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Abstract 

Protonolysis. protonation and hydrogen bond-formation reactions with metal hydride 
halide (L,MHX) complexes are reviewed. The site selectivity (hydride vs halide) for these 
reactions is found to be highly variable, with many examples of either case. In fact, several 
systems are in equilibrimn between protonated (or hydrogen-bonded) hydride and halide 
ligands. The more reactive site depends primarily on the accessibility of the hydride ]igands 
and the polarity of {he metal hydride bonds. Protonation at hydride is a common synthetic 
method for metal halide dihydrogen complexes. M(HelX, which are rather well represemed. 
In contrast, halide protonatioJ~ gives metal hydride (hydrogen halide) complexes, MH (XH), 
for which only a (ew examples are established. However, H...X bonding in M(H2IX 
complexes, "invisible" to NMR techniques, has generally not been ruled out. The iighte~ 
halides form st"onger hydrogen bonds, and are more prone to protonation than the heavier 
halides. Thus. fluoride is the best halide ligand for electrophilic removal, while iodide ligands 
are best suited to withstand acidic conditions. 't; t997 Elsevier Science S.A. 

K~9')rm'ds: Protonation: Dihydroge,l complex: Halide: Hydride 

1. Introduction 

An emerging question is the site selectivity of  proton transfer to late transition 
metal complexes containing at least one hydride and one halide ligand. While proton 
transfer is probably the most ubiquitous and conceptually simple chemical reaction, 
the question of  whether proton transfer occurs prc!'erentially to metal-bound hydride 
or halide remains contentious, with no commonly-held iatuition or "'rule of  thumb". 
Other than its impact on the study of  rla-dihydrogen complexes, this issue is relevant 
to many important metal-catalyzed processes, including H/D exchange, halocarbon 
reductions and hydrogenations. It is also of  interest, by analogy of  halide to alkoxide 
or amide, to OH and NH oxidative additio~ reactions. 

This review addresses the most important controlling influences in determining 
the site of  electrophilic attack on a meta! complex containing both a hydride and a 
halide ligand, and also discusses the influences of this consideration on obse,ved 
reactivity. Literature is surveyed from the last I i years relevant to protonation 
reactions of metal complexes containing both a hydride and a halide ligand. Recently 
published related reviews include Henderson's discussion of protonation of  metal 
alkene and alkyne complexes [1], and a treatment of  unusual hydrogen bonding by 
Crabtree et al. [2]. 

In the past 16 years, the number of dihydrogen complexes, often synthesized by 
protonation of  a metal hydride complex, has risen fi'om one to well over 200 [3]. 
However, this tremendous explosion in the ram,bet of H, complexes is not balanced 
by the increase in the known 0'pes of Ha complexes. For example, dihydrogen 
ligands are almost always found attached to octahedral metal centers. There are no 
known anionic or paramagnetic He complexes. F~arthermore, only moderate system- 
atic changes have been allowed in the attendant ligands. Few H2 complexes have 
been characlerized with ligands other than PR> N R v  CO, CsHs, Ct m~,d H. One 
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reason for this restricted range of complexes that can contain dihydrogen ligands is 
the acidity of coordinated H2 [3]d. Thus, basic attendant ligands are generally 
incompatib!e. More specifically, no dihydrogen complexes are known with siiyloxide, 
fluoride, cyanide, amide, azide, alkyI, aryl, phosphide or oxide ligands. By tar the 
most prevalent lone pair-bearing ligands in H e complexes are the hatides. Thus, 
halide-dihydrogen complexes provide an interesting "test case" for comparing the 
basicity of hydride vs tone pair-bearing ligands. 

The halide--dihydrogen class of complexes is fairly well represented. These com- 
pounds merit discussion since the position of the tautomeric equilibrium between 
MX(H2) and MH(HX ) (Eq. (1), X = halide ligand) is a thermodynamic indicator 
of the intramolecular competition of 

L,,MX(Hz)~L,,MH( HX ) ( t ) 

hydride vs halide for a proton. The retativeiy few examples of preferential proton- 
ation (or protonolysis) at the halide ligand are also presented, and some reasons 
why this class of compounds may be under-represented are discussed. A few metal 
hatide-dihydrogen complexes !ose HX (not I-t2!) when a new ligand is introduced, 
demonstrating a facile tautomeric interconversion in Eq. { ! I. 

Many late transition metal hydride halides are formally protonated at the metat 
center. These products can be derived fi'om complexes protonated at either H or X, 
after the generated H 2 or HX ligand has been oxidative!y added [4]. However, it is 
not clear whether an intermediate HX or Hz complex mediates these reactions, or 
the protonation occurs directly at the metal center. Formation of a hydrogen bond 
is the first step in proton transfer reactions taking place in non-aqueous solvents 
[5]a. Therefore, instances of hydrogen bonding to metal-hydride or metal-halide 
provide insight into the proton's preferred site of attack. FinaIly, the reactions of 
metal hydride halide complexes wi~i~ electrophites other than I4 ~ are addressed. 

2. Influences of boad polarity and steric hindrance 

2.1. PolariO" 

Simple~ known chemical reactions can be extended by analogy to predict an 
electrophile's attack at either a halide ligand or a hydride ligan& depending on one's 
perspective. The argument is presented here by consideration of two extreme charac- 
terizations of the M-H bond, ionic or covalent. The selectivity of an added electroph- 
fie for H or X depends partly on which bonding description is more accurate in the 
transition metal hydride bond in question. 

An excellent case can be made for protonation at the hydride ligand of a metal 
complex, by simply considering the difference in reactivity between KCi and KH 
upon dissolution into water. The former innoeentbr dissociates into sotvated ions, 
while the latter deprotonates the solvent with a re|ease of Hz gas. This difference is 
easily explained by comparing the etectronegativities of the atoms involved; 
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electronegative C1 is quite content to bear an extra electron, while the much less 
electrenegative H atom is not so accommodating. Accordingly, the pKb for H -  is 
- 21 ,  while the pKb for C I -  is about +2 l .  That is, hydride aniot~s are about 1042 
times more basic than chloride anions. 

On the other hand, protonation at the halide ligand of a metal complex is a 
reasonable alternative. Examples from organic chemistry of a halogen "ligand" 
being protonated in preference to a hydrogen "Iigand" have been established for 
over 20 years. Specifically, strong acids can protonolyze the halide of halocarbons, 
leaving the C - H  bonds untouched. The inferred intermediate halonium ions are 
sometimes even observed (e.g. Eq. (2)) [6]. The proton's preference 

CH3I + H + "-~ CH31H + (2) 

for halide in these reactions is quite sensible; the one electron of the H atom 
participates in covalent bonding, while CI has three lone pairs to react with an 
etectrophile. 

These two examples represent two extremes of chemical bonding; KH and KC1 
have quite ionic bonds, whereas C -H  and C-C1 bonds are mainly covalent. An acid 
will react with H when it is supplied as hydride (KH) ,  but not when it is covalently 
bound (R3CH), in which case the acid preferentially attacks the lone pairs of halide. 
The M-H bonding description is not so clear in late transition metal complexes. An 
H atom attached to a late transition metal is still .[brmalty a hydride ligand, and 
often reacts accordingly. However, several metal "hydride" complexes are actually 
quite acidic [3]d. It is not surprising then, that some hydride ligands should be 
neither acidic nor basic, and the M-H bonding accurately described as covalent. 
Such a covalent M-H bond could likely behave similarly to a CH bond in reactions 
with electrophiles. That is, metal hydride halide complexes with covalent MH bonds 
might be expected to be protonated at the halide ligand. Thus, the polarity of the 
M - H  bond is a key influence in directing a metal hydride halide complex's site of 
reactivity with electrophiles. 

2,2. Steric hindrance 

The relative accessibility of the hydride and halide ligands can affect the selectivity 
of a protonation reaction. Steric effects are generally not considered to affect the 
rates of protonation reactions of molecules with only one basic site, according to an 
analysis of Scheme 1. The "encounter complex" formed between acid and base is 
sufficiently long-lived to have several molecular collisions, and thus steric impedi- 
ments to hydrogen-bond formation are kinetically almost irrelevant [5lb. However, 
in the special case of the reaction of an acid and a molecule containing two basic 
sites, the relative steric hindrances to the two sites become important. The same 
encounter complex is formed regardless of the eventual site of proton transfer, but 
now the two different possibilities for hydrogen-bond formation generate two sepa- 
rate important hydrogen-bonding equilibria. I,~ fact, a simple equa'.ign for the 
relative rates of protonation at hydride vs protonation at halide can be deduced 

L 
£ 
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(Eq. (3)) [7]. ht this equation, k ,  and kx are 

ko.~.a k.Ku 
- { 3 )  

ko~.x kx Kx 

determined by which site is the most e!ectron-rieh, but K H and Kx va!ues primarily 
reflect the relative accessibility (steric factors) of the two sites. 

kl k2 k3 k4 k5 
HA B ~ " HAIIB -- " AH ' "B  ~ A'HB + ~ " A'[]HL3 + ~ ~ A" HB + 

k-1 k-2 P~3 k.4 k.5 
acid/ encounter hydrogen =,on solvent- free 
base complex bonded pair separated ions 

HA + MHX Ke 

HAIIMHX KH 

HAIlMHX Kx 

HAItMHX 

AH,.-HM× ~ A'(Ha)MX ÷ 

AH.'-X~'IH ~ A'(HX)MH ÷ 

Scheme 1. 

k ~ , H  = RHKHKe 

~bs,X = kxKxK~ 

3. Protonation at hydride 

The expression "protonation at hydride" is somewhat misleading, since it is really 
the metal-hydride bond which is protonated. True protonation of a hydride ligand 
would yield an rl*-H 2 (end-bound) ligand, which is not an established binding mode 
for H2. Protonation at the M-H bond yields q2-H 2 complexes (edge-bound). which 
is the only mode established so far. Throughout this review. "protonation at hydride" 
and "protonation of the metal hydride bond" are used interchangeably, and 
understood to lead to edge-bound H2 complexes. 

A hydride can be protonolyzed as a way of creating a site of reactivity at the 
metal via H2 loss [8]. More recently, protonation of M-H bonds has become a 
popular method for generating dihydrogen complexes [3]. Yet t]~ere are relatively 
few cases of attempted protonation of a hydtide ligand bound to a metal atom with 
an attendant halide ligand. Dihydrogen complexes containing halide !igands ~pre- 
sent one half of the equilibrium of Eq. (t). Furthermore, the ione pairs of these 
attendant ligai~ds can participate in intramolecular bonding (= donation) or inter- 
molecular bonding (bridge formation), allowing the developme,tt of new ciasses of 
dihydrogen complexes. Halide ligands also provide a synthetic handle lVar later 
transformations such as metathesis, reduction or electrophilic abstractions. 

Dihydrogen complexes are primarily characterized by NMR measurements of 
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spin-lattice relaxation time constants (7"1 values) and HD coupling constants (JHD) 
of partially deuterated isotopomers. The T~ of a ~H nucleus is primarily determined 
by its proximity to other dipolar nuclei (such as other hydrogens). As a consequence 
of very short HH distances in dihydrogen ligands, the ~H nuclei of these ligands 
relax very quickly (low T~ values). Finding the minimmn T~ with respect to temper- 
ature (Tn~,) simplifies the mathematical relationship between 7"1 and HH distance, 
allowing this distance to be calculated [9]. While the use of this method in a 
quantitative fashion has been repeatedly revised and questioned [10], it is generally 
agreed that within a series of dihydrogen complexes, lower T~m~, values indicate 
shorter HH distances. Use of J,D coupling constants directly observable in 
L,M(HD) isotopomers is more straightforward; higher HD couplings indicate 
shorter HD distances, and therefore shorter HH distances in the perprotio isotopom- 
ers, An empirical, roughly linear relationship between JnD and HH distance has 
been reported [ 11 ]. 

3.1. Cationic [L,,MX(H2)] + complexes 

Cationic halide-dihydrogen complexes have generally been synthesized either by 
protonation of a neutral metal hydride halide complex, or by addition of H2 
to a cationic metal halide complex. One relevant system of complexes is 
[(P2)2MX(H2)] + (P2=che!ating diphosphine; M = R u ,  Os). For example, Mezzetti 
et al. have shown that protonation (HBF4) of trans-(dcpe)2MCIH ( M = R u ,  Os) 
gives dihydrogen complexes [(dcpe)2MCt(H2)] + (dcpe= 1,2-bis(dicyclohexyl- 
phosphino)ethane), with chloride trans to H2 (Eq. (4)) [12]. The osmium complex 

H 
..... I ...... P', 

. / , r \ . )  ÷ .+ 

X 

was later reformulated as having a ligand, 

H ÷ 2 ] 

"stretched" [13] dihydrogen 
[(dcpe)2OsCl(H...H)] + [14]. The ruthenium complexes lrans-[(PP)2RuCl(H2) ] + 
(PP= 1,2-bis(diethylphosphino)ethane, 1,2-bis(diphenylphosphino)-ethane) are also 
synthesized by protonation (HBF4 or HPFc,) of their conjugate bases [15]. In all of 
these cases, the complexes can also be formed by H 2 addition to the five-coordinate 
metal chlorides (Eq. (5)). The synthesis by these different methods is a clear indica- 
tion that these complexes have a thermodynamic preference for the dihydrogen side 
of Eq. (1). 

× 1 + 
rP  .... I 

I + H2 

H2 ] + 
fP ....... I ...... P\j 

(s) 
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The series of complexes [Os(NH3)4(H2)X] + (X = Ci, Br, I ) have been formed by 
addition of X -  to [Os(NH3)4(H)2](BPh4)2 in d<~-acetone [16] (Eq. (6)). "['he 16e 
dihydride complex cation in 

H2 ] + 
H~., ! .'""4 [Os(NH3)4(H2)(acetone)]2+ -ace tone  X____~ .... OS .... (6) 
H3~ '/" [ "~NH31 

× j 

this reaction is generated via loss of acetone trom [Os(NHo,)4(Hz)(de-acetone)] +. 
This method of dihydrogen ligand generation (Eq. (7)) is relatively infrequently 
used, and involves formal reduction7 

L,M (H)2 + L '~  L,,M L'(H_,) (7) 

(OsW~Os ") of the metal center, upon addition of L'. The initial products are trans 

isomers. While characterization by T~,,:, is precluded in all cases by solvent freezing, 
HD coupling constants provide an estimate of the relative degree of H-H bonding in 
these complexes. The JHD (HZ) values follow the trend C1- (I0.2)< Br- ( t i .8 )<  I - 
(12.5) [ t 7], showing that the chloride complex has the longest HH bond. Once again, 
these complexes are best characterized as having elongated (stretched) H2 ligands 
[18]. Over a period of several hours, the complexes lsomerize to the cis configuration. 

Li and Taube have also thoroughly characterized the highly related series, 
[Os(en)z(Hz)X] + (on =ethylenediamine), prepared in the same way as the tetraam- 
mine species [19]. The same trend in JHD (Hz) is observed [X trans to H2): C1- 
(7.2) < Br- (8.0) < t - (9.1). The iodide ligand in this series behaves remarkably 
differently from the lighter halides. At equilibrium, t -  is favored to be cis to H, 
(K~i~/,,.~,~= 1.5), whereas the cis isomers are unobserved for X = C I -  or Br-. The 
H2 distance in cis-[Os(enh(H2)I] + (JnD= t 5.2 Hz) is significantly shorter than it is 
in the trans isomer. Also present in this series of complexes are the pseudohalides, 
X = O D -  and EtS-. The deuteroxide complex is the only known example of a 
dihydrogen complex with a unidentate oxygen-based co-ligand, its existence seems 
to indicate that the dihydrogen ligand itself is not very acidic, sb,.ce no proton is 
transferred to the basic hydroxide ligand. 

Using a wtriation of this general method (Eq. (7)1 for generating dihydrogen 
complexes, Esteruelas has synthesized halide-dih3drogen complexes by neutral 
ligand addition to an unsaturated (16-electron) dihydride complex [20]. Addition 
of 2,2'-biimidazole (Hzbim) to (P?r3)2OsCIz(H)2 yields d6 octahedral 
[(P?r3)2Os(H2bim)Cl(Hz)]CI, with t,z~t~s phosphines and chloride cis to H a 
(Eq. (8)). In this case (unlike the above examples), rao sol,.'ent loss is required to 

c,c~ r ~ ,  ~ l ÷ 
V ~...-~ ~ ,  ~.,~.~< ~ .,c~j • . ..... . . . . .  

~,:2o~.,,~,~,~ i.. !~ . / ~ . . . . J  cr ~.=~ 
i p r ~  --H H . [ :__/ L t 

i 
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generate the reactive 16e LeOsCI2(H)2 complex, which is somewhat stabilized by 
intramolecular n donation from tile chloride ligands [21 ]. 

In an attempt to form a rare unsaturated dihydrogen complex, (P~Pr3),OsI2(H)2 
was protonated [_z]. Although HP~Pr [ was the. only detectable phosphorous- 
containing final product, an intermediate was detected at low temperature (Eq. (9)) 
when HOTf was used. The hydrides of 

L2OsI2(H )2 + HOTf--+ [LzOai,,H ( H2)] + ( -  70 C ) (9) 

the intermediate have a short T~min value (32 ms/300 MHzL but no detectable HD 
coupling. The metastability of the complex precludes a definitive structural assign- 
ment, but [(PiPr3)2OsI2H(Hz)] + is the most iikely based on comparisons to known 
hydride-dihydrogen complexes. This reaction contrasts sharply the reaction observed 
for protonation of (P~Pra)zOsX2( H )z with X = Ci or Br (see Section 4.3). 

3,2. Neutral L,,MX(Hz) complexes 

A wide variety of neutral halide-dihydrogen complexes have been synthesized. 
Neutral dihydrogen complexes are generally less acidic than the cationic complexes 
ill Section 3.1, and the anionic conjugate bases are unknown, precluding protonation 
as a viable synthetic pathway. Therefore, synthesis has generally been performed 
by H2 addition to a 16-eJectron metal halide complex. Halidas stabilize 16-electron 
complexes by ligand-to-metal n donation [21], making them ideal precursors to 
H2 complexes. 

The first reported unsaturaled (t6e) dihydrogen complexes contain halide or 
pseudohalide ligands [23 25]. Christ and coworkers have synthesized the series of 
five-coordinate complexes L2RuXH(Hq (L = PCy3, X =C], I, SCy, SPh. S~Bu [23]: 
L=pipr3, X=C1, I [24]) by addition of CH,CIz,. CH31 or RSH to LzRuH_,(Hz), 
(Eq, (10)). A trend in the HH distances can be seen according to the T~,,~n values 
(ms, 250 MHz). The fastest relaxation (lowest T~m~,) is observed for H~ iigands with 
the shortest HH distances. For ~he (PCy312RuXH(H2) system, the 

k t. 

I / "  .,, RI , . 2  
L2RuH2(H2)2 + RX ~ X--Ru~ ....... H2 H____~2 X ' ' j  . . . . . . . .  t ' ' ' H 2  (10) 

k t, 

order Ct ~ I (30) < SCy (36) < StBu ( 38 ) is observed, corresponding to a change in 
HH distance of a few hundredths of an fingstr6m. This trend is consistent with 
more Ru- ,H 2 backbonding in complexes with better n-donating ligands (SR > Cl.I ). 
For (PiPra)2RuIH(Hz), .l~m of 13,5 Hz was calculated from tile averaged HD cou- 
pling of 4.5 Hz observed ill the fast-exchange limiting spectrum. The unsaturated 
hydride complexes react with tt2 1o form six-coordinate species assigned the formula 
LaRuXH(H2), based on short Ttmi~ values (250 MHz, X=C1 (10 ms), 1 (12 ms)). 
Unfortunately, for neither of these bis-dihydrogen species is an HD coupling observ- 



able, which is. generally the best indicator for the number of dihydrogen ligands in 
a polyhydride [267. 

The potential for halide figana, ‘c to bridge between metai centers has aflowed the 
first synthesis of bimetaflic difqxtrogen complexes j27,28]. These complexes have 
the general formula L,Ru( H)(tt-X )3Ru( H,)L, (Fig. I j. The d~r~t~~e~~~~l~ comp!exes 
L,RuH(p-H )(u-X )2Ru(H,)L,, (L = P(p-CH3C,H,)3, PPh3, AsPh,; X =Ci. Br) 
were originally formulated as having all classical hydride ligation, but later 
m-assigned :!s H,-complexes based on short 7’, values. nileasuremenr of rnk~imum 
T, values is precluded for the I-I, ligands, whose signak begin to coalesce uiith 
those of the other hydride Zigands at the relevant temperatures. Later, complexes 
with chelating diphosphines, (H,)fdppb)Ru(u-CI )3RuCI(dppLj 1291, and 
(PN )( H,)Ru(u-H)(p-Cl ),RuH( PPh,), [SO] (dppb = 1 ,~i-bis(dipheny~phosphitro)- 
butane, PN =[$-C,H,{CH(Me)( Nl\ilez))PPhJFe!ll”-C,H5)) v/ere abo reported to 
have bound dihydrogen ligands. It is unsurprisin6 ‘_ r that there should be no H-..X 
bonding in these compicxes. since bridging hahdes have diminished basicity. 

The previously described cationic dihydrogen complex [( P”Pr3,12Qs( H&m)- 
Ci(H,)]” (Eq. (8)) is deprotonated by NaBH, at the coordinated ni:rogen- 
containing &and (no8 at L-f,), yieiding ( P’Pr3)j3s( Hbim)Cl( H,) ( Eq. 4 I 1)) [Xi]. 
Tnis unusual site of deprotonation (for an HI complex) 

indicates that the HI iigand in this cationic complex is less acidic than 
the coordinated Hzbim ligand. Dept-otonation by the basic or~~o~~~et~~~~~ 
[Mi~(-OMef(dioleiin)l, dimers forms hetcrcbinietaihc H, compLer.es with a bridging 
biimidazole (Eq. ( 12)) [20]. In this way the 
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complexes (PiPr3)2OsCl(Ha)(p-q2,qLHbim)MCl(diolefin) (M = Rh, Ir, dio!efin = 
1,5-cyclooctadiene; M = l r ,  diolefin=tetrafluorobenzobarrelene) have been 
synthesized. Unlike the diruthenium complexes, one metal center is completely 
remote from the H2 ligand in these heterobimetallic complexes. 

The only known dihydrogcn complex of ~echnetium is tral~.s-[(dppe)fl'cCl{ H2) ], 
synthesized by addition of Hz to the live-coordinate 16-electron precursor ( Eq. (13)) 
[311. An 

CI 
c, ..... i ..... 

Os) 

analogous rhenium complex, trans-[( PMePh2)4ReCR H2) } iS formed by sodium amal- 
gam reduction of ReCls under hydrogen in the presence of the phosphine (Eq. (14)) 
[32]. The rhenium complex has been proposed to possibly contain an asymmetrically- 
bound H z ligand [33]. 

01 

fP .... 1 
ReGI5 + NalHg ~ "Re' 

H2 

Esteruelas and coworkers have also been able to make neutral dihydrogen com- 
plexes by the method of Eq.(7) [20]. Addition of" pyrazole (Hpz) to 
(pipr3)2OsCI2(H)2 forms (pipr3),Os( Hpz)CI2(H2) with tw,~s chlorides ( Eq. ( 15 )). 
Upon refluxing in hexane, this kinetic isomer is converted to the thermodynamically 
favored cis isomer, characterized by X-ray diffraction (see Section 7 for additional 
discussion). 

The first dihydrogen complexes containing S-donating ligands were formed 
by metathesis reactions of (pipr3)aOsCt all-:])2. Reactions of K[RCE2] 
(RCEz = EtOCS> MeCOS) with this 

k k 
C, H C!,. I ,H2 C~ ..... [ ..... C! O~... HN_N hexane ., o % ,  

iPraP" H 

compiex give dihydrogen complexes ( P~Pr3bOs(q~-R('g_~)Ci(H~) ( Eq. ( 16 )1 [34]. tn 
this reaction, chloride (a monodel,tate tigand) is rep aced with a chelating [igand, 
yet the coordination number remains six because the uvo hydrides merge to form a 
dihydrogen ligand. In this sense, this synthetic method a!so resemNes Eq. (7). 

Ci Cl k 
.,,.z;.E . . . .  ..... ..... Cl V 

H,,~;OszQ,,PiPr3 "E¢ " /  I ~..H2 
iPraF r - -H L 
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Complexes ( PiPr?,)aM(CO)CIH (M = Ru [35], Os [36] ). (PiPr.0,OsX J H h (X- -  
C1 [37], Br, I [38]). (PiPr3hOsX{ H )3 [39] ( X =CI,  Br. i ). ( P~Pr02irX~H ( X =Ci  
[40], Br [41]), L2I rCt tHh  (L=PiPr3 [42], PCy~, P'Bu~ [43]. P*BueMe [41t) and 
(pipr3)2trX(H)2 [43] ( X---Br. I ) add H 2 to form molecular hydrogen a, dduc{s. ()~ily 
two of Ihese products. L,OsX2( H h(Ha) and L2OsX~ H ):d H2). have non-octahedral 
metal centers. In the case of (P~Pr3)2IrXzH(Ha) {X =CL Br,< ~uo different isomers 
have been observed in solution. The kinetic isomers wilh minx halide ligands trove 
very labile H2 ligands wi~h extremely short (<0.8 X,) H H distances. The H2 liga~lds 
in the thermodynamic cis isomers are less labile with longer H - H  distances (> 1.0 ,&). 
All of  ti~e dihydrogen complexes in tl~e above !ist comain H e cir io haiJde, in several 
cases, this arrangement is an unavoidable result of having more than one halide 
ligand. The eIeetronic reasons for H2 to bind cis to halide have been discussed [40]. 
One additional advamage of chloride cis to H 2 is the possibiii~y of additional 
stabilization by hydrogen bm~ding between He and X. This type of  hydrogen bonding 
would go unnoticed by normal spectroscopic techniques, and would mos~ !ike!y 
require single cwstal neutro,~ diffraction studies to vexi!}.'..h~ facL such an in~.eracthm 
has been observed by neutron diffraction (see Section 7 ~. 

3.3. Promnolyskr o f  L,,MH,V wiff, [o.sx (,'/' ~ir' 2 

Treatmem of (PPh3hOs{COhBrH or(PPh, , )sRu(COhCib" ~hh [{OTf results in 
elimination of  He and coordination of  trifiate ~ Eq, ~ i7 )) 11,44]. These compicxes are 
highly reactive toward N2Ha 

L ! 

i e-- OC . . . . .  X 0,. , ,  i ,X 
" M ~ ,  + HOTf --~ .~; (1"7) 

oc/" I H o c / i  "OTf 
i C 

and arc precursors 1o d',e firs~ examples of  coordinated N.H> po~,e.q.:iai}? ¢itaiie 
important to the understa~ding of  N,  reduciion by H,. 

Protonation (HPF~,) of a rhenium complex with a cheiadng ~hioiite ti,.;;md, 
( PPh02Re( NS)( H h ( NS = 2-mercap~_oqumoiine}. occurs at h)ciridc. '" ' 
fion of  He [451. The resulting inferred (PPhzhRe( NS }( k[ }57 6agmem tl~,.'~ dimerhe~; 
via .;uhur brid~es or reacts with atkvnes to form te:m.2..I ,Ikv M~. w,~ The cheia!e 
elikct of  lhe sulfur-containing iigand leaves ~.hc possibiIi!.) .>pc~? of w~ob~ers.cd 
reversible protonaiion at .,,t b.~ on ( PP--LRe{o .~.: ~-,a }~ H h. 

4. Proton transfer ~o halide 

4./. Hk" as a ti~gam/ 

There are seve.ral examples of  pro~c,.-'m(v.~:,.~- of a n~cta[-bom~d halide b, a 9,rong 
acid [4(~] which requires o ~ v fl~at the acid has a }ower pA" vahie them the ~-~X 
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produced. There are very few examples ofp: 'o tonat ion at halide (vide infra), needing 
an acid with a lower pK~ than the er~orctinated hydrohalic acid produced. The acidity 
of a coordinated HX ligand has ~,ot been measured, and may be either greater or 
less than that of m-coordinated HX. It seems reaso~.~ab!e to expect an HX ligand in 
a cationic complex to be much more acidic than uncoordinated HX, and an HX 
tigand in a neutral complex to be slightly less acidic than uncoordinated HX. 
This expectation is based on a comparison of the conjugate base strengths: 
[L, ,MX]-~X->>t. , ,MX. Both anions are more electron-rich and therefore more 
basic than the neutral conjugate base. Filled-filled interactions with metal d-orbitals 
may raise the energy of the halide orbitals in [L,,MX]-. enhancing its basicity. 
However, an extremely electron-poor metal center may actually remove electron 
density from halide lone pairs, decreasing their basicity. Thus, synthesis of neutral  
HX complexes should be more facile than synthesis of cationic ones. 

Fischer and coworkers report the spec*roscopic (IR, NMR, MS ) characterization 
of the hydrohalide complexes, (CO)sW(XH) (X=C1,  Br. I) by addition of HX to 
(CO)sW=C(OMe)Ph [471. The heavier halide analogs were found to be more stable 
than the lighter ones. The authors noticed a 20cm -~ #wre,~lse in Vw_~ for 
(CO)yW(IH) compared to [(CO)sWt]-, which they attributed 1o partial double 
bond character in the W-I: bond of the neutral  zwitterionic species. Weak 
2Jw~ ~ coupling of 8.YHz was observed for (CO)yW(IHL and ~ 6 . 5 H z  for 
(CO).~W(BrH). When excess HI is added to [(CO)yWI]-, a nearly l:l mixture of 
[(CO)sWlI- and (CO)sW(IH) is observed by tR. Thus. iodide is apparently slightly 
more basic than [(CO}yWI]-. The reduced basicity of the coordinated iodide ligand 
could be an intluence of the strong :~ acid :tans to it. 

It is impo;tant to reaiize that the easily-obtained NMR values JHD and T~,,~n 
(described in Section 3) both provide information regarding H-H interactions, but 
give no indication of the extent (if any) of H X bonding. In fact, it will be shown 
that the ollly established examples of coordinated HX involve either an NMR-active 
halide (F)  or metal (W,Pt). Perhaps this difficulty in spectroscopically detecting 
H...X bonding is partly responsible for the lack of study of HX complexes relative 
to H2 complexes. 

d.2. Prolol~olion c~t hcdide in prcJerenee t() h) dridc 

The complex .trans-(P*Bu3)2PtHCl cm~ be protonated at low temperature by 
HOTf or HBAr4 (Ar=3,5-(CFa)2C~,H 3) io give a product assigned the chemical 
tbrmuta {{P~Bu3)2Pttl(HCi)]~ ([~q. (I8D [48]. Alternatively. addition of HCl to 
[(ptBu3)zPtH] ~ yields the same product (Eq. (19)). This proposed HCI adduct has 
a hydride chcmicai shiR of --20.5 ppm. 

L:ePt HC1 + H" -+[ [.~,P~H ( HCI )}" ( 18 } 

[L2PtH ] ~ + HCt-+[LzPtH( HCi )]* ( t9)  

Irradiation of the hydride signal for the three-coordinate cation Cat -3~,.t ppm) in 
a mixture of it and the HCt adduct diminishes the central line (no; the Pt-satel!ites) 
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of the adduct's hydride signal. This behavior is best explained by .',he Pt • H bond 
being retained as the HC1 |igands travel between [L2PtH ] ~ moieties. Unfortunately, 
no discrete ~I-I NMR signal is observed for the coordinated HC1 ligand, due to (ast 
exchange with other acidic protons. The HCt adduct decomposes above - 5 0  C. 

Protonation of an oetahedral iridium( Iif ) hydrkte fluoride complex occurs at the 
fluoride tigand (Eq. (20)) [49]. The assignment of an tr F H..,N config~:ration 
rather than l r - F . . . H - N  is based 

~ N/H 

L = PPh3 

a + 

~+ 

r-s" .-<'% 

I I. It t .L ~ }  (20) 

on the large H- F coupling constant of 440 Hz, and the downfield ~H chemica! shift. 
Observations of 2dye. and 2J m. (hydride} couplings indicate that the tr F bond is 
maintained after the protonation. "['he HF figand is held in place by hydrogen 
bonding to the pendant amino group. Even youth this additional s~abilizatiom HF is 
lost upon warming above - 6 3  C. Addition of H-  to a similar complex wkhout 
the pendant amino g~oup leads to rapid and irreversible pro[onolFsis of *he 
fluoride 1igand. 

4.3. Protono]y.ri.~ q/ hu!idc ht pr6tFrc, cc lo h~dHde 

Adding acid (HBF4 or HOTf)  to (PiPr3}zOsX2( H ): ( X = CI [50], Br [22]} resuhs 
in ioss of 0.5 equivalems of HX. and formation of the trihalide-bridgcd directs. 
[1( PiPrO:Os( H )e} e(t~-X t~]- { Eq. ( 21 }). This protonoiysis of a halide ligand sharp}> 
contr~sts ~he behavior of 8~c iodide analog and several other examples discussed in 
Section 3. Perhaps d~is remarkaNe behavior can be exp!ained b.v considering the 
structure of !he complex being protonated. These six-coordinate starting con~ple:,~es 
have a non-octahedra| geometry, in which one rnolecuiar hemisp!~ere contains 

X ~ n-b 

V i H 
1 \ v I , \ fr. ...OS. ~, k2Osb{2X2 i ~ ,.~ ~-..~ "'- - /....,'HI 

H " ~ /  "Q% lPr3 + H + ~ 7 v.'S.. 7 ..-Uak~ ,~ 
iP.,3,=' H -Hx i ~ / " x /  \,' I 

X=Ct, Br 

only halide iigand:i while the od~er hemisphere hc4ds t~o phosphmes t P Os .  P angle 
is i i2 ) and two hydrides. The hydrides are ~_here~re stedcai!y protected by the 
bulky phosphines [5i ], which shield ~hem i\ron~ tb.e approaching p',.-,<~on (lowering 
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KH in Fq. (3)). One other factor is that kH of Eq. (3) may also be decreased by the 
covalent natare of the Os-H bm~ds (i.e. non-hydridic hydrogens, see Section 6). 

Protonation of (pipr3)2OsCI(H) 3 at - 7 0  'C very quickly gives the products 
[(pipra)2OsH3(H2)2] + and [{(pipr3)aOs(H)2}2(la-C1)3] + [22]. The reaction requires 
two equivalents of acid per three equivalents of Os (Eq. (22)). The extensive ligand 
rearrangements necessary 

3L2OsCi( H )3 + 2H + -*[( L2OsH2)2CI3] + + [L2OsH3( H2)2] + (22) 

require transfer of both HCI and H> but the #l i t&l  site of protonation is unknown. 
While silicon is not generally considered a metal, its ability to be hypervalent 

allows it some variation in coordination number (if not oxidation state), and so it 
has some metal-like chemical properties. The very powerful acid HOTf is capable 
of protonating even Si-C bonds (Eq. (23)). Thus, (CH3)4Si+HOTf produces 
M%SiOTf and OH 4 [52]. However, when given the opportunity, the acid witI attack 
a halide "ligand" (Eq. (24)) [53]. 

(CH,04Si + ttOTf--+(CH3)3SiOTf + CH 4 (23) 

tBuMe2SiC1 + HOTf~BuMeeSiOTf+ HC1 (24) 

5. Reversible migration of a proton from hydride to pseudohalide 

Alkoxide-dihydrogen complexes are unknown, but the tess basic Mkylthiolate 
ligands can coexist with H: ligands. In some cases, the equilibrium of Eq. (25) is 
uearly isoenergetic. In fact, Jessop and Morris have observed H/D interchange 
between hydride and coordinated thioI (Eq. (26)) [54], They found the forward 
reaction of Eq. (261 to proceed unimolecularly in 

L,,M ( H2)(SR ) ~ L,~M ( H )( HSR ) (25) 

L,,M ( H )( DSR)~L,,M (D)(HSR) (26) 

[(PCy3)Flr(H)2(DS(CHe)~SD)] ~, and therefore propose that an 112-HD comp]ex 
mediates the e×change. Using a ligand additivity model [55], Schlaf and Morris 
recently developed a system in which both isomers of Eq.(25) are observed 
simultaneously [56]. They find that protonation of Os(H)(CO)(quS){PPh3)2 
with t -IBF 4 occurs competitively at sulfur or hydride, yielding a mixture of 
lOs( H )(CO)(quSH )(PPh3)2] + and [Os( H2)(CO)(quS)(PPh3)2] + (Scheme 2) [57], 
The S-protonated product is favored kinetically (perhaps for steric reasons). The 
equilibrium shifts slightly toward the S-protonated product at higher temperatures, 
indicating that AS ° in Eq. (25) is slightly positive. 
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6. Protonation at the metM center 

Protonation of a metal center differs fi'om protonation at hydride or halide only 
by the formal oxidation state and coordination number of the metal center in the 
product. Metal protonation is fot,'n-:atty a two-electron oxidation of the metal, 
whereas the metal oxidation state remains unchanged upon protonation of a !igand, 
Thus, a metal in its highest oxidation state cammt be protonated, it remains u.t~clear 
in most cases whether the proton approaches the metal directly, or via a hydride or 
halide (or other) ligand [58]. 

Protonation of (PMe~Ph}4WCI2( H )_~ with HOTf starts a series of reactions in 
motion (Scheme 3) [59]. The initial product is kinetica!!y persistent oniy below 
- 7 0  'C, so that compiete characterization is impossible. However. the bright green 
color indicates that there are still d electrons (not W~).  Two "'hydride" signals 
at - 2 .5  and +2 .4ppm (unknown integration) are observed. Some reasonable 
structural alternatives are [( PMe=.Ph)4WCt2(H )( H2)]~ and [(PMe,Ph)aWCI(t-I)~ 
( HC[ )]+ (the proton must be in fast exchange between the two chlorides). Hydrogen- 
bonded triflic acid (either to hy&ides or halides) was a~so suggested as a 
possibility. Above - 7 0  C, protonation at the metal center is comple'~ed, giving 
[(PMe_,Ph).,,WC~2( H )s] +- Further warmit~.g leads to loss of phosphine, and eventual!y 
decomposflion. The dibromide and chloride-bromide complexes were found to 
behave quite similar!y, although no intermediate was observed prior to pro~onation 
or" W. The mlaiogous diiodide complex was not protonated cleanly, attributed to 
f~cile H2 toss from the starting material 

The enthalpies of protonation of a wide array of metaI complexes have been 
measured by Angelici, a~d this work has been reviewed [,~(t1, The basicity of" the 
metat in complexes CpM(PR0aX ( M = R u ,  Os: X = I .  Br. C1. t-I) was found to 
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(PMe2Ph)4WCI2(H)2 + HOTf 

Scheme 3. 

(PMe2Ph)4WCI2(H)2-. HOTf 

1 
[ (PMe2Ph)4WCl2(H)3]+ OTf - 

increase in the order I <Br<Cl<<H for two different phosphines (Table 1 ). In this 
series, the hydride complexes are much more basic than halide ones. Furthermore, 
a metal center with an attached chloride is more basic than one with attached iodide. 
While this trend opposes expected values from electronegativities of the halides, it 
correlates very well with their gas-phase proton affinities. Angelici considers two 
additional explanations: ( 1 ) the increase in coordination number upon protonation 
is tess thvored by the bulkier halides, and (2) the overall (c; + n) donicity of chloride 
is higher than that of I [61]. Since these are thermodvmm&' measurements, no 
mechanistic insight (as to the initial site of protonatio~) is gained, 

Angelici offers an interesting insight into the nature of the Os-H bond in 
CpOs(PPh3hH, based on an analysis of thermodynamic data. Relative pK~ values 
tbr different acids ca~t be approxfinated from differences in AH values (assuming 
AAS ° is negligible). The pt(,'s of [CpOs( PPh 02I H ] + and [CpOs ( PPh3)~( H )2] + differ 
by about 17. This tremendous difference in acidity (the iodide cation complex is 
10 ~v times more acidic) is nearty as large as that observed upon one-electron 
oxidation of a number of transition metal hydride complexes [62]. Thus, it seems 
that if the iodide complex contains an Os" center, then the hydride complex retest 
have something nearing Os ~, implying a cm'ah'nt Os-H bond. As mentioned earlier, 
a covalent M H bond can skew site selectivity toward halide, since the situation 
approximates that of R2CHX. For example, the Os--H bond in (PiPr3)zOsH2CI 2 
may also be quite covalent, directing prolonotysis to the chloride ligand (Section 4). 

7. Hydrogen bonding 

Hydrogen bonding has been observed to both metal-bound hydride and halide 
tigands. Since proton transfer in non-aqueous solvents occurs through iifitial l'orma- 
tion of a hydrogen bond, p:'eferences in hydrogen bonding for hydride vs halide are 

TaMe 1 
Enthalpies of pmtonation of CpM( PR3)2X. for proton'~tion a~. the me'~al center 

X - A H  (Ru) - & l i  (O~,) 

R = M e  R - P h  R ~  Me R = P h  

! 20.6 26.6 14. I 
Br 2!! 9 29A 16.3 
CI 2i .2 19.7 
H 29.7 37.3 
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P 
Fig. 2. The "'cis effect" in L3Fe( H ).,1 [!21, xiewed down the Hz- Fe l! axis. The Fe atom and one hydride 
are not shown. 

S N ~ 

L / P  ...... 

+ 

in CD2Ci2 

< ' ~ N ~  " 1 + 

"s Ht 
#-'-, j /.p l 

in ds- THF 

Fig. 3. This Mdium complex shows tDdrogen bonding ~o hydrides in rc'~)=.CI,, but n o l m  ds-THt:. 

of great relevance. Special attention is given to cases where a metal hydride competes 
directly with a metai halide ['or a hydrogen bond. 

7.1. H3,droge~ bonding to metal h),~h'ides 

Evidence for hydrogen bonding to a metal hydride was reported as early as 27 
years ago, when vm~ u in [RhH(NH~)s](Z) 2 was found to depend strongly on the 
choice of  anion, Z [63]. The authors found Z = B r -  to fore1 strot~ger hydroge~ 
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bonds than Z = I - ,  with Rh-H stretching frequencies of 20t5 and 2045cm -1, 
respectively. This unusual type of hydrogen bonding requires a partial positive 
charge on metal "hydride" ligands. 

Hydrogen bonding from hydride to coordinated H z is quite clearly demonstrated 
in the structure of (PEtPh2)3Fe(H)z(H2), determined by neutron diffraction [64]. 
The dihydrogen ligand in this complex is rotated from the P-Fe-P plane which 
would provide the greatest M-*H2 backbonding, in order to approach an Fe - (H)  
bond (Fig. 2). The stabilization provided by this distortion has been called the "cis 
eflbct". Mutliken analysis in an ab initio study [65] shows that the two hydrogen 
atoms of the coordinated H2 ligand are not equalIy charged. The one closer to 
Fe- (H)  has a positive charge (0.79), while the other has a slight negative charge 
(1.01). Thus, the "cis effect" is simply an attraction between the electron-rich 
classical hydride and one electron-deficient H atom of the dihydrogen ligand. In 
short, the interaction strongly resembles a hydrogen bond. 

There have been several IrH.-.HO and IrH-..HN hydrogen bonds characterized 
(in complexes without halide ligands) by neutron diffraction [66], HH coupling 
constants [67], T1 measurements and NOE difference spectroscopy [68]. These 
hydrogen bond distances range from 1.8-2.4~., have (roughly) estimated bond 
strengths of 4--5kealmol -~, and JHH of 0--6 HZ. The presence of an IrH---HO 
hydrogen bond was found to activate the metal hydride toward ~-bond metathesis 
reactions [69]. Interested readers are referred to the recent review by Crabtree et al. [2]. 

Hydrogen bonds to hydrides of an iridium complex reported by Lough and 
coworkers form reversibly [70]. The structure of the complex in Fig. 3 is different 
in CDzC12 than it is in ds-THF. In CDzCI 2, there are two intramolecu!ar IrH.. .HN 
hydrogen bonds (no H- bonds to solvent Ct), whereas in THF, the NH hydrogen 
bonds to oxygen atoms of the T k F  solve-it molecules. FurthelTnore, the e-ddition 
of two equivalents of Ph3PO to a CD2C1 z solution of the complex disrupts the 
intramolecular hydrogen bonds in preference for intermolecular bonding to oxygen 
of Ph3PO. One final observation is that there is seemingly no tendency for hydrogen 
bonding to the S atom of the chelating ligand, even though S is as accessible as H 
(both being bound directly to !r). Thus, there is qualitative evidence for the NH 
hydrogen bond strength following the order R20, R3PO > L,,IrH > L,,IrS, R3CCI. 

The most thorough quantitative study of hydrogen bonding to metal hydrides 
and halides is that reported by Peris and coworkers [71]. They were able to design 
a system in which intramolecular hydrogen bonding occurs competitively to either 
a halide or a hydride ligand (Eq. (27)). By measuring the relative populations of 
the two isomers shown in Eq. (27), the authors found 

H H 

(~-7) 

L = PPh3; E = O, NH; X = F,CI,Br, I 
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~/Ha 

k = P P h a  

Fig. 4. This class of iridium complexes were used te estimate hydrogen bond strengths (Ir-X---HN) by 
measuring the barrier to rotation about the C-N bond. The barrier was measured by NMR Iineshape 
analysis of the coalescence of H, and H b. 

the strength of the EH.-.XIr bond to follow the order X = F ( i ) > H > C1 (0.49) > Br 
(0.12) > i (0). The numbers in parentheses are the equilibrium ratios of LoMX-..H 
to L,,MH.--H species. In this case, hydrogen bonding is stronger to hydride than to 
halides (except F-) .  In other words, KH>Kx (Scheme 1) in this system. However, 
the preference is slight, and both configurations are observed in solution (except 
w~:en X = t -). The hydrogen bond strengths (kcat mol -~) were estimated by measur- 
ing the barrier to rotation about the C-N bond in Fig. 4 (exchange of Ha and Hu 
by NMR), and subtracting the rotation barrier in the free ligand. These values 
follow the above trend, and are given in Table 2. 

Furthermore, the authors found a remarkable influence of the tigand trans to 
hydride on its hydrogen bond strength (Fig. 4). The XIrH..-HN bond strength (in 
kcal reel -~), measured by barrier to rotation about the C-N bond in Fig. 4, is fonnd 
to be dramatically lower when X is electronegative (Table 2): X = F <C1 < Br< H. 
This is an extremely important point, because it demonstrates how easily the affinity 
of a hydride ligand for an incoming proton can be affected by fairly minor changes 
in the metal's coordination sphere. 

7.2. Hydrogen bonding to me ta[ halides 

Both intra- and intermolecl~lar C1.--H hydrogen bonding are observed in the 
structure of the complex (pipra)2IrCt:H (Hz), determined by neutron difl?aetion [40]. 

Table 2 
Estimated hydrogen bond strengths (kca! reel-1) for the iridium compIexes illustrated in Fig. 4 

X HMX--.HN XMH.,,HN 

F 5.2 <2.9 
H 5.0 5.0 
Ci 2.1 2.9 
Br i.8 3.0 
I < L3 3~3 
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The intramolecular hydrogen bond has a CI.-.H separation of 2.65 A between H 
and a eis chloride. An intermolecular hydrogen bond with a C1-..H separation of 
2.64 ,~ causes the complex to crystallize as an infinite chain of molecules linked by 
hydrogen bonds. In both interactions in this complex, the "protons" (rl2-Hz tigands) 
prefer metal-bound chloride to metal-bound hydride (there are no significant H.. .H 
contacts other than that in the He ligand). Once again, the H-H bonding (rlZ-Hz) 
ligand in this complex was detected by NMR measurements, whereas the H-.-C1 
hydrogen bonding went completely unnoticed before the neutron diffraction study. 

The solid-state structure of a molybdenum bifluofide ( F H F - )  complex was 
recently determined by X-ray diffraction. The complex is best synthesized by addition 
of excess HF to form a postulated bis(bifluoride) complex, followed by abstraction 
of one equivalent of HF (Scheme 4) [72]. The Mo-F  bond to the bifluoride is about 
0.05 A longer than the more pedestrian Mo-F  bond in this structure. The F--.F 
separation in the bound bifluoride is greater than in bifluoride salts, indicating 
weakened F.- .H..-F hydrogen bonding. In fact, the hydrogen bond is essentially 
lost in solution, where an NMR spectroscopic signature similar to that of HF is 
observed. This bifluoride complex is similar to the HF complex reported by Patel 
and Crabtree [49], in that the MFH linkage is held intact by an additional interaction. 

LsMoH2 HF(aq) _ _ . ~  L4Mo(H)2(FHF)2 
x$ 

1/3 LsMo(N2) 

L4Mc(H)2F2 KH/Et3N 

L = PMe3 

Schelr~e 4. 

The characterization of the complex (PiPr3)2Os(Hpz)Cl2(He) [20] Urans phos- 
phines, cis chlorides) by X-ray diffraction was mentioned earlier (Section 3.2). The 
authors note that CI1 trans to H2 has a longer Os CI! distance (2.496(2)A) than 
Cl2 trans to nitrogen of Hpz (2.426(2)A), attributed to H2 having a greater trans 
influence than the nitrogen ligand (Fig. 5). An alternate plausible explanation for 
this difference is hydrogen bonding. The Hpz iigand has a 13-NH group, whose 
nitrogen is calculated [732 to be 2.9 ,a, from CII. Assuming an N - N - H  angle of 
120 °, and N-H distance of 1.0 ~., this results in a C1...H distance of about 2.1 A, 
much shorter than those assigned as hydrogen bonds in the iridium complex charac- 
terized by neutron diffi'action. It is therefore possible that the Os-Ctl dista:~.ce is 
lengthened as a consequence of hydrogen bonding. Accordingly, this complex has 
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~2.1A c,2\ / c , ,  .... 
Os -')}"1 

H /  " \ N  / N%,%. 
! 

Fig. 5. A hydrogen bond from Cll I.o H couJd explain the Rngthened Os CII dislance it~ comparison 
to Os CI2. 

an acute CIt-Os--N angle of  85.0(2) to maximize the apparent Os--CI-..HN 
hydrogen bond. Thus, perhaps no conclusions should be drawn about the retative 
trans influences of  H 2 and the N-based ligand in this complex, when one considers 
th~ influences of hydrogen bonding. 

The research group of  Fryzuk has exploited an MX---HN ( M = R h ,  Ir: X = B r ,  
I) hydrogen bond in order to control the stereochemistry of  H e addition across an 
Ir--N bond (Scheme 5) [74]. Interestingly. the product has NH hydrogen-bonded to 
a halide, even though a metal hydride is also accessible. The prefere1~.ce must be 
significant, since this product is not what orie would predict for concerted H2 
addition across an M-N bond: the observed structure is most iikely d~ertnody.ami- 
ca!/y preferred. The H.-.X bond is maintained even after further reaction with H,. 
In this example, a hydrogen bond is "used" to control the stereochemistry of  the 
reaction. Yet there is p~o clear reason to have anticipated the H.. .X hydrogen bond 
to be stronger than the alternate H.-.H hydrogen bond, which would have led to 
the opposite stereochemistry in the products. Based on the work of  Peris et al.~ the 
opposite stereochemistry may Jn fact be obtainable by using a complex with an 
iodide rather than chloride ligand. 

/ I ' " - ,  / " - ,  . , . /N,  
Me2Si PR2 Me2Si PR2 Me2S.i ,PR2 

\. 1 7  I " 

M = Rh, It;, X = Ct, BF, !; R = Ph, iPr 

Scheme 5. 

Hampton and coworkers have observed evidence for '~BuOft coordinated and 
hydrogen-bonded to a Ru complex containing two chlorides and a hydride [75]. 
They propose that OH is hyd:ogen-bonded to ~he chloride ligand (Fig. 6), without 
consideration of  the alternate OH-- .HRu configuration. While the absoIute configja- 
ration of this proposed species is not of  consequence to the cm~clusions of  the work, 
this is an example of  a structure assigned according to a~ intuitive preference for 
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.......... ~ Du 

Fig. 6. A hydrogen bond to chloride was proposed in this "BuOH adduct although hydrogen bonding to 
a hydride ligand is equally possible. 

drawing a hydrogen bond to a chloride liga~d rather than hydride. While this 
assignment accords with the observations of Fryzuk, it contrasts the studies of Peris 
(Section 7.1 ), where hydrogen bonding was observed preferentially to hydride. 

8. Elimination of HCI from M(Hz)C| complexes 

One simple method for conversion of a metal halide to a hydride is subjection of 
the complex to an H2 atmosphere in the presence of a base. Presumably, H2 
coordinates o1" oxidatively adds to the metal center, and the resulting complex is 
dehydrohalogenated, tn some cases, no base is added, but the reaction is driven by 
phase-transfer conditions. The reductive elimination of HCI fi'om transition metal 
complexes has been reviewed [76]. However,  the remarkable observations by two 
research groups of HCI dimination from well-characterized dihydrogen complexes 
without any a&ted base (Eq. (28)) have appeared since that review, and deserve 
further consideration. 

L,,MCI(H,) + CO--+L,,M (CO)H + HC1 (28) 

Esteruelas and coworkers report the synthesis of L2Os(CO)CI2(H2) ( L = P;Pr,0 by 
reaction of L,Os(CO)CIH with HCt [77]. By NMR experiments and observations, 
the product dihydrogen complex is shown to have t:'a~s-phosphines and cis-chlorides. 
A minimum T~ vatue of 15 ms (300 Ml-lz) and JHD of 20.1 HZ clearly establish the 
hydrogen tigation as q2-H_,. However, addition of CO to the complex in C6D~, leads 
to toss of HC1 rather than H,, and formation of LaOs(CO),HC1. The authors 
propose a mechanism invoMng infiia~ dissociation of C] -. ~ollowed by CO coordina- 
tion and then deprotonation by C[ - (Scheme 6). While this r~iechanism is reasonable, 
there is an alternative (Scheme 7) reversible reductive elimination of HC] from the 
dihydrogen complex (which could already have a H-H-,.CI hydrogen bond ) to form 
the 16-electron species LaOs(CO)CI(H). Even if this cqui!?hrium loss favors the 
t S-electron complex side, CO could scavenge the 16-ek.ctror, complex. 

Similarly, Chin and coworkers have observed the r':placement of HCt (not Ha) 
when CO is bubbled through a CHzCI, solution of tra~:s-[(dppe)zRu(Hz)Ct] + l15]. 
Once again, the dihydrogen ligand is well-characterized by a T~i,, of 25 ms 
400 MHz) and JeD of 25.9 Hz. In this case, proton transfer to the chloride tigand 
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L2OsCI2(CO)(H:~) ~ [L2OsCI(CO)(H2)]  ÷ + CI" 

[L2OsCf{CO)(H2)]  ÷ + C O  " ' ~ [L2OsCI(CO)2(H2)]* 

[L2OsCI(CO)2(H2)]  + + Cl" ~ L2OsC{(CO)2H + HC1 

Scheme& 

227 

L2OsCt2(CO)0t2)  . . . . . . .  L2OsC~(CO)H + HCt 

L2OsCI (CO)H + C O  ~ L2OsCI(CO)2H 

Scheme 7. 

is frustrated by the trans disposition of the chioride and dihydrogen ligands. 
However, the authors suggest that one arm of a diphosphine ligand can swing off 
to transport the proton from the Ha ligand to the chloride tiga~d. The resulting 
HCt ligand is then very quickly displaced by incoming CO. tn order for 
[(dppe)zRu(H)(HCl)]+ to be available in a kinetically significant coneentratiom 
chloride must compete against hydride faMy successfully for the proton. 

9. Other eleetrophiles 

Ziegler-Natta type polymerization catalysts are usually a combination of a Lewis 
acid and Cp~MXY (Cp'=any imaginable derivative of cyclopentadienyk M =Zr,  
Ti; X, Y =CI, H, alkyl ). The number of combinations is staggering and this field 
has been extensively reviewed [78]. The e!ectrophiIe ger, era!Iy attacks chlo~de in 
preference to hydride or methyl, tn these systems, one wauid expect to have 
"hydridic" Hqigands on these early transition metais~ favoring dectrophific attack 
at hydride. However, steric factors must be qui*e dominant when ti~e incoming 
electrophile is so large (reIative to H*). 

The complex ir(PEt3)3CI was reported to react ,,cry quickly with M%SiOTf to 
form (PEt3)2Ir(q2-Et2PCH2CHe)H(OTf)  [79]. A similar hydride complex, 
tr(PMe3)3 H. reacts very slowly with Me3SiOTF. yi.qdir_:g [(PM%)41rH(SiMe3)]OTL 
The former reaction (silylation at C1 ) is aea!ogous to protonaiio:t at chloride, wi'~iie 
t!-e latter reaction (silylation at Ir) corresponds to protonation at the rneta!. 
Unfortunately, the difference in phosphines precludes reliable re!evant specu~a¢io~ 
about the different reaction rates. 

The unsaturated complex (P~Pr3}zRuHCI(CO) reacts with AgOTf(ca. 1.5 equiva- 
}cuts) to give an active catalyst for the dimerization of melhy! acrylate I MA } [80]. 
Observation of a white precipitate (presumably AgCI) and ,~o free P~Prs (b.~. -<P 
NMR) led the authors to propose [( P~PG}_~RuH (CO)( M.A }] * as the actiw: catalytic 
species. !n this case, the lattice e~ergy of AgC~ is an important drivLqg force. It is 
worth noting that silver ions also haye a demonstrated afih~Sty fbr l~ydride iigands. 
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forming M-H-Ag bonds [81], Thus, formation of AgCI was not a foregone 
conclusion. 

Halide exchange b, as been effected by addition of M%SiX ( X = B r ,  I) to 
(PIPr3)2OsC12(H), [80} or (PMe2Ph)4WCI~( H )z [53]. In tlle lbrmer case (Eq. (29)). 
both halides are exchanged, whereas in the latter case (Eq. (30)), only one is 
exchanged (even when excess Me3SiX is added ). in both systems, the hydride !igands 
remain intact. 

(PiPr3)2OsCl_ff H ), + 2MesSiX-~(PiPr3)2OsX~( Iq )2 (29) 
X = B r .  1 

( PM%Ph)4WC12( H )2 + M%SiX-~( PMe, Ph)aWCIX ( H )2 (30) 
X = B r ,  1 

Unlike H +, larger electrophiles seem to categorically attack at halide in preference 
to hydride. Steric t:actors may once again be the most important influence in these 
reactions with bulky etectrophiles. The electron density of a hydride tigand resides 
primarily in the metal-hydride bo,.d, which is generally less accessible than brae 
pah's on a hatide ffgand Bulkie~ dectrophites may find access to the M-H bonds 
much more difficult than access to haiide !one rJairs. 

10. Summary 

There is a marked tendency for the lighter halides to react with H ~ more readily 
than tile hea,ier ha!ides. This phenomenon is clearly shown by hydrogen bonding 
equilibrium studies, and protonolysis reactions. Therefore, iodide is the best candi- 
date for maintaining an M-X bond u,ader acidic conditions, while fluoride is the 
most effective as a leaving group in electrophilic transfornmtions. Because secondary 
bonding is often important in reaction mechanisms, one should recognize that simply 
changing a halide ligand can alter the strength of a hydrogen bond. and thereby 
change the reaction mechanism or rate, 

l:quoride has categorically prevailed over hydride in competition ff_~r protons 
including intermolecu!ar and intramo~ecular hydrogen-bond formation, promnatkm 
and protonolysis reactions. Thele are no examples of a metal hydride fluoride 
complex receiving a proton at the hydride ligand, in conlrast, fluoride has been 
shown to be protonated o;, more oftm,~, protonotyzed instead of hydride, In addition 
to the examples cited in this review, there are many cases of HF elimination from 
metal hydride complexes in reactions involving fluorocarbons [82]. 

While tl~ere are far more MX(He) cornplexes known than M H(XH ). it is not 
fair to generalize that protonation occurs preferentially at hydride rather than halide 
ligands. For one reason, the MX(H,)  complexes studied are very simffar. The onty 
non-octahedra! examples are (PR3)2RuXH(Ha), (PR02OsX~,(H)z(He) [83] and 
(PRa)zOsX(H)3(Hz). None of these are synthesized by protonation, and for neither 
of the osmium exampies is H~.-.X bo~ding disproved. Even i~ o~.;M~,zdtM ctm@exes. 
facile HCI ioss and studies of hydrogen bonding have shown that the dihydrogen- 
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halide vs hydride-hydrochloric acid ta~.~lomeric equilibri~m~ can be nearly 
thermoneutrah 

Fhe few non-oetahedrM compiexes reported i~ave generally shown a tendency ~o 
be protonated at halide in pretErence to hydride, Both d ** square planar 
(PR3}2PtCIH and d 4 trigonal antiprismatic (PR3)2OsC1j H )2 [84] show evidence for 
proton transfer to halide. Furthermore. the d e eight<oordinate (PR3}4WC~z{H }s 
may very well initially interact with the h~eoming proton via its halide ligands, tn 
addition to being non-octahedraI, these complexes have the common characteristic 
of  having unsaturated ( t6et, 5d metal centers. Furthermore, the phosphines in these 
complexes fairly effectively shield the hydrides. More experimentation is ~,eedcd to 
determine a~hid~ of  these characteristics direct protonation away ,qom the hydride 
ligands. 

Hydrohalic acids remain highly unusual and elusive ligands. On the other hand. 
there are several alkyt halkle complexes known [85!, which are less prone to oxidative 
addition. Correspondingiy, dialkylhalonium ~ons are much more common than acid 
halonium ions [6]. The most conspicuous reason :vh2~ HX is such a poor iigand is 
that it is highly prone to dissociation, Even the known examples of  }-IX ligand~, 
suffer from this problem. However. the }IX ligand also ;cer} readily undergoes 
oxidative addition. Because ~he product of HX oxidative addition is indisda~guishab!e 
from that of  protonation at the metal center (Section 6), many of those complexes 
formaI1y protonated a~ the metal may h,,itialty receive the proton via a halide ligand. 
While protonation at halide is rare. hydrogen bonds ( ~he first s~ep i.n pro~on transfer) 
f,~,m nearly isoenerge~ica!ty to hydride or ha!ide ]igands. Tiros. haIide iigands may 
often pla5 the role of mediating proton tran@er, uithout being the ~m~i bearer of" 
the added proton. 

Steric £actors shot~!d be con~:idered when {here is direc~ competition of di~;erent 
sites within a nolec~Ae for an electrophi~e° The possibilities of  l~ydrogen bonding ',o 
coordinated haiide ligap_ds should be recognized in ..MX(He) comp!exes, e~en though 
such interactions are not as ea'41y detected as are short H H separations,, i~iydrogen 
bonding to metal-bound hydride or halide can be an imper~ant structura~ }nf~u, ence. 
which should be identified and considered a hen ar~atyzing soiid-s',ate structures. 
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