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621. Hydrido- complexes of Tramztwn Metals. Fart 1. Hydrido-
complexes of Rhodinm(), Cobalt(t), and Cobalt(tr).

By A Sacco and R. Uco.

The preparation and properties are described of complex-salts of rhodium(1),
[Rh{L,H‘(PPh,),},]X (X = CI, ClQ,, BPh,). From these compounds, a very
stable hydrido-complex of rhodium(r), [RRH{C,H,(PPh,),}s], has been pre-
p'lred by reduction with lithium aluminium hydride or-sodium borchydride.
The product of the reaction between [CoBr,{C,H (PPh,),},] and-sodium
borohydride; -previously described as a derivative of cobalt(0); is shown
to be a hydrido-complex-of cobalt(i}, [C)H{C,H‘(Pl’h,),},] This formula
is supported by-the'diamagnetism of the compound, by its infrared spectrum,
and-by its- reaction with carbon tetrachloride to give cbloroform. -On the
grounds of thexr dipole moments (ca 3—4p).and of theiriisomorphism:with
[Nl{\,,H.(PPh,),},]. a non;ortl;ogonal structure for these hydrido-complexes
of rhodivm.and cobalt ‘is sugg"estec'( The hydrido-complexs of -cobalt(f)
behaves lik “a Lewis base,. giving with pcrchlonc acid- the hydrido-complex
[CoHy(C4H|(PPly),}4]CIO, )

A number of Stable lvydrldo complexes of transition .metals -of general formula
(MH X,L.], where ‘X is.av: anionic ligand and’L is a tertiary-phosphine or arsine, have
been prepared-in theilast few years. 1~ Among the metals of thé cobalt grouy, many very
stable derivatives of iridiom;?‘and only a-few -of rhodium,? are known. The-only known
hydrido-complex of cobalt, stabilised by a-‘tertiary phosphme, is [CoH{C,H,(PPhy),}T,
ihich-has-been_prepared in these laboratories4 by reduction‘of [CoBry{C,H,(PPh,),},]:with
lithium aluminium hydride in tetrahydrofuran [CoD{C,H,(PPli,);},] was 51mxlarly prepared
‘by-use of’ lithium aluminium deuteride.4

I this Paper,we describe the preparatlon and propertics of (@) some complex-salts of
rthodium(1), [Rh(DPE),]X (DPE = 1,2-bisdiphenylphosphincethane; X = Cl,-ClO,,BPh,);
{b) a fiew, very stable:liydrido-complex.of rhodium(ij, [RhH(DPE,)], (c) a hydrido-complex
of cobalt(1), [COH(DPE),], obtained by reaction between [CoBry(DPE),] and sodium
“borohydride (previously described as giving a cobalt(0) derivative), and (d) a hydrido-
complex of cobalt(i1r), obtained from [CoH(DPE),] by reaction with perchloric acid.

Rhodium Derivatives—The compound [Rh(DPE),]Cl is easily prepared from
[Rh((;O)éCl]2 and the diphosphine in benzene. It.is a stable, yellow, crystalline substance,
soluble in polar organic solvents, in which.it is ionised;-and insoluble in hydrocarbons.
The -corresponding- perchlorate.and tetraphenylborate are readily obtained by exchange
in alcoholic solution.

The hydrido-complex of rhodium(1) is obtained ‘by reduction of [Rh(DPE),ICl with
lithium aluminium-hydride in tetrahydrofuran, or with sodium borohydride in ethanol.
It is an orange, crystalline compound, rather-soluble in-benzene, but insoluble-in-alcohols
and’ light petroleum. It shows considerable thermal stability (decomp. 280°), but is
rapidly oxidised by air.

‘The deuterido-complex is obtained’ in a similar way, by using lithium aluminium
deuteride-in- tetrahydrofuranr and-can be recrystalhscd by adding:ethanol to itsbenzepe
solatieii witliot any detectable exchange occurring:

Reactions. The ‘hydrido- -corriplex -of rhodium(1) reacts at roonr temperature with
‘tatbon tetrachlonde

[RhH(DPE),) + CCl, =[Rh(DPE),]Ci - CHCl,
-and with-perchloric acid, in aqueous ethanol, hydrogen being evolved:
’ [RhH(DPE),] 4 HCIO, = [Rh(DPE),ICIO, + Hy




On treating the hydride with hydrogen chloride under the-same conditions, -hydrogen
is still-evolved, with a molar ratio, hydrogen-:.complex, of 1:1; but the product of -the
reaction contains -two atoms of chlorine per atom of rhodium and behaves as a uni-
univalent electrolyte. This-compound is diamagnetic and has a weak infrared band in
the region of the metal—hydrogen stretching vibrations, 7.e., at 2110 cm.”t, The same

compound is- also obtained by treating [Rh(DPE),]Cl with hydrogen- chlomde in. ethanol,

under nitrogen, and we therefore consider it'to be a hydrido-complex-of trivalent rhodium,
formed as follows:

[RhH(DPé’);j +HCI 4 [Rh(DPE),]CI +H;.
[RR(DPE),ICI + HCi = [RhHCI(DPE),JCI'

Although further studies will be undertaken-to confirm this formulation, it is supported
by the analogous addition of liydrogen chloride-to iridium(1) complexes:

[IrCI(CO)(PPhy),] -+ HCI = [IrHC1,{CO)(PPhy)s) (ref. 6)
[':4(CO)(PPhy)s] - HCI = [IrH,(CO)(PPhy)sICI (ref.7)

and to the platinum(1r)-complex & [PtHCHPER),), to give [PtH,Cl,(PEt3),].

Cobalt Derivatives.—By reaction of [CoBry(DPE),] with sodium borohydride, cither in
absolute or-in aqueous ethanol, a red crystalliné' compound is obtained, which, both before
and afler recrystallisation from benzene-cthanol or. dimethylformamide, shows an infrared

spectram, @ decomposition .point, and magnetic and<chemical behaviour exactly similar’
to that-of the compound obtained 4 by reduction of [CoBry,(DPE),] with;iithium aluminium-

hydride, and shown to be th~hydrido-complex [CoH(DPE),].
This compound is very-rapidly oxidised by air, particularly in solution. In those of

‘our preparations carried  out under nitrogen contaminated with 2—3%, -of oxygen, we
obtained samples with magnetic moments ranging from0-8 to 1:°5 B.M.; only: when great

care was takensto-cxclude oxygen, were diamagnetic samplcs «of the compoun(‘ obtained.

Therefore, we think that the magnetic moment previously found for the compound,

obtained by the same- reaction could have been due to a slight -contamination. of the
product:

Reactions. The:hydrido-complex of cobalt(1) reacts with “arbon tetrachiorlde, giving
chloroformi, but-unlike the correspondmg rhodium -compound, no hydrogen is evolved-on
reaction with acids.

With perchloric acid, it gives a yellow, diamagnetic hydrido-complex of cobalt(111):
[CoH(DPE);] - HCIO, == [CoH,(DPE),]ClO‘

This cobalt(111) complexis stablé in.air over a period. of days, is slightly soluble .in
ethanol and in tetrahydrofuran, but insoluble -in hydiocarbons, and is a. uni-univalent
electrolyte in nitrobenzene. On-treatment with an alcoholic or an aqueous solution of
sodium hydroxidg, it gives-the starting hydrido-complex of cobalt(1):

[CoH,(DPE),]CIO, -+ NaOH = [CoH(DPE),] + NaClO, + H,0

The corresponding deuterido-complex is obtained from the deuterido-complex, of
cobalt(r) and -deuterated perchloric acid in deuterated ethanol. On reaction with an
ethanolic solution of sodium hydroxide, it gives the deuterido-complex of cobalt(1), with

no.exchange.

Infrared Specira. —The spectra.of. some rhodium(s);. cobalt{:);'andf‘nickél(U)Acompie?(é‘s
are shown-in the Figure. The hydrido-complex of rhodium(1). has.a strong sharp infrared

band at 1902 cm.™ due-to -the metal-hydrogén stretching vibration, the corresponding

deuterido-complex has: a-strong sharp-band-at 1465-cm.™} (ratio of hydride-to deuteride
stretchmg frequencies ='1:39-1). Moreover, the hydrido-complex hasaband at 625 cm.”3,

which is absent:for the deuterido-complex, and which we- tentatively- assign to-the bendlng,

mode 3(Rh-H).
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" The hydndo-cumplex of cobalt(r) has-a band' of medium intensity -at 1884.-cm:™,
ascribable, by comparison with the spectrum of the -corresponding deuteride;* to the
stretchmgmode v(Co—H)

The increase in'M=~H stretching frequency on going from cobalt to.rhodium is in agree-
ment with the incréase of M=H bond strength generally observed on passing from the
light-to the heavy elements.

The ‘hydrido-complex  of c,obalt(m) has two-bands of medium intensity at 1940  and
1985 cm.™?, on the basis of which we assign an ¢is octahedral configuration toit. The corre-
sponding deuterldo -complex has only one band at 1400 cm.™ ascribable to the stretching
mode v(Co~D), the second band is most probably hidden by the-strong band of the ligand
at 1435 cm.™L,

Dij)ole Momests ard Structure.~The hydrido-complex -of rhodiumi(t) in benzéne has
a dipole moment of 4:35 D (assutning 4P = 0) or 4:03 D(assuming o P == 0-20 zP). The
hydrido-complex of cobalt(r) has a moment of 3:50 b ("= 0) or.3:08 D (,P-= 0:20 3 P).

The dipole moments (4:2—4-9,p) obtained by Chatt?! for the hydrido-complexes of

‘the type. traus-[PtHCl(PR )] and trans~[MHCl{C2H4(PEt2) ota] (M = Fe, Ru, Os) indicate

1C

2000 1600 1200 800 2000 léOO 1200 800
cm*™

Infrared spectra: (A) RuD(DPE),; (B) RAH(DPE),; (C)-CoH(DPE),; (D) Ni(DPE),.

that the metal<hydrogen bond-moment is less than 2D, and, owing ‘to the increased
negative character -of the ‘frans-halogen under the influence of the hydride -ligand, is
probably much less than-this value. Therefore,.for.the hydrido-complexes of rhod:um(t)
and cobalt(1) studied here, a tetragonal structure, with the-four phosphorus atoms in the
same plane as the metal atom, can be excluded. The dipole moments of’thes¢ hydrido-
complexes and the isomorphism found between [CcH(DPE)], [RhH(DPE),] and
[Ni(DPE),] indicate a dis.orted-tetrahedral arrangement of the phosphorus atoms around’
the central metal atom, with the -hydrogen atom.situated along a trxgonal axis, f.e., a
structure similar-to-that proposed for the cobalt tetracarbonyl hydride.?

If the suggested structure could be confirmed by an X-ray study, these compounds

-would represent the ‘first example of very stable hydride-complexes having a. non-

orthogonal configuration,

Nuclear Magnetic Resonance Spectra—The spectra of the ‘hydrido-complexes in-
deuterated benzene did not show any-band -assignable to the proton resonance-of the
hydridic hydrcgeu :probably for.one or-more.the following reasons: poor solubility of:the
compounds:in -benz ne; inadequate-sensitivity of the. spectrometer and splitting:of the

‘hydrogen band into-a number of very weak-bands, owing-to the-interactiui of-the proton

with -the phosphorous-nuclei- of spin 4. The very sharp bands shown by-the CgH; and
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7CF, groups of e 1igand -confirm-the: diamagnetism .of the compounds, independently

Gbserved by means.ofs the-Gouy methiod.

EXPERIMENTAL

The dxphosphme (CH,PPh,), was prepared as described by Chatt 'md Hart.1® The
hydrido-complexcs were manipulated in an 1fmosplle;e of dry nitrogen, and samples for m. p,
determination ‘were contained in evacuated.tubes, Infrared spectra were measured on Nujol
mulls, using the Perkin-Elmer 237 spectromieter: Nuclear -magnétic resonance spectra were
measured with the Varian 4310 C spectrometer.

Di-(1,2- b:sdzphenylphosphmoetlmne)rhodtum(x) Chloride, { h{C,H‘(DPh,),}a]Cl -4 solution
of the diphosphine (3-1 g., 2 mol.) in.benzene.(20.c.c.) was’ added to a solution of {R1i(CO),Cl],
(0-7.g:, 1 mol.)-in benzene (10 ¢.c.). The resulting yellow: precnpntate wag washed with warm
behzens dind dried. The corplex is-diamagnetic, soluble in-chloroform, methylene chloride,
methanol, ethanol, and acetone, .but insoluble in benzene and light petroleum, and—has m. p.
215 (Found: C, 66:7; H, 52; CL3-8. CyaH 4 CIP,Rh requires C,-86-8; H, 5:2; Cl, 3:8%);

.molar conductance (10"M-solutlon in nitrobenzene at 28°), 24-0 ohn ™,

Di-(1; 2- bzsdzpl:e»zylphosplxmoethane)rhodmm(x) Peichlorate, [Rh{C4H, (PPh,)y},]ClO . ~A solu-
tion of the above chloride, in ethanol, was ‘treated. with an ethanolic solution of sodium
perchiorate. The resulting .golden-yellow. pyecszlata 'was washed with- ethanol and- dried;
it had m. p. 282° (Found: C, 61:76; H, 47; Cl, 3:6. C4,H,,CIO,P,Rh requirés C, 62:5; H,
4-8;. Cl, 3-56%); -molar conductance {1073M-solution in nitrobenzene at.25°), 21-6 chm™,

Di-(1,2 bzsdzphenylphosphmoethane)rhodunn(l) Telraphenylborate, {Rh{C,H (PPh,),},]BPh,.
—This compléx was prepared in a similar manner to ke perchlorate except that sodium tetra-
phenylborate was used instead of sodium; perchlorate It is-a light yellow powder, m. p. 246°
(Found: C, 756:3; H, 58. C,H,BP;Rh requires.C,. 74-9; H, & 69%); molar conductance
(10-3m-solution in nitrobenzene at 25°), 16+7 ohan™®;

Hydridodi-(1,2- bzsdxphenylp}zosphznoelhane)rhmfamn(x) FRhH{C,H,(PPh,),},)-—(a) A solution
of [Rh(DPE),|Cl (-0 g L mol.) in ethanol (40 c.c.):was treated with a solution of sodium boro-
hydride (0-24 g., 3 molzyin ethanol (30 c.c.) underfiitrogen. The vesulting crystalhne precipitate
was filtered off, dried,.and crystallised-irom beazene, by add.ng ethanol; to_give.diamagnetic
orange. plafes, decomp. 280°, soluble-in benzene, but insoluble in ethanol, methanol, and light
petrpleum{Found: C, 69:25; H, 5:6; P, 14-1. C,,,H“P‘Rh requires'C, 69-3; H, 5:5; P, 13-75%).

(%) A solution of [Rh(DPE),]CI (10 g., 1.mol.) in tetrahydrofuran (30 c.c.) was:treated with.
an excess of lithium aluminium hydride .in tetrahydrofuran under nitrogen. "The original
yellow solution rapidly became orange, and-ethanol was then slowly added- until effervescence:

-ceased. The solvent was removed under reduced pressure (6 mm.), and from the benzene-

soluble portion of the residue, the complex was- preclpxtated with ethanol; it was identified by
means of its infrared spectrum,

Deuteridodi-(1,2-bisdiphenylphosphincethane)rhodium(r) was similarly prcpared in tetra-
hydrofuran, from [Rh(DPE),]Cl and lithium aluminjum deuteride.

Hydridodi-(1,2: bzsd:phenylphosphmoelhane)cobalt(l) [CoH{C,H;(PPh,) }al—This was pre-
pared from dibromodi:{1,2-bisdiphenylphosphinoethane)cobalt and sodium. borohydride (i) in
absolute ethanol,-as for the correspondinyg rhodium derivative, and (ii) as according to Chatt,?
in 3: 1 ethanol-water solution. It-formed diamagnetic red plates, decomp. 280° (Found: C,
72-8; H, 5:9; P, 14-5. Calc. for C;yH,,CoP,: C,;72:9; H, 58; P, 14:5%).

Reactions of the Hydyido-complex of Rhodium(r).—(1) Reaction with. perchlorvic acid. The
hydrido-complex (0 :1374 g.) was treated, in an evacuated apparatus, with a solution.(5 c:c.)-of
1m:perchloric acid-in 41 ethanol-water, and the.evolved gas (4:00 c.c. at 20° and 760 mm.)

-was: collected. The molar ratio- hydrogen complex -was-1:06:.1; The solid residue- was
“filteredoff; washed with:éthanol; and-dried, and:was identified as di={1;2:bisdiphenylphosphinc-

cthane},rhodmm(x) perchlorate by means of its infrared-spectrum, m.-p., and analysis- (Found:
Cl: 3'72%) b B
(2) {Reaction-with hydrogen chlovide. 'The hydrido-complex-(0-1312.g.) was- tréated, .in- an

‘evacuafed apparatus, ‘with a solution (5 c.c.) of Im-hydroges chloride in4 :1 ethanol-water, and

hydrogen:(3-60 c.¢. at 20° and 750:'mm.) was-evolved. The molar ratio hydrogen complex was
0-997-:-1, “Anothér sample of- the*hydndocomplex {2:0°g.), -suspended in-ethanol. (15 c.c:),
was- treated*with the-abovéhydrogeri chloride solution (10 c.c.) under nitrogen. After the
eﬁ’erve&.ence‘had,cea" :d, the solvent was-removed under:reduced pressure and-the residue was

—
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recrystalhscd from benzene, yreldmg light yellow, diamagnétic crysfals, m. p.‘180—182°, soluble
in polar organic solvents and in benzene (Found: C, 64:15; H.:5:3: Cl, 7-1. C,H,Cl,P,Rh
requires C, 84:3; H; 5:1; Cl, 7-3%); molar conductance (lO"M-solutxon in nitrobenzene at
25°), 17-8 ohm™

Reaction of the Hydrido-complexes with Carbon Telrachloride.~~The hydrido-complexes of
rhodium and of cobalt (0-1 g.);were treated with carbon tetrachloride (0-25 c.c.) under nitrogen.
After a_few-minutes, the solvent was distilled off under reduced pressure, being collected in.a
solid carbon dioxide trap. Iis infrared:spectrum was recordéd, using 0-1-mm. cells and carbon
tetrachloride as reference. The presence of chloroform in the solvent was -proved by the

‘bands at 1217 and 668 cm.L,

Reaction of Di- -{1,2 bxsd:phenylphosphmoe.‘/mne}rl:odmm(l) Chloride with Hydrogen Chlorids—
A solution of (Rh(DPE),]CI (2:0.g.) in ethanol (20 c.c.) was treated as in (2) (see above) with'a
solution (10 c.c.) of 1m-hydrogen chloride in aqueous ethanol. Removal of the solvent under
reduced pressure-and recrystallisation of the residuc from{benzene gave a light yellow product,
identified by nieans of its infrared spectrum, m. p., molar conductance in nitrobenzene sutution
(17:6 ohm™), diamagnetism, and analysis (Found: C, 62:3; H, 5-2; i, 7-0%) as the same
compound as obtained in- (2). On treatnient with soedium tetraphenylborate .in cthanolic
solution, it-gave a light yellow. precipitate, m. p. 234:, slightly solul}» in-ethanol (Found: C,
72:5; H, 5:85; Cl, 2:76. GC;¢H¢,BCIPRh.requires C, 72:6; H, 5:6; ¢ 2:8%).

Dihydridodi-{1,2 bzsdtplwnylphosplfmoelhane}cobal!(ln) Perchlora)
{CoH{C,H(PPh,),},]ClO—A suspension of LCOH(DPE},] (1+0 g.) in ethanol (30 c.c.) was

treated with a soluticn (5 c.c.) of 1M-perchloric acid in 41 J-ethanol-water, and the mixture was

stirred. ‘The yellow crystals which slowly formed weré-filtered off, washed with.ethianol, and
dried. The com:plex is diamagnetic, slightly soluble in polar organic solvents, but insoluble in
hydrocarbons, decomp: 185—186° (Found: C, 64:7; H, 5:3; Cl, 8:6. C;H;,ClICoO, P, requires
C, 66:3; H, 5-3; Cl, 3:7%); molar conductance (ln‘anr-solutlon in nitrobenzene at 20°),
18:2 ohm?,

Dideuteridodi-(1,2-bisdiphenylphosphinoethanejcobalt(ir) perchlorate was similarly pre-
pared, in deuterated cthanol from [CoD(DPE),] and-deuterated perchloric acid.

Reaction of the I1'wlrz(l°-complet of Cobalt(1) -—[COH,(DPE),]CIO‘ was treated with a
solution -of 1M-sodium hydroxide in 1:1 ethanol-water. The red substance formed -after
several hours was filtered off, washed with ethanol, dried, and identified as hydndodr—{l,‘.! -bis-
diphenylphosphinoethane}ccbalt(ij by means of its infrared spectrum. The-same reaction,
carried out in aqueous Im-sodium hydroxide, took about ten.days fer completion.

Dipole diuments.~—~These were determined as describéd previously,2* and are listed in the Table.

ity Ae Av L7 B P P 1 (D), (D)
[RhWH(DPE),] -0-01192 -0-033056 --0-0048 277 ~04l 6665 214 3§ 403
0-01360  0-03688 —0-0056- 2.71 ~0-41 6360 2714 .
[CoH(DPE),] 0-00832 0-01887 -0-0037 226 ~—045 6393 274 -
0:00852  0-01954 —0:0044. 205 —~046 5068 274 3500 308

- We thank Dr. Anna Segré for the -nuclear magnetic resonance 'spectra, and Dr. Angelo
Mugnoli for the Debye spectra.  This research was supported by-the U.S. Air Force.
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