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Site selectivity in reactions of metal hydride halide
compiexes with acids
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Abstract

Protonolysis. proionatioit and hydrogen hond-formation reactions witly metal hydride
halide (L, MEX) complexes are reviewed, The site selectivity (hydride vs halide) for thesc
reactions is found ta be highly variable. whth muny examples of cither case. In lact. several
systeins are in equilibrium bepween protonated {or hyvdrogen-bonded) hydride and halide
ligands. The more reactive site depends primartdy on the accessibifity of the hydride ligands
andl the polarity of the metal hydvide bonds. Protonation at hydvide is @ comimon syuthetic
methed for metdd halide diivdrogen complexes. M{H X, which are rather well represeiried.
In contrist, halide protonation gives metal hydride { hvdrogen halide) complexes. ME{ XH ).
tor which onlv a few examples arc cstablished, However. H---X bonding m MiFi)X
complexes, Vinvisible” to NMR techniques. has generaily not been ruled out. The lighta
halides form sironger hydrogen boads, and die more prone to protonation than the heavier
talides. Thus, fuoride is the best balide Hgamd for electvophilic removai, while iodide lipands
are best suited 1o withstand acidic conditions. © 1997 Elsesicr Science S.A.

Kevwores, Protonation: Dilisdrogzen complex: Halide: Hydride

1. tetroduction

An emerging question is the site scleetivity of proion transfer (o late ransition
metal complexes contuining o least one hydride and ong halide ligand. While proton
transfer 15 probubly the most ubiguitous and conzeptualy staple chemical reaction,
the guestion of whether proton transfer occurs prelerentiadly to metal-bound hydride
or halide remaing contenttous. with no commonly-held iatuition or “rule of thumb™,
Other than its impact on the study of n2-dihivdrogen complexes. this issue is relevan;
to many important melal-catalyzed processes, including H-D exchange. halocarbon
reductions and hydrogenations, it is also of interest. by apalogy of halide to alkoxide
or amide. to OH and NH oxidative addition reactions.

This revicw addresses the most important controliing influences in determining
the sile of clectrophific aitack on a mctal comples containing both & hydride and a
halide ligand. and also discusses the influences of this consideration on obscrved
reactivily, Literature is surveved from the last 1} vears relovant to protonation
teactions of melal compiexes containing ot o hvdride and a halide ligand. Recently
published related reviews include Henderson's discussion of protonation of moetal
alkene and alkyne complexes {11 and @ treatment of vnusual hydrogen bonding by
Crabtree et al. [2].

in the past 16 yvears, the number of dihydrogen complexes, often synthesized by
protenation of & meial hvdride compicx, has risen from one to well over X0 [31.
However, this tremendous explosion i the manber of H, complexes is not balanced
by the incvease in the known rypes of H, complexes. For example. dihydrogen
haands are almost always Tound attacied to octahedral metal centers. Thare are no
known anionic or paramagneiic B, comptexes. Furtherinore, only moderate systemi-
atie changes liave been alfowed i the attendunl lhgands. Few H,; complexes have
been characierized with ligands other than PR, NR,. CO. C;H,. €l and H. One
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reason for this restricted range of complexes that can contain dikvdrogen ligands is
the acidity of coordinated H, [3]d. TFhus. basic attendant ligands are gengrally
incompatible. More specifically, no dihydrogen complexes are known with siiyloxide,
fluoride, cyanide, amide, azide, alkyl acyl. phosphide or axide Ligunds. By far the
most prevalent lone pair-hearing ligands in H; complexes are the halides. Thus,
halide-dihydrogen compiexes provide an mnteresiing “test case” for comparing the
busicity of hydnde vs lone pair-bearing ligands,

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

L.MXHy 2L MBHX ) ii)

hydride vs halide for a proton. The refatively tew exumples of preferential proton-
ation {or proteitolysis) at the halide hgand are also presented. and some rocasons
why this class of compounds may be under-represented ave discussed, A fow motal
ftalide -dithydrogen complexes lose FIX {not H ! when a new ligand =2 miroduced,
demonsirating a lacile tautomeric inicrconversion in Eq. £ 14,

Many late transition metal hydride halides are lormally protonated at the metal
center. These products can be derived from complexes protonated at either H or X,
after the generated H, or HX ligand has been oxidatively added {4]. However. 1t s
not clear whether an intermediate HX or H, complex mediales these resctions. or
the protonation occurs directly at the metal center. Formation of a vdrogen bond
15 the first slep in proten transfer reactions taking place in aon-agueous solvenis
[5la. Therefore, mstuances of hydrogen bonding to metal-hydride or metal-halide
provide insight inlo the proton’s preferved site of atiack. Finally, the reaciions of
metal hydride halide complexes with clectrophiles other than H are addressed.

2. Influences of boad palarity and steric hindrance
2. Polaritv

Simple. known chemical reactions can be cxtended by anstlogy to predict an
clectrophile’s atiack at either & halide hgund or a hydride ligund, depending on one’s
perspective. The argument is presented here by congideration of two extreme charac-
ierizetions of the M- -H bond. ionic or covalent. The selectivity of 2n added cleciroph-
ile for H or X depends partly on which bonding description is more accurste in the
transition metal hydride bond in question.

An excellent case can bg made for protonstion at the hydnide Heand of a meta
complex. by simpiy considering the difference in reactivity betwesn KO and KH
upon dissolution e water. The former innocently dissociutes into solvated jons.
while the lalier deprotonates the selvent with u release of 1, gus. This difference is
easily explained by comparing the clectronegativities of the atoms volved:
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electronegative Cl is quite content to bear an extra electron, while the much less
electronegative H atom is not so accommodating. Accordingly, the pK, for H™ is
~ 21, while the pK, for CI™ is about +21. That is, hydride anions are about 0%
times more basic than chiloride crions.

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

CH,T+H* -CH,IH" (23

for halide in these reactions is quite sensibie; the one eleciron of the H atom
pariicipates in covalent bonding. while C1 has three lone pairs 0 react with an
elecirophile.

These two exampies represent lwo extremes of chemical bonding; KH and Kl
have quite ionic bonds, whereas C-H and C-Cl bonds are mainly covalent. An acid
will react with H when it is supplied as hydride ( KH). but not when it is covalenily
baund (RyCH). in which case the acid preferentially attacks the lone pairs of halide.
The M-H bonding description is not so clear in late transition mctai complexes. An
H atom attached to a late transition metal is stilt fornelly a hydride ligand. and
ofien reacts accordingly. However, several metal “hydride™ complexes are actually
quite actdic [31d. 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 beond could likely behave similarly to a CH bond in reactions
with electrophiles. That is, metal hydride halide complexes with covalent MH bends
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 hatide complex’s sitc of
reactivity with electrophifes.

2.2, Stevic hindrance

The relative accessibility of the hydride and halide ligands can affect the sclectivity
of a protonation rcaction. Steric effects are generally not considered to aflect the
rates of protonation reactions of molecules with only ore basic site, sccording 1o an
analysis of Scheme I The “encounier complex™ formed between scid and basc is
suffictently long-lived to have several molecular collisions, and thus steric impedi-
meuts t0 hydrogen-bond formation are kinetically almost irrelevant [5]h. However,
in the special case of the reaction of an acid and @ molecule containing rve basic
sites. the redative steric hindrances to the two sites become important. The same
encounter complex is formed regardless of the cventual site of proton trunsfer, but
now the two different possibilities lor hydrogen-bend formation generate two sepa-
raie imporiant hydrogen-bonding equilibria. I fact, 2 simple sqvetion for the
relative rates of protonation al hydride vs protonation at halide can be deduced
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{Eq. (331 [7]- In this equation. &y and &y are
kawsy AuKy

kcbs..\ k\K\.

{3)

determined by which site is the most clectron-rich. but £, and Ay values primaridy
refleci the refative accessibility fsteric [aclors) of the two sites.

k1 k2 k3 ks ks
HA B === HA||8 =———= AH--R HHp+ ATNMBY === A HE+
k-1 k2 ks ks ks
acid/ encounter hydragan ion solvent- free
base complex bonded pair separated ions

Ha + Mex _Ke | HapmHx

HARMHX KM areogamix _KH L AHaMX  kems = KiKnKe

HARMHX KX apexMH 8% AHXOMHY  %ehsx = kxKxie

Scheme 1,

3. Protonation at hvdride

The expression “protonation at hydride” is somewhai misleading. since it is really
the metal-hydride bond which is protonated. True protonation of a hydride ligand
would yickd an n'-H, {end-bound) ligand. which is not an csizblished binding mode
for H,. Protonation at the M-H bond yields 1°-H. complexes (cdge-bound). which
is the only mode established so far. Throughous this review. “protonation at hydride”
and “protonuation of the meial hydrids bond” sre used interchangesbly. and
understood © lead to edga-bound H, complexes.

A hydride can be protonolyzed as @ way of creating a site of reactiviny at the
metal viz H, loss [8] More reeenily. protonation of M--H bonds has become s
populay method lor generating dibydroges complexes [3] Vel there are refatively
lew cases of attermipted protonation of a hydride Kgund bound to a metal alom with
an attendant halide ligand, Dihvdrogen complexes contlaining hahide lgands repre-
sent one hall’ of the equilibrivm of Eq. (1), Furthermore, the lone pairs of these
attendant Hgasds can participate in intremolecular bonding {7 donation) oy inter-
molecuiar bonding (bridge formation). atlowing the development of new classes of
dihydrogen complexes. Halide higands also provide a synthede handie for hiter
transformations such as metathesis. reduction or elecirophilic abstractior.

Dihydrogen compiexes are primarily characterized by NMR measurements of
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spin- lattice relaxation time constants (T values) and HD coupling constants (Jyp)
of partiaily deuterated isotopomers. The 7 of a 'H nucleus is primarily determined
by its proximity to other dipolar auclei (such as other hydrogens). As i consequence
of very short HH distances in dihydrogen ligands, the 'H nucici of these lgands
relax very quickly {low 7 values). Finding the minimum 7, with respect to temper-
ature ( Fypmin) simuphifics the mathematicsl relationship between 7, and HH distance,
allowing this distance to be caleulated {9]. While the use of this method in a
quantitative fashion hus been repeatediy revised and questioned [ 1), it is generaily
agreed that within a series of dihydrogen complexes. lower T, values indicate
shorter HH distances. Use of Jup coupling constants directly observable in
L.M({HD) isctopomers is more straightforward; higher HD couplings indicate
shorter HD distances, and therefore shorter HH distanecs in the perprotio isotopom-
ers. An empirical, rougldy lincar relationship between Jy, and HH distance has
been reportad [111.

3.1 Carionie fLMX(H,} |7 complexes

Cationic halide-dibydrogen complexes huve generally been synthesized either by
protonation of a ncutral metal hydride halide complex. or by addition of H,
to 4 cationic metal balide complex. One relevant system of complexes is
P LMXH,N" {P, =chelating diphosphine: M =Ru. (s). For example, Mezzetti
el al. have shown that protonation (HBF,} of rrans-tdepe), MCIH (M =Ru. Os)
aves dihydrogen complexes {(depe),MCHH,))®  {depe = L.2-bis{dicyclohexyi-
phosphinojethane). with chioride grams to H, (Eg. (43 [12} The osmium complex

H R
<F' i P P, | P
AN ( e > .
P NP p (e @
X X

was later reformulated as having a “streiched™ [13} dihydrogen ligand,
Hdepe),OsCI(H---H )" [14]. The ruthenium complexes rans-[{ PP),RuCH H,}"
{ PP = |, 3-bis(diethvlphosphino}cthane, 1,2-bis(dipheayviphosphing} ethane) are also
synlbesized by protonation (HBF, or HPF,) of their conjugute bases [15]. In alt of
these cases, the complexes can also be formed by H, addition 10 the five-coordinate
metat chlorides { EqQ. (531 Fhe synthesis by these different methods is ¢ clear indica-
tion that these complexes have & thermodynamic preference for the dihydrogen side
of Eq.{I}.

X ]+ Ha

!
Pu, | P SN
<p/ AN " N T\P> j’ ’
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The series of complexes (Os{NH,),(H,i X ] ( X=Ci. Br. §} have been formed by
addition of X 7 1o [Os{NH;3){ H LI BPh,), in de-acetone [18] (Eq (6)). The 16e
dihydride complex cation in

[ e 17
o {HeN | e
[O3(NHa)4(H2){acetone)jze  -acetone X 05 (&)
Ha" !\NHai
X j

this reaction 15 generated via loss of acetone from [Os{NH, i, H,d-acetone)] ™.
This method of dihydrogen ligand generation {Eq. (7)) is relatively infrequently
uscd. and involves formal redicrion

LM(H),+L—>L ML(H; {(7)

(O™ »Qs"y of the metal center, upon addition of L' The inttial products are frears
tsomers. While characterization by 7, 1s precluded in all cases by solvent freezing.
HD coupling constants provide an estimate of the relative degree of H-H boading in
these complexes. The Jyup (Biz) values follow the trend G (102 <Br™ (1.8 <1~
{12.5) [17]. showing that the chioride complex has the iongest HH bond. Oncee again,
these complexes are best characterized as having elongated (stretched) H; ligands
[18]. Gver a period of several hours, the complexes momerize to the ofs configuration.

Li and Tawbe have also thoreoughly characierized the highly relaied series,
[Os{eni ) X1 {en =cthylenediainine), preparcd in the same way as the tetrtaam-
mine species [19]. The same trend in Sy (Hz) is observed (X grans 1o Hpy C°
{(7.2)=<Br~ {8.0)<[~ (9.1). The todide ligand in this series behaves remarkabiy
differently {from ihe lighter halides. A1 equilibriven, T~ is tfavored to be oiy 1o H,
(K ioans = 1.5}, whereas the ¢is isomers are unchserved for X=Cl" or Br~. The
H, distance in eis-{Os{en)a(H,) 11" (hyp =152 Hz} is significantly shorier than it is
in the frans isomer, Also present in this series of complexes are 1he preudohalides,
X=0D" and EiS8~. The deuteroxide complex iz the only krnown exuample of a
dihvdrogen compiex with a unidentate oxygen-based co-ligand. s existence seems
to indicate that the dihydrogen ligand itseIf is not very acidic, since no proton is
transferred to the basic hydroxide ligand.

Using a variation of this general method (Eq. (7)) for genersting dihydrogen
complexes. Esteruelas has synthesized halide- dihydrogen complexes by neutral
lisand addition to an upsaturaied (16-clectron) dibedride compiex [20]. Addition
of 22-hitmidazole (H;bim) te (PPry),0sChLiH), viclds d° octahedral
H PP 0s{ Habim)ClIUHLRCH  with mrans phosphines sad chlorids ¢y w0 Tl
{Eq. (831 In this case (unlike the above cxamples). to salvend loss 18 required 1o

[ . 1
C\IC‘ TS
N N ‘\//[ o, |
B N .

L ) - = 72N ——— ! [n]:] -3
e 08, piprs J_L P <N/fl AL TN oro@)
N N YN 2

Prs H W o [ L
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generate the reactive 16e L;O0sCL{H j, complex. which is somewhal stabHized by
intramolecular © donation irom the chloride higands {21].

In an attempt to form a rare upsaturated difiydrogen complex. ( PPr )08l H Y,
was protonated [22]. Although HP'Pri was the only detectable phosphorous-
containing final product. an itermediate was detocted at low temperature {Eg. (9))
when HOTY was uscd. The hydrides of

LOsL{H ), + HOTT—{ L0 H{H - (-7 O) (93

the intermediate have a short 7. value (32 ms/300 M Hz, but no delectable HD
coupling. The metastability of the complex precludes a definitive structural assign-
ment, bul {PPr,),0sLH(HLI] ™ is the most tikely based on cemparisons to known
hydride-dihydrogen complexes. This reaction contrasts sharply the reaction observed
for protonation of {P'PrL0sX,(H 1, with X =Cl or Br {sce Section 4.3).

3.2, Newral LMX(H,) complexes

A wide variety of neutral halide -dihydrogen complexes have been synthesized.
Neutral diliydrogen complexcs are gencrally less acidie than the cationic complexes
in Section 3.1, and the unionic conjugate bases are unknown. precluding protonation
as a viable synthetic pathway. Therclore, synthesis has generally been performed
by H, addition 10 a 6-electron metal halide compiex. Halides stabilize 16-electron
complexes by ligand-to-metal o donation [21], making them ideasl precursors to
H. complexes.

The first reporied unsaturated {16e} dihydrogen complexes contain halide or
pseudohabide ligands {23 23], Chast and coworkers huve synthesized the scries of
five-coordinate compiexes L,RuXH(H.) (L =PCy,. X=CL {, SCy. 5Ph. §'Bu [23}:
L=PPry. X=Cl. I [24}) by addition of CH,CL. CH,) or RSH to L.Rul.(H.).
(Eq. {16} A trend in the HH distances can be scen according to the T, vilues
(s, 250 MHzY. The fastest relaxation (Jowest .0 is observed for H, iigands with
the shortest HH distances. For the {PCy,LRuXH( L) system. the

L L
e Ho, | H2

LoRuH2{H2}2 + RX — x—Ru.., Hz ‘

"Ry (10)
1 Hz ———= X/ I\HE
L

order Cl=1 (307 <SCy (36)<8'Bu (38) 15 observed. corresponding to a change in
HH distance of a few hundredths of an dngstrém. This trend is consistent with
more Ru—H, backbending in complexes wiik beiter t-donating hgands (SR > LI
For (PP 0:RulHH). Jip of 133 Hz was caleulated from the averaged HD cou-
pling of 4.5 Hz observed in the fast-exchange Hmiung spectirum. The unsaturated
hydride complexes react with H, to form six-coordinate species assigned the formula
L.RuXH(H,}: based on short T, values (250 MHz, X=Ci (10 msh T {12 ms).
Unfortuaitely, for tieither of these bis-dihydrogen species is an HD coupling observ-
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able, which is generally the best indicator for the number of dihydrogen ligands in
a polyhydride {26}

The potential for hafide lipands o0 bridge between melal centers has allowed the
first synthesis of bimetallic diiydrogen complexes [27,28]. These complexes have
the general formula LaRudH ){e-X );Ru{ H,)L; (Fip. 1), The dirunthenium complexes
LaRuH (p-H) (=X )R u(Ha) La, (L =P{p-CHC H.)5. PPh;. AsPhy, X=Cl. Bn)
were originally formulated as having all classteat hydride lgavion, bwt tater
re-assigned 73 Hy-complexes based on short ¥, values. Measurement of minimum
T, values is preciuded for the H, lgands, whose signals bogin to coilesce with
those of the other hydride hgands at the relevant temperatures. Later. complexcs
with  chelating  diphosphines, (H;)dppb}Ru(p-ClLRuClidppl;  [29).  and
(PN H)Ru{-H)(u-Cl}ReH(PPhyy, [30] {(dppb = | 4-bis{diphenyiphosphino)-
hutane, PN ={n*-C;H,{CH{Me}{ NMe.)} PPhy}Fe(n*-C.H,}) were also reported to
have bound dihydrogen ligands. §t is unsurprising that there should be no H---X
hongding in these complexes. since bridsing halides huve diminished basicity.

The previcusly described cationie dihydrogen complex [(P'Pryj,Qsé H.bim)-
Cl{H,)]” (Eq.t8) 15 deprotonated by NaBH, at the ccordinated nivogen-
containing ligand (#or at H,), yielding (PPr.},0st Hbim)CHH. (Ea. (11)) ]120].
This unusual sitc of deprotonation (for an Ha complex)

- EE 2
/v [k
HXN% | ""C'i M, |
0s | ¢ + NaBHg —— { Qn {1
S| L d

|

indicates that the T, ligend in this cationic complex s less acidic than
the coordinated H,bim ligand. Deprotonaticn by the basic organometaliic
{Miu- O’V’I“)(diolef'n}] dimers fornss heterehimetallic H, complexes with a bodging
bimmidazole {Eq. (12)) {20}, In this way the

O‘a'
/i\H \H
L LR
— t

*
b I ,F'=“ ¢
., I W ! o
o5 | o + 12 OMSEi e [, L (12)
,/
,‘\m;

L, L
I~ A A

RU%.. X“*
\X \42

Fig. 1. The first diseovered bimclallic dibydrosen omnplows, witk bridgiey boabide Haands,
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complexes ( PPryhQsCHH, Hu-n2n-HbimyMClidiolefin) (M=Rh. tr, dialefin =
1.5-cyclooctadiene: M =Ir. diolefin = tetrafluorobenzobarrelene}  have  been
synthesized. Unlike the diruthenium complexes, one metal center is complelely
remote from the H, ligand In these heterobimetaltic complexes.

The only known dikydregen complex of techneitupr is frans-[{dppe), TeCICH ).
synthesized by addivion of H; (o the {ivecoordinale 1a-clectron precursor { Eg. (13))

f31 An
Pu,, P
p*'. o ) ( 1{ \ amn

analogous rhenium complex. rras-{i PMePhs i, ReCl L is Formed by sodivm amal-
gam reduction of ReCl; uinder bydrogen i the presence of the phosphine (Eq. { 14}
[32]. Tke rhenium complex has been proposed 1o possibly contain an asymmetnically-
bound H, ligand {33].

gi
P« wP
dppe T
ReCls + NaHg —E?-—a- / Re 114}
i T
Fo

Esteruclas and coworkers have also been able 1o make neutral dihydrogen com-
plexes by the method of Eq.{7) [20]. Adduion of pyrazole (Hpz) to
(PPry),0sClf H 3, forms (PPry)-Os{ Hpz)Cl{ H ;) with w#rans chiorides {Eq. (15)).
Upon rcfluxing in ftexane. this kinetic isomer is converted 1o the thermodynamically
favored cfs isonier, characierized by X-ray diffraction (sce Section 7 for wdditional
discussion}.

The first dihydrogen complexes contatning S-donating ligands were formed
by metathesis  reactions  of  [PiPr).0sClLtH)..  Resctions of  K{RCE.)
{RCE, = E1OCS,. MeCOS) with ihis

L
Q¢ H L . G | LG
+ My e O3 prane, Os.___(IS)
rrp/ \ PPra v ”w‘\/ [ Ser TRl ('qw/ F
iPrz u L L L

complex give difiydrogen complexes (PP Osin - RCECIHL (Eq. (1635 734 In
this reaction. chioride (a monodeidute Higand) s rep aced with u chielating lgand,
vet the coordination swmber remains six because the owo hvdndes merge (o form a
ditivdrogen ligand. In this sense, this synthetic methe ! also resembles Eqg. ()
c L
v £ |0
+ KIRCEZ] ——— %< /"OS;\ (16}
'}'{/ \ FiPra E l Hz
lPr3
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Complexes (PP )L MICOMCHE (M =Ru [35), O 1261 (PPr), (X (X =
CLI37) Br, 1 [38)). (PPPr,OsXeH 3, [39] {/(:(.‘?_ Br. by P ProsirXGH § X =01
[401. Br I-HI}. LIvCleH b (L =PPry {42, POy, PR, [43]. I"Bu;"i; {411 and
(PIPrLIr X H ), 14371 X = Br. 1) odd H. 1o form malecular hvdrogen ;:chluus. Omly
two ol these procducts, LyOsX) o ML) and LoOsNgH 1 Hoy heve noneociabedial
metal centers. In lte case of (PPrgIrX HHL (X = CL Bry two different jiomers
have been ohserved in solution. The kinetic isomers with o hidide Taands ia\'-‘
very labile H, ligends with exiremely short (< 0.8 AV H H distences. The IL. figands
in the thermodyaamic ¢y isomers arc less labile with longer B-H distances (> L0 AL
All of the dihydrogen complexes 1n the sbove Hsi contam H: ofy to halide, In several
cases. this arrangement is an unaveidable resuit of having more than onc hifide
ligand. The electronic reasons for H, to bind ofs to halide have been discussed [40]
One additional advantage of chloride ofs 10 H. s the possibility of additionad
stabilizziion by hvdrogen bonding between Haand X, This 1vpe of hvdrogen honding
would go unnoticed by nommal spectroseorde tgchniguss, and would most likeh
require stngle crvstal neutron difiteciion studies to ety e foct, such an inlerection
has been observed by reutron diffraction fsee Section 71

23 Protouolvsis of LLMHY with loss of H,

Treatmeit of (PPhy},Os{COLBril ar ¢ PPh R
gliminution of H. and coordination of triflate t Eg ¢
highly reactive toward NoH,

with TIHOTY sesubis in

¢ oninphosgy g

t
CC., | X
+ HOTf ——— {7
¢ n
L

und are precursors to the first cxamples of ceordingted N.ii. pote
important w the undeniinding of No reductian by He

Protonation (HPF.; of ¢ rheniem compiex with a ohelebing thioum
(PPh L Ret NS H ), (NS = 2-mercaploqiinoling . ooours ut Fed i
tion of ¥, [43] The resulting inferred (PPh BRet NS HS
vig suffur Bridges or reacts with afkvnes o fonm tonniad il
clfect of the sulfur-contuining hizund leaves the posah
reversible protenation Sl snifur on (PPR LR NS W H

o GG OY

4. Proton transfer 16 halide

S HY asa ligamd

i :-'-U'L'H}"

2 HX

There are soverad examples of pressafvsds of @ maetid-hoond halid

auid (401 which meguives onby i the acd Basoa fower pA) vl

m
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produced. There are very few examplos of profomuifon 2t halide {vide infr). necding
an acic with # fower p&, than the eoordinated hydrohalic acid produced. The acidity
of a coordinated HX ligand has ot Ween measured, and may be either greater or
tess thun that of uncoordinated FIX. 1t scems reasonable to expect an HX hgand in
a cationic complex to be wuch more acidic than unecoordinated FEX. and an HX
hgand in a neatral complex to be shightly less acidic than unceordinated HX,
This expectalion s based on a comparison of thie conjugate base strengths:
(LMX] =X 71, MX, Both anioas are more electron-rich and thereflore more
basic than the newtral eonjugate base. Filled-filled interactions with metal d-orbitals
may raise the cnergy of ithe halide orbiwals in [L,MX]™. cnhancing its basicity,
However, an extremely electron-poor mewt center may actuzily remove clectron
density frora halide lone pairs, decreasing thelr basicity, Thus, synthesis of neurrad
HX complexes should be more facile than synthesis of cationic ones.

Fischer and coworkers report the speciroscopic (IR, NMR., MS! characterization
of the hydrohalide complexes. {CO)WIXH )Y (X =Cl Br. 1 oy addition of HX te
{COINW = C{OMe) Ph {47 The heyvier halide analogs were feund to be imore stable
than the lighter ones, The authors noticed a 20cm™ ' increase i vy, for
([CORWILHY compared 1o BCOL W1 . which they attributed o partial double
bond charsecter n the W-l bond of the neutral zwilterionic speeies. Weak
iy coupling of 85 Hz was observed for {COMW(IH) and ~0.5Hz for
{COWWIBrH ). When excess HI is added to [{CORWIT L a neardy 111 mixture of
KCOLWT and {COLW(IH | is observed by IR, Thus, iodide is apparently slightly
maore basie than {CO)WI] ™. The reduced basicity of the coordinated iodide ligand
could be an mbuence of the strong 7 acid rrany to i

Tt is impostant to regiize that the casily-obiained NMR values Jy, and Thn,
{deseribed in Scetion 3} both provide information regarding H- H interactions, but
give ne indication of the extent {if any) of H X bonding, In fect it will be shown
that the only estublished examples of cocrdinated BX involve either an NMR-active
halide (F) or metad (WP, Perhups this difficulty in spectroscopieally deteciing
F---X ronding 1s partly responsible for the fack of studv of HX complexes relative
to H; vompiaxes.

L2 Proonation i alide i prefevence g0 frvdide

The complex traas-f P'Bu, L, PUHCT can be protonated ol jow temperzture by
FROTY or HBAM, tAr=25-(CF L C H,t o give g product assigned the chemical
formuia f PRu LPUTHCH] tEg. (18 (48] Alternatively. addition of HCT to
fPBuyPeH] yields ihe same product (Eg. (191, This propesed HCT addiict hus
a hvdiide chomacat sinft of —20.3 ppm.

LPHICT+ H - =L PHCH 118
TL.PtH T + HOIS L PR HCH} £19)

Irradiation of the hydride signal for the three-coordinaie cation {at — 33,1 ppim) in

a mixture of it and the BT adduct dimivishes the ceniral Iine jror the Pl-sutellites)
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of the adduct’s hudride signal. Thus behavior is best explatned by ihe Pt H hond
being retained as the HC! igands travel between [L,PtH] ™ motetios. Linfortunaiely.
no discrete 'H NMR signal is observed for the coordinated MCH limiad, due to fas
exchange with other acidic protons. The HCV adduct decoraposes above - 50 (L

Protonstion of an octahedral sridivm {111} hydride fuoride compler occurs at the
fluoride ligand (Eq. (200) [49]. The assigmmem of an e ¥ HooN gonfiguration
rather than le-F---H -N 15 based

{20}

L=FPFhs

on the farge M- F couphing constant of 440 Hy, ord the downticld *H chemica! shift,
Observations of 2/, and V. (hydrided couplings indicate that the ir F bond i<
matntained atter the protonation. The HF lieund is held in plice by hivdrogen
bonding to the pepdunt amine group. Even vath this sdditional stabilizution. BF i
lost upon warming sbove - 63 (. Addhion of H© to o stmibor complex without
the pendant amino goup leads 1o rapid and mmroversible srotonolues of the
fluoride Haand.

L3 Protonalvsiv of fedide in pecference o hrdvide

Adding acid  HBF,; or HOT 16 (PPr 20X Mo ¢ XK= CHEECL By (2375 resuhs
m loss of 113 cquivalenis of XL and formation of the wibalde-bridecd dimers
(PP -Os 0 10X BE Ry 42151 This protonoeivsis of a halide ligand shurph
conirests the bohavior of the odide analog and soveral other cxampies discusied 1
Section 3. Perbups this ramarkable behavior can be expliined by comsilering the
struciure of the complex being protonsicd. These siv-coordinata stariing complioes
hive it nen-octehedrat goomaetry, Iy which one melecnla: hemisphicre contiting

X X e
(}s Lo 0K l H\ oK o

Hoy PP e e i EE'HOS".._X:-“OS_/::'_'HE @n
iPraf M - R il /N TR

x=Cl B

only halide jizands while the other hemisphiere hokds two plosphines (8Os Faogle
1 112 3 and pew hvdrides, The hvdndes are therefore stericaliy prosegiad by the

S
bulky phosphines {51 whick shield rhem irom the approachine proton (o

WIrng

fr
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Ky in B (30, One other factor is that &y of Eg. (33 may also be decreased by the
covalent nature of the Os—H bonds (i.c. non-hydridic hydrogens, sce Section 6).

Protonation of (PPr),0sCI{HY, at —70°C very quickly gives the products
[[PPry),0sH o ool ™ and P PPr 3080 H)L {u-Cly] 7 (221 The reaction requircs
two equivalents of acid per three equivalents of Os (Ea. {22)). The extensive lgand
TSRATUNgeMEnis BECTSSITY

3L.0sClItH Y +2H 5[ L,0sH ), CLY " +1L.0sH( Ha)af - (22}

requive transfer of both HCE and H,. but the firiad site of protonation is unknown.

While stlicon iz not generally considered & metad, s ability to be hypervalent
allows it some vartation in coordination number {if not oxidation stute), and 50 it
has some metal-like chemical properties. The very powerful acid HOTE 15 capable
of prolonaiing even Si-C bonds {Eq. {230, Thus. {CH,},Si+HOTT produces
eS0T and CH, | 521, However, when given the opportanity, the acid wilt attack
# halide “"higand™ (Eq. (2433 [33].

{CH S+ HOTF - {(CH,),5107F + CH, (2%

‘BuMe,SiCl+ HOTT-»'Bube,S10T7 + HC £24)

5. Reversible migration of a proton from hyvdride to pscudeohalide

Alkoxide- dibydrogen complexes are unknown, bat the ess basic alkylihiolaw
Bgaunds can coexist with H. Bgands, In sonwe cuses, the equilibrium of Fa. (25) is
nearly isoenergetic. In fact. Jessop and Morris have observed H-D mterchange
between hydride and coordinawed thiol (g, (263 (34]. They found the lorward
reaction of Eq. {26} to proceed unimolecularly i

LM ISR =L, M HSR) {23)
LMIHWDSR 2L MDD} HSR)Y {20}

HPCy ), Hi DS{CH,LSD)™. and therefore propose that an n-HID complex
mediates the exchonge. Using o Hgand additivity model [33], Schlat and Moy
recently developed a system in which both isomers of Fa. {25 arc observed
stmultanicously {361, They find that protonsiion of Os{H HCOHouSH PPh,),
with HBF, occurs competlpely at sulfur or hydrde. yiclding a mixture of
[Os{ B 3 {COHquSH M PPR,):} T and [Os(HHCOMGuSH PPh, L] (Schome 23 {571
The S-protonated product is favored kinstically (perhaps for steric reasons). The
equilibrium shills slightly tovward the S-protonated product at higher temperatures,
indicating that AS” tn Eq. (25} is slightiy positive.
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Schene 2
6. Protonation at the metal center

Protoustion of a metal center differs from protenation at hvdride or halide only
by the formal oxidation state and coordination number of the metl conter in the
product, Melal prownation iz formally 1 wwo-cleciron oxidation of the metal,
witcreas the metal oxidation state remains unchanged wpon protonution of o Heand,
Thus, a metal in its highest oxidation state casor be protonated. it remains unclear
tn inost cases whether the proton approaches the meiad directly, or vin s hydnide or
halide {or other) igand [ 38].

Protonaticn of (l’\’le PRIWCLH Y, with HOTYE starts 2 sevdes of reactions in
motion {Scheme 3} [532] The mitial pmduu g kmetica!ty perstsient ondy below
=707, so that mmp!ew characterization s unpossible, However. the bright green
color indicates that there are stll ¢ electrons (ot WYY Two “hydride™ signals
at — 2.5 and 4+ 2.4 ppaw {unknows integratont are observed. Some reasonable
structural alternatives are [ PMePhi,WCLIH ML und [PMe Pl WO HD,
(HCH] T {ihe proton must be in fast exchange bepween the two chlondes). Hydrogen-
bonded triflic acid (ether to hydiides o hahdesy was siso suggested as a
possibility. Above — 70 C. protonation at the metdl conter is compicied. giving
[ PMe.PRAWCL(H Y] Further warming bzads to loss of phosphine. .1‘u1uf'1~1u‘:i1\
decomposition. The dibromide and chioride-bromide compleses were found Lo
behave guite sinilary, alihough o intermediste was observed prior 1o proionmion
of W, The analogous diiodide compiey was nov protonated cleanly. atinbuted o
veoite 11, loss from the staring material,

The emhalpies of protonalion of a wide srray of metal complexes have been
meastred by Angelicl, und this work bus baon reviewed (8] The basicsty of the
wetal i ocomplexes CpMEPR,LX (M=Ru. Os X=h Br. CL HY was Tound to
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{PMe2Ph)sWCIH)2 + HOTf ———  (PMez2PhWCI(R)z- HOTE

LPWePh e PhaWCR(H TOTY -

Scheme

mercase in the order < Br < ClwH lor two different phosphines { Table i ). o this
serigs, the hydride complexes are much more basic than hatide ones. Furthermore,
a metal center with an attached chioride is more basic than one with attached iodice.
While this trend opposes expected values from clectronegativities of the halides. it
correlates very well with their gas-phase proton affinitics, Angelici considers two
additional explanations: {1} the increase in coordination aumber upon prolonation
is less fuvored by the buikier hahides. and (2) the overall {o + ) donicity of chioride
is higher than thut of I [61]. Since these are thermodrramic measurements. no
mechanistic insight (as to the initial site of protonation) is sained.

Angelict offers an imteresting insight mto ihe nature of the Os-H bond in
CpOs(Plh;)-H, based on an analysis of thermodynamic data. Relative pK), values
for different acids can be approximated from differences in AH valucs (assuming
AAS" s neglinible). The p&,’s of fCpOs{ PPh ), IHT and {CpOs( PPy, H),)* differ
by about 17. This tremendous dilference in acidity {the iodide cation complex is
Y tmes more acidic) is nearty as large as that observed upon one-electron
oxidation of & number of transition metal hydride complexes [62]. Thus, it seems
that il’ the lodide complex contains an Os" center. then the hydride complex must
have something nearing Os', implying a covalent Os <18 bond. As mentioned eatlier,
4 covalent M H bond cun skew site seleciivity towurd halide, since the shtwation
approxumaies that of B,CHX. For gxample, the Os-1 bond in {PPry),0sH,Cl,
nay also be quite covalent, directing projonolysis 1o the chloride Tligand {Section 43,

7. Hydrogen bonding

Hydrogen bonding has beon observed 1o both mutal-bound hydride and halide
ligands. Since proton masfer in nen-agueous solveals occnrs through initiad forma-
tion of 2 hydrogen bond, preferences o bydrogen bonding fov hydride vs halide are

Table |
Enthalpies of protoniinn of TpMIPR )X for protosation at the meiad center

N CAH §Ru AH O

R = Mo R --Ph B - Ve R-ph
: ik 6.6 121
Br me 9.4 16.3
Cl 2.z 197

il M3 373
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Fig. 2, The “eis effect™ in Lol B L) viowed down the #5, Fe HEaxis, The Fo alom and oe hydride
are nod shown,

in deg-THF
Vig, 3 This tridium vomplex shons hydyogen bonding 1o hydrides in B0, it aet m d-THE
of great relevance. Special attention is given to cases where o metal hydride compeies

i
a-
i

directly with o metai haiive (o a fivdrogen bond,
70 Huvdrogen bosiding re el hyvdrides
Lvidence for hydrogen bonding to # melal bydeide was reporied as carly as 27

years ago, when vpuyy in [RhAH(NELEZ), was foond to depend swwongly on the
choice of anion. Z [63]. The anthors found Z=Br" o form stronger hydrogen
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bonds than Z=1". with Rh-H siretching frequencies of 2015 and 2045cm ™',
respectively. This vnusual type of hydrogen bonding reguires a partial positive
charge on metal “hydride™ ligands.

Hydrogen bonding from hydride {o coordinated H; is guite clearly demonstrated
in the structure of {PEtPh,)\FFe{H ),(H,}, 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-+H, backbonding. in order to approach an Fe{H)
hond (Fig. 2). The stabilization provided by this distortion has been called the “cis
effect”. Mulliken analysis in an ab initio study [65] shows that the two hydrogen
atoms of the coordinated H; bipand are not equally charged. The one closer to
Fe~{H) has a positive charge (0.79), while the other has a shight negative charge
(1.01). Thus, the “cis effect” 15 simply an attraction between the electron-rich
classical hydride and one eleetron-deficient H atom of the dihydrogen ligand. In
short, the interaction strongly resembles a hvdrogen bond.

There have been severat FrH---HQ and IrH.--HN hydrogen bonds characterized
{in complexes withoui halide ligands) by neutron diffraction [66], HH coupling
constants [67], 7, measurements and NOE difference spectroscopy {68]. These
hydrogen bond distances range from 1.8-2.4 A, have (roughly) cstimaled bond
strengths of 4-3keal mol ™Y, and J, of 0-6 Hz. The presence of an IrH---HO
hydrogen bond was found to activate the metal hydride toward o-bond metathesis
reactions [69]. Interested readers ave referred to the recent review by Crabirez et al. [2].

Hydrogen bonds to hydrides of an iridivm complex reported by Lough and
coworkers form reversibly [70]. The structure of the complex in Fig. 3 is different
in CD,Cl, than it is in d,-THF, In CD.Cl,. there are two intramolecular IeH---HN
hydrogen bonds {no H- bonds to sclvent Cl), whereas in THF, the NH hydrogen
bonds 10 oxyeen atoms of the THi solvent molecules. Furthermore, the addition
of two equivalents of PhyPO te a CD,CI, solution of the complex disrupts the
intramolecular hydrogen bouds in preference for intermolecular bonding to oxygen
of Ph,yPO. One final observation is that there is seemingly no tendency for hydrogen
bonding to the § atom of the chelating Jigand, 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 R0, R;PO > L JeH =L IS, R,CCL

The most thorough quasntitative 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 intramelecular 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

% =
S ~
L\ | A Keo I\ | H
Yo jpom H—ti—X @7
L N
H H

i.=PPhs; E =0, NH: X =F ClBrl



R K ! Coordination Clenriner Reviows 167 [ J9§7) 205 232 233

L
Y N< i

H
L.=PPha

Fig. 4. This class of tndium complexes were used to estimate hydrogen boud strengths {Ir- X HN) by
measuring the barrier to rotation about the C N bond. The barrier was measured by NMR lingshape
analysis of the coalescence of H, and Hy,

the strength of the EH---Xlr bond to follow the order X=F (1) >H > {04%9)> Br
{0.12)=1 (). The numbers in parentheses are the equilibrium ratios of L MX...H
1o L,MH---H species. In this case, hvdrogen bonrding is stronger to hydride than to
halides (except F7). In other words, Ky> Ky (Scheme 1) in this system. However,
the preference is slight, and both configurations are observed in solution {except
when X =1 7). The hydrogen bond strengths {keal mol ) were estimated by measur-
ing the barrier to rotatton about the C-N bond in Fig. 4 (exchange of H, and H,
by NMR). and subtracting the rotation barrier in the free figand. These values
follow the above trend, and are given in Table 2.

Furthermere, the authors found a remarkable influence of the lgand franx 10
hydrnide on s hydrogen bond strength (Fig 4). The XirH...HN bond strength (in
keal mol ™'y, measured by barricr to rotation about the C-N bond in Fig. 4, is found
to be dramatically lower when X is electronegative (Table 21 X=F<Cl<Br<H.
This 1s an extremely important point, because it demonstrates how easily the affimity
of a hydride hgand for an incoming proton can be affected by fairly minor changes
in the metal’s coordination sphere.

7.2, Hydvogen bondmg to nretaf hedides

Both intra- and intermolecidar Cl.--H hydrogen bonding arc observed in the
siructure of the complex (P'Pr;},[1Ci,H( H,), determined by neutron difftaction {463

Tabl; 2

Estimated hydrogen bond strengths (heal mol =7 for the iridium complexes tusicated in Fig 4

X HAMX. HN XMH. -HN
F 5.2 <29

H 50 50

1 21 29

Br [t 3.0

[ «1.3 3.3
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The intramolecular hydrogen bond has a Cl---H separation of 2.65 A between H
and & cis chloride. An intermolecutar hydrogen bond with a Cl---H separation of
2.64 A causes the complex to crystallize as an infinite chain of molecules tinked by
hydrogen bonds. In both mteractions in this complex. the “protons™ (n%-H, lgands)
prefer metai-bound chloride to metal-bousd hydride (there are no significant H--H
contacts other than that in the H; ligand). Once again, the H-H bonding (n*-H,)
ligand in this complex was deiccted by NMRE measurements, whereas the H---(Cl
hydrogen bonding went completely unnoticed before the newtron diffraction study.

The solid-state structure of a molvbdenum bifluoride {(FHF ™) complex was
recently determined by X-ray diffraction. The complex is best synthesized by addition
of excess HF 1o form a postulated bis{ bifluoride) complex, followed by abstraction
of one equivalent of HF (Schemic 4) [72]. The Mo--F bond to the bifiuoride is about
0.05 A fouger than the more pedestrian Mo-F bond m this structure. The F---F
separalion in the bound bifluoride is grester thun in biffuoride salts. indicaling
weakened Fo-1---F hydrogen bonding. In fact. the hydrouen bond is essentially
lost in solution, where an NMR spectroscopic signature similar 1 that of HF i
observed. This bifluoride complex is similar to the HF complex reported by Patel
and Crabtrec {49], in thai the MFH linkage is held intact by an additional intcraction.

LsMokiz f}js_a‘,‘i LaMo(H)2(FHF)2

l 113 LsMo{N2)

KHrEtsN L... K:’ oF
4—_..—.—-—.

/ }\F'

H

L4dvic{H)oF2

L = PMes

Scheivie 4.

The characterization of the complex (PPr,),0s{ Hp2)CL{H,} {20] (rrany phos-
phines, cis chloridesy by Xeray diflraction was mentioned eavlicr {Section 3.2}, The
authors noie that ClI ey to H; hus a fonger Os CI1 distance (2.496(2) A} than
C12 trans 1o nitregen of Hpz (2.426(2) A). attributed to H, having a greater trems
mnfluence than the nitrogen Ligand {Fig 5). An alternate plausible explanation for
this difference is hydrogen bonding. The Hpz ligand has a §-NH group, whose
nitrogen is calcalated [73] 1o be 29A from Ci. Assuriing an N-N--H angle of
1207, and N-H distance of 1.0 A, this results in a Ci---H distance of about 2.1 A,
much shorter than those assigned as hydrogen bonds in the iridium complex charac-
terized by neutron diffraction. It is therefore possible that the Os-Cll dista «ce is
lengthened as & consequence of bydrogen bonding. Accordingly. this complex has
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cp Cl?.: 2.1A

N
Os /
Hz/ \;f N'&L%

Fig. 5. A hydrogen bond trom ClY io B ocould expliin the lantiiened Os CH distunce i comparison
o Os CI2

an acute CH-Os N angle of 352} to maxinuze the apparen: Os Cl--HN
hydrogen bond. Thus, perhaps no conclusions shouid he drawn about the velative
frany influences of H, and the N-based ligand in this complex. when one considers
the infivences of hydrogen bonding.

The research group of Fryzuk has explotted en MX--HN (M=Rh, Ir: X=Br,
I} hydrogen bound in order to control Lthe stereochemistry of H. addition across an
Tr- N bond (Scheme 5) [74]. huterestingly. the product has NH hydrogen-bonded to
a halide, even though a metal hydride is also accessible. The preference must be
significant. since this product is not whal one would predict for concerted Hs
addition ucross an M-N bend: the observed structure is most likcly iermodiiani-
cally preferred. The H---X bond is mamtained even after futher reaction with H,
[n this example. 2 hvdrogen bond is “used” to control the stercochemistry of the
reaction. Yei there is no clear reason to have anticipied the H---X hydrogen bond
Lo be strenger tan 1the alternate H---H hydrogen bond. which would have led to
the apposite stereochemistry in the products. Bused on the work of Peris ¢f al.. the
opposite stereochemistry may I fact be obtainable by wsing a complex with an
iodide rather than chiovide lgand.

N N .
MeaS: Rz MezSi PR2 MeaGi PR2
Me T e

Xt Jx/rﬁé—Me e —Jré«:
MezSi\/pRz MEZSE\/PPQ Mea8i Rz

M=Rh I X=LCL,Br, L R=Ph, iPr
Schente 3

Hampion and coworkers have observed evidence for "RBu0H coordinated and
hydroten-bonded (0 2 Ru complex containing wwo chlorides and a hydride {75].
They propose that OH is hydoogen-bonded to {he chloride ligand {Fig 6}, withow
consideration of the #iternate OH---HRy configurition. While the absoluic configu-
ration of this proposed species is not of consequence o the conclusions of ihe work,
this is an exampic ol a structure assignad according o an intuitive preference for
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Fig. 6. A hydrogen bond 1o ¢hloride wus proposed in this "BuOH sdduct although hydrogen bonding (o
a hydride figand s equally possibie.

drawing a hydrogen bond to a chlonde ligand rather than hydride. While this
assignment accords with the observitions of Fryzuk, it conirasts the studics of Periz
{Section 7.1}, where hydrogen bonding was observed preferentially to hydride.

8. Elimination of HCl from M{H,)C} complexes

Onpe simple method {or conversion of o metal halide to a hydride is subjection of
the complex to an H; atmosphere in the presence of a base. Presumably, H,
coordinates or oxidatively adds to 1he metal center. and the resulfing complex is
dehydrohalogenated. In some cases. 1o base is added. but the reaction iy driven by
rhase-transfer conditions. The reductive climination of HCI from transition metal
complexes has been reviewed {76]. However, the romarkable observations by two
research groups of HCI climination from well-characicrized dihydrogen complexes
withour any added buse {Eq. (28)) have appeared since (hat veview, and deserve
furiher consideralion.

EMCH{H}+CO- L M{COH + HCE 128y

Esteruelas und coworkers report the synthesis of LyOs(CONC{H,) {L=PPr;) by
reaction of L,Os{CO)CIH with HC! [77). By NMR experiments and observations.
the praduct dihydrogen complex is shown to have rrans-phosphines and ofs-chiorides.
A mirimun T, vatuae of 153 ms {300 MHz) and Jup of 2001 He clearly establish the
wydrogen hgation as n*-H,. However, addition of €O to the complex in D, leads
to loss of HCE ruther than B, and formation ol L,0s{CQO,HCI The authors
propose ¢ mechanism involving initias dissociation of €1 7 Liallowed by CO coordina-
tion and then deprotonation by Cl 7 (Scheme 6). While this mi=chanism 15 reasonable.
there is an alternative (Scheme 71 reversible reductive eliminatton of HCI from the
dihydregen complex (which could already have a H-H---Cl hydrogen bond ) to form
the t6-cleciron species L,08(CG)CH Y Evea if this cgmbiBnium loss favors the
18-elcctron complex side, CO counld scavenge the 1é-elielroin complex.

Stmifarly. Chin and coworkers have observed the roplacement of HCH (not Hab
when CO is bubbled through a CH,Cl; solution of trurs-[idppe),Ru{ HCl™ 115]
Once again, the dibydrogen ligand is well-characterized by a Ty, of 23ms
(400 MHz} and Jyp of 259 Hz. ta this case. proton trinsfor 1o the chioride ligand
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[}
[}
-a

L20sCI2{COIM2) === [Lo0sCHCONHDT" + O
[L20sCCOXHRAI* + CO —— [L20sCHCOI(H*

[L20sCHCOR(H2)]* + CFf ———= L20sCHCOH + HCI

Scherme 6.

LzOsCIiACOMH2) === L20sCHCOH + HCI

Lz0sCHCOM + CO ——— La0sGHCO)ZH

Scherne 7.

is frustrated by the frans disposition of the chiovide and ditydrogen ligands.
However. the auihors suggest that one arm of a diphosphine lgand can swing off
10 transport the proton from the H; ligand to the chloride ligand. The resulting
HCI tigand Is then very quickly displaced by incoming €. In order for
Hdppe)Rul H){HC!)™ to be available in a kinetically significunt concentration,
chloride must compete against hydvide fairly successfully for the proton.

9. Other elecirophiles

Ziegler-Natta type polymerization catalvsts are asually 4 combination of & Lewis
acid and CpaMXY (Cp'=any imaginable derivative of cyciopentadienyt M =2r.
T X. Y =C1, H. alkyl). The aumber of combinztions is staggering and this flald
has been extensively reviewed [78]. The electrophile generally attacks chioride
preference 1o hydride or methyl. In dicse sysfems. one would expeet to hawe
“hydridic” H-ligands on these carly tracsition metals. favering electrophilic stiack
al hvdiide. However. steric factors must be quite dominamt when the incoming
clectraphile is so larae {r2lative io H7).

The complex r(PE1;3:C] was reporicd to react very guickiy with Me,SI0TT 1o
form {PELLIM®-ELPCHCHOHEGOTT) (79 A shmilar dride  complex.
Iri PMe,LH. reucts very slowly with Me,SIOTE yiziding [(PMe, ), IrH{(SiMe JOTH
The former reaction {silylation at Cl} s analogeus to protonation st chlovide, while
the later reaction (silylation av Ird cortesponds to protonation at the melal
Unfortunately. the differcnce in phosphines precludes reliable relevant specinttion
about the different reaction rates.

The unsatursied complex { PPr, ), RuHINCN) reacts with Ag(T T {va, 1.5 equiva-
lents) to give an active catalvst for the dimerizotion of methyl serylawe {MA [BOL
Observation of a white precipitate (presumably AgCly and e free PPPry (by MP
NMR} led the authors to pronese [ PPr LRuH (COMMAY " us the active catalylic
species. n this cuse. the Fattee cnergy of AgClis an imporint dni
worth noting that sibver ions also have o demonstrated affinity for hyde

ing {orec. M 5
Je Hgends,
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forming M-H-Ag bonds [81] Thus Formation of AgCl was not » forcgone
conciusiofn.

Halide cxchange has been elfected by addiion of MeSiX (X =Br. 1) w
(PPry),0sCLIH ), (80} or ( PMe, PR, WCHLIH ). [331. In thic former case (Eyg. (2535,
both halides arc exchanged. whereas in ihe fatter casg {Eq. (30)). only ong is
exchanged {(cven when excess Me;SiX is added ). Tn both svstems, the hvdride igands
remain intact.

(PiPry),OsCh{ H }; + 2Me,SiX o Pidry,05X( H 1y {29)
R Brol
(PMe,Ph) WOLIH . + MeySiX-of PAe, P, WO H b, {30}
N=Rr i

Unrlike H ", larger electrophiles seem to categorically attack at halide in preference
to hydride. Sterie factors may once again be the most important infloence in these
reactions with bulky electrophiles. The electran density of o hydride lgand resides
primaridy in the metal - fivdvide howd, which 1s generally less aceessible (han fone
paivs on a halide ligand Bulkic. elecirophiles may find access 1o the M H bonds
much more difficelt than access 1o hadkle lone pairs.

10, Summary

Theie is a marked wendency for the fighier hadides to react with 17 more readiby
than the hearier halides. This phenomenen s clearly shown by hydrogen bonding
eqguilibrium studies. and protonolysis reactions. Therctore. todide is the best cundi-
date for muimtaining an M-X bond under acidic corditiony. white fuoride is the
most effective as a leaving group in electrophibic transformations. Because scecondary
bonding s oflen kmportant i reaction moechanisms. ore should recognize that stmphy
changing a halide Hgand can alter the strengih of & hydrogen bond. and thereby
change the rcaction mechanism or vate.

Fluoride has categorically prevailed over hydride in competition for protons
inctuding wtermolecular and intramoelecular hvdrogen-hond formation. protomaion
and protonelysis reactions. Thore are no examples ol a metal hydride Nuoride
complex receiving a prolon at the hydride ligand. In contrast. fluoride has been
shown to be protenated g, more oflen. protonclyzed instead of hvdride, In addition
1o the examples cited in ths review, there ave many cases of HE elimination from
metal hydride complexes in reactions invohving fuorocarhens [82}

While here are fur more MX(H,} coinplexes known than MH{XE ), it is not
fair lo generalize that protonstion ocowrs preferentially at hydride rather than halide
ligands. For one reason, tie MX{H,;) complexes studied are very simitlar, The only
non-octahedral examples are (PRLLRuXH{H (PRLOsXAH L H,) [83) and
{PR:3:0sX(H J,{ H.}. None of thess sre synihesized by proionation. and for neither
of the osmivm examples is M- -X bonding disproved. Lven i vnabedial compieses,
facite BCH loss and studies of hydrogen bonding have shown that the dihydrogen
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halide vy hydride-hydrochlonic acid taviomeric cguilibriom  can e newdy
thermoncutral.

The few non-oviahedral complenes reported wive generally shown a wendengy 1o
be protonated at  halide m preference to hydrde. Both d? sguare planar
{PR)L,PtCIH and d° trigonal antiprismatic { PR,),GsTl H ), [84] show evidencs for
prolon transter to hzlide. Furthermore. the d? sight-coordimate (PRLWCLIH ),
may very weil initially inieract with the incoming proton vis Hs halide lizands. In
addition to being non-octahadral. these complexcs have the common characiensie
of having unsaiurated { 16e). 3d metal centers. Furthermore, the phosphines in the
complexes fairy cifectively shield the hydrides. More experimentation is pecaed
determine vhich of these characteristios direct protonation aw ey Trom the fdrid

tigands.

Hvdrohalic wrids remain highly unusual and elusise ligands. On the other hand.
there are severnd atky! halide compleses koown [B31, whichs are less prone 1w oxidaiive
addition. Correspondingiv. diatkytalonium dons are much more cormon than scid
hadonium jons [61. The most conspicuous reason why HX is such o poor feand §s
that it is highly prene to dissociation. Even the known oxempics of HX figands
suffer from this problem. However. the HX lzmed aiso ven readily under

oxidative gddition. Because the product of HX oxuditing addition 12 i
from that of protanation s the melad conter {Section 0. many af i
formally protonated at the metal may initislly recoive the preton via i hulide ligand.
Whiie protonation gt halide is rure. hydrogen bonds fihe st siep in prowen transfer
Form ngurly isoencrgetically to lamudh or halide Heards, I[* Lis. falide ligands
often play the role of medisting protor fransfer. without being the Bnul
the added proton.

Steric fuctors should be considered wihwn there is direct compuiiion of
sites witlin 2 moleryie Tor an electrophiie. The possibititios of hy i h,.,[\(_ ing m
coordinated halide tzimeds should be recognized n MXiH - conp
such interactions are notl as edasily detected as are short H OB separat
bonding to mctal-bound hyvdride or habide can be an unpoeriant slructar
witteh should be identified wnd eonsidered v hen anaivzing solid-sintg stre
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