated bipyridine ligands will be significantly more
donating with its negative charges, making the H; less acidic but the deprotonated hydride form, more
nucleophilic toward CO;. The optimum pH for H; splitting was found to be 8 for the catalyst with the
thbpym ligand.*® Under these conditions the nitrogen donor ligand is completely deprotonated and
there is an aqua ligand on iridium.

N e O O
/N\Ir~Cp* —’ /N\Ir\\\\‘\H — /N\Ir\\’H "
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Figure 62. Heterolytic splitting of dihydrogen by the bifunctional iridium catalyst [IrH(Cp*)(dhbp)]* for CO, hydrogenation.

The simple complex [IrCI(Cp*)(bpy)]*is reported to be an electrocatalyst for CO, reduction.?*® In
the proposed mechanism the Ir' complex IrCp*(bpy) is protonated by water (pK, 15) to give the hydride
[IrH(Cp*)(bpy)]* (PKa"€ 19, pK.MeN 23, Table 9, entries 63, 64). This cationic complex is reduced by one
electron to the more nucleophilic neutral hydride which attacks the CO, to form the formate complex.

Molybdenum and tungsten complexes with a bifunctional P-NH-P ligand were reported to be
poor catalysts for CO; hydrogenation.*®* A simple Cu"-DBU system was also found to catalyze the
hydrogenation of CO, to [DBU-H]HCO; in dioxane at 100 °C (20 atm H,, 20 atm CO,, 100 TON, 5 h™!
TOF).%% The likely mechanism involves the heterolytic splitting of H, at cationic Cu'. Iron complexes with
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tetradentate phosphorus and silicon donor ligands are known to catalyze CO; hydrogenation as well
with TON up to 1661. 1%54% An intermediate in catalysis, the dihydrogen complex [Fe(H,){Si(CcH4P'Pr2)3}]*
(Figure 10) was determined to have a pK,"" 11. 1% For a tetraphos system the proposed dihydrogen
intermediate [Fe(H,)(H)(PPs)]* has a pK.“A€ of 12.

A desirable product of CO, hydrogenation is methanol. This has been achieved with the
homogeneous catalyst of the type [Ru(THF)(O2CH){Me(CH,PPh;)s}]* under conditions of 140 C, 20 atm
CO,, 60 atm H,, 360 TON, 15 TOF.3® Dihydrogen is proposed to split in the cationic Ru" complex
[Ru(H2)(02CH){Me(CH,PPh,);}]* to n'-coordinated formate in the first step. Hemiacetal and methoxide
intermediates may also be involved in heterolytic splitting process.

Complexes of the type MoH(CO)(Cp or Cp*)(PMes), are catalysts for the dehydrogenation of
formic acid at 100 °C with TOF 30-50 ht). 28 The mechanism is proposed to be the protonation of the
hydride by the acid to give [MoH,(CO)(Cp*)(PMes),]* (pK:"€ 9, entry 36, Table 5) which loses H, and
binds HCO;". Elimination of CO; results in the regeneration of the starting hydride. The complex
[MoH,(Cp)(PMes)3]HCO; (Entry 41, Table 5, pK,*A17) is quite stable and is a poor catalyst while very
unstable [MoH;(Cp*)(C0O),(PMes)]* (pKa"A 1) is a poor catalyst, partly because the conjugate hydride
form is a weak nucleophile. MoH(Cp)(CO)s is difficult to protonate and is a very poor catalyst. The cluster
compound RuzH4(CO)12 (pKaVeOH 11.7%31) was found to be a stable catalyst for formic acid decomposition
at 85 °C in DMF.%%7

6.8 Hydrogen oxidation and evolution electrocatalysts

The experimental determination of the pK; of transition metal hydride complexes provides a
valuable guide, along with electrochemical measurements, for the systematic improvement of the
thermodynamics of molecular electrocatalysts for H, oxidation and evolution. 33284315333 The free
energy of hydride removal from a complex [MHL,]" (AGu- ) (Equation 22) can be related its
pKMEN(IMHL,]*, ML,) (Equation 19) with the electrochemical potential E1/2(MLy2*/ML,) of it conjugate
base form for the solvent acetonitrile (Equation 20) and the free energy for reduction of a proton in
acetonitrile (Equation 21).% Only certain metal complexes can sustain the two electron redox couple
needed for this process.
Equation 19

[HML.]* = H + ML,  AGP = 1.37 pK,MecN (19)

Equation 20

MLy= 2e+[ML]* AG®=46.1 Ey([MLJ?*/ML,)  (20)

Equation 21

H'+2e = H AG°=79.6 (21)

Equation 22

[HML.]* = H+ [ML.)* AG%%yar = 1.37 pKoMe™N + 46.1 E1/5([MLA]**/ML,) + 79.6 (22)

The free energy of the heterolytic splitting of dihydrogen at a metal complex AGhetero (Equation
26) is related to the free energy of the heterolytic splitting of dihydrogen in acetonitrile (Equation 23),
the hydride affinity of the complex AGy- (Equation 24) along with the pK,V*™ value of the acid form of
the base used to accept the proton (Equation 25). It can be seen that the greater AGu- and the greater

the pK, (the stronger the base), the more favorable will be the H; splitting.
Equation 23
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H, > H +H AGP = 76 kcal/mol (23)

Equation 24
H + [ML,]** — [MHL,]* AG° = -AG%yar (24)

Equation 25

H* + base — [H-base]* AGP =-1.37 pK,([H-base]*) (25)

Equation 26

H, + [MLa]?* — [MHL,]* + [H-base]* AGhetero = 76 - AG%hyar -1.37 pKy([H-base]") (26)

For example the thermodynamic data for the electrocatalyst [Ni(depp).]** depp =
PEt,CH,CH,CH,PEt, can be written in the compact form of Figure 25. The AGu- for [NiH(depp)2]* is 67
kcal/mol and the pK,Me™N is 23 (entry 48, Table 11, pK,"A¢ 20) resulting in @ AGhetero Of -3 kcal/mol for using
a base B with pk,;Me“N(BH") 8.5.

One mechanism of dihydrogen evolution involves the protonation of a transition metal hydride
to produce a labile dihydrogen ligand. Similarly the deprotonation of a metal dihydrogen or dihydride
complex is often an important step in dihydrogen oxidation. For an efficient catalytic process these

reactions should be near the equilibrium point (Equation 27).
Equation 27

MH + H*= M(H2)* = M(H)." (27).

Thus a knowledge of the acidity of the dihydrogen complex is useful. In the direction of hydrogen
production, a common mechanism is the protonation of a metal complex M to give a metal hydride MH*
that is then reduced and protonated again to give dihydrogen that is evolved. Here too a knowledge of
the pK, of MH* is useful.

Apart from the LAC method described in this article, more involved DFT methods
used to calculate the relative pK, of metal hydrides in order to develop better electrocatalysts.

6.8.1 Nickel hydrides

Nickel is the most abundant and inexpensive of the group 10 metals and so its complexes have
been examined the most intensively as electrocatalysts. A range of complexes with chelating
diphosphine ligands have been studied that have a wide range of pK,"*N values (-7 to +25, Table 11).
For kinetic and thermodynamic reasons 3 it is more efficient to have bifunctional chelating diphosphines
on nickel that can store a proton on a nitrogen in the backbone (Table 11, entries 4, 9, 10, 43, 45, 53)
rather than a simple diphosphine such as the depp case just discussed. A particularly efficient
electrocatalyst for dihydrogen oxidation in the presence of NEts is [Ni{-PCyCH,;N*BuCH,PCyCH,>N'BuCH,-
})?* (Figure 64).2% The bulky basic amine (pK:Ve™N 18 for the ammonium form) in the backbone will
deprotonate the putative dihydrogen complex (pKsA¢ 5) that first forms. The pK;MeN of the hydride that
forms was determined by equilibrium with [MTBD-H]BPh4 (pK,M*™N 25.5) or DBU to be 24.6 (entry 53,
Table 11). The amine in the backbone, which is reduced in basicity due to the positive charge on the
complex,®® cannot deprotonate this hydride until it is oxidized at the electrode to Ni(lll). This follows
from the fact that when transition metal hydrides are oxidized by one unit their pK, decreases by 15 to
21 units.3® The pK,"© of [Ni"(H)Ls)**is approx. 5 if the method is applicable to paramagnetic
compounds.

3132 can be

33-34,52
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Figure 63. Thermodynamic quantities in the oxidation of dihydrogen by Ni complexes.
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Figure 64. The protonat/on by MTBD-H* of a nickel electrocatalyst for the oxidation of dihydrogen

By contrast the complexes [Ni{-PPhCH,CH,PPhCH,NPhCH,-},]%** 284 and [Ni{-
PPhCH,NArCH,PPhCH,;NArCH,-},]%*3% (entry 9, Table 11) with a weaker amine group (Ar = 4-BrCsH,4 or
Ph) catalyze the very efficient electrochemical production of dihydrogen in the presence of protonated
dimethylformamide. The rate determining step is thought to be the protonation of the hydride [NiHL(L-
H)]** by the pendant, acidic ammonium group with pK,;"'*®N 5, which is more acidic than expected due to
the positive charge on the complex. The strength of the acid source determines the mechanism of the
proton reduction step in MeCN. The use of the strong acid [H-DMF]* results in the protonation of a
nickel(l) intermediate [Ni'L,]* to give [Ni"HL,]** while the weaker acid [PhNHs]* only protonates the more
basic nickel(0) intermediate NilL, to give [Ni"HL,]* which is calculated to be 8 pK, units less acidic than
[NiTHL,]2* 408

The nickel(ll) pincer complex NiH(P'Bu,CH,CsH3CH,P'Buy) (Figure 65) is thought to be a catalytic
intermediate in the electrocatalytic production of dihydrogen from HBF, in MeCN.?° This acid
protonates the hydride irreversibly.

P'Bu,

|

Ni—H

P'Bu,
Figure 65. NiH(P'Bu,CH,CsH3CH2P'Bu,) .

6.8.2 Cobalt hydrides

Pendant amines have also been used in ligands on cobalt to improve the electrocatalytic
properties of the metal complex for hydrogen generation. The tetradentate P4 ligand shown in Figure 15
can be used to produce the cobalt electrocatalyst [Co"(NCMe)(P4)]** for hydrogen evolution from
protonated DMF 2°2 The Co(lll) hydride [Co"H(P4)(MeCN)]?** was also prepared; it is postulated to be in
the catalytic cycle (Figure 66).*° This hydride complex has a pKa""*®N([Co"H(NCMe)P,]?*/[Co'(NCMe)P4]*)
16.0 (entry 45, Table 9) as it was found to be deprotonated and be in equilibrium with collidine (2,4,6-
trimethylpyridine, pKa""*“V(collidinium) 15.0). The protonation of the Co(ll) hydride [Co"H(NCMe)P4]* by
an endo ammonium group [HNPhR;]* in the ligand backbone is proposed to be the hydrogen-evolving
step. This acid was calculated to have a pK;MeN 2.0.4%° The LAC calculation has only been established for
diamagnetic complexes but if applied to [Co"(H2)(P4)(NCMe)]* produces a pK,"A¢ 2x4+2x5 +4-15 = 7.
However this paramagnetic complex is more acidic than this estimate. The P,ligand with a propylene
spacer to the terminal PPh; groups was also used to make similar complexes.
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Figure 66. Proposed mechanism for the electrocatalytic production of dihydrogen catalyzed by a cobalt complex.

The pK:MeN of the hydrides [Co"H(P4)]* (33) and trans-[CoH,(P4)]* (32) were also determined
indirectly from thermodynamic cycles (Figure 67). The pK,“*¢ for the latter complex is 2x3+2x4.9+6=22,

which translates into a pK,“'*™ 29, in approx. agreement (entry 72, Table 9)
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Figure 67. Thermodynamic cycles of the CoP, system ( S = MeCN)

A pentadentate nitrogen donor on cobalt (Figure 68) promotes the electrocatalytic production
of hydrogen from water buffered at pH 8.2 Two hydrides are postulated to be in the catalytic cycle, as in
the previous case, although only [Co™H(L)]?* was observed. The authors note that this hydride has a
pK>29 13 (from DFT) and is not likely to be protonated at pH 8 conditions. We calculate the pK;*A¢ of
5x4+6-15= 11 for this hydride, and <-4 for the protonated form [Co"H,(L)]3*, consistent with these ideas.
A related redox active pentadentate ligand on cobalt catalyzed proton reduction at low overpotentials in
aqueous solution.*°

| ol RDS

| H,O

Figure 68. Steps in electrochemical hydrogen production catalyzed by a cobalt complex.

A cobalt complex [Co"HL]* with a pentadentate ligand with one amido ligand, two amine donors
and two pyridyl donors was calculated by DFT to have a pK.2@ 7 (Figure 69). 1% This complex is a catalyst
in a photochemical hydrogen evolution system from a solution of NEt; at pH 12 with an iridium complex
as a photosensitizer. The corresponding [Fe'"HL]* complex (pK22 2) had the incorrect redox potentials to
carry out this reaction while the [Ni"HL]* (pK.2% -0.4) was too acidic.

The electrochemical and acid-base properties of tetradentate N4 ligands have been examined
experimentally and theoretically. *'* A range of pK,;MeN values from -18 to +18 relative to a standard
cobalt complex were calculated for Co(lll) hydrides depending on the protonation state of the metal.
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Figure 69. Iron, cobalt and nickel complexes with a pentadentate nitrogen donor ligand.

6.8.3 Iron and ruthenium hydrides

There is great interest in iron complexes as electrocatalysts for hydrogen oxidation and
evolution because of known high activity of hydrogenase enzymes for this process in nature (see Section
6.9). Cyclopentadienyl complexes of iron have been studied extensively, culminating in the report of an
efficient catalyst for hydrogen oxidation.'’* The catalyst is an iron(l1) hydride FeH(Cp’)(P P®U2NB"?) with
coordinated by a cyclopentadienyl ligand Cp’ with the correct electron-withdrawing characteristics (a
CsFs substituent) and a basic chelating diphosphine ligand (P™®“2N8"2) with N(CH,Ph)R; bases in the
backbone for efficient proton relaying (Figure 70). The catalyst operates in fluorobenzene (PhF),
catalyzing the oxidation of dihydrogen at 1 atm to protons accepted by N-methylpyrrolidine or NEts.
Two acid-base processes that involve the iron are thought to be involved in the cycle. The first is the
deprotonation of dihydrogen in [Fe(H,)Cp’(PBU“2NB"2)|BAr 4 (Arf = 3,5-(CF3),CsHs) by the ligands’ amine
base. NEt; was found to deprotonate and be in equilibrium with this dihydrogen complex in PhF and so
the dihydrogen complex’ pk;MeN was estimated to be 18.9; the pK;*A¢is 12 which converts to pk,;MeN 17,
consistent with this estimate. The product of this deprotonation is a dihydrogen-bonded Fe(ll) hydride; a
related complex has been crystallized and characterized by single crystal neutron diffraction.*? The
second acid-base process is the deprotonation of the unobserved Fe(lll) hydride
[Fe(H)Cp’(Pt®'2NB"2)|BArF, by the internal base.
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Figure 70. Proposed catalytic cycle for the oxidation of dihydrogen catalyzed by a bifunctional iron complex.

Related complexes FeH(Cp)(P?"2N""?) and FeH(Cp)(P?"2N®"?) have been prepared and studied.”°
They form dihydrogen complexes [Fe(H.)(Cp)(PP"2NP"?)]BArs with pK,Ve™N 20-24 extrapolated from PhF
solution. The pK,"*C is approx. 8 and pK:MeN 13, much less than the range reported. However the low
dielectric constant of PhF makes acidity measurements difficult because of the ion-pairing. The related
Cp* complexes FeH(Cp*)(PP">NP"?) and FeH(Cp*)(P“>N""?) have more basic hydrides react with the
strong acid NHTf, (pK.MeN 1.0), resulting in hydrogen evolution catalysis in fluorobenzene.*®* The high
acidity of the medium results in catalyst decomposition over time.

The properties of analogous ruthenium(ll) complexes RuH(Cp*)(P""2NB"2) and RuH(Cp*)(P® 2N""2)
were reported.*'* While the pK; of the corresponding dihydrogen complexes were not reported, the
acidity of the ruthenium complexes was stated to be less than that of the iron complexes because of the
donating Cp* ligand, despite the fact that Ru is more electronegative than Fe. Thus a stronger base, DBU
(pKMeN 24.3 for DBU-H'), was required to accept protons created by the oxidation of H, catalyzed by
these ruthenium complexes in PhCI.

The simple hydride FeH(Cp)(CO), (pK.""*N 26.0) is also an electrocatalyst for hydrogen evolution
from acetic acid solutions in MeCN or in water.>”%2 The turnover limiting step was the protonation of
[Fe(Cp)(CO).] by acetic acid (pka“e™ 22.3). This study provided a correction to a previously reported
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pK.VeN value for this hydride and an example of the electrochemical generation of H, from a very weak
acid, 4-tert-butylphenol (pk;MeN 27.5).

6.9 Hydrogenase and model hydrogenase activity

These enzymes allow bacteria to metabolize or produce hydrogen gas. There is wide variability in
the structures of these enzymes but they can be classed into at least three main groups as discussed
here. The first [Fe] have one iron at the active site, the second [FeFe] has two and the third [NiFe] has an
iron and a nickel. Other enzymes have hydrogenase function including nitrogenase.

6.9.1 [Fe] HMD hydrogenase

These enzymes bind dihydrogen at the open Fe(ll) site of the structure shown below producing a
dihydrogen complex of the type Fe(H2)(CO).(SR)(COR)(py) (Figure 71).*'*> DFT modelling suggested a
mechanism where the thiolate ligand deprotonates the dihydrogen (Figure 72).21941¢ The AGhetero is
calculated to be -15 kcal/mol by DFT for a simplified model.?!® The hydride, once formed, transfers to a
cationic methenyltetrahydromethanopterin (methenyl-H4AMPT+) group to produce
methylenetetrahydromethanopterin.*'’ The dihydrogen complex would have a pKa,
acidity constants of the thiolate and acyl groups are 0. Usually coordinated thiols have pK, near
so that the acyl and thiolates must be greatly acidifying or there are positive charges in the vicinity of
the active site. For example the complex [Os(H2)(quinS)(CO)(PPhs),]* is in equilibrium with its thiol
hydride form.2%” The substrate MPT* hydride acceptor is a cation that is positioned close to the

dihydrogen binding site and could provide the positive charge needed to acidify the dihydrogen ligand.
cys

A€ of approx. 26 if the

9207,387

Figure 72. The heterolytic splitting of dihydrogen to the cysteine sulfur of the [Fe] hydrogenase.

A second mechanism has been proposed based on elaborate QMM calculations where the
pyridinol group acts in concert with an imidazole side chain to deprotonate the dihydrogen. The base in
this case is hydrogen-bonded imidazolium with a pK,**“ of approx. 10. The hydride is considered to
transfer to the cationic substrate as it forms in a frustrated Lewis pair activation.*'® This was found to be
more favorable than thiol formation.

The unstable dihydrogen complex Ru(H2)(PCys)(‘S4’), where ‘S4’ is a tetradentate sulfur donor
ligand, was generated by reaction of the conjugate base hydride with methanol in THF at low
temperature.?” The H/D exchange reactions catalyzed by this system mimic aspects of hydrogenase
reactivity. There are a variety of other reports involving the acid-base chemistry of iron hydride and
dihydrogen complexes of relevance to hydrogenases, 419 420 421 422 52 423 424 425 426 427 428 429 430
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6.9.2 [FeFe] Hydrogenases

Hydride and dihydrogen complexes of iron likely form at the active site of FeFe and FeNi
hydrogenase enzymes.***33 These enzymes have carbonyl and cyanide ligands on the iron that
participate in the catalytic splitting of H, into protons and electrons, dihydrogen oxidation, and the
reverse process, hydrogen production. Presumably these reactions take place at the pH level of
biological media, near 7 in aqueous solution but possibly higher in the interior of the enzyme that might
have a dielectric constant of 8, as low as THF as a solvent.?®*3* The [FeFe] hydrogenases reversibly
catalyze the evolution and oxidation of dihydrogen at a site thought to an iron(ll) or iron(l) at the
bimetallic core of an iron cluster, complete with a pendant amine base, much like the model complex
described in section 6.8.3 (Figure 73). For efficient catalysis the pK; of the dihydrogen ligand should be
similar to that of the amine base; thus a pKaA® near 10. The carbonyl (A, -4) and cyanide (A_ approx. -11)
ligands are strongly acidifying to bring down the pK,“* of the dihydrogen ligand in this neutral complex
to approx. 10.
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Figure 73. The active site of the [FeFe] hydrogenase.

The protonation steps to form the dihydrogen ligand are proposed to take place at more electron Fe(l)
centers created by one electron reductions of Fe(ll). This reduction is estimated to increase the basicity
of the Fe-Fe site by 15+2 pKj, units in MeCN. #**°

There has been an intense research effort into the synthesis of functional complexes than model
this hydrogenase active site.**>*37 One of the closest models to date involves a trimetallic iron complex
with phosphine ligands instead of cyanide ligands and a ferrocene moiety in place of the Fe,S, cluster as
an electron acceptor (Figure 74).%38 This complex catalyzes the oxidation of dihydrogen to protons
delivered to P(ortho-tol)s (pKa"A approx. 5 for the phosphonium) and electrons to ferrocenium. The
presence of the ferrocene unit was required for hydrogen uptake. The H; binding site can be viewed,
after electron transfer to the ferrocenium moiety, as [Fe"(H2)(u-SR)2(u-CO)(PArs),]* with a pKaA€ <
pK:"A“(HNBNR,") where the latter is < 12.
— 2+

H; + 2 P(o-tol); + 2 [FeCpy]" > 2 [HP(o-tol)s]* + 2 FeCp,
Figure 74. Model of the mechanism of [FeFe] hydrogenases.
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The acid-base properties of other [FeFe] model complexes found in the literature are tabulated in
Table 15 (and Table 8 without structures). The diiron complex hydride complex [Fe,(u-H)(u-
SCH,CH,CH,S)(CO)s]* of entry 1 of Table 15 is only formed under very strong acid conditions even though
it is only monocationic. It is protonated by [CsDsF-H]* but not [H(OEt);]BF4.2%% Even though bridging
hydrides are thought to be less acidic than terminal ones in general for such iron compounds,3**3* this
complex is still highly acidic. Note however that polycarbonyl metal clusters tend to be more acidic
when the hydrides are bridging because of the stabilization of the negative charge in the conjugate base
form.! For example this effect is observed for the hydride OssH,(CO).4 (entry 18, Table 8) which is in
equilibrium with HBF4Et,0 in CD,Cl,. >°® The acidifying effect of the six carbonyl ligands in [Fex(u-H)(u-
SCH,CH,CH,S)(CO)6]* is clearly not counterbalanced by the presence of thiolate ligands. When complexes
like this are reduced, the pK; increases (entry 2 of Table 15). Replacing carbonyl ligands with phosphine
ligands (entries 3-6) and cyanide ligands (entry 3) greatly increases the pK,. This may be why cyanide
ligands are found in place of some of the carbonyl ligands in nature to raise the pK; of the system closer
to neutral pH. Substituting carbonyls with a diphosphine ligand allows the synthesis of cationic hydride
complexes such as [(CO)sFe(u-H)(pn-SCH2CH,CH,S)Fe(CO)(dppe)]* (entry 3, Table 15). It is in equilibrium
with anilinium in benzonitrile solvent, indicating a pK."*“N of 10.7 and a pK.™" of 5.9 The substitution of
one carbonyl on each iron with a phosphine and a cyanide to give (CO),(PMes)Fe(u-H)(u-SCH,CH,CH,S)
Fe(CO)2(CN) increases the pK,""*“Nto about 11 (entry 4). Since this is a neutral acid this corresponds to a
pK.™ of about 12.%¢ The presence of the very acidifying cyanide ligand (AL~ -11) makes up for the loss of
positive charge on the complex. Substitution with a phosphine on each iron produces complexes such as
[(CO)2(PMes)Fe(u-H)(u-SCH2NBNCH,S) Fe(CO),(PMes)]* (entry 5) with a pK,V*™N of approx. 15 (pK."" is
approx. 9 for a cationic acid). Further replacement of CO gives complexes like that of entry 6 with pK,°“™
= pK,""F 15.5 where a 1,2-diphenylphosphinoethylene (dppv) ligand is chelated to each iron in
[(dppv)(H)Fe(u-CO)(u-SCH2.NHCH,S)Fe(CO)(dppv)]” and the hydride is terminal on iron, as proposed for
the [FeFe] hydrogenase.* If hydride of entry 6 rearranges to the bridging tautomer with a terminal
carbonyl, the pK;Me™N increases to greater than 18.6.44° Strong acids (pK.""*™™ > 15.5) protonate the
terminal hydride complex to form H; via the pendant amine 3* while weak acids bypass the amine when
the complex is used for electrocatalysis.

Reducing the oxidation state of the irons also serves to increase the pK; as illustrated by
entry 8. The complex [(CO)sFe(H)(CO)(SCsH4S)Fe(CO)s]* is estimated from electrochemical
measurements to have a pK;MeN of 21.2%*

The mechanism of electrocatalysis using these model complexes can depend on the strength of
the acid being reduced to protons. If acetic acid is used (pK,V'*™N = 22.3) the complexes with pK, < 16
need to be reduced before they are protonated. #*°

MeCN
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Table 15. Acidity of [FeFe] hydrogenase models

Entry Acid form Base form Solvent pKk; Ref.
(Entry
of
Table
8)
1(3) - ﬁ + I CDsF -9<pK,<0 203
o. S& o Oc [S\S c©
C. e[\\\':e/c C;F:e'_,s_e: i
LTI Y . : f N
o’C¢ H QC‘O 0 ((j: % o
-0 o
2 ﬁ ﬁ - MeCN  8<pK,<23° 441-442
S S¢S
Oc. S\F c© Oc. e[\ c©
T N
o,C é H : o O’C ¢ c C‘O
o] o) o} o}
3(59) + MeCN 10.7 63
c. F\: c c. F\: c
71t pph c’fe_Fe""PPh
oC¢ \ 2 o~ ¢ 2
o thp\) O PhP
4 (98) % - MeCN 11 66
S
S Oc. PXE O
%0 I\ _c© . P;F_e"—ﬁ_egc
FecFel ¢ CON
MesP'e H & Cn o S|
(0] (0]
5 B”N> + B“Nh MeCN 15 226
(114) S¢S SoS
OC\F [\F c© OC\F l‘\;; c©
e e—
MesP” & H™ e ~c MezP” 2 e ‘co
g PMes OC PMe;
6 NH -+ NH DCM 15.5 440
(135) Ph $ s Ph, .8 Phy
~o T \z .H P I\& _P
/ e Fe | >re—Fe |
Pt ¢ o\ "RPh; p” e
20 PhyP<~ thg C th
7 Cy i Cy - MeCN  16.9 443
$
(OC);Fe— Fe(CO), (OC)sFe——|——Fe(CO)s
\ / \Fe/

H—TFe
(CO)s

L (CO);

95



8 ) Q 5 MeCN 21 234

Oc FN\E s Cogt 2.5
e _Fey cTICT e
oC é Cc Co 0”¢ o ¢ O

o C o) o)
0 0

9HOTs (8) < pKa < HOAC (23)

6.9.3 [NiFe] Hydrogenases

A report of base dependence of the hydride-containing “NiC state” of [NiFe] hydrogenase shows the
importance of the acidity of hydrides at the active site (Figure 75). *** The heterolytic splitting of
dihydrogen is proposed to take place at the dimeric Ni(ll)-Fe(ll) site of the enzyme state Ni-SI (EPR
silent). As in the [FeFe] hydrogenase the role of the carbonyl and cyanide ligands on iron is to acidify the
intermediate dihydrogen complex so that its pK,“"C is near 10. It is interesting that the paramagnetic
NI"HFe" Ni-C state can reductively eliminate a proton under basic conditions to form a Ni'Fe' form. All of
the processes occur near biological pH values.
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Figure 75. Proposed pathway for catalytic hydrogen oxidation at the [FeNi] hydrogenase.

The Ni'Fe' complexes with a bridging dithiolate ligand of Figure 76, L = CO, PPhs, model aspects of
[NiFe] hydrogenases.®® They are electrocatalysts for hydrogen evolution by reduction of CF3COOH in
DCM. The pK.M*N values are 10.7 and 14.9 for L = CO and PPhs, respectively.

N ' I
Ph o % o
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Ni Fe,, +H" —— ip SN Fe,,
P
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Figure 76. Ni(ll)Fe(l) complexes with a bridging dithiolate ligand
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It has been shown by DFT that changes in the geometry about the nickel center in model
complexes can result in internal redox from Ni'Fe' to Ni'Fe® and an increase in basicity by 8 pK, units

(Figure 77). %
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Figure 77. Proposed change in geometry of a complex modelling aspects of the active site of [NiFe] hydrogenases.

A NiRu dimeric complex splits dihydrogen heterolytically to give a bridged NiHRu complex with
H/D exchange properties similar to that of the enzyme.””*° Similarly the nickel electrocatalysts
discussed in Section 6.8.1 have some relevance to the proposed catalytic action of the enzyme 3%

6.10 Alcohol oxidation

A nickel complex with a bifunctional diphosphine ligand catalyzes the electrochemical oxidation of
alcohols to ketones (Figure 78).#4® A pendant amine base in the backbone of the ligand is proposed to
assist in both the deprotonation of the alcohol to form an alkoxide and the deprotonation of a Ni"

hydride intermediate (pK,"°

approx. 14-18) in a similar fashion to the nickel electrocatalysts discussed in

section 6.8.1. Bases with pK,;MeN 18-20 (B = DABCO, NEts, N-methylpyrrolidine) can be used to accept
the protons in the reaction (Equation 28).

Equation 28
[NiL)?
RR'CH(OH)+2B —

+

L = MeCN, base, alcohol

RR'CO+2BH*"+2 e

B tBu‘N N B tBu‘N

< tBU H < tBu

N - - ,

P L + base -2e P
/ "//NI\\‘ —_ > > /'
v N + N— v d

By \/P L - H-base By’ \/P\t
N ] L Bu

2+

Figure 78. A nickel complex with a bifunctional diphosphine ligand catalyzes the electrochemical oxidation of alcohols to

ketones.

Dioxygen from the air can be used as the electron acceptor and sodium carbonate, the base, in
the oxidation of benzyl alcohol to the aldehyde with [Cp*Ir(H)(bpym)]* or [Cp*Ir(H)(bpy)]* as the catalyst
(TON 5-70, Figure 79).* These hydrides are sufficiently acidic (pKa"'*™ 23.0 for bpy complex, entry 63,
Table 8) to react with carbonate base to form the violet complexes Cp*Ir(bpym) or Cp*Ir(bpy). These
reduced complexes are thought have an electron stored on the heterocyclic ligand.**® They are very
oxygen sensitive and are readily oxidized back to Ir(lll). The Ir(lll) complexes coordinate the alcohol as

the alkoxide and beta-hydride elimination regenerates the hydride. The pK;
was reported as approx. 6 but this seems too low when compared to the bpy complex.
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[Ir(Cp*)(HOCHZR)(N-N)I**

H20,
-H*
RCH,OH + O, + 2 H*
Ir(Cp*)(N-N) [Ir(Cp*)(OCH,R)(N-N)I*
H* H
O
[IrH(Cp*)(N-N)]* R

Figure 79. The oxidation of benzyl alcohol to the aldehyde with [Cp*Ir(H)(bpym)]* or [Co*Ir(H)(bpy)]*

More efficient aerobic alcohol oxidation catalysts involve mixtures of Pd(OAc), and NEt; in
toluene in the presence of molecular sieves and catalytic HOAc.**® An improved catalyst for this process
is PA(OAC),(IPr)(OH,(IPr)(OH>), IPr = 'Pr-substituted NHC ligand, that allows the use of air. %4° The
mechanism involves formation of a Pd"(alkoxide) that undergoes beta-hydride elimination. The resulting
hydride is deprotonated by NEts (pKaA“ 13 for NHEts*) or acetate (pKa"*® 24 for HOAc in THF) to give
Pd(0) which reacts with dioxygen to go back to Pd(I1).**° Note that the suggested [PdH(NEts)(OAc)] or
[PdH(NHC)(OAc)] intermediate is predicted to have pK,"*“ approx. 30. Some partial dissociation of
acetate from the metal to create a positive charge would assist in the deprotonation of the hydride. %!

6.11 Olefin functionalization

6.11.1 Heck coupling reaction (palladium and nickel)

The Heck coupling reaction is a particularly effective and reliable method for preparing
substituted olefins from terminal olefins and functionalized hydrocarbons R-X. #°? The reaction typically
involves the oxidative addition of a carbon-X bond to a Pd°L, complex, where X is, for example, halide,>®
triflate®*® or phosphate** followed by insertion of an olefin into the palladium-carbon bond and then
beta-hydride elimination to produce a PdHX(L), or PdHXL intermediate. One mol of base is required for
every mol of substrate since HX (e.g. HOTf or HBr) is eliminated. When L is an trialkylphosphine or
NHC,*> the pK,'A€ of the hydride intermediates is the range 30-40 yet these hydrides reductively
eliminate in the presence of a base such as NCy,Me (pK,**“ 13) for phosphine complexes®? and
carbonate (in DMF) for NHC complexes.*® The formation of a cationic palladium hydride intermediate
such as [PdHL,]* before the deprotonation step could explain this discrepancy.**! In agreement with the
cationic hydride idea, a palladium hydride complex [PdH(P-O-P)]* (pKa‘A¢ 14) was shown to undergo
deprotonation in DCM by DBU followed by immediate oxidative addition of a Ph-P=0 bond.**® It is
notable that the phosphazene base P,Et with pK,M**N 32.9 is very useful for promoting Heck coupling
reactions at room temperature.*®” Theoretical work suggests that the equivalent nickel hydride
intermediates in Heck-type reactions are much less acidic.**® Thus the development of nickel catalyzed
Heck reactions that are thought to involve the deprotonation of cationic intermediates such as
[Ni(olefin)(dppf)(H)]* (pKa"A€ 4) in dioxane by NCy,Me makes sense.3%

6.11.2 Other catalytic processes

Platinum(0) diphosphine complexes can catalyze the hydrophosphination of activated olefins in
the presence of water or tert-butanol.**® The role of the reagent YOH is to protonate the Michael adduct
of a platinum phosphide and the olefin and then deprotonate the cationic hydride that is created (Figure
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80). The pK.A€ of [Pt(meDuphos)(PR3)H]" is 16 so that alkoxide or hydroxide is strong enough to
deprotonate this hydride.

|§2\/'\ HY ol 52
+ X + \/\
Pt ——  P< X
H
X
—/ HY
R
PR,H 2
PR, 2 P
Py’ Pt~ X
H

Figure 80. Proposed mechanism for the hydrophosphination of olefins ([Pt] = Pt(dppe), X = CO;R or CN, Y = OH or O'Bu, R = Ph)

The formation of adipic acid from pentenoic acid mixtures is catalyzed by Pd(OAc), with a special
chelating bis(trialkylphosphine) ligand in CFsCOOH.*° The hydride intermediates [PdH(PR3)2(CO)]* (pKa*A¢
6) and [PdH(PRs)(olefin)]* (pK,"¢ 8) are implicated in the mechanism. These are appropriate for the
acidic conditions of the reaction.

7 CONCLUSIONS

A systematic listing of acid-base reactions of transition metal hydride and dihydrogen complexes in
solvents of medium to low dielectric constant has provided an improved framework for finding patterns
in the relative strengths of the acids and bases. It is possible to rationalize the acid-base behavior of
hundreds of these compounds with pK; values ranging from -18 to 50 on the basis of simple
considerations, predominantly the ligand additivity constant method by use of simple Equation 17. This
method is successful in accounting semiquantitatively for almost all of the acid-base reactions. Ligands
that stabilize the negative charge and render the hydride acidic are olefinic, carbonyl, nitrosyl, cyanide
and trichlorosilyl groups. In a diamagnetic metal hydride complex, the ligands have the dominant
influence on the acidity while the metal mainly contributes a charge effect, a weakening of the acidity of
complexes with a 5d metal and/or with a d®- octahedral electronic configuration. For example multiple
nitrogen donors or trialkylphosphine ligands make the hydride complex weakly acidic. The Fe(0) complex
Fe{'BuSi(CH,PMe;)s}(dmpe) with five basic phosphorus donors partially deprotonates the methyl group
of ethylacetate in benzene solution to produce [FeH{*BuSi(CH,PMe;)s}{dmpe)][CH,COOELt]. In contrast
five carbonyl ligands make the hydride complex [Re(H2)(CO)s]OTf a very strong acid. Accordingly
Re(H)(CO)s is an extremely weak base, only protonated by excess CF3SOsH in fluorobenzene.

The simple LAC method breaks down in certain circumstances. There is poor agreement between
the predicted and observed pK, for the compound [Os(H:)(NHs)s]** in methanol and polycarbonyls such
as MH;(CO), in MeCN. The first compound forms multiple hydrogen bonds between the amine and the
solvent, making the amine a stronger donor than calculated using the LAC equation. The small size of
the tetracarbonyldihydrides likely results in strong ion-pairing energies for their conjugate base and the
additive ligand approach may break down when many m-acid ligands are present. Refinements on the
LAC method may be required to better account for the differences in acidity between 3d, 4d and 5d
elements for transition metal hydride complexes. In addition, for pK; values greater than 30 errors arise
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due to extrapolation errors, thermochemical cycle errors, solvent leveling reactions, and cumulative
errors in ladders of involving overlapping equilibria with successively less acidic compounds.

Understanding how the acidity of compounds changes from solvent to solvent is very important in
order to plan new reactions. This article provides simplified diagrams to make these comparisons for a
variety of acids in DMSO, MeCN, THF and DCM that are useful not only for hydride acids but also for
acid-base chemistry in general. Some large changes in acidity between solvents and reactions are
observed for OH-based acids, especially fluorinated alcohols where differences of up to 25 pK; units are
observed between expected pK, and effective pK, in THF, DCM or toluene solvents due to ion-pairing
and hydrogen-bonding contributions to the equilibrium energy as well as temperature effects.

The LAC method allows the prediction of the thermodynamic site of protonation of a complex at
the metal or at a ligand with a basic site such as a pendant amine or pyridyl group. Since metal-ligand
bifunctional catalysis often involves the storage of protons on the ligand, this is an important
consideration. The pK, of dihydrogen as a function of solvent still needs to be established more
definitively. Values range from 25 in water to greater than 50 in MeCN and THF.

This framework provides a better understanding of the mechanism of a variety of catalysts
including those for the hydrogenation of ketones, aldehydes, imines, carboxylic acids, alkenes, alkynes,
for hydrogen/deuterium exchange, for hydrogen oxidation and evolution, for olefin functionalization
and for the hydrogenase enzymes. For example there is a class of acidic hydride complexes with pK,*¢ <
5 that catalyze the hydrogenation of ketones by a proton-first, hydride-second reduction mechanism
including [I"'(H2)Cp*(OH2)2]%, (S,S)-[Ru(H2)(cymene)(NH,CHPhCHPhNTSs)]OTf, [Ru(H,)(C0O),Cp*]*, and
[W(H),(CO)2(Cp)(PMes)]*. For imines reductions, proton-first catalysts with pK,"A¢ <12 include
[Re(H2)(CO)3(PMes),]BArs, [Au(H2)(PR2Ar)]*, [Re(H2)(CO)2(PMes)s]BAr,,
[MHz(NO)(CO)(PiPr2CHzCH2PPhCH2CHzPiPr2)]+ M= Mo, W, [Ru(Hz)(cymene)(Tsdpen)]" and
[Ir(H2)H2(PPhs3)2(NHC)]*. The LAC method appears to be useful in predicting classes of compounds that
are active for these and other catalytic processes.

8 ABBREVIATIONS

A ligand acidity constant for use in the LAC equation (see Section 1)

Arf 3,5-bis(trifluoromethyl)aryl

BDE M-H bond dissociation energy

binap (R,R) or (§,5)- 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl

bpy 2,2’-bipyridine

bpym bipyrimidine

Csq constant of the LAC equation; Csq=2 for 5d metal hydride, 0 for 4d or 3d metal hydride (see
Section 1)

Ceharge  constant of the LAC equation to account for the charge on the conjugate base (see Section 1)
Chd constant of the LAC equation to account for acids with the metal in the d® octahedral electronic
configuration (Cn4= 6, otherwise Cnq = 0) (see Section 1)

COD  2,5-cyclooctadiene

Cp cyclopentadienide

Cp*  pentamethylcyclopentadienide

2,2,2-crypt 2,2,2-Cryptand (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane)
cymene 1-methyl-4-(1-methylethyl)benzene

dach 1,2-transdiamino-cyclohexane

DBU  1,8-diazabicyclo-[5,4,0]-undec-7-ene

DBU-H* protonated DBU
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DCE 1,2-dichloroethane

DABCO 1,4-diazabicyclo[2.2.2]octane

DCM  dichloromethane

DFT density functional theory

DMAP 4-dimethylaminopyridine

DMAP-H* 4-dimethylaminopyridinium

DMF  dimethylformamide

DMSO dimethylsulfoxide

dppe 1,2-bis(diphenylphosphino)ethane

depe 1,2-bis(diethylphosphino)ethane

depp 1,3-bis(diethylphosphino)propane

depx o,o’-bis(diethylphosphino)xylene

dfepe 1,2-bis(dipentafluoroethylphosphino)ethane
dmpe 1,2-bis(dimethylphosphino)ethane

dmprpe 1,2-bis(di(3-methoxypropyl)phosphino)ethane
dppb 1,4-bis(diphenylphosphino)butane

dppf 1,1’-bis(diphenylphosphino)ferrocene

dppm 1,2-bis(diphenylphosphino)methane

dppp 1,3-bis(diphenylphosphino)propane

dppv  Z-1,2-bis(diphenylphosphino)ethylene

dtfpe 1,2-bis(di(4-trifluoromethylaryl)phosphino)ethane
dtpx  o,o’-bis(ditertbutylphosphino)xylene
EtXantphos 9,9-dimethyl-4,5-bis(diethylphosphino)xanthene
fur furan-2-yl

LAC ligand acidity constant

MeCN acetonitrile

(R,R)-meDuphos see Figure 81

Tt
‘r

B PQ
“ 0

Figure 81. (R,R)-meDuphos

NHC  N-heterocyclic carbene

NMR nuclear magnetic resonance

MTBD 7-methyl-1,5,7-triazabicyclo[4,4,0]-dec-5-ene; see Figure 64

MTBD-H* protonated 7-methyl-1,5,7-triazabicyclo[4,4,0]-dec-5-ene; see Figure 64

OAcC  acetate

oep? octaethylporphyrinato dianion

OTf  triflate (trifluorosulfonate)

OTs"  tosylate (4-toluenesulfonate)

pic 2,4,6-dinitrophenolate

pK.9  pK, of acid in water

pKa"¢  pK, of acid in THF (or DCM) estimated by the LAC method

pKa"F  pK, of acid in THF

PTA 1,3,5-triaza-7-phosphaadamantane (see Figure 30)

pyS 2-thiolatopyridine
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quin-H* protonated quinoline

quinS  8-thiolatoquinoline

tacn 1,4,7- triazacyclononane

THF tetrahydrofuran

TMG 1,1,3,3-tetramethylguanidine
TMG-H"1,1,3,3-tetramethylguanidinium

Tp Hydridotris(pyrazolyl)borate

TPPMS-Na (3-sodiumsulfonatophenyl)diphenylphosphine
TPPTS-Na tris(3-sodiumsulfonatophenyl)phosphine (see Figure 30)
tpy terpyridine (2,6-bis(2-pyridyl)pyridine)

TRIP  2,4,6-tris(isopropyl)phenyl

uv ultraviolet
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11 SUPPORTING MATERIAL

Excel table showing calculations.
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