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Binding H,, N,, H, and BH; to Transition-Metal Sulfur Sites: Synthesis and
Properties of [Ru(L)(PR;)(N,Me,S,)] Complexes (L=n*H,, H, BH;;

R =Cy, iPr)"”

D. Sellmann,}'*! A. Hille,**! F. W, Heinemann,'*! M. Moll,*! M. Reiher,™ B. A. Hess,™ and

W. Bauer'®!

Abstract: The reactions of [Ru(N,)-
(PR3)(‘N,Me,S,")] [N, Me,S,’=1,2-etha-
nediamine-N,N'-dimethyl-N,N'-bis(2-

benzenethiolate)(2—)] [1a (R=iPr), 1b
(R=Cy)]  and  [No{Ru(Ny)-
(PiPr;)(‘'N.Me,S,)},]  (1e) with  H,,
NaBH,, and NBu,BH,, intended to
reduce the N, ligands, led to substitu-
tion of N, and formation of the new
complexes [Ru(H,)(PR;)(‘N,Me,S,")]
[2a (R=iPr), 2b (R=Cy)],
[Ru(BH;)(PR;)(‘'N,Me,S,")] [3a (R=
iPr), 3b (R=Cy)], and
[Ru(H)(PR;)(N;Me,8,)]” [4a (R—
iPr), 4b (R=Cy)]. The BH; and hy-
dride complexes 3a, 3b, 4a, and 4b
were obtained subsequently by rational
synthesis from 1a or 1b and BH; THF
or LiBEt;H. The primary step in all re-

N, from the N, complexes to give coor-
dinatively unsaturated
[Ru(PR;)(‘N,Me,S,’)] fragments that
add H,, BH,”, BH;, or H. All com-
plexes were completely characterized
by elemental analysis and common
spectroscopic methods. The molecular
structures of [Ru(H,)(PR;)(‘N,Me,S,")]
[2a (R=iPr), 2b (R=Cy)],
[Ru(BH;)(PiPrs)("N,MeS,")] (3a),
[Li(THF),][Ru(H)(PiPrs)("N,Me;,S,’)]

([Li(THF),]-4a), and NBu,[Ru(H)(P-
Cy3)(‘N,Me,S,’)] (NBuy,-4b) were de-
termined by X-ray crystal structure
analysis. Measurements of the NMR
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relaxation time 7, corroborated the 1’
bonding mode of the H, ligands in 2a
(Ty=35ms) and 2b (7,=21ms). The
H,D coupling constants of the analo-
gous HD complexes HD-2a (\J(H,D)=
26.0Hz) and HD-2b (J(HD)=
25.9 Hz) enabled calculation of the H—
D distances, which agreed with the
values found by X-ray crystal structure
analysis (2a: 92pm (X-ray) versus
98 pm (calculated), 2b: 99 versus
98 pm). The BH; entities in 3a and 3b
bind to one thiolate donor of the
[Ru(PR;)(‘N,Me,S,”)] fragment and
through a B-H-Ru bond to the Ru
center. The hydride complex anions 4a
and 4b are extremely Brgnsted basic
and are instantanously protonated to
give the 1’-H, complexes 2a and 2b.

actions probably is the dissociation of
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Introduction

Nitrogenases differ from many other enzymes in their versa-
tility in catalyzing the reduction of not only one but numer-
ous substrates. These substrates range from molecular nitro-
gen to protons, acetylene, nitriles, isonitriles, and even
HCN. All these reductions probably take place in 2H*/2e~
transfer steps at the metal sulfur cofactors of nitrogenas-
es.?l The detailed mechanisms of these reactions have re-
mained largely unknown, and model compounds that enable
the catalytic reduction of nitrogenase substrates under mild,
nitrogenase-like conditions are the goal of continual ef-
forts.

Among the nitrogenase substrates, protons and molecular
hydrogen play a special role. Protons are reduced to H,, and
in this regard, nitrogenases exhibit hydrogenase activity. Al-
though molecular hydrogen is a competitive inhibitor of N,
fixation, it is also a substrate.l’! This is demonstrated by one
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of the most intriguing nitrogenase reactions, that is, “N,-de-
pendent HD formation”. This reaction involves the reduc-
tive formation of HD from D, and protons of water, which
takes place exclusively in the presence of N,. This reaction
indicates that D, is heterolytically cleaved at the metal
sulfur sites of the nitrogenase cofactors.’l Because the active
sites of nitrogenases are basically transition metal complexes
with sulfur ligands, which react
with nitrogenase substrates, low
molecular weight metal-sulfur
complexes are particularly de-
sirable model compounds. In
the search for such models we
recently found the [Ru-
(PiPr3)(‘N,Me,S,")] complex
fragment (Scheme 1).°!

The [Ru(PiPr;)(‘N,Me,S,")]
fragment can bind N, and other
nitrogen ligands under ambient
conditions, and it does not immediately block its vacant sites
by formation of M-S-M bridges to give unreactive aggre-
gates, which is a predominant feature of metal thiolates. On
attempting to reduce the N, ligands in [Ru(N,)-
(PiPr;)(‘N,Me,S,’)] (1a) and related complexes, we found
that [Ru(PR;)(‘N,Me,S,’)] fragments (R=iPr, Cy) can also
bind H,, H", and BH;. The resulting complexes are de-
scribed here.

/PiPrg

Scheme 1. The [Ru(PiPr;)-
(‘N,Me,S,")] fragment.

Results and Discussion

Synthesis of [Ru(L)(PR;)(‘N,Me,S,")] (L=n*H,, BH;, H";
R=iPr, Cy): Treatment of solutions of [Ru(N,)-
(PR3)(‘N,Me,S,’)] [1a (R=iPr), 1b (R=Cy)] in THF with
molecular hydrogen led to a rapid color change from
yellow-green to light red. Monitoring the reactions by IR
spectroscopy showed that the v(N=N) bands of 1a
(2113 cm™) and 1b (2115 cm™) decreased in intensity and
had completely disappeared after 20 min. Concentration of
the solutions and addition of MeOH or n-pentane precipi-
tated yellow solids. They were completely characterized by
elemental analysis, common spectroscopic methods, and X-
ray crystal structure analysis as [Ru(H,)(PR;)(‘N,Me,S,’)]
[2a (R=iPr), 2b (R=Cy)], which were formed according to
Equation (1).

8 O
el _pry +—Ha ,—+ Ny N PR .
Q/Ru - —_— [N/Ru\H (1
Me | 2 THF, RT Me Y
S s H
1a:R=iPr 2a:R=iPr
1b: R = Cy 2b: R=Cy

The 'HNMR spectra of these n>-H, complexes exhibit
characteristic singlets at =—12.04 (2a) and 6=-11.98 ppm
(2b), which are split by *'P coupling into doublets [%/(P,H) =
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11.2 (2a), 9.2 Hz (2b)]. The stability of the n*-H, complexes
2a and 2b is comparable to that of the corresponding N,
complexes 1a and 1b. Since this was a quite unexpected
result, DFT calculations were carried out. These calculations
supported the experimental observations by showing that
the bond enthalpy between [Ru(PR;)(‘N,Me,S,’)] and H,
and N, are almost identical (see Experimental Section).
Both n*-H, complexes 2a and 2b are stable in solution
under an Ar/H, mixture for extended periods of time at
room temperature, whereas solid, yellow 2a and 2b slowly
turn green at room temperature due to loss of coordinated
H,. At —78°C, however, they can be stored for months with-
out decomposition. Replacing the gas phase of H, by N, led
to regeneration of the N, complexes 2a or 2b, that is, the
N,/H, reaction of Equation (1) is reversible.

The dinuclear N, complex [u-N,{Ru(PiPr;)(‘N,Me,S,’)},]
(1¢) showed an analogous reaction towards H,.'” Treatment
of 1¢ with one equivalent of H, first resulted in the forma-
tion of the mononuclear N, complex [Ru(N,)-
(PiPr;)(‘N,Me,S,’)] (1a) and 2a. This result indicates that
[u-N,{Ru(PiPr;)(‘N,Me,S,’)},] (1¢) dissociated in solution to
give mononuclear 1a and the [Ru(PiPr;)(‘N,Me,S,’)] frag-
ment, which instantaneously added H, [Eq. (2)].

Q~s
@S PlPr3 T\s Me

H,, 1 min PIF’r3
N_N/RU_N +_2__m'_+[N\p.Lu\H +1a (2
Me s @ MeY s H
@ iPr3

1c 2a

Further treatment of the solution with H, converted the
initially formed [Ru(N,)(PiPr;)(‘N,Me,S,’)] (1a) to the n*
H, complex 2a. n”>-H, complexes frequently exhibit strongly
acidic H, ligands and are readily deprotonated to give hy-
dride complexes.'!! However, all attempts to deprotonate 2a
or 2b with bases such as LiOMe or LiN(SiMe;), were unsuc-
cessful. For example, even when 2a was treated with a 10-
to 100-fold excess of LiN(SiMe;), in THF, no deprotonation
of 2a to give the corresponding hydride complex anion
[Ru(H)(PiPr;)(‘N,Me,S,’)]” (4a) was observed, and 2a
could be recovered from the reaction solutions.

The 'H and *'P NMR spectra indicated the formation of
additional decomposition products, which were not charac-
terized. These findings indicated that the hydride complex
anions [Ru(H)(PR;)(‘N,Me,S,")]” corresponding to 2a or 2b
are extremely strong bases. The viability of such anions
became evident when the reactions between 1a or 1b with
borohydrides such as NaBH, and NBu,BH, were investigat-
ed. Treatment of 1a in THF with NaBH, did not lead to re-
duction of the N, ligand but to immediate evolution of gas
and formation of orange solutions. Monitoring this reaction
n [Dg]THF by 'H, "B, and *P NMR spectroscopy showed
that directly after combining 1a and NaBH, one product
was the n>-H, complex 2a, which was identified by its char-
acteristic '"H NMR signal at 6=—12.04 ppm. Its formation
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could be traced back to traces of moisture in the solvent (or
on the glass walls) that reacted either with NaBH, or with a
highly water sensitive species. The *P NMR spectrum
showed that no N, complex 1a remained, and that a second
complex besides 2a had formed, because a further P NMR
signal at 6=55.55ppm was observed. However, the
"BNMR spectrum showed a practically unchanged, but
slightly broadened BH,™ quintet, which suggested that BH,~
ions were still present. These spectroscopic results are ra-
tionalized by the assumption that BH,™ ions replaced the N,
ligand of 1a to give a very labile BH,~ adduct [Ru(BH,)-
(PiPr;)(‘N,Me,S,’)]” showing a very weak interaction be-
tween the BH,™ ion and the [Ru(BH,)(PiPr;)(‘N,Me,S,’)]
fragment [Eq. (3)].

Q*s Q*s
Mel [ _piP BH, Mel [ _pip
T1Frs +BH 4 1P
{ri S LR 3
Me\ | N 2 Me\ | N
@'S @'s &
H OH

After several hours, an additional high-field 'H NMR
signal at 0=—18.13 ppm indicated the presence of a third
product with a hydride signal, tentatively assigned to a hy-
dride complex or a derivative of the BH,  adduct. The
"B NMR and mass spectra suggested the coordination not
of BH,™ but of BHj; to the [Ru(PiPr;)(‘N,Me,S,’)] fragment.
Slow diffusion of Et,O into the
filtered reaction solutions final-
@ ly yielded a solid product in the
Me i - PiPry form of single crystals whose X—
MeN/ ~H ray crystal structure analysis
S\B/ substantiated the formation of
W OH [Ru(BH;)(PiPr;)("N,Me,S,)]
3a (3a).

When the mixture of 1a and
NaBH, in THF was kept for
several days at room tempera-
ture, the 'H NMR spectrum showed that the initially ob-
served signal of the n’-H, complex 2a at d=—12.04 ppm
had disappeared. The signal of 3a at 6=—18.13 ppm was
still present, and, in addition to this signal, a new signal at
even higher field (0 =-21.47 ppm) had emerged (Figure 1).
The intensity of the signal at 6 =—21.47 ppm and its cou-
pling constant of 2/(P,H)=38.4 Hz were compatible with the
formation of the monohydride complex anion [Ru(H)-
(PiPr;)(‘N,Me,S,”)|”. However, all attempts to isolate salts of
this anion from the reaction solution were unsuccessful. The
unambiguous identification of [Ru(H)(PiPr;)(‘N,Me,S,")]~
(4a) was finally achieved by the complete characterization
of [Li(thf),][Ru(H)(PiPr;)(‘N,Me,S,’)] ([Li(thf),]-4a), which

was synthesized by a different route (see below).
Analogous results were obtained when the PCy; complex
[Ru(N,)(PCy3)(‘N,Me,S,’)] (1b) was treated with NBu,BH,
in THF. This experiment was done not only to probe the in-
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Figure 1. Monitoring the reaction between [Ru(N,)(PiPr;)(‘N,Me,S,’)]
(1a) and NaBH, in [Dg]THF by '"H NMR spectroscopy. a) "H NMR spec-
trum indicating the formation of [Ru(H,)(PiPr;)(‘N,Me,S,’)] (2a) and
[Ru(BH;)(PiPr;)(‘N,Me,S,")] (3a); b) 'H NMR spectrum after three days
showing the additional formation of the [Ru(H)(PiPr;)(‘N,Me,S,’)]” ion.

fluence of the PCyj; ligand versus that of PiPr;, but also be-
cause it could be carried out in strictly homogenous phase,
since NBu,BH, is soluble in THF. The reaction between 1b
and NBu,BH, also yielded the first single-crystalline exam-
ple of the [Ru(H)(PR;)(‘N,Me,S,’)]” complex type, in the
form of NBu,JRu(H)(PCy;)(‘N,Me,S,’)] (NBu,-4b). Com-
plex NBu,-4b could only be isolated in pure form when
traces of water were strictly excluded. Otherwise, a second
species, which was characterized as the BH; complex
[Ru(BH;)(PCy;3)(‘N,Me,S,’)] (3b), is also formed.

The unambiguous identification of the BH; complex
[Ru(BH,;)(PiPr;)(‘N,Me,S,")] [3a (R=iPr), 3b (R=Cy)]
and the hydride complexes [Li(thf),][Ru(H)-
(PiPr;)(‘N,Me,S,’)]  ([Li(thf),]-4a) and NBu,[Ru(H)-
(PCy;3)(‘N,Me,S,’)] (NBuy,-4b) prompted us to search for
more rational and direct syntheses of these species by em-
ploying BH;' THF and LiBEt;H as reagents. LiBEt;H was
used instead of NaBH, or NBu,BH, to avoid formation of
BH; complexes 3a and 3b. These were formed as side prod-
ucts when NaBH, or NBu,BH, was used as hydride source
in the presence of residual traces of moisture (see above).
As expected, treatment of the N, complexes 1a or 1b with
BH; THF according to Equation (4) yielded the correspond-
ing BH; complexes 3a and 3b, which were obtained in solid
form and characterized by common spectroscopic methods.

1a,1b + BH;, - THF—[Ru(BH;)PR;)(N;Me;S, )]

. (4)
3a (R=1iPr),3b (R =Cy)

Treatment of the N, complexes 1a or 1b with LiBEt;H
according to Equation (5) afforded the corresponding hy-
dride complex anions 4a and 4b. However, this reaction
pathway only yielded the PiPr; complex [Li(thf),]-4a in
solid form. All attempts to isolate the PCy; analogue
[Li(thf),][Ru(H)(PCy;)(‘N,Me,S,’)] ([Li(thf),]-4b) in crystal-
line form remained unsuccessful and always resulted in oily
products that contained traces of unconverted LiBEt;H.
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1a,1b + LIBEG:H - THF— [Li(thf),][Ru(H) (PR,) (N, Me; S, )]
_ [Li(thf),]-4a (R = iPr)
[Li(thf),]-4b (R = Cy)
(5)

X-ray crystal structure analyses: Examples of the three
types of complexes described in this paper could be charac-
terized by X-ray crystal structure analysis. Figure 2 depicts

[Li(thf),]-4a

Figure 2. Molecular structures of [Ru(H,)(PiPr;)(‘N,Me,S,’)] (2a),
[Ru(H,)(PCy3)(‘N,Me,S,")]-0.5pentane  (2b-0.5pentane), [Ru(BH;)-
(PiPrs)(‘'N;Me;S,")] (3a), [Li(THF),][Ru(H)(PiPrs)(‘N,Me,S,")]
([Li(THF),]4a), and NBu,[Ru(H)(PCy;)(‘N,Me,S,")]-0.83 Et,0-0.17 THF
(NBu,)4b-0.83 Et,0-0.17 THF); (50 % probability ellipsoids; solvent mol-
ecules, C-bonded H atoms, and NBu, cations omitted for clarity).

the molecular structures of 2a, 2b, 3a, 4a, and 4b. Table 1
lists selected bond lengths and angles.

All complexes exhibit six-coordinate ruthenium centers in
pseudo-octahedral coordination spheres and are C;-symmet-
ric. The ‘N,Me,S,’ ligand is coordinated to the metal centers
in a helical mode that causes the thiolate donors to adopt
trans positions. The crystal lattices of 2a, 2b, 3a, and NBu,-
4b contain discrete molecules or cations and anions, and the
crystal lattice of [Li(thf),]-4a contains ion pairs in which the
[Li(thf),] ions are bound to the [Ru(H)(PiPr;)(‘N,Me,S,")]”
ions through Li---S—Ru and Li---H—Ru bridges.

The H™ ligands in the complex anions 4a and 4b result in
particularly long Rul—N2 distances, and 4b (240.3(5) ppm)
has a longer Rul-N2 bond than 4a (233.9(2) ppm). This
may be traced back to the fact that 4b has a terminal hy-
dride ligand, while 4a exhibits a hydride ligand bridging to
the [Li(thf),] entity. The Rul—-N2 distances in the n*H,

Chem. Eur. J. 2004, 10, 4214 —4224 www.chemeurj.org
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complexes 2a (227.7(2) ppm) and 2b (222.1(4) ppm) are
shorter than those in the hydride complex anions 4a and 4b
and lie in the usual range of [Ru(L)(PR;)(‘N,Me,S,’)] com-
plexes. However, it is difficult to rationalize why the Rul—
N2 distance in 2b is shorter than that in 2a. Futhermore,
the shorter the Rul—P1 distances, the longer the Rul—N2
distances. This possibly indicates that differences at the Ru
centers caused by elongation of the Rul—N2 bonds are
counterbalanced by shortening of the Rul—P1 bonds. This is
most visible in the hydride complex anion 4b, which has a
very long Rul—N2 distance (240.3(5) pm) and a very short
Rul—P1 distance (224.8(2) pm). The distances in the BHj;
complex 3a lie in the usual range for
[Ru(L)(PR3)(‘N,Me,S,’)] complexes. The relatively short
Rul—N2 distance of 3a (223.6(3) ppm) indicates the absence
of a strong trans influence of the H1A atom of the BH;
entity on the Rul—N2 bond. The BH; entity apparently acts
as a weak ligand, comparable to the weak n>-H, ligands in
2a and 2b. The positions of the n>-H,, the hydrogen atoms
of the BH; entity, and the hydride ligands in 2a, 3a, and 4a
could be determined from difference Fourier maps. The
Ru—H distances lie in the usual range of 160-170 pm. Such
distances are also found for related complexes, for example,
[Li(thf)(Et,O)][Ru(H)(PCy;)(‘Sy’)] (‘Sy =dianion of 1,2-
bis(2-mercaptophenylthio)ethane; 161(5) pm) and
[Na(THF)][Ru(H)(“**pyS,)], (“*pyS, =dianion of 2.6-
bis[(2-mercapto-3,5-di-tert-butylphenylthio)dimethylpyri-
dine]; 161(5) pm).'*¥ Relatively large standard deviations
do not enable a detailed discussion of either Ru—H or H-H
distances, but the quality of the single crystals of 2a enabled
localization of the n>-H, ligand. The H-H distance was de-
termined to be 92 pm, which is 18 pm longer than in the
free H, molecule. This is in agreement with the value of
99 pm for 2a, as calculated on the basis of the H,D coupling
constant ('J(H,D)=26.0 Hz, see also below) according to
Equation (6).M"

dy_u/A =1.42-0.0167J(H,D) (6)

The H—H distance in the related n*-H, PCy; complex 2b
was determined to be 99 pm by X-ray crystal structure de-
termination, which agreed with the value calculated from
the H,D coupling constant (98 pm). The short elongation of
the H—H bond in the n>-H, ligands of 2a and 2b compared
to the free H, molecule indicates only minor activation of
these ligands. The BI-H1A distance (128(4) pm) of the H
atom bound to the Ru center is significantly elongated in
comparison to the terminal B—H bonds (B1-HI1B
113(4) pm, B1-H1C 111(5) pm). The Ru—H1A distance is
similar to those of classical hydride complexes. The terminal
B—H bonds are similar to those of related systems.!'!

General properties and spectroscopic characterization of
complexes 2-4: All complexes described here are yellow to
orange and diamagnetic. They are soluble in THF, but only
sparingly soluble in n-pentane or methanol. The H, ligands
in the n>-H, complexes 2a and 2b (as well as the N, ligands
in the N, complexes 1a and 1b) are very labile. The dissoci-
ation of the H, (or N,) ligands yields 16-valence-electron
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Table 1. Selected bond lengths [pm] and angles [°] in 2a, 2b-0.5pentane, 3a, [Li(thf),]-4a, and NBu,

4b-0.83Et,0-0.17 THF.

Two methyl signals of the N-
methyl groups are particularly

Complex 2a 2b 3a 4a 4b characteristic for the
Rul-N1 224.0(2) 225.5(4) 227.8(3) 226.8(2) 2269(5) ‘N,Me,S,”” ligand in C;-sym-
Rul-N2 227.7(2) 222.1(4) 223.6(3) 233.9(2) 2403(5)  metric [Ru(L)(PR4)(‘N,Me,S,)]
Rul-S1 2382(1) 239.5(1) 236.4(1) 237.4(1) 236.0(2) .
Rul-S2 238.0(1) 238.6(1) 235.9(1) 237.1(1) 236.7(2) Complfxes and Comp,lex anions.
Rul-P1 232.1(1) 233.5(1) 233.3(1) 226.5(1) 2248() The n-H, and hydride ligands
Rul—-H1(A) 164(3) 159.81 168(5) 161(4) 174(8)  give rise to signals in the region
Rul-H1B 160(3) 168.99 - - - of 6=-12.02 (2a) and
SI-Bl - - 193:2(4) - - ~11.98 2b tivel
H1A-H1B 92 99 - - - J tpp;ni ( 21);‘7%83“ tve }:j
B1-HIA - - 128(4) - - and at d=-2147 ( a), an
B1-HI1B _ _ 113(4) _ _ —21.83 ppm (4b). These signals
B1-HI1C - - 111(5) - - are split into doublets with
N1-Rul-N2 81.2(1) 82.6(1) 81.3(1) 79.8(1) 7902) 2J(PH)=112 (2a), 9.8 (2b),
S1-Rul-S2 174.5(1) 171.0(1) 168.3(1) 173.0(1) 173.0(1)

S1-Rul-P1 93.5(1) 99.9(1) 96.1(1) 96.3(1) os0(1) 54 (4a), and 32.8Hz (4b).
N1-Rul-P1 170.2(1) 174.8(1) 178.1(1) 171.5(1) 1700(1) The large coupling Consu?ms of
H1(A)-Rul-N2 158.8(1) 165.1 171.9(15) 165.2(16) 1703) ~ more than 30 Hz agree with the
Hl(A)-Rul-SZ 78.6(1) 111.0 92.0(15) 92.8(15) 95(2) cis coordination of the hydride
L¥1_51 - - - 239.7(6) - and phosphane co-ligands in 4a
Lil=H1 B B B 193 B and 4b.'") The BH, entities of
Li1-0O1 - - - 197.7(6) - : 3

Lil—02 _ _ _ 195.4(6) _ the BH; complexes 3a and 3b

[Ru(PR;)(‘N,Me,S,’)] (R=iPr, Cy) fragments, which are
most probably the reactive species in all reactions reported.

As was found for other complexes with H™ ligands, the
hydride complex anions [Ru(H)(PR;)(‘N,Me,S,")]” [4a (R=
iPr), 4b (R=Cy)] are so strongly Brgnsted basic that they
instantaneously produce the corresponding n?-H, complexes
2a and 2b if traces of moisture or other protic solvents, for
example, MeOH, are present.['”)

The complexes are stable in solution for longer periods of
time, and in the solid state the BH; complexes can be kept
at room temperature without decomposition, whereas the
n’-H, complexes 2a and 2b and the hydride complexes
[Li(thf),]-4a and NBu,4b must be stored at —78°C to pre-
vent decomposition. The hydride complex anions 4a and 4b
are extremely sensitive to moisture, both in the solid state
and in solution.

The complexes were characterized by 'H, °C, *'P, and, in
the case of 3a and 3b, also by "B NMR spectroscopy. All
NMR spectra were in agreement with the structures deter-
mined by X-ray crystal structure analysis. The 'H NMR
spectra exhibit the typical pattern of complexes having the
[Ru(*‘N,Me,S,’)] core and phosphane co-ligands (Figure 3).

CH;
h CeHy

74 72 70 68 CH3

PCH(CHa).)

M[%? - PiPr3

y /Ffu\/H
e% s H

M 2a
v
|
: =

<«— 3/ppm

Figure 3. 'HNMR spectrum of [Ru(H,)(PiPr;)(‘N,Me,S,’)] (2a) in
[Dg]THF; o =[D;]THF.
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give rise to two multiplets (due
to 'H,'H, ¥P'H, and !'B,'H cou-
pling) in the region of d=-18.13 (3a) and —18.14 ppm
(3b), indicative of two types of B—H bonds. The high-field
signals are assigned to B—H groups interacting with the Ru
centers, and their shifts indicate B-H-Ru interactions that
may be described as agostic or three-center, two-electron
bonds. Particular emphasis was paid to corroborating the 1’-
H, bonding mode of the H, ligands in 2a and 2b by NMR
spectroscopy. Measurement of 7; relaxation times afforded
values of T,=35 ms for 2a and 7,=21 ms for 2b (500 MHz
spectrometer, 293 K) that are compatible with n>-H, li-
gands."”! Further proof for the n”>-H, bonding mode was ob-
tained from the HD coupling constants in the analogous
complexes [Ru(HD)(PiPr;)(‘N,Me,S,’)] (HD-2a) and
[Ru(HD)(PCy;)(‘N,Me,S,’)] (HD-2b). Complexes HD-2a
and HD-2b were easily synthesized by reaction of N, com-
plexes 1a and 1b with NaBD, in THF which contained stoi-
chiometric quantities of H,O as a source of H.

The complexes HD-2a and HD-2b show large coupling
constants [J(H,D)=26.0 (HD-2a) and 25.9 Hz (HD-2b)],
which are unambiguous proof of activated, but still intact,
H-D bonds."™® Gaseous HD has 'J(H,D)=43.2 Hz, while
cis-[M(H)(D)] complexes with hydride and deuteride li-
gands usually exhibit 2/(H,D) <2 Hz.l)

The J(H,D) values found for HD-2a and HD-2b are also
comparable with those of, for example, [W(HD)(CO);-
(PCy,)] ((J(H,D)=33.5Hz).”” Due to H,D and H,P cou-
pling, the HD ligands of HD-2a and HD-2b give rise to a
doublet of triplets in the "H NMR spectrum, which is shown
for HD-2a in Figure 4.

The H,D coupling constants of 26.0 and 25.9 found for
HD-2a and HD-2b enabled estimates of the H-D distances.
They were calculated to be 98 pm according to Equa-
tion (6).!"! These values agree well with those derived from
the X-ray crystal structure analyses of 2a (92 pm) and 2b
(99 pm). Comparison of these distances with the bond
length in free H, (74 pm) illustrates again that H, is rather
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Figure 4. High-field region of the 'HNMR spectrum of [Ru(HD)-
(PiPr;)(‘N,Me,S,’)] (HD-2a) in [Dg]THF.

weakly activated when bound to [Ru(PR;)(‘N,Me,S,’)] frag-
ments. In other nonclassical W”>-HD complexes, for example,
[Cp*Ru(HD)(dppm)]BF,  (Cp*=pentamethylcyclopenta-
dienyl, dppm =bis(diphenylphosphanyl)methane) the activa-
tion of HD can be much stronger.?!!

Reactivity of n>-H,, BH;, and H™ complexes 2—-4: The rela-
tively weak activation of H, in 2a and 2b corresponds with
the reactivity of these com-
plexes towards deprotonation
or substitution of the H, li-

S gands. The related n*-H, com-
SegnP®  plex  [RR(H)(PCy)(™S,)]*
| H\H (‘**S, =dianion of 1,2-bis(2-

X@S mercapto-3,5-di-tert-butylphe-
nylthio)ethane) only exists as a
Scheme 2. [Rh(H)(PCy,)(*s,- transition state and immediate-
H)] ly forms the thiol hydride com-
plex  [Rh(H)(PCys)(™S,-H')]*
(Scheme 2).!

The n*-H, complex [Ru(H,)(PCy;)(‘S,)] (‘S,’ =dianion of
1,2-bis[(2-mercaptophenylthio)ethane]), which is also relat-
ed to 2a and 2b, is readily deprotonated by bases such as
NaOMe to give [Ru(H)(PCy;)(‘S,))]".'"? In contrast, no
such reaction could be observed for 2a or 2b (see above).

While H,/N, exchange is reversible (see above), the H, li-
gands in 2a or 2b are instantaneously replaced by CO to
give [Ru(CO)(PR;)(‘N,Me,S,’)] [Equation (7)].

Me T Me T
PR3 _+CO/-Hp P T @
Me TTHRRT N~ ~~co
-

Me
o
2a: R=iPr

2b: R=Cy

The n*-H, complexes 2a and 2b instantaneously react
with  BH;THF to give the Dborane complexes
[Ru(BH;)(PR3)(‘N,Me,S,’)] [3a (R=iPr), 3b (R=Cy)].
Since substitution-inert [Ru(L)(PR;)(‘N,Me,S,’)] complexes
like [Ru(CO)(PiPr;)(‘N,Me,S,’)] or [Ru(PMe;),(‘N,Me,S,’)]
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do not react with BH; THF, the formation of the borane
complexes 3a and 3b is, similar to the reactions with BH,~
ions (see above), best rationalized by coordination of the
BH; entity of the BH; THF adduct through one hydrogen
atom to the [Ru(PR;)(‘N,Me,S,’)] fragments as shown in
Equation (8).1%%

/\?‘S
Me
‘ ~ 3a:R=jPr

[/R H - THF 3b:R=Cy

Meb' \HFE\H Me@rs\/}BQ

(8

The formation of the BH; complexes probably involves a
very labile [Ru(PR;)(‘N,Me,S,’)][BH; THF] adduct (see
above), which cannot be detected, since final formation of
the BH; complexes 3 is facilitated by the Lewis-basic thio-
late S donor in cis position.

In contrast to the H, (or N,) complexes 2a, 2b (or 1a and
1b), which are labile with regard to the exchange of the H,
(or N,) ligands, the borane complexes
[Ru(BH;)(PR;3)(‘N,Me,S,’)] 3a and 3b are inert towards
both H, and N,. Even under an atmosphere of CO, the relat-
ed CO complexes [Ru(CO)(PR;)(‘N,Me,S,”)] (R=iPr, Cy)
were not formed.'"?! These observations strongly suggest a
stable three-center, two-electron bonding mode of the BH;
entity to the Ru center, which blocks the sixth coordination
site. However, the N, complexes 1a and 1b or the related
CO complexes [Ru(CO)(PR;)(‘N,Me,S,’)] (R=iPr, Cy) are
formed when 3a or 3b is treated with stoichometric quanti-
ties of HBF, under an atmosphere of N, or CO. Carrying
out these reactions under an atmosphere of argon led to
quantitative formation of the n?H, complexes 2a and 2b.
These observations are rationalized best by a reaction of
protons with the BHj; entity to give H,. Subsequent substitu-
tion of the resulting BH, entity (which probably finally
forms insoluble boranes B,H,) by H, leads to formation of
the H, complexes 2a and 2b (Scheme 3).

The high stability of the Ru-H-B bond also explains why
no further reaction of the borane complexes 3a and 3b with
excess BH; THF was observed. This is due to the lack of a
free coordination site at the Ru center in the borane com-
plexes.

Reaction pathways leading from the N, complexes 1a or 1b
to the H,, H™, or BH; complexes 2—4: The lability of the N,
ligands in [Ru(N,)(PR;)(‘N,Me,S,")] [1a (R=iPr), 1b (R=
Cy)], the comparably ready dissociation of the H, ligands in
2a or 2b, and the extreme basicity of the hydride ligands in
4a or 4b enable a plausible description for the reactions of
1la or 1b, with H, NaBH,, NBuBH, LiBEtH, or
BH; THF (Scheme 4).

The initial step of the reaction of 1 with H,, BH;, BH,~
(or BEt;H") is the dissociation of the N, ligand to give coor-
dinatively unsaturated [Ru(PR;)(‘N,Me,S,’)] (R=iPr, Cy)
fragments. These fragments react with H, to directly give
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2a: R=jPr
2b: R=Cy

T +HY , argon
BxHy

M ? Me S Me $
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Me 2 2: Me | 2, .
S - BxHy S\B/ - BxHy S
/ \H
H
1a: R=iPr 3a:R=iPr = jPr, Cy
1b: R = Cy 3b:R=Cy
Scheme 3. Reactions of the borane complexes
[Ru(BH;)(PR3)("N;Me;S,")] [3a (R=Pr), 3b (R=Cy)].
S @*s ~ @*s
Mel l —pry +#-No Mel [ pRry+BHs Mel [ g,
o et LSy
Me é 2 Me é Me é \B/
o oalilal
1a:R=iPr + BH3 THF + LiBEtsH +THF
1b:R=Cy  _THF +/~Hy - BEt; - BHs THF
0 0., 0.,
Me | M l + Me | _PR
N, ~PRs+ BH3 -THF Nw . —P HH 3
M§/Tu ~H -H, Q/T A Mg/Tu ~
8/ ~THF s H S
/B\H
H
3a:R=iPr 2a:R=iPr 4a: R =iPr
3b:R=Cy 2b: R=Cy 4b: R=Cy
Scheme 4. Reaction  pathways leading to the formation of

[Ru(H,)(PR;)(‘N,Me,S,")] [2a (R=iPr), 2b
[Ru(BH;)(PR;)(‘N,Me,S,’)] [3a (R=iPr), 3b
[Ru(H)(PR;)(‘N,Me,S,’)]” [4a (R=iPr), 4b (R=Cy)].

(R=Cy)],
(R=Cy)], and

the n>-H, complexes 2, and with BH; THF to form the BH;
complexes 3.

With BH,”, either from NaBH, or NBu,BH,, the
[Ru(PR;)(‘N,Me,S,’)] fragments most likely give BH,™ ad-
ducts of the [Ru(BH,)(PR;)(‘N,Me,S,")]” type. Rapid de-
composition of the BH,” adducts affords the hydride com-
plexes 4a and 4b. If moisture is not strictly excluded, the hy-
dride complexes instantaneously react with protons to give
the n>-H, complexes 2a and 2b.

The direct reaction of the [Ru(PR;)(‘N,Me,S,”)] (R=iPr,
Cy) fragments with the hydride source LiBEt;H in rigorous-
ly dried solvents and glassware explains the rational synthe-
sis of the hydride complex anions 4. Even in the presence of
traces of water, no borane complexes of the general formula
[Ru(BEt;)(PR;3)(‘N,Me,S,’)] are formed, since BEt; is prob-
ably not prone to form stable three-center two-electron
C—H—Ru bonds.
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Conclusion

We have described the synthesis and characterization of
complexes in which W>-H,, H™, and BH; ligands bind to
[Ru(PR3)(‘N,Me,S,’)] complex fragments. The resultant
complexes demonstrate the unique capability of
[Ru(PR;)(‘N,Me,S,’)] fragments to bind nitrogenase-rele-
vant species to identical transition metal-sulfur sites, and
these species now range from CO, N,, N,H,, N,H,, NH;, to
hydride and H,.*1%%24 Al these species interact with the
metal-sulfur cofactors of nitrogenases or are assumed to be
essential intermediates in the reduction of N, to NH;. The
coordination of n-H, and N, ligands to the
[Ru(PR;)(‘N,Me,S,’)] fragments corresponds with previous
findings showing that metal complex fragments can bind H,
if the corresponding N, complexes exhibit v(N=N) bands in
the region between 2160 and 2060 cm™', as do [Ru(N,)-
(PiPr;)(‘N,Me,S,’)]  (1a) (2111ecm™) and [Ru(N,)-
(PCy;)(‘N,Me,S,)] (1b) (2113 ecm™).1  However, the
[Ru(L)(PR;3)(‘N,Me,S,’)] complexes 1a/lb and 2a/2b are
the first examples proving that this relationship also holds
for transition-metal thiolate complexes that can bind and ac-
tivate H,.'">?I In the few known cases, the interaction be-
tween H, and the transition metal thiolate site favors the
heterolysis of H, through the concerted attack of the Lewis-
acidic metal centers and Brgnsted-basic thiolate donors on
the H-H bond. No such reaction could be observed with
the n>-H, complexes 2a and 2b, which may be rationalized
by the fact that the n*-H, ligand is only weakly activated in
2a and 2b and by the extreme Brgnsted basicity of the hy-
dride anions [Ru(H)(PR;)(‘N,Me,S,’)]|” (4a, 4b).

The BH; complexes [Ru(BH;)(PR;)(‘N,Me,S,’)] (3a, 3b)
are rare examples of transition metal BH; complexes, and,
to the best of our knowledge, the first examples of BH;
complexes of metal-sulfur complex fragments. The BH; li-
gands in these complexes bind to the [Ru(PR;)(‘N,Me,S,’)]
fragments through two types of Lewis acid-base interactions
yielding S—B and H—Ru bonds. This type of bonding con-
trasts with the bonds found in transition metal complexes of
BH,”, such as [Cu(PPh;),(BH,)], [Cp,Ti(BH,)], and
[Zr(BH,);], in which the BH,™ ion binds to the metal cen-

ters through one or two B—H--M hydrogen bonds.?*?

Experimental Section

General: Unless noted otherwise, all reactions and spectroscopic mea-
surements were carried out at room temperature under argon or nitrogen
using standard Schlenk techniques in absolute solvents purchased from
Fluka or Acros Chemicals. As far as possible, all reactions were moni-
tored by IR and NMR spectroscopy. IR spectra in solution were recorded
in CaF, cuvettes with compensation of the solvent bands; solids were
measured as KBr pellets. NMR spectra were recorded, unless otherwise
specified, at room temperature (20°C) in the solvents indicated. Chemi-
cal shifts are given in ppm and reported relative to residual protonated
solvent resonances (‘H, C) or external standards: BF;Et,O (''B),
H,PO, (*'P). Relaxation times T; were measured on a JEOL Alpha 500
instrument at 500 MHz by the inversion recovery method with a standard
pulse frequency (180°-7—90°-FID). Mass spectra were measured in the
field-desorption (FD) mode. The physical measurements were carried
out with the following instruments: IR spectroscopy: Perkin-Elmer 983,
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Perkin-Elmer 1600 FTIR, and Perkin-Elmer 16PC FTIR; NMR spectros-
copy: JEOL FT-JNM-GX 270, Lambda LA 400, JEOL Alpha 500; mass
spectrometry: Jeol MSTATION 700; Raman spectroscopy: Bruker FT-
Raman RFS100/S.

The synthesis of [Ru(N,)(PR3)(‘N,Me,S,’)] [R=iPr (1b), Cy (2b)]**!
was performed as described in the literature; NBu,BH,, NaBH,, NaBD,
were obtained from Aldrich, and LiBEt;H (1M in THF) and BH;-THF
(1M in THF) from Acros Chemicals.

[Ru(H,)(PR;)(‘N,Me,S,’)], general method: An intense stream of H, gas
was passed through yellow solutions of [Ru(N,)(PR;)(‘N,Me,S,’)] [1a
(R=iPr), 1b (R=Cy)] in THF (30 mL) for 30 min. The reactions were
monitored by IR spectroscopy and terminated when the v(N=N) band of
1a (2113 cm™') or 1b (2115 cm™) had disappeared. The red-green solu-
tions were filtered and reduced in volume to 2 mL by a stream of hydro-
gen gas. Addition of hydrogen-saturated n-pentane (30 mL) yielded pale
yellow solids, which were separated after 30 min, washed with hydrogen-
saturated n-pentane (10 mL), and dried in vacuo for 1 h.
[Ru(H,)(PiPr;)(‘N,Me;S,)]  (2a):  [Ru(N,)(PiPr;)("N.Me,S,)]  (1a)
(300 mg, 0.51 mmol). Yield: 250 mg (87 %) of [Ru(H,)(PiPr;)(‘N,Me,S,")]
(2a); 'HNMR (399.65 MHz, [Dg|THF): 6=7.44 (d, *J(H,H)=7.0 Hz,
1H, GH,), 742 (d, J(H,H)=7.0Hz, 1H, CH,), 7.34 (d, J(HH)=
8.0Hz, 1H, CH,), 7.23 (d, *J(H,H)=8.4 Hz, 1H, CH,), 6.89-6.69 (m,
4H, CH,), 3.56 (s, 3H, CH;), 3.28 (s, 3H, CH;), 3.27-2.48 (m, 4H,
CH,), 245-233 (m, 3H, P[CH(CH,),;), 1.17-121 (m, 9H,
P[CH(CHS>),]5), —12.04 ppm (d, 2/(P,H) =11.2 Hz, 2H, H,); "C{'"H} NMR
(100.40 MHz, [Dg]THF): 6 =153.6, 153.4, 153.2, 152.8, 132.0, 131.7, 126.8,
126.7, 1222, 121.7, 121.6, 121.5 (C¢H,), 68.6, 62.7 (CH;), 52.4, 50.9
(CH,), 269 (d, Y(PC)=20.7Hz, P[CH(CH;),];), 20.5, 20.1 ppm
(P[CH(CH;),]5); *'P{'H} NMR (161.70 MHz, [Dg]THF): 6=59.11 ppm
(P[CsH;]5); MS ("“Ru, THF): m/z: 564 [M*—H,)]; elemental analysis
caled (%) for CysHy N,RuPS, (565.76): C 53.07, H 7.30, N 4.95, S 11.34;
found: C 53.42, H 7.66, N 5.09, S 11.24.

[Ru(H,)(PCy;)(‘N:Me;S;")]  (2b):  [Ru(N,)(PCy;)(‘'N,Me,S,’)]  (1b)
(440 mg, 0.62 mmol). Yield: 380 mg (90 %) of [Ru(H,)(PCy;)(‘N,Me,S,’)]
(2b); '"HNMR (399.65 MHz, [Dy|THF): 6=7.47-7.43 (m, 2H, CH,),
7.33 (d, *J(HH)=84Hz, 1H, CH,), 722 (d, *J(HH)=72Hz, 1H,
C¢H,), 6.88-6.73 (m, 4H, CH,), 3.54 (s, 3H, CHj;), 3.28 (s, 3H, CHs,),
3.16-2.36 (m, 4H, C,H,), 2.20-2.12 (m, 3H, P[CH(CsH,))];), 1.98-1.06
(m, 30H, P[CH(CsHy)];), —11.98 ppm (d, */(PH)=9.2Hz, 2H, H,);
BC{'"H} NMR (100.40 MHz, [Dg]THF): 0=153.1, 152.7, 152.3, 131.6,
131.2, 126.3, 126.2, 121.6, 121.0 (3 signals, C¢H,), 68.3, 62.1 (CHj;), 52.3,
50.5 (C,H,), 36.9 (d, 'J(P,C)=20.2 Hz, P[CH(CsH,p)]5), 30.3, 30.1, 28.2,
28.1, 27.1 ppm (P[CH(CsH,)];); *'P{'H} NMR (161.70 MHz, [D]THF):
0=50.35 ppm (P[C,H,1];); MS ("“Ru, THF): m/z: 684 [M*—H,]; elemen-
tal analysis caled (%) for Cs;HsN,RuPS, (685.98): C 59.53, H 7.79,
N 4.08, S 9.35; found: C 59.47, H 7.61, N 4.19, S 9.19.

[Ru(HD)(PR;)(‘N,Me,S,’)] (NMR experiments), general method: Two
equivalents of NaBD, were added to yellow solutions of [Ru(N,)-
(PR;)(‘N,Me,S,")] [1a (R=iPr), 1b (R=Cy)] and one equivalent of H,O
in [Dg]THF and stirred for 1 h. The resulting orange solutions were di-
rectly investigated by "H NMR spectroscopy, and HD coupling constants
of HD-2a and HD-2b were determined.

[Ru(HD)(PiPr;)(‘N,Me,S,’)] (HD-2a): [Ru(N,)(PiPr;)(‘N,Me,S,’)] (1a)
(40 mg, 0.068 mmol), NaBD, (5.7mg, 0.136 mmol), H,O (1.2puL,
0.068 mmol), [Dg]THF (0.6 mL)."H NMR (399.65 MHz, [D4]THF): 6=
—12.04 ppm (dt, 'J(H,D)=26.0 Hz, ’/(P,H)=12.03 Hz, 1 H, HD).
[Ru(HD)(PCy;)(‘N;Me;S,")] (HD-2b): [Ru(N,)(PCy;)("N;Me,S,)] (1b)
(36 mg, 0.051 mmol), NaBD, (43 mg, 0.102mmol), H,O (0.9puL,
0.051 mmol), [Dg]THF (0.6 mL). "H NMR (399.65 MHz, [Dg]THF): 0=
—12.01 ppm (dt, 'J(H,D)=25.9 Hz, ’/(P,H)=12.03 Hz ,1 H, HD).
[Ru(BH;)(PR;)(‘N,Me,S,’)], general method: Addition of a slight excess
(1.2 equiv) of BH;THF (1M solution in THF) to yellow solutions of
[Ru(N,)(PR3)(‘N,Me,S,’)] [1a (R=iPr), 1b (R=Cy)] in THF (35mL)
resulted in gas evolution and formation of yellow solutions within 1 h.
The reaction solutions were filtered after 24 h and reduced in volume to
2 mL. Addition of n-pentane (40 mL) yielded yellow solids, which were
washed with n-pentane (20 mL) and dried in vacuo.
[Ru(BH,)(PiPr;)(‘N;Me,S,)]  (3a): [Ru(N,)(PiPr;)(‘N,Me,S,")]  (1a)
(420 mg, 0.71 mmol), BH; THF (0.85mL, 0.85mmol). Yield: 350 mg
(76%) of [Ru(BH;)(PiPr;)(‘N,Me,S,)] THF (3a-THF); 'HNMR
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(399.65 MHz, [Dg|THF): 6=7.74 (d, *J(H,H)=7.6 Hz, 1H, CH,), 7.50
—7.45 (m, 2H, C¢H,), 7.25-7.21 (m, 1H, CH,), 7.14-7.10 (m, 1H, CH,),
6.87-6.76 (m, 2H, C¢H,), 3.60 (s, 3H, CH;), 3.10 (s, 3H, CHj;), 3.37-2.51
(m, 4H, GH,), 2.13-2.04 (m, 3H, P[CH(CH,),];), 1.79-1.76 (m, 1H,
BH;), 1.34-1.31 (m, 1H, BH;), 1.29 —-124 (m, 9H, P[CH(CH,),]),
—18.13 ppm (br, 1H, RuHBH,); "B{'H} (128.15 MHz, [Ds]THF): 6=
— 7.56 ppm (s, BH;); “C{'H} NMR (100.40 MHz, [Dg]THF): 6=154.7,
153.2, 152.0, 145.3, 132.1, 131.7, 128.0, 126.9, 126.0, 124.6, 121.0, 119.4
(CeHy), 70.0, 60.7 (CH;), 57.5, 49.1 (C,H,), 28.7 (d, J(P,C)=19.1 Hz,
P[CH(CH,),l). 214, 194ppm (P[CH(CH))l): “P[H} NMR
(161.70 MHz, [Dg4]THF): 6=49.81 ppm (P[C;H,];); IR (KBr): 7=2443,
2411 (B-H), 1796 cm™" (Ru—H); MS (‘”Ru, THF): m/z: 578 [M*]; ele-
mental analysis caled (%) for BCy,Hs;N,OPRuS, (649.71): C 53.61,
H 7.76, N 4.31, S 9.87; found: C 53.99, H 7.90, N 4.53, S 10.10.
[Ru(BH,)(PCy;)(N;Me;S;)]  (3b):  [Ru(N)(PCy:)(‘N;Me;S,)]  (1b)
(420 mg, 0.59 mmol), BH;- THF (0.71 mL, 0.71 mmol). Yield: 350 mg
(88%) of [Ru(BH;)(PCy;)(‘N;Me,S,)] (3b); 'HNMR (399.65 MHz,
[Dy]THF): 6=7.77 (d, *J(H,H)=7.6 Hz, 1H, C¢H,), 7.49-7.21 (m, 1H,
C.H,), 7.12 (d, *J(H,H)=8.4 Hz, 1H, C.H,), 6.90-6.73 (m, 2H, C.H,),
6.87-6.76 (m, 2H, C¢H,), 3.63 (s, 3H, CH,;), 3.07 (s, 3H, CHj;), 3.28-2.30
(m, 4H, G,H,), 2.60-2.45 (m, 3H, P[CH(CsH,)]5), 1.79-1.07 (m, 32H,
P[CH(CsH,y)];, BH;), —18.14ppm (b, 1H, RuHBH,); "B{'H}
(128.15MHz, [DgTHF): 6=20.54ppm (s, BH;); “C{'H} NMR
(100.40 MHz, [Dg]THF): 6=155.1, 153.7, 152.7, 145.7, 132.7, 132.3, 128.5,
127.3, 126.7, 125.1, 121.5, 119.8 (C¢H,), 70.7, 61.0 (CH;), 57.7, 49.6
(CH,), 39.5 (br, P[CH(CsH,,)]5), 31.83 (2 signals), 28.3, 28.2, 27.7 ppm
(P[CH(CsHy)]5); *'P{'H} NMR (161.70 MHz, [D4]THF): 6=42.44 ppm
(P[C¢Hyy)5); IR (KBr): #=2437 (br, B-H), 1792cm™' (Ru—H); MS
("Ru, THF): m/z: 699 [M™']; elemental analysis caled (%) for
BC;,Hs,N,PRuS, (697.80): C 58.52, H 7.80, N 4.01, S 9.19; found:
C 59.00, H 7.94, N 4.00, S 8.89.

[Li(thf),][Ru(H) (PiPr;)(‘N,Me,S,)] ([Li(thf),]4a): Addition of 2 equiv
of LiBEt;H (0.68 mL of a 1m solution in THF, 0.68 mmol) to a yellow
solution of [Ru(N,)(PiPr;)(‘N,Me,S,’)] (1a; 200 mg, 0.34 mmol) in THF
(15 mL) resulted in gas evolution and formation of a yellow solution,
which was stirred for 24 h. The solution was reduced in volume to 1 mL
and filtered. On layering with Et,0 (5 mL), orange crystals formed over
four weeks at —34°C. They were separated at —78°C and dried without
further washing at —78°C. Yield: 100 mg (41%) of [Li(thf),][Ru(H)-
(PiPr3)(‘N,Me;,S,")] ([Li(thf),]-4a); '"H NMR (399.65 MHz, [Dg]THF): 6 =
7.35 (d, *J(HH)=7.6 Hz, 1H, CH,), 7.28 (d, *J(H,H)=7.2Hz, 1H,
C.H,), 7.17 (d, 3J(HH)=72Hz, 1H, CH,), 7.05 (d, 3J(H,H)=7.6 Hz,
1H, CH,), 6.17-6.45 (m, 4H, C¢H,), 3.39 (s, 3H, CHjs), 329 (s, 3H,
CH,), 3.23-2.20 (m, 4H, CH,), 2.34-2.12 (m, 3H, P[CH(CH;),]5), 1.12-
1.07 (m, 9H, P[CH(CH,),];), 0.99-0.95 (m, 9H, P[CH(CH,),];).
—2147ppm (d, *(PH)=384Hz, 1H, RuH); “C{'H} NMR
(100.40 MHz, [Dg]THF): 6=163.4, 160.2, 157.5, 155.6, 134.4, 134.3, 126.8,
126.2, 124.1, 122.7, 121.3, 120.5 (C¢H,), 68.9, 64.8 (CH;), 54.8, 52.5
(CH,), 302 (d, Y(PC)=16.5Hz, P[CH(CH,),];), 22.8, 22.7 ppm
(P[CH(CH,),];); *'P{'H} NMR (161.70 MHz, [Dg]THF): 6=79.88 ppm
(P[CsH];); elemental analysis caled (%) for Ci;HyLiN,O,PRuS,
(715.90): C 55.37, H 7.88, N 3.91, S 8.96; found: C 55.06, H 7.86, N 4.02,
S 8.86.

NBu,[Ru(H)(PCy;)(‘N,Me,S,’)] (NBuy-4b): NBu,BH, (2 equiv; 108 mg,
0.42 mmol) were added to a yellow solution of [Ru(N,)-
(PCy;)(‘N,Me,S,")] (1b) (150 mg, 0.21 mmol) in THF (15 mL) and stirred
for 1 h. An orange solution formed, which was stirred for 24 h, filtered,
reduced in volume to 1mL, and layered with Et,0O (4 mL). Over two
weeks orange crystals precipitated, which were separated and dried in
vacuo without any further washing. Yield: 150 mg (71%) of NBu,-
[Ru(H)(PCy;)(‘N,Me,S,")]-0.83 Et,0:0.17 THF (NBu,4b-0.83 Et,O-
0.17THF); 'HNMR (399.65 MHz, [D¢|THF): 6=7.44 (d, J(HH)=
6.4Hz, 1H, CH,), 735 (d, J(HH)=68Hz, 1H, CH,), 725 (d,
*J(H,H)=7.6 Hz, 1H, C,H,), 6.70-6.68 (m, 2H, C¢H,), 6.55-6.68 (m, 2H,
CH,), 340 (s, 3H, CH;), 338 (t, *J(HH)=84Hz, 8H,
N[CH,CH,CH,CH;],*), 3.30 (s, 3H, CH;), 3.27-2.16 (m, 4H, CH,),
2.10-2.00 (m, 3H, P[CH(CsH,)]5), 1.70 (m, 8 H, N[CH,CH,CH,CHj5],*),
145 (m, 8H, N[CH,CH,CH,CH,],%), 0.99 (t, *J(H,H)=7.2Hz, 12H,
N[CH,CH,CH,CH;],*), 1.70-0.8 (m, 30H, P[CH(CsH,(];), —21.83 ppm
(d, 2/(P.H)=32.8 Hz, 1H, RuH); “C{'H} NMR (100.40 MHz, [D4]THF):
0=161.1, 156.3, 155.6, 153.8, 133.0, 132.8, 125.7, 124.8, 123.0, 121.1, 120.8,
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119.3 (C¢H,), 66.7, 624 (CH;), 59.03 (N[CH,CH,CH,CH;],*), 58.80
(N[CH,CH,CH,CH,],"), 52.3, 50.0 (C,H,), 39.9 (d, 'J(P.C)=15.3 Hz,
P[CH(CsH,p)]5), 30.7, 29.2, 28.9, 27.7 (2 signals, P[CH(CsH,)];), 20.21
(N[CH,CH,CH,CH,],*), 1374 ppm (N[CH,CH,CH,CH,],*); *'P{'H}
NMR (161.70 MHz, [Dg]THF): 6=68.48 ppm (P[C¢H,];5); elemental
analysis caled (%) for Cs,HgpeNsPRuS, (1001.17): C 64.78, H 9.82,
N 4.20, S 6.41; found: C 64.87, H 10.00, N 4.07, S 6.11.
[Li(thf),][Ru(H)(PCy;)(‘N,Me,S,’)] ([Li(thf),]-4b): Addition of 2 equiv
of LiBEt;H (0.14 mL of a 1M solution in THF, 0.14 mmol) to a yellow
solution of [Ru(N,)(PCy;)(‘N,Me,S,’)] (1b; 50 mg, 0.07 mmol) in THF
(5 mL) resulted in gas evolution and formation of a yellow solution,
which was stirred for 24 h. The solution was filtered and all solvents were
evaporated. The crude product, which still contained unconsumed
LiBEt;H, was dissolved in [Dg]THF (0.8 mL), and formation of the
[Ru(H)(PCy;)(‘N,Me,S,’)]” (4b) was corroborated by 'H, C, and
3P NMR spectroscopy.

Reaction of [Ru(N,)(PiPr;)(‘N,Me,S,’)] (1a) with NaBH, and H,O:
2 equiv of NaBH, (13 mg, 0.34 mmol) were added to a yellow solution of
[Ru(N,)(PiPr;)(‘N,Me,S,”)] (1a) (100 mg, 0.17 mmol) and H,O (3.6 uL,
0.17mmol) in THF (20mL) and stirred for 1h. An orange solution
formed, which was stirred for 24 h, filtered, reduced in volume to 1 mL,
and layered with Et,0O (4 mL). Over three weeks, orange crystals of
[Ru(BH;)(PiPr;)(‘N,Me,S,’)] (3a) precipitated, which were collected and
dried in vacuo without any further washing. Yield: 40 mg (41%) of
[Ru(BH,)(PiPr;)(‘N,Me,S,’)] (3a).

X-ray crystal structure analysis of 2a, 2b, 3a, 4a, and 4b: Red prisms of
[Ru(H,)(PiPr;)(‘N,Me,S,’)] (2a) were obtained over two weeks at room
temperature on slow diffusion of Et,O into a saturated THF solution of
2a. Yellow plates of [Ru(H,)(PCy;)(‘N,Me,S,’)]-0.5 pentane (2b-0.5pen-
tane) formed over two weeks at 10°C on slow diffusion of n-pentane into
a saturated THF solution of 2b. Yellow blocks of [Ru(BH,)-
(PiPr;)(‘N,Me,S,’)] (3a) were grown at room temperature over two weeks
by slow diffusion of Et,O into a saturated THF solution of 3a. Yellow
blocks of [Li(thf),][Ru(H)(PiPr;)(‘N,Me,S,’)] [Li(thf),]-4a) were ob-
tained over two months at —34°C by layering a saturated THF solution
of 3a with n-pentane. Red needles of
NBu,[Ru(H)(PCy;)(‘N,Me,S,’)]-0.83

molecule of solvation in 2b-0.5 pentane is disordered on a crystallograph-
ic inversion center, and no H atoms were included for this. The Et,O of
solvation in NBu,4b-0.83 Et,0-0.17 THF is located on two crystallograph-
ic sites, the second of which is shared with a THF molecule in a ratio of
0.33:0.17. Selected crystallographic data for complexes 2 to 4 are sum-
marized in Table 2.

CCDC-229678 (2a), CCDC-229679 (2b), CCDC-229680 (3a), CCDC-
229681 (4a), and CCDC-229682 (4b) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK fax: (444)1223-336-033; or deposit@ccdc.cam.uk).

DEFT calculations: For all calculations we used the density functional pro-
grams provided by the TURBOMOLES.1 suite.* All results were ob-
tained from all-electron Kohn-Sham calculations. We employed the
Becke-Perdew functional dubbed BP86°“*" and the hybrid functional
B3LYPP**! as implemented in TURBOMOLE. In connection with the
BP86 functional we always used the resolution of identity (RI) techni-
que.**#! These two functionals were chosen since they are the best estab-
lished representatives of pure and hybrid density functionals and yield
reasonable reaction energetics in a large number of cases. However, the
situation is different for iron compounds, for which highly unreliable en-
ergetics were obtained for complexes of the type under study.*? A sys-
tematic study has shown that transition metal complexes in general may
represent critical cases when high-spin/low-spin energy splittings are
small, and results can differ greatly when calculated with pure and hybrid
density functionals.[) To test internal consistency we used in addition to
BP86 and B3LYP our reparametrized B3LYP, dubbed B3LYP*, which
was developed especially for these complexes!’! but which is of general
applicability.*!! The influence of the size of the basis set was studied for
similar mononuclear iron complexes of the compound under study* by
means of three different basis sets. The first, denoted SV(P), is the split-
valence basis set*! with polarization functions on heavy atoms, but not
on hydrogen atoms. Moreover, we used the TZVP basis set of Ahlrichs
etal.”! which features a valence triple-zeta basis set with polarization

Et,0-0.17 THF (NBu,4b-0.83 Table2. Selected crystallographic data of 2a, 2b-0.5pentane, 3a, [Li(thf),]-4a, and NBu,
Et,0-0.17THF) were obtained over 4b-0.83E;0-0.17THF.
three weeks at 20°C by slow diffusion Complex 2a 2b 3a 4a 4
of Et,O into a saturated THF solution -
of 1b. Intensity data were collected at formula CysH, N, PRuS, CssHsoN,PRuS, CysH,,BN,PRuS, Cs;3HsLiN,O,PRuS, Cs,Hy;4N;OPRuS,
100K on a Bruker-Nonius Kappa M, 565.76 722.02 577.58 715.90 1001.17
CCD diffractometer using Mo, radia crystal 0.32x0.22x0.10 0.25x0.17x0.05 0.36x0.24x0.16 0.42x0.20x0.12 0.25%0.18x0.14
Ka - .
tion (1=0.71073 A, graphite mono- size [mm]
chromator) and corrected for Lorent- F(000) 1184 S 2416 75_6 2167
zian and polarization effects. Absorp- space group P2/ . Py . Pbea . P,1 . Peaz, .
tion effects were taken into account by crystal monoclinic monoclinic orthorhombic triclinic orthorhombic
using multiscan  procedures  (2a, system
NBuw4b-83Et,0-0.17 THF: a [pm] 1506.99(9) 1744.0(2) 1335.0(2) 1023.9(1) 3308.1(3)
4 2 . .
SORTAV:™ 21-0.5 pentane, [Li(thf),]- b [pm] 1178.84(9) 1188.3(1) 1593.0(2) 1264.64(4) 1094.79(9)
4a: SADABS™) or applying a numeri- ¢ [pm] 1431.86(3) 1813.8(2) 2541.4(2) 1518.77(8) 1572.68(7)
cal correction (3a).PY All structures @ [Q] 20 % %0 111.596(5) %0
were solved by direct methods and re- BLI 91.024(4) 112.341(6) %0 105.859(7) %0
fined by full-matrix least-squares pro- 7] 5 %0 %0 %0 92.120(5) %
cedures (2b, 3b, 3¢: SHELXTL NT V [nm’) 2.5433(3) 3.4768(6) 5.4047(9) 1.7379(2) 5.6957(7)
YRR V4 4 4 8 2 4
6.12;" 2a, 4a: SHELXTL NT ~
5.10%). The Li ion in 3a is coordinat- el [gem™] 1.478 1.379 1.420 1.368 1.168
ed by two THF molecules. With the # [mm™] 0.860 0.645 0.810 0.648 0.413
exception of  NBu4b-O0S3ELO- 26 range [°] 6.3-60.0 6.5-54.2 6.0-56.0 6.0-58.0 5.2-52.0
0 17"FI)“HF for which onl N the. h drzide Tins Trnax 0.677; 0.923 0.868; 1.000 0.789; 0.894 0.758; 1.000 0.914; 0.949
H atom mostion ooy S Y, meas. reflns. 60483 33467 32666 42000 35559
ference l};ourier map, the positions of indep. reflns. 7409 7644 6464 9204 10479
all H atoms were localized in differ- Rin 0.0794 0.1442 0.0889 0.0777 0.0697
ence Fourier svntheses. These hvdro- obsd. reflns. 5825 4771 4612 6713 8243
gen atoms wer}; refinéd with a };ixed Ri; WR, (all  0.0339;0.0691  0.0543;0.1131  0.0450; 0.0988 0.0432; 0.1009 0.0571;0.1558
. . . data)
common isotropic displacement pa-
rameter (2a, 3a, [Li(thf),]-4a) or were ref. par. 405 388 415 499 634
not refined (2b-0.5 pentane). Hydrogen A0 axmin 0.514/-0.731 0.884/—0.793 0.726/-1.618 0.670/—0.710 0.581/-0.772
atoms of NBu,4b-0.83Et,0-0.17THF ng'[_if]m“' - - - - 0.04(4)

were geometrically positioned. The
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functions on all atoms. For a sufficiently large number of test calculations
on iron(1) analogues the TZVP and TZVPP reaction energies differed
by only about 5 kJmol! without correcting for the basis-set superposi-
tion error (BSSE).”! If a counterpoise correction is added, our test calcu-
lations on coordination energies have shown that results obtained with
the TZVP and the TZVPP beasis set differ by less than about 1 kJmol ™.
For reasons of computational efficiency, we used the TZVP basis set and
a simplified model of the experimental complexes, in which we replaced
the phosphane by PH; and the methyl groups at the nitrogen atoms of
the chelate ligand by hydrogen atoms. All structures were optimized with
the corresponding density functional and basis set.

Table 3 lists the coordination energies for the coordination of N, and H,
to the (relaxed) five-coordinate metal fragment (these energies were nei-
ther corrected for the zero-point vibrational energy nor for the basis set
superposition error, but a counterpoise correction'***! would lower the
absolute value of the coordination energy by less than 5 kJmol ™!, as test
calculations on this type of complexes have shown (BP86/RI/TZVP).

Table 3. Coordination energies [kJmol™'] of N, and H, to
[Ru(PR3)(‘N,Me,S,’)] fragments (R =Pr, Cy).

BPS6/RI/TZVP B3LYP/TZVP B3LYP*/TZVP
N, —955 —87.0 —937
H, -875 —75.4 ~785
CEDU 8.0 115 15.2

[a] Coordination-energy difference for N, and H.,.
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