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ABSTRACT: Neutral and ionic ruthenium and iron aliphatic PNHP—type pincer complexes (PNHP= NH(CH,CH,PiPr,),) bearing benzyl, n-butyl
or tert-butyl isocyanide ancillary ligands have been prepared and characterized. Reaction of [RuCIZ(PNHP)]Z with one equivalent CN-R per
ruthenium center affords complexes [RuCIz(PNHP)(CNR)] (R=benzyl, 1a, R= n-butyl, 1b, R= t-butyl, 1c), with cationic [RuCI(PNHP)(CNR)z]CI
2a-c as side-products. Dichloride species 1a-c react with excess NaBH, to afford [RuH(PNHP)(BH4)(CN—R)] 3a-c, analogues to benchmark
Takasago catalyst [RuH(PNHP)(BH4)(CO)]. Reaction of 1a-c with a single equivalent of NaBH, results in formation of [RuHCI(PNHP) (CN-R)]
(4a-c), from which 3a-c can be prepared upon reaction with excess NaBH,. Use of one equivalent of NaHBEt; with 4a and 4c affords
bishydrides [Ru(H)z(PNHP)(CN—R)] 5a and 5c. Deprotonation of 4c by KOtBu generates amido derivative [RuH(PNP)(CN-t-Bu)] (6, PNP= "
N(CH,CH,PiPr,),), unstable in solution. Addition of excess benzylisonitrile to 4a provides cationic hydride [RuH(PNHP) (CN-CH,Ph),]CI (7).
Concerning iron chemistry, [Fe(PNHP)Brz] reacts with one equivalent of benzylisonitrile to afford [FeBr(PNHP)(CNCHZPh)Z]Br (8). The out-
er-sphere bromide anion can be exchanged by salt metathesis with NaBPh, to generate [FeBr(PNHP) (CNCH,Ph),](BPh,) (9). Cationic
hydride species [FeH(PNHP) (CN-t-Bu),](BH,) (10) is prepared from consecutive addition of excess CN-t-Bu and NaBH, on [Fe(PNPH)Brz].
Ruthenium complexes 3a-c are active in acceptorless alcohol dehydrogenative coupling into ester under base-free conditions. From
kinetic follow-up, the trend in initial activity is 3a = 3b > [RuH(PN"'P)(BH,)(CO)] >> 3c; for robustness, [RuH(BH,)(CO)(PN"P)] > 3a > 3b >>
3c. Hypotheses are given to account for the observed deactivation. Complexes 3b, 3c, 4a, 4c, 5¢, 7, cis-8 and 9 were characterized by X-

ray crystallography.

Introduction

Over the recent years, catalytic processes based on the acceptorless dehydrogenative coupling concept
have blossomed, affording novel and efficient access to a cornucopia of value-added products with
high atom-economy and release of by-products such as water or hydrogen. Indeed, based on the met-
al-ligand cooperation concepts, new organometallic catalysts have been found to be active and selec-
tive in such transformations under very mild conditions.® For example, transition metal complexes sup-

ported by bifunctional ligands (along with ancillary monodentate ligands) have demonstrated impres-



sive activity towards the (de)hydrogenation and related hydrogen borrowing reactions,’ thanks to pio-
neering works of Shvo,” Noyori* and Milstein.” In the specific case of the systems based on pincer lig-
ands, part of their efficiency stems from the relatively rigid tridentate coordination of these scaffolds,
which stabilizes the metal center and induces higher catalyst robustness even under demanding condi-

tions (high temperature, basic conditions etc.).®

To date, a fair number of bifunctional pincer ligands bearing coordinating atoms such as phosphorous,’
nitrogen,8 sulfur® and carbenic carbon® has been designed, aiming at tuning both electronic and steric
properties.® In contrast, only little attention has been paid to ancillary monodentate ligands within the
metal coordination sphere.11 As a matter of fact, CO appears to be a privileged ligand in this context,
being involved in some of the most successful catalyst examples. It may be introduced from the starting
carbonyl organometallic compound or it can be generated by decarbonylation reaction of alcohol un-
der basic (catalytic) conditions. Interestingly, Gusev reported a series of complexes of general formula
[Ru(Cl),(L)(NH(CH,CH,SEt),)] (L = CO, PPh3 and AsPhs) and found that among them, the complex bear-
ing PPh; as ancillary ligand is the most active one for ester hydrogenation.’ Ogaka and Tayaki from Ta-
kasago Company replaced the carbonyl ligand within Ru-MACHO [RuXCI(L)(PN"P)] (X = H, Cl, PN"p=
NH{CH,CH,P(iPr),},) complexes by a o-donor monodentate N-heterocyclic carbene ligand, thus allowing
ester reduction under atmospheric hydrogen pressure.’? On the other hand, Bernskoetter and Hazari
have reported iron isonitrile PNP complexes, catalytically active for CO, hydrogenation to formate,
though being less active than the analogous carbonyl derivative.'® Along these lines, Guan reported
very recently on iron PNP isonitrile derivatives as efficient catalysts for ester hydrogenation.14 In the
related field of carbonyl hydrogenation, both Reiser and Mezzetti demonstrated the interest of using
isonitrile ligands to achieve efficient iron-based catalysis.15 Indeed, even if the catalytic transformations
involving metal-isonitrile species are less studied than those of isoelectronic metal-carbonyl counter-
parts, advantages can be gained by the use of CNR-based catalystslez Indeed, R groups on the CNRs
allow for broad variation of their steric and electronic properties and of the strength of the M—C bonds,
thus affecting the metal center electron density and catalytic behavior. Furthermore, similarly to car-
bonyl ligands, isonitrile ligands have distinctive IR and NMR signatures that contribute to both charac-

terization and mechanistic studies.

As part of our ongoing program on structural and catalytic investigations around base-free

dehydrogenative coupling reaction of alcohols,'” we investigated the synthesis of ruthenium and iron
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PNP supported complexes bearing isonitriles as ancillary ligand. These new isonitrile complexes were

further catalytically assessed for base-free dehydrogenation reactions.

Results and Discussion

Dropwise addition of an isonitrile R-NC (a: R= CH,Ph, b: R= n-Bu, c: t-Bu, 1.02-1.05 equiv. vs. Ru) THF
solution to a suspension of Schneider’s dimeric [RuCl(u-Cl)(PN"P)], complex™® in THF afforded rutheni-
um isonitrile adducts [RuCl,(CN-R)(PN"P)] 1a-c (Scheme 1). These complexes were formed along with
small amount of cationic bis-isonitrile [Ru(Cl)(CN-R),(PN"P)](CI) complexes 2a-c (1-5% from *'P NMR).
Since [RuCl,(CN-R)(PN"P)] 1a-c are less soluble in CH,Cl, than both their ionic 2a-c counterparts and
the starting dimeric compound, their separation from the crude reaction mixture can be achieved by
washing with CH,Cl, at low temperature (-5 - 0 °C), with isolated yield ranging between 78 and 85%.
Under similar conditions, performing the reaction in CH,Cl, (in which both Schneider’s dimer and 2a-c
are soluble) produced 1a-c in a less selective manner, as higher amounts of 2a-c were formed (up to
20% from >'P NMR). This is likely due to a competitive side-reaction of 1a-c with isonitrile to form 2a-c
under such conditions. Indeed, complexes 2a-c were prepared in good isolated yield (69-75%) by reac-
tion of Schneider’s complex or of 1a-c with excess isonitrile, followed by crystallization in CH,Cl,/Et,0
at -20 °C. Both 1a-c and 2a-c series were characterized by multinuclear NMR (*H, *'P, 3C, **N) and IR
spectroscopies and elemental analyses. Regarding species 1a-c, the 31p NMR chemical shift of the PNP
ligand of about 42 ppm is reminiscent of that of the PMes adduct (41 ppm) which features a PNP
bound in meridional coordination mode®®. On the other hand, Bianchini, Peruzzini and coworkers re-
ported the related isonitrile ruthenium complexes [RuCl,(CN-R’)(PN"*'P)] (PN"™'P= nPr-
N(CH,CH,PPh,),),%% in which the less bulky Ph-substituted PNP ligand adopts a facial type coordination
mode. These give rise to >'P NMR signals at about 58 ppm. Bearing in mind that within the complexes
of the isopropyl-substituted ligand 31p NMR chemical shifts are about 20 ppm higher than those of the

172 the values observed for 1a-c are in line with a meridional coor-

phenyl substituted ligand complexes,
dination of the PNP ligand. However, as >*P chemical shift values are highly dependent on the nature of
the trans ligand, care must be taken in assessing geometry based on these values only. Even if no single
crystal was obtained for 1a-c with quality allowing diffraction studies with publishable data, we suc-
ceeded in recording diffraction patterns for the 1a complex. The overall coordination sphere could be

assessed (See Electronic Supplementary Information). In this case, the PNP framework is indeed in
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meridional configuration, the chloride ligands are located in mutually cis positions, and the isonitrile
ligand is in the cis position compared to the ruthenium-bound amino moiety. This contrasts with previ-
ous observations on related complexes, where the ancillary ligand in [RuCl,(PN®P)(L)] is in trans posi-

tion from the Ru-N function.19'*

Within the 1a-c series, the presence of a N-H moiety was evidenced by the elongation vibration band
at 3133-3148 cm™ and by a triplet at 2.5-2.6 ppm on the *H NMR spectrum. Accordingly, 2D {*H-">N}
HSQC spectra of 1a-c display signal at about 19 ppm, which is in line with sp3 hybridization of the nitro-
gen center. Furthermore, the isonitrile ligands give rise to intense signals in the infrared spectrum at
about 2100 cm™. According to {*H-">N} HMBC experiments, characteristic N NMR peaks assigned to
the isonitrile function are observed in the 160-190 ppm range, thus being shifted highfield by 8-13 ppm
from the corresponding free isonitriles’ signal.23 As a comparison, Bernskoetter and Hazari reported
the analogous iron [FeCly(CN-R)(PN"P)], for which *!P chemical shift and C-N IR absorption values are

of about 65 ppm and 2050 cm™, respectively.13
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Scheme 1. Syntheses of Ru PN"P chloride isonitrile adducts.

The 2a-c species afford spectral characteristics in line with the proposed structure as cationic species.
1P NMR chemical shifts are found around 49 ppm, which is about 7 ppm higher than the values for 1a-
c. As a comparison, the *'P chemical shift of the bis-carbonyl [RuCl(CO),(PN"P)](BF.) derivative is of
49.8 ppm.? The amino functionality spectroscopic features indicate that the chloride counter-anion
interacts with the N-H via H-bonding. Namely, the v(N-H) in 2a is found at about 70 cm™ lower wave-
numbers compared to that of 1a, while the *H chemical shift of NH within 2a-c is significantly low-field
shifted by 4-5 ppm compared to that of 1a-c. In agreement with the presence of two inequivalent
isonitrile ligands, the *H-""N HMBC spectrum of 2a-c features two cross-signals in the 170-195 ppm N

chemical shift range. In the case of 2a, on the 2D *H->C HMBC spectrum, two cross-peaks are detected



between the methylenic C=N-CH, protons and the isonitrile N=C carbon atoms (corresponding *H/ B¢

pairs: 5.15/153.5 ppm and 4.90/160.1 ppm).%

Treatment of 1a-c with excess NaBH, (5 equiv.) in ethanol at room temperature led to the formation of
borohydride complexes [RuH(BH4)(RNC)(PN"P)] (3a-c) in ~70% isolated yield after crystallization from
toluene/n-pentane at -20 °C (Scheme 2). It is worth noting that the reaction of 1c with NaBH, proceeds
with lower rate than that of 1a and 1b. In this case, a longer reaction time (48 h instead of 14 h) is re-
quired to reach full conversion. This series of complexes displays spectroscopic properties similar to
that of the related [RuH(BH4)(CO)(PN"P)] complex, with inter alia a 3P NMR chemical shift of about 78
ppm, and Ru-H resonating as a triplet centered at about -15 ppm (to be compared to 77.8 ppm and -
13.5 ppm for the carbonyl complex, respectively). The k'-HBHj ligand resonates as a broad signal cen-
tered at about -1.5 ppm which is indicative of a rapid exchange between the BH4 hydrogen atoms at
room temperature. The presence of a N-H moiety was confirmed by both IR as well as *H and 'H-°N
HSQC NMR. Noteworthy, from the two-dimensional *H-'H NOE experiment (NOESY), a correlation be-

tween the N-H and the Ru-HBHj; peaks indicates a mutual syn-position of NH and Ru-HBH3; moieties.

H CN-R H HBH;
Py
‘ wP(iPr),  NaBH4 N, ‘ wP(iPr),
0% S R
/ ‘ 5-10 equiv. ~p*” . “SCN-R
/Pr )2 Cl (iPr), CN-R:
1a-c 3a-c a:R=benzyl

b: R = n-butyl
NaHBEt; NaBH,4 c: R = t-butyl
2 equiv. NaBH, 3 equiv.
1.05 equiv. Yield:
3a: 67%, 3b: 69%, 3c: 73%
H

4a: 59%, 4b: 55%, 4c: 62%
H a 5¢: 62%
.\ N ﬁ\ 1 62%
( ’ P(iPr); ( ’ WP(iPr),
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(/Pr)z H (rPr
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CN-R

Scheme 2. General syntheses of Ru PN"P hydride isonitrile complexes.

The solid-state structure of 3b and 3c was further determined by X-ray diffraction studies (Figures 1
and 2). Both adopt similar configuration, namely distorted octahedral coordination sphere, with a PNP
framework in meridional configuration, the isocyanide being in the trans-position to the amino group.
The borohydride and hydride groups are located in syn- and anti-position compared to the N-H bond,
respectively. The isonitrile ligand adopts a nonlinear configuration, as evidenced by the C17-N2-C18
angle (3b: 163.23(13), 3c: 160.70(13)°). It coordinates to the Ru(1l) atom with a bond distance of
1.8944(10) and 1.8886(13) A for 3b and 3c respectively, which is in the range of the Ru-C(isonitrile)
distances of known isonitrile complexes of ruthenium (1.8-2.1 A).> These complexes are isostructural

to [RuH(BH.)(CO)(PN"P)],'™ the carbonyl and isonitrile ligands occupying the same coordination site.
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The Ru-C bond distances of 3b and 3c are longer than the Ru—C bond distance (1.8389(12) A) for
[RuH(BH,4)(CO)(PN"P)]. This is in line with a higher m-accepting character of the carbonyl ligand with

respect to that of isonitrile Iigands.13

&
| B1

H1 @ |

Figure 1. ORTEP of solid-state structure of 3b. All H atoms (except the H on Ru, B and N) are omitted for
clarity. Selected bond distances (A): Ru1l-P1 = 2.3092(3), Ru1-P2 = 2.3055(3), Ru1-N1 = 2.1884(9), Rul-
C17 = 1.8944(10), Rul-H1B = 1.843(17), Rul-H = 1.507(17), N2-C17 = 1.1779 (14). Selected angles
(deg): P1-Ru1-H1B = 91.6(5), P1-Rul-H = 89.7(6), P2-Rul-P1 = 165.054(10), P2-Rul-H1B = 92.8(5), P2-
Rul-H = 86.4(6), N1-Rul-P1 = 82.71(2), N1-Rul-P2 = 82.76(2), N1-Rul-H1B = 93.8(5), N1-Rul-H

88.4(6), C17-Rul-P1 = 97.69(3), C17-Rul-P2 = 96.67(3), C17-Rul-N1 = 177.36(4), C17-Rul-H1B

88.8(5), C17-Rul-H = 89.0(6), H1B-Rul-H = 177.6(8), C17-N2-C18 = 163.23(13).

Figure 2. ORTEP of solid-state structure of 3c. All H atoms (except the H on Ru, B and N) are omitted for
clarity. Selected bond distances (A): Rul-P1 = 2.3089(3), Ru1-P2 = 2.3009(3), Ru1-N1 = 2.1914(11), Rul-
C17 = 1.8886(13), Rul-H1B = 1.834(17), Rul-H = 1.559(17). Selected angles (deg): P1-Rul-H1B =



91.4(5), P1-Rul-H = 88.7(6), P2-Rul-P1 = 165.350(12) , P2-Rul-H1B = 93.4(5), P2-Rul-H = 87.5(6), N1-
Rul-P1 = 82.85(3), N1-Rul-P2 = 82.93(3), N1-Rul-H1B = 95.3(5), N1-Rul-H = 88.5(6), C17-Rul-P1 =
97.25(4), C17-Rul-P2 = 96.73(4), C17-Ru1-N1 = 176.51(5), C17-Rul-H1B = 88.2(5), C17-Rul-H = 88.0(6),
H1B-Rul-H = 176.3(8), C17-N2-C18 = 160.70(13).

Use of a stoichiometric quantity of NaBH,4 towards 1a-c in EtOH allows to predominantly produce the
hydridochloride [RUHCI(CN-R)(PN"P)] species 4a-c, along with small amount of 3a-c (< 5%) (Scheme 2).
Complexes 4a-c can be obtained as pure products in 55-62% isolated yield range upon crystallization
from a toluene/n-pentane mixture at -18 °C. As for the 3a-c hydridoborohydride derivatives, these dis-
play NMR features similar to that of their carbonyl parent compound, [RuHCI(CO)(PN"P)]. The isonitrile
hydridochloride species 3P NMR chemical shift of about 74 ppm compares well to that of the CO de-
rivative (75.8 ppm). In addition, the RuH *H NMR signal appears as triplet centered at about -17.5 ppm
for 4a-c, to be compared to -16.30 ppm for the carbonyl analogue. The retention of the N-H moiety is
evidenced by the v(N-H) at about 3170 cm™, and by the N NMR signal at about 54 ppm. This rules out
the presence of cationic species [RuH(CN-R)(PN"P)]* with outer-sphere, H-bonded chloride counter-

cation, as was observed in the case of the more sterically crowded [RuH(CO)(HN{CH,CH,P(tBu),),}]".*"

Figure 3. ORTEP of solid-state structure of 4a. All H atoms (except the H on Ru and N) are omitted for
clarity. Selected bond distances (A): Ru1-P1 = 2.3225(4), Rul-Cl1 = 2.5555(4), Rul-P2 = 2.3050(4), Rul-
N1 =2.1931(13), Rul-C17 = 1.8819(16), Rul-H = 1.56(2), N2-C17 = 1.179(2). Selected angles (deg): P1-
Rul-Cl1 = 88.995(13), P1-Rul-H = 89.4(8), ClI1-Rul-H = 173.5(8), P2-Rul-P1 = 164.463(14), P2-Rul-CI1 =
92.044(14), P2-Rul-H = 87.8(8), N1-Rul-P1 = 82.71(3), N1- Rul-CI1 = 84.05(4), N1-Rul-P2 = 81.98(3),
N1-Rul-H = 89.5(8), C17-Rul-P1 = 100.38(5), C17-Rul-Cl1 = 99.67(5), C17-Rul-P2 = 94.73(5), C17-Rul-
N1 =175.16(5), C17-Rul-H = 86.8(8), C17-N2-C18 = 154.34(16).



This was confirmed by X-ray diffraction studies on 4a and 4c (Figures 3 and 4). These compounds adopt
a distorted octahedral configuration, with the PNP ligand set in a meridional arrangement. Their struc-
ture is similar to that of above-described 3b and 3c, with the borohydride being formally substituted by
a chloride ligand, or to that of the CO analogue, [RuHCI(CO)(PN"P)].

Figure 4. ORTEP of solid-state structure of 4c. All H atoms (except the H on Ru and N) are omitted for
clarity. Selected bond distances (A): Rul-Cl1 = 2.5426(3), Rul-P1 = 2.3097(3), Rul P2 2.3071(3), Rul-N1
= 2.1783(10), Rul-C17 = 1.8831(13), Rul-H = 1.588(17), N2-C17 = 1.1847(17). Selected angles (deg):
Cl1-Rul-H = 172.9(6), P1-Rul-CI1 = 89.589(12), P1-Rul-H = 88.6(6), P2-Rul-CI1 = 90.372(12), P2-Rul-
P1 = 165.230(12), P2-Rul-H = 89.6(6), N1-Rul-Cl1 = 83.91(3), N1-Rul-P1 = 82.92(3), N1-Rul-P2 =
82.39(3), N1-Rul-H = 89.0(6), C17-Rul-Cl1 = 100.19(4), C17-Rul-P1 = 96.96(4), C17-Rul-P2 = 97.58(4),
C17-Rul-N1=175.90(5), C17-Rul-H = 86.9(6), C17-N2-C18 = 154.91(14).

Reaction of 4a-c with excess of NaBH, resulted in the formation of 3a-c in quantitative manner based
on 'H and *'P NMR (Scheme 2). The reaction of 1a with 1.0 equiv. of NaHBEt; affords the dihydride
complex [RuH,(CN-CH,Ph)(PN"P)] 5a, with a NMR yield of about 50%. Hydrido chloride derivative 4a
was not detected. This indicates that the reaction of 1a with NaHBEt; to form the intermediate 4a
takes place with lower rate than that of 4a with NaHBEt3 to form 5a, probably due to the higher solubil-
ity of intermediate 4a with respect to the starting compound 1a. Addition of 2 equiv. of NaHBEt3 to the
suspension of 1a resulted in the full conversion of the latter, affording 5a as the main species, along
with some unidentified hydride ruthenium products. Attempts to isolate 5a as a pure product were
unsuccessful as the compound suffers from low stability, affording unidentified species upon standing
at room temperature in solution. Thus, 5a was characterized in-situ by 'H and *'p NMR: Ru-H hydrides

resonate as two triplets of doublets centered at -6.25 (ZJHH = 6.8 Hz, 2Jp = 18.4 Hz) and at -6.48 (ZJHH =
8



6.9 Hz, *Jup = 19.0 Hz), while the *'P{"H} spectrum features a singlet at 86.89 ppm, in line with a struc-

ture featuring two equivalent phosphorus atoms.

Similar reaction with NaHBEt3; was performed with 1c, resulting in the formation of a mixture of two
stereoisomeric compounds, meridional mer-5¢ and facial fac-5c¢ of general formula [RuH,(NC-
tBu)(PN"P)] in respective ratio of 1.5/1 with a cumulated isolated yield of 62% after crystallization from
toluene/n-pentane at low temperature. The higher stability of mer-5c/fac-5c¢ with respect to that of 5a
could be attributed to the bulkier nature of t-butyl groups that may stabilize the hydride species. As a
comparison, Gusev isolated a structurally related fac-[RuH,(PPhs){HN(C,H4SEt),}] complex.” Both mer-
5¢ and fac-5c were characterized by multinuclear NMR spectroscopy and X-ray diffraction. For mer-5c,
two inequivalent Ru-H hydrides resonate as one triplet of doublets centered at -6.86 (ZJHH = 4.9 Hz, “Jyp
= 18.0 Hz) and one broadened triplet at -7.05 ppm (%4 = 19.0 Hz) that are assigned to the Ru-H in anti-
and syn-positions with respect to NH proton, respectively (Figure 5). The assignments are supported by
the fact that such specific broadening in related bishydride complexes was observed and attributed to
the presence and concentration of water in the sample.” The 3P{*H} spectrum displays a singlet at
84.78 ppm. The N chemical shifts values were determined at 31.0 and 184.6 ppm for the NH and
isonitrile functions, respectively. For the fac-5c, the two chemically equivalent Ru-H hydrides resonate
as a multiplet centered at -8.82 ppm, being the AA’ part of a AA’XX' system. The *'P{*H} spectrum dis-
plays a singlet at 74.08 ppm. The >N chemical shift values for the complex were determined at 19.5
and 178.0 ppm (assigned to NH and isonitrile functions, respectively) thanks to HSQC and HMBC exper-

iments.
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Figure 5. Hydride region of the *H NMR spectrum of the mer-5¢/fac-5¢ mixture (400 MHz).

Though purification attempts were not met with success, due to thermal instability of the bishydride
species, we succeeded in obtaining single crystals from a synthesis batch. Remarkably, both mer and
fac isomers, mer-5c and fac-5c, co-crystallized along with one molecule of NaBEt,. As seen on Figure 6,
they thus form an entity where the two different ruthenium bishydride isomers assemble around a
sodium cation, with tetraethylborate as non-interacting counteranion (Figure 6).%° The two organome-
tallic fragments arrange around the sodium so that the isonitrile ligands are organized in eclipsed,
head-to-tail configurations. The ruthenium fragments both feature a distorted octahedral configura-
tion. Within mer-5c, the PNP ligand set binds to the metal center in a meridional arrangement. The
tert-butylisonitrile ligand is in trans position with respect to the PNP framework’s nitrogen. Accordingly,
both hydrides (H, and H. on Figure 6) are in mutual trans-position. For fac-5c, the PNP ligand set fea-
tures a facial arrangement. The tert-butylisonitrile ligand is in trans-position with respect to the PNP’s
nitrogen. Both hydrides (H and Hy, on Figure 6) are in mutual cis position. The Ru-C bond distance of
mer-5¢ (Rul-C17 = 1.871(4) A) is shorter than that of fac-5c (Ru2-C38 = 1.893(4) A). This owes in part
to the interaction with the intercalated Na cation, which is preferentially interacting with the mer-5c
framework. This reflects in the Na1-C17 and Nal1-N2 distances of 2.619(4) and 2.671(4) A, respectively,
which are shorter than the Na1-C38 and Na1-N4 distances of 2.784(4) and 3.297(5) A, respectively. The

sodium is also stabilized by further interaction with the two mutually cis hydrides from mer-5c¢ (Nal-H:
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2.22(5) A and Nal-Hb: 2.31(5) A) and with a single hydride from 5¢ with a significantly shorter Nal-Hc
distance of 2.06(6) A.

N4 Q C39
A P3 C38. ‘
g Ru2 P
/ P2,~
@/ \ Nat He H1®
Ru1 & Ni
N2 “‘;
< c17 ,
PI

Figure 6. ORTEP of solid-state structure of the cation from 5c’'NaBEt,. All H atoms (except those on Ru
and N), iPr groups on P, Me groups from tBu moieties and the BEt; anion are omitted for clarity. Se-
lected bond distances (A): mer-5¢: Rul-P2 = 2.2945(10), Rul-P1 = 2.2942(11), Rul-N1 = 2.218(3), Rul-
C17 = 1.871(4), Rul-HA = 1.62(5), Rul-Hc = 1.607(10), N2-C17 = 1.193(5). fac-5¢c: Ru2-P3 = 2.3208(9),
Ru2-P4 = 2.3142(9), Ru2-N3 = 2.219(3), Ru2-C38 = 1.893(4), Ru2-H = 1.66(5), Ru2-Hb = 1.68(5), N4-C38
= 1.174(5). Selected angles (deg): mer-5c: P2-Rul-Ha = 87.3(19), P2-Rul-Hc = 94(3), P1-Rul-P2 =
163.97(4), P1-Rul-Ha = 85.4(19), P1-Rul-Hc = 93(3), N1-Rul-P2 = 82.15(9), N1-Rul-P1 = 83.33(9), N1-
Rul-Ha = 87.9(19), N1-Rul-Hc = 93(3), C17-Rul-P2 = 98.04(12), C17-Rul-P1 = 96.64(12), C17-Rul-N1 =
178.68(15), C17-Rul-Ha = 93.4(19), C17-Rul-Hc = 86(3), Ha-Rul-Hc = 178(3), C17-N2-C18 = 157.9(5).
fac-5¢: P3-Ru2-H = 81.0(16), P3-Ru2-Hb = 159.8(18), P4-Ru2-P3 = 110.82(3), P4-Ru2-H = 163.5(16), P4-
Ru2-Hb = 84.3(18), N3-Ru2-P3 = 82.67(8), N3-Ru2-P4 = 82.25(9), N3-Ru2-Nal = 117.01(9), N3-Ru2-H =
88.1(16), N3-Ru2-Hb = 86.3(18), C38-Ru2-P3 = 97.73(10), C38-Ru2-P4 94.48(11), C38-Ru2-N3 =
176.61(14), C38-Ru2-H = 95.3(16), C38-Ru2-Hb = 94.3(18), H-Ru2-Hb = 82(2), C38-N4-C39 = 171.6(4).

In analogy with the well-known chemistry of the hydrido chloro carbonyl derivatives, preparation of
the amido species through N-H deprotonation of the hydrido chloro isonitrile species was attempted.
Thus, reaction of 4c with tBuOK (1.0 equiv.) was performed, leading to the formation of a new amido
complex [RuH(CN-tBu)(PNP)] (6, Scheme 3). Attempts to isolate this compound were unsuccessful, due
to its low stability. Thus, formation of 6 was proposed based on in-situ NMR characterization: In the
hydride region, the 'H NMR spectrum displays a triplet centered at -18.74 ppm (Jup = 16.5 Hz). The
31p{*H} NMR spectrum features a singlet at 91.8 ppm. In comparison, [RuH(CO)(PNP)] features *H and
3P NMR signals at -18.71 and 94.0 ppm; respectively. The fate of this complex remains undetermined,

as decomposition into an unidentified mixture of products occurred.
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In the presence of excess benzylisonitrile, the hydrido chloride derivative 4a reacts to afford the cation-
ic species [RuH(CNCH,Ph),(PN"P)]*(CI') (7, Scheme 3). The solid state structure of this complex was es-
tablished by a single crystal X-rays diffraction study (Figure 7). 7 features a distorted octahedral geome-
try, with the PNP ligand in meridional configuration. The two isonitrile ligands occupy two mutually cis-
positions, one being coordinated in the trans position amino group, and the other in cis position com-
pared to the N-H functionality. Noteworthy, the (N1-H1---Cl1) distance of 2.433(2) A and the corre-
sponding angle (N1-H1:--CI1) of 164.8(1)° are indicative of a weak-strength hydrogen-bonding interac-
tion involving (N-H---Cl) atoms.” In addition, the Ru1l-C17 bond distance (2.0056(11) A)is longer than
the Rul-C25 bond distance (1.9070(11) A), likely due to the trans-influence of the hydride ligand ex-

erted on the former.

__KoBu ( \P(IPr
[ xa / \ CN-tBu
R= tBu IPF)2 H
H Cl (from 4c)
( _‘\\P(/Pr)z 6
/ | on a®
(/Pr 2 H N
4 H
\
CN-Bn (N/ \P(IPI’)2
> 1 equiv. P/ \CN—Bn
R=Bn (Pr)2 H
(from 4a) 7
Yield: 67%

Scheme 3. Reactivity examples of 4a and 4c
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Figure 7. ORTEP of solid-state structure of 7. All H atoms (except the H on Ru and N) are omitted for
clarity. Selected bond distances (A): Rul-P1 = 2.3258(3), Ru1-P2 = 2.3287(3), Ru1-N1 = 2.1880(9), Rul-
C17 = 2.0056(11), Rul-C25 = 1.9070(11), Rul-H = 1.622(17), N2-C17 = 1.1609(15), N3-C25 =
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1.1686(15). Selected angles (deg): P1-Rul-P2 = 165.235(11), P1-Rul-H = 88.5(6), P2-Rul-H = 88.1(6),
N1-Rul-P1 = 82.68(3), N1-Rul-P2 = 82.78(3), N1-Rul-H = 86.8(6), C17-Rul-P1 = 92.36(3), C17-Rul-P2 =
90.04(3), C17-Ru1-N1 = 89.37(4), C17-Rul-H = 175.9(6), C25-Rul-P1 = 95.53(3), C25-Rul-P2 = 98.66(3),
C25-Rul-N1 = 173.82(4), C25-Rul-C17 = 96.62(5), C25-Rul-H = 87.3(6), C17-N2-C18 = 175.61(12), C25
N3 C26 = 165.79(13).

Spectroscopic features of 7 are in line with this structure. On the *H NMR spectrum, the RuH and the
N-H resonate at -8.48 and 8.43 ppm, respectively (Figure 8). The latter chemical shift (being severely
low-field shifted compared to non-interacting NH moieties) combined with the v(N-H) band at 3055
cm™ on the IR spectrum, is indicative of H-bonding between the amino hydrogen and the chloride at-
om."**? Furthermore, the low field shift of this hydride peak stems from the strong trans-effect from
the opposite axial isonitrile ligand. As a comparison, the 'H chemical shift of the similar cationic bis-
carbonyl [RuH(CO)z(PNHP)]+ hydride is of -6.2 ppm.” 'H-'H 2D NOESY experiment shows no through-
space correlation between the Ru-H hydride peak and the N-H peak, indicating a mutually anti-
arrangement of the Ru-H and N-H fragments. In addition, the presence of two different isonitrile lig-
ands is evidenced by the two >N NMR signals at 172.8 and 159.4 ppm, and by the two v(C=N) bands at
2135 and 2059 cm™ on the infrared spectrum. The *C{*H} spectrum displays two downfield triplets
centered at 171.38 (*Jep = 11.0 Hz) and 157.42 ppm (JJp = 8.4 Hz): The more downfield signal is at-
tributed to the isonitrile carbon atom in trans-position with respect to the hydride ligand (trans-effect)
while the less downfield one is assigned to the isonitrile carbon atom in cis-position to the hydride lig-
and. This is showed by comparison with the values of 160.0 and 153.5 ppm observed in 2a: Formal
substitution of the chloride by the hydride ligand causes a downfield shift of 11.38 ppm for the **C sig-

nal of the isonitrile ligand in trans position).
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Figure 8. *H NMR spectrum of 7 (400 MHz, C¢Ds, 300 K)

Bearing in mind the recent progresses on the use of Earth-abundant metal complexes as efficient cata-
lysts in hydrogenation and dehydrogenation processes,’* the analogous iron chemistry was also ex-
plored, following on the work of Hazari and collaborators on arylisonitrile PNP complexes.” Synthetic
studies were performed starting from the iron (Il) complex [FeBrz(PNHP)].7d In contrast to ruthenium
chemistry, the reaction with benzylisonitrile (even upon addition of sub-equivalent quantities of
isonitrile)  exclusively lead to the formation of the ionic complex of formula
[FeBr(CNCH,Ph),(PN"P)]*(Br) 8 (Scheme 4). Formation of a neutral mono-ligated isonitrile
[FeBr,(CNCH,Ph)(PN"P)] complex was not observed. Under similar conditions, Hazari et al. reported
the formation of a mixture of neutral dichloride [FeCIz(CNAr)(PNHP)] and cationic monochloride
[FeCI(CNAr),(PN"P)]*(CI') when starting from the less sterically crowded [FeCl,(PN"P)] derivative (chlo-
ride being smaller than bromide).’* The chemistry of such isonitrile iron complexes was recently ex-
tended to CNtBu derivatives by Guan and coworkers, who thoroughly investigated inter alia the

steroeselective issues during the synthesis of iron PNP complexes.'*

Extensive NMR characterization studies on 8 revealed that there are actually two stereocisomers formed
in 15.6/1 ratio: the major (cis-8) comprizes two isonitrile ligands in mutually cis-position while the mi-
nor one (trans-8) has two isonitrile moieties in mutually trans position. The relevant 3¢ NMR signals of
isonitrile C=N carbons are determined at 171 and 166 ppm for cis-8 and at 174 and 168 ppm for trans-
8. The corresponding isonitrile nitrogen resonates at 188.7 and 183.5 ppm for cis-8 and at 186.3 and
183.2 ppm for trans-8. Salt metathesis reaction of 8 with excess NaBPh, followed by recrystallization
produced the complex [FeBr(CNCH,Ph),(PN"P)]"(BPhs) 9 in moderate isolated yield (53%).”' The NH
proton of cis-8 resonates at lower field (6.51 ppm) with respect to that of 9 (2.40 ppm) which is in line
with a (N-H---Br) hydrogen bonding interaction in the former, and no H-bonding interaction in the lat-
ter. Accordingly, the v(N-H) of cis-8 is found at about 165 cm™ lower wavenumbers compared to that of
9 (3061 vs. 3227 cm™, respectively). The solid-state structure of cis-8 and 9 were further determined by
X-ray diffraction analysis (Figure 9 for cis-8; Figure 10 for 9 see Supporting Information). Complex cis-8
features a distorted octahedral geometry with the PNP ligand in meridional configuration. Similarly to
7, two isonitrile ligands occupy two mutually cis-positions. The (N1:--Br2) and (N1-H1::-Br2) distances

of 3.355(4) and 2.487(4) A, respectively, and the corresponding angle (N1-H1---Br2) of 168.82(3)° are
14



indicative of a weak-strength hydrogen-bonding interaction involving (N-H---Br) atoms. The solid-state
structure of 9 is very close to that of cis-8, except that, as the bromide counter-anion is replaced by

tetraphenyl borate, the NH moiety is not involved in H-bonding interaction.

In order to access catalytically relevant hydride species, the reaction of 8 with excess of NaBH,; was
probed. It resulted in the formation of several unidentified complexes. Noteworthy, reaction of
[FeBr,(PN"'P)] with t-butylisonitrile and then with NaBH,4 resulted in the formation of a new hydride
iron complex of formula [FeH(CNtBu),(PN"P)]*(BH4) 10 in 49% yield that was fully characterized by IR
and NMR spectroscopies (Scheme 4). Guan recently described an ionic complex featuring the same
cationic moiety as 10, with BPh, as the counter-anion.'” The 'H and *'P{*H} NMR spectra display a
characteristic hydride signal as a triplet centered at -10.48 ppm (Jyp = 50 Hz) and a singlet at 100.01
ppm, respectively. On the B NMR spectrum, the free BH, anion resonates as a quintet centered at -
38.9 ppm (Ygy = 82 Hz). *c{*H->'P} NMR spectrum displays two downfield signals at 175.4 and 166.2
ppm that are assigned to the two inequivalent C=N carbon atoms from the equatorial and axial
isonitrile ligands, respectively. Thanks to *H-">N HSQC and *H-">N HMBC measurements, >N chemical

shift values of NH and isonitrile functions were determined to be 31.7, 193.2 and 196.5 ppm, respec-

tively.
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Scheme 4. General syntheses of iron complexes.
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Figure 9. ORTEP of solid-state structure of cis-8. All H atoms (except the H on N) are omitted for clarity.
Selected bond distances (A): Brl-Fel = 2.4894(5), Fel-P1 = 2.2804(9), Fel-P2 = 2.2840(9), Fel-N1 =
2.073(2), Fel-C25 = 1.826(3), Fel-C17 = 1.824(3), N2-C17 = 1.160(3), N3-C25 = 1.152(3). Selected an-
gles (deg): P1-Fel1-Brl = 91.33(3), P1-Fel-P2 = 168.03(3), P2-Fe1-Brl = 90.70(2), N1-Fel-Br1l = 88.28(7),
N1-Fel-P1 = 84.06(8), N1-Fel-P2 = 84.21(8), C25-Fel-Brl = 179.00(9), C25-Fel-P1 = 88.29(9), C25-Fel-
P2 = 89.86(9), C25-Fel-N1 = 92.60(11), C17-Fel-Brl = 89.69(8), C17-Fel-P1 = 95.11(9), C17-Fel-P2 =
96.70(9), C17-Fel-N1 = 177.79(11), C17-Fel-C25 = 89.42(12), C17-N2-C18 = 173.7(3), C25-N3-C26

169.2(3).
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Figure 10. ORTEP of solid-state structure of 9. BPh, anion and all H atoms (except the H on N) are omit-
ted for clarity. Selected bond distances (A): Brl-Fel = 2.5091(5), Fel-P1 = 2.2726(10), Fel-P2

2.2638(11), Fe1l-N1 = 2.073(3), Fe1-C25 = 1.828(3), Fe1l-C17 = 1.824(3), N2-C17 = 1.158(4), N3-C25
1.157(4). Selected angles (deg): P1-Fel-Brl = 90.22(3), P1-Fel-P2 = 169.75(4), P2-Fel-Brl = 91.07(3),
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N1-Fel-Brl = 88.72(8), N1-Fel-P1 = 84.53(10), N1-Fe1-P2 = 85.32(10), C25-Fel-Brl = 88.83(9), C25-
Fel-P1 = 95.67(10), C25-Fe1-P2 = 94.52(10), C25-Fel-N1 = 177.55(12), C17-Fel-Brl = 178.25(9), C17-
Fel-P1 = 89.03(10), C17-Fel-P2 = 89.38(10), C17-Fe1-N1 = 89.63(12), C17-Fe1-C25 = 92.81(12), C17-
N2-C18 = 175.7(3), C25-N3-C26 179.7(3).

Catalytic studies in alcohol acceptorless dehydrogenation

Complexes 3a-c were further assessed in base-free dehydrogenative coupling of n-butanol into butyl
butyrate. As a comparison, the carbonyl [RuH(BH,4)(CO)(PN"P)] derivative was also evaluated under
identical catalytic conditions. TONax (maximal turnover number) and TOF, (initial turnover frequency)
values were summarized in Table 1. It is worth noting that the cationic iron complex 9 is inactive for
conversion of n-butanol into ester. Comparative kinetic profiles of n-butanol conversion into ester are
presented on Figure 11. Interestingly, complexes 3a (TOF, = 6220 h™) and 3b (TOFo = 5970 h™) bearing
respectively benzyl and n-butyl isonitrile were found to be initially more active than the benchmark
carbonyl complex (TOF, = 4300 h'). However, the latter is catalytically more robust: Its corresponding
TONax Value (14100) is higher than that of 3a (10200) and 3b (9000). These isonitrile adducts reach a
plateau after about 3 hours of reaction, which may indicate catalyst deactivation. On the other hand,
the tBu isonitrile derivative reaches its deactivated regime after about one hour, totaling about 2900
TON. These reactivity patterns illustrate that the substitution of the carbonyl by the isonitrile ligand has
a beneficial effect. Catalytic behavior is indeed modulated by the nature of the isonitrile substituent.
Thus, according to TOFg and TON,.x values, the catalytic activity and robustness can be classified as
follows: for catalytic activity, 3a = 3b > [RuH(BH4)(CO)(PN"P)] >> 3c; for robustness,
[RuH(BH,)(CO)(PN"P)] > 3a > 3b >> 3c. Considering that the bulky t-butyl group is rather remote from
the metal center, it is doubtfull that the lowest catalytic performance of 3c is related to steric effects.
The origin of this behavior may be found in the more donating character of the t-butyl-substituted
isonitrile, or to deactivation pathways specific to this ligand. The kinetic profile recorded for the t-
butylisonitrile precatalyst (Figure 11) hints at a behavior different from that of its benzyl and n-butyl
counterparts, reaching a plateau after about 90 minutes and achieving less than 3000 turnover num-
bers. As reported by Walton and Jones, complexes featuring this specific ligand can thermally decom-
pose into cyanide derivatives, with release of isobutene or isobutane.*? In the present case, this would

result in formation of complexes featuring Ru-CN groups. However, spectroscopic investigations on
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reaction mixtures did not allow us to identify such species. More generally, the lesser robustness of the

isonitrile derivatives compared to that of their carbonyl counterpart may be ascribed to known reactiv-

ity patterns of metal-coordinated isonitrile ligands, such as Ru-H insertion into coordinated C=N- or

nucleophilic attack on the Ru-C=N- carbon by the alcohol substrate 34353
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Figure 11. Comparative kinetic profiles of butanol conversion mediated by Ru PNP complexes. Condi-

tions: Ru loading = 60 ppm, T =130 °C.

Table 1. TON,,,, and TOF° values for butanol conversion to butyl butyrate.

Complexes TOF°(h?) TON Conversion
(%)’
3a 6220 10200 61
3b 5970 9000 54
3c 2930 2900 17
[RuH(BH,4)(CO)(PN"P)] 4300 14100 85
9 0 0 0

Conditions: Ru loading = 60 ppm, T = 130 °C. °: measured by "H NMR

Conclusions

A series of neutral and cationic ruthenium and iron aliphatic PNP-type pincer complexes bearing ben-

zyl, n-butyl or tert-butyl isocyanides as ancillary ligands have been prepared. Their structure was inves-
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tigated notably by multinuclear NMR spectroscopy, as well as by single crystal X-ray diffraction studies.
Borohydride ruthenium isonitrile complexes, structurally similar to the benchmark Ru-MACHO-BH car-
bonyl derivative, were catalytically evaluated for base-free acceptorless dehydrogenative coupling re-
actions (ADC) of butanol. Catalytic activities were found to be related to the nature of isonitrile bound
to the metal center, as shown by kinetic follow-up. Although their intial catalytic activity is better or
comparable to that of the carbonyl parent compound, the robustness of [Ru]-CNR bond may be com-
promised under catalytic reaction conditions, undergoing decomposition to afford inactive species.
While these results with isonitrile-containing systems bring positive elements for catalytic activity im-
provement of Ru PNP systems, the future implementation of this class of ancillary ligands is bound to
the understanding of the deactivation pattern(s), and to the possibility to shut down such pathway(s).

This will be the focus of future studies.

Experimental Section

All experiments were carried out under argon atmosphere using a glovebox or a vacuum line using
standard Schlenk techniques unless some special conditions are pointed out. All ruthenium and iron
complexes and tridentate ligands were stored under argon. [Ru(Cl)(1-Cl)(PN"P)], '* and [FeBr,(PN"P)]
7937 \were prepared according to literature procedures. 'H, Bp, ¢, N and B NMR spectra were rec-
orded at 300 K on a Bruker Avance 300 and 400 NMR spectrometers. *H and **C NMR chemical shifts
are reported in ppm (6) downfield from tetramethylsilane. 3P NMR chemical shifts are reported in
ppm (8) downfield from H3PO,4. >N NMR chemical shift are reported in ppm (8) downfield from NH3,
and were indirectly determined from 2D 'H->N HMBC/HSQC. B NMR chemical shift are reported in
ppm (6) downfield from BF;.Et,0. Common abbreviations used in the NMR experiments are as follows:
s singlet (s), doublet (d), triplet (t), virtual triplet (vt), quartet (q), quintet (qt), multiplet (m). IR spectra
were recorded on a Nicolet 6700 FT-IR spectrometer equipped with a Praying Mantis mirror chamber
(from Harrick Scientific) by using a DRIFT cell equipped with KBr windows. The samples were prepared
under argon in a glovebox. Typically, 64 scans were accumulated for each spectrum (resolution 4 cm?).
Data are reported as follows: weak (w), medium (m), strong (s) and very strong (vs).

[RuCl,(CN-CH,Ph)(PN"P)] (1a). To the yellow-orange suspension of dimeric [Ru(Cl)(u-Cl)(PN"P)], com-
plex (1.38 g, 1.45 mmol) in THF (50 mL) was added dropwise a solution of benzyl isocyanide (2.1 equiv.,
0.35 mL) in THF (10 mL) at room temperature. The mixture was stirred for 14h at RT, affording an off-
white suspension. The reaction mixture was evaporated under reduced pressure to give an off-white
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solid, which was further washed with small amounts of CH,Cl, at 0 °C (5 x 3 mL) and then with n-
pentane (3 x 20 mL) and finally dried under high vacuum. Yield: 1.35 g, 78%. Anal. Calcd. for
C24H44CIoN,P,RuU: C 48.48; H 7.46; N 4.71. Found: C 48.32; H 7.37; N 4.64. FT-IR (cm'l): 3133 (s, Vn-n),
2105 (vs, Ven). "H NMR (298 K, CD,Cl,, 400.33 MHz, ppm): & 7.45-7.26 (m, 5H, Car-H, PhCH,NC), 4.88 (s,
2H, PhCH,NC), 3.19 (m, 2H, CH iPr), 3.01 (m, 2H, CH, PNP), 2.66 (m, 2H, CH, PNP), 2.54 (brt, 1H, NH
PNP), 2.38 (m, 2H, CH iPr), 2.24 (m, 2H, CH, PNP), 1.51 (dt, 6H, Ju = 7.4 Hz, Jyp = 7.4 Hz, CH; iPr), 1.40
(dt, 6H, Juy = 7.4 Hz, Jup = 7.4 Hz, CH3 iPr), 1.36 (dt, 6H, Juy = 7.2 Hz, Jup = 6.5 Hz, CH3 iPr), 1.30 (dt, 6H,
Juw = 7.2 Hz, Jup = 6.9 Hz, CH3 iPr), 1.23 (m, 2H, CH, PNP). *C{*H} NMR (298 K, CD,Cl,, 100.663 MHz,
ppm): & 134.14 (CH,Car), 129.19, 128.28, 127.52 (Ca-H), 56.1, 51.4 (CH, PNP), 49.3 (CH,, PhCH,NC),
29.2 (CH iPr), 28.0, 27.0 (CH, PNP), 25.2, 23.0 (CH iPr), 19.9, 19.7, 19.0 (CHs iPr). 3*P{*H} NMR (298 K,
CD,Cly, 162.057 MHz, ppm): 6 42.37. 2D {*H-">N} HSQC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 19.1
(NH PNP). 2D {**N-'H} HMBC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 164.1 (PhCH,NC).

[RuCl,(CN-nBu)(PN"P)] (1b). The complex was prepared in a similar manner to the procedure de-
scribed above for 1a. Yield: 1.38 g, 85%. Anal. Calcd. for Cy1H46CIoN,P,Ru: C 45.00; H 8.27; N 5.00.
Found: C 45.16; H 8.63; N 5.14. FT-IR (cm™): 3146 (s, Vn.n), 2101 (vs, veen'H NMR (293K, CD,Cl,, 400.33
MHz, ppm): 8 3.68 (t, 2H, *Juy = 6.8 Hz, CNCH,(CH,),CH3), 3.21 (m, 2H, CH iPr), 2.98 (m, 2H, CH, PNP),
2.75-2.52 (m, 3H, CH, PNP and NH), 2.45 (m, 2H, CH iPr), 2.25 (m, 2H, CH, PNP), 1.62 (m, 2H, CN-
CH,CH,CH,CH3), 1.55-1.21 (m, 4H, CN-(CH,),CH,CH; and CH, PNP), 1.51 (m, 6H, CH; iPr), 1.49 (m, 6H,
CHj; iPr), 1.38 (m, 6H, CH; iPr), 1.36 (m, 6H, CHs iPr), 0.93 (t, 3H, Juy = 7.3 Hz, CN(CH,)sCHs). 3!P{*H}
NMR (298 K, CD,Cl,, 162.057 MHz, ppm): & 42.76 (PNP). *C{*H} NMR (298 K, C¢D¢, 100.663 MHz, ppm):
8 51.6 (t, Jep = 2.9 Hz, CH, PNP), 45.6 (CNCH5(CH,),CH3), 33.2 (CH5), 29.04 (d, Jep = 10 Hz, CH iPr), 28.3
(t, Jop = 8.7 Hz, CH, PNP), 23.09 (d, 2C, Jep = 8.9 Hz, CH iPr), 20.4 (CH,), 20.3, 20.2, 20.1, 19.3 (CH; iPr),
14.3 (CNCH,(CH,),CHs). 2D {*°N-'H} HSQC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 18.5 (NH PNP). 2D
{**N-"H} HMBC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 162.5 (CN(CH,)sCHs).

[RuCl,(CN-tBu)(PN"P)] (1c). The complex was prepared in a similar manner to the procedure described
above, though with a reaction time of 48 hours. Yield: 1.33 g, 82%. Anal. Calcd. for C,1H46Cl,N>P>RuU: C
45.00; H 8.27; N 5.00. Found: C 44.92; H 8.29; N 4.95. FT-IR (cm™): 3148 (s, van), 2102 (s, Vcey). "H NMR
(298 K, CD,Cl,, 400.33 MHz, ppm & 3.19 (m, 2H, CH iPr), 2.99 (m, 2H, CH, PNP), 2.66 (m, 2H, CH, PNP),
2.52 (m, 2H, CH iPr), 2.47 (1H, brt, Juy = 12.2, 4.0 Hz, NH), 2.30 (m, 2H, CH, PNP), 1.56 (m, 6H, CHs iPr),
1.53 (m, 6H, CH3 iPr), 1.42 (s, 9H, CH; tBu), 1.40 (m, 6H, CHs iPr), 1.37 (m, 6H, CH3 iPr),1.22 (m, 2H, CH,
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PNP). *'P{*H} NMR (298 K, CD,Cl,, 162.057 MHz, ppm): & 42.06 (PNP). *C{*H} NMR (298 K, CD,Cl,,
100.663 MHz, ppm): 6 51.27 (t, Jep = 2.9 Hz, CH, PNP), 31.75 (s, CH; tBu), 29.80 (t, Jep = 10.4 Hz, CH iPr),
28.35 (t, Jop = 8.8 Hz, CH, PNP), 22.93 (t, Jep = 7.9 Hz, CH iPr), 20.18 (CH3 iPr), 19.90 (CHs iPr), 19.49 (CH;
iPr), 19.44 (CH; iPr). 2D {**N-"H} HSQC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 19.1 (NH, PNP). 2D
{**N-'H} HMBC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 187.7 (CN-tBu).

[RuCI(CN-CH,Ph),(PN"P)](CI) (2a). To a yellow-orange solution of dimeric [Ru(CI)(p-CI)(PNHP)]z complex
(1.0g, 1.05 mmol) in CH,Cl, (50 mL) was added dropwise a solution of benzyl isocyanide (5.6 equiv.) in
CH,Cl, (10 mL) at room temperature. The reaction mixture immediately turns to green. After stirring
for 20h at RT, a pale yellow suspension was obtained. The reaction mixture was evaporated to dryness.
The obtained residual solid was washed with diethyl ether (3x5 mL) and n-pentane (3x5mL) and dried
under vacuum. The product was further purified by crystallization into CH,Cl,/diethyl ether at -20 °C as
a white solid. Yield: 1.08 g, 72%. The complex can also be synthesized by using THF as solvent. Anal.
Calcd. for C3;Hs;CloN3P,Ru: € 54.01; H 7.22; N 5.90. Found: C 54.2; H 7.91; N 6.10. FT-IR (cm'l): 3062
(M, vn), 2140 (vs, veen). *H NMR (298 K, CD,Cl,, 400.33 MHz, ppm): 6 7.69 (m, 2H, Ca-H, Ph), 7.46-7.31
(m, 8H, Ca-H, Ph), 6.91 (brt, 1H, Juy = 9.8, 4.1 Hz, NH), 5.15 (s, 2H, CH,Ph), 4.90 (s, 2H, CH,Ph), 3.02 (m,
2H, CH, PNP), 2.33 (m, 2H, CH iPr), 2.30 (m, 2H, CH jPr), 2.06 (m, 2H, CH, PNP), 1.95 (m, 2H, CH, PNP),
1.83 (m, 2H, CH, PNP), 1.28 (dt, 6H, Jyy = 7.5 Hz, Jup = 7.4 Hz, CH3 iPr), 1.27 (dt, 6H, Jyy = 7.3 Hz, Jyp =
7.4 Hz, -CH3, iPr), 1.26 (dt, 6H, Juy = 7.1 Hz, Jup = 7.2 Hz, CH3 iPr), 1.15 (dt, 6H, Juy = 7.1 Hz, Jup = 6.9 Hz,
CHs iPr). *'P{*H} NMR (298 K, CD,Cl,, 121.495 MHz, ppm): & 48.77 (PNP). *C{*H} NMR (298 K, CD,Cl,,
100.663 MHz, ppm): 6 135.50 (Car quat., Ph), 132.93 (Car quat., Ph), 129.58 (Ca--H, Ph), 129.31 (Car-H,
Ph), 129.25 (Ca-H, Ph), 128.89 (Ca-H, Ph), 128.10 (Ca-H, Ph), 56.17 (CH, PNP), 49.29 (CH,Ph), 49.13
(CH,Ph), 30.68 (t, Jop = 11.8 Hz, CH, PNP), 28.11 (t, 2C, Jep = 11.1 Hz, CH iPr), 26.12 (t, Jcp = 8.9 Hz, CH
iPr), 19.88 (CHs iPr), 19.52 (CH3 iPr), 19.20 (CHs iPr), 19.17 (CHs iPr). 2D {*H-*C} HMBC NMR (298 K,
CD,Cl,, 100.663 MHz): 160.0, 153.5 (CN-CH,Ph). 2D {**N-'H} HSQC NMR (298 K, CD,Cl,, 40.565 MHz,
ppm): & 16.37 (NH, PNP). 2D {**N-'H} HMBC NMR (293K, CD,Cl,, 40.565 MHz, ppm): & 173.91
(CNCH,Ph), 171.37(CNCH,Ph).

[RUCI(CN-nBu),(PN"P)](Cl) (2b). The complex was prepared in a similar manner to the procedure de-
scribed above for 2a. Yield: 69%. Anal. Calcd. for Cy6Hs5CIoNsP,Ru: C 48.52; H 8.61; N 6.53. Found: C
48.63; H 9.25; N 7.08.'H NMR (298 K, C¢Dg, 400.33 MHz, ppm): 6 6.80 (brt, 1H, Juy = 10, 4.7 Hz, NH),
3.87 (t, 2H, Juy = 6.9 Hz, CNCH,(CH,),CHs), 3.70 (t, 2H, Ju = 6.9 Hz, CNCH,(CH,),CHs), 3.01 (m, 2H, CH,
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PNP), 2.55 (m, 2H, CH iPr), 2.48 (m, 2H, CH iPr), 2.10 (m, 2H, CH, PNP), 1.97 (m, 2H, CH, PNP), 1.86 (m,
2H, CH, PNP), 1.71 (m, 4H, CH,), 1.49 (m, 6H, CHs iPr), 1.46 (m, 4H, CH,), 1.42 (m, 6H, CH5 iPr), 1.39
(m, 6H, CH3 iPr), 1.33 (m, 6H, CHs iPr), 0.93 (t, 3H, Juy = 7.3 Hz, CNCH,(CH,),CHs), 0.92 (t, 3H, Juy = 7.4
Hz, CNCH,(CH,),CHs). **P{*H} NMR (298 K, C¢D¢,121.495 MHz, ppm): & 49.9 (PNP). *C{*H} NMR (298 K,
CsDs, 100.663 MHz, ppm): 6 55.94 (CH, PNP), 44.98 (CH,, nBu), 44.70 (CH, nBu), 31.38 (CH, nBu), 30.97
(CH, nBu), 30.38 (t, Jep = 11.3 Hz, CH iPr), 27.92 (t, Jcp = 10.4 Hz, CH, PNP), 25.90 (t, Jep = 9.3 Hz, CH iPr),
20.06 (CH, nBu), 19.98 (CH, nBu), 19.86 (CHs iPr), 19.58 (CH; iPr), 19.20 (CHs iPr), 13.36 (CHs nBu),
13.21 (CHs, nBu). 2D {*°N-"H} HSQC NMR (298 K, C¢D¢, 40.565 MHz, ppm): 6 17.8 (NH, PNP). 2D {*°N-
'H} HMBC NMR (298 K, C¢Ds, 40.565 MHz, ppm): & 176.0, 171.8 (CN(CH,)3CHs).

[RuCI(CN-tBu),(PN"P)]CI (2c). The complex was prepared in a similar manner to the procedure de-
scribed above for 2a. Yield: 75%. Anal. Calcd. for CyHssCl,NsPoRu: C 48.52; H 8.61; N 6.53. Found: C
48.63; H 9.25; N 7.08."H NMR (300 K, CD,Cl,, 400.33 MHz, ppm): & 6.74 (br, t, 1H, Juy = 10.4 Hz, NH
PNP), 3.03 (m, 2H, CH, PNP), 2.60 (m, 2H, CH iPr), 2.50 (m, 2H, CH iPr), 2.15 (m, 2H, CH, PNP), 1.92 (m,
2H, CH, PNP), 1.8 (m, 2H, CH, PNP), 1.56 (s, 9H, CHs tBu), 1.53 (m, 6H, CHs iPr), 1.49 (m, 6H, CH5 iPr),
1.48 (s, 9H, CH; tBu), 1.41 (dt, 6H, Juy = 7.5 Hz, Jup = 6.9 Hz, CH3 iPr), 1.34 (dt, 6H, CHs, Juy = 7.5 Hz, Jup =
6.9 Hz, CHs iPr). *P{*H} NMR (300 K, CD,Cl,, 400.33 MHz, ppm): & 49.07 (PNP). **C{*H} NMR (300 K,
CD,Cl,, 100.663 MHz, ppm): & 57.53 (d, C quat. tBu), 57.40 (d, C quat. tBu), 55.62 (CH, PNP), 30.90 (t,
Jep = 11.4 Hz, CH iPr), 30.55 (CH3 tBu), 30.21 (CHs tBu), 27.79 (t, Jep = 10.8 Hz, CH, PNP), 26.63 (t, Jcp =
9.6 Hz, CH iPr), 20.09 (CHs iPr), 19.88 (CH3 iPr), 19.54 (CHs iPr). 2D {*’N-'H} HSQC NMR (300 K, CD,Cl,,
40.565 MHz, ppm): & 14.7 (NH PNP). 2D {**N-'H} HMBC NMR (300 K, CD,Cl,, 40.565 MHz, ppm): &
194.2 (CN-tBu).

[RuH(BH,4)(CN-CH,Ph)(PN"P)] (3a). To the suspension of 1a (0.5 g, 0.84 mmol) in EtOH (50 mL) was
added NaBH,4 (0.160 g, 4.2 mmol) at RT. The reaction mixture was stirred at RT for 20 h. The resulting
colorless solution was evaporated to dryness under reduced pressure. The residual white solids were
extracted with toluene (2x30mL). The extracts were filtered and evaporated to dryness. Yield: 0.31 g,
67%. Anal. Calcd. for C4HaoBN,P,Ru: C 53.43; H 9.16; N 5.19. Found C 54.13; H 9.43; N 5.19. 'H NMR
(298 K, CgDg, 400.33 MHz, ppm): & 7.21-7.09 (m, 4H, Ca-H, Ph), 7.02 (t, 1H, Juy = 7.1 Hz, para-Car-H,
Ph), 4.32 (s, 2H, CH,Ph), 3.98 (br t, 1H, Juy = 11.1 Hz, NH), 2.80 (m, 2H, CH iPr), 2.54 (m, 2H, CH, PNP),
1.92 (m, 2H, CH iPr), 1.82-1.56 (m, 6H, CH, PNP), 1.50 (dt, 6H, Juy = 7.4 Hz, Jup = 7.5 Hz, CH3 iPr), 1.13
(dt, 12H, Jyw = 7.0 Hz, Jup = 6.7 Hz, CH3 iPr), 1.02 (dt, 6H, Jus = 6.9 Hz, Jup = 6.9 Hz, CH3 iPr), -1.50 (br d,
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4H, BH,), -14.33 (t, 1H, Yup = 18.4 Hz, Ru-H). **P{*H} NMR (298 K, C¢D¢, 121.495 MHz, ppm): & 77.57
(PNP). *C{*H} NMR (298 K, CsDs, 100.663 MHz, ppm): & 137.19 (CH,Ca;), 128.79, 127.58, 127.17 (Car-H),
54.56 (t, Jep = 5.3 Hz, CH, PNP), 48.14 (CH,Ph), 30.01 (t, 2C, Jep = 8.3 Hz, CH, PNP), 29.02 (t, “Jep = 10.2
Hz, CH iPr), 24.46 (t, YJep = 11.7 Hz, CH iPr), 21.31 (t, “Jep = 3.6 Hz, CH; iPr), 20.82 (t, e = 3.6 Hz, CH;
iPr), 19.1 (CHs iPr), 18.08 (CHs iPr). 2D {*N-"H} HSQC NMR (293 K, C¢Ds, 40.565 MHz, ppm): & 47.3
(NH). 2D {*°*N-"H} HMBC NMR (293 K, C¢Dg, 40.565 MHz, ppm): 6 160.04 (CNCH,Ph). *'B{*H} NMR (293
K, CeDs, 128.442 MHz, ppm): & -33.46 (br, BH,).

[RuH(BHa)(CN-nBu)(PN"P)] (3b). The complex was prepared in a similar manner to the procedure de-
scribed above for 3a. Yield: 69%. Anal. Calcd. for Cy1Hs1BN;P,Ru: C 49.90; H 10.17; N 5.54. Found: C
50.04; H 10.26; N 5.68. "H NMR (298 K, C;Dg, 400.33 MHz, ppm): & 3.92 (br, 1H, NH), 3.07 (t, 2H, >/ =
6.5 Hz, CN-CH,), 2.72 (m, 2H, CH iPr), 2.61 (m, 2H, CH, PNP), 1.95 (m, 2H, CH iPr), 1.8-1.57 (m, 6H, CH,
PNP), 1.50 (dt, 6H, Juy = 7.4 Hz, Jup = 7.5 Hz, CH3 iPr), 1.21 (m, 2H, CH, nBu),1.19-1.1 (m, 14H, 2H, CH,
nBu and 12H, CH; iPr), 1.02 (dt, 6H, Juy = 6.9 Hz, Jup = 6.9 Hz, CHs3 iPr), 0.74 (t, 3H, *Juy = 7.1 Hz, CHs
nBu), -1.80 (br, 4H, BH,), -14.67 (t, 1H, e = 18.8 Hz, Ru-H). *'P{*H} NMR (298 K, C,Dg, 121.495 MHz,
ppm): & 77.73 (PNP). *C{*H} NMR (298 K, C;Ds, 75.468 MHz, ppm): & 176.68 (t, “Jcp = 12.8 Hz, CN-nBu),
54.2 (t, Jp = 4.3 Hz, CH, PNP), 43.57 (CN-CH,), 32.63 (CH, nBu), 29.94 (t, Jcp = 8.4 Hz, CH, PNP), 28.90 (t,
Jep = 10 Hz, CH iPr), 24.5 (t, Jep = 11.5 Hz, CH iPr), 21.15 (CHs iPr), 20.59 (CHs iPr), 19.87 (CH, nBu), 18.94
(CHs iPr), 17.92 (CH; iPr), 13.33 (CH; nBu). 2D {*°N-"H} HSQC NMR (293 K, C;Dg, 40.565 MHz, ppm): &
44.6 (NH, PNP). 2D {**N-'H} HMBC NMR (298 K, C;Ds, 40.565 MHz, ppm): & 163.02 (CN-nBu). *'B{*H}
NMR (298 K, C;Dg, 128.442 MHz, ppm): & -33.99 (br, BH,).

[RuH(BH,4)(CN-tBu)(PN"P)] (3c). The complex was prepared in a similar manner to the procedure de-
scribed above for 3a. Yield: 73%. Anal. Calcd. for C;;H5:BN;P,Ru: C 49.90; H 10.17; N 5.54. Found: C
50.02; H 10.07; N 5.60. FT-IR (v, cm™): 3206.9 (w, NH), 2371, 2327.4 (vs), 2298 (Ru-HBHs), 2024.2 (vs,
Ru-CN), 1837.2 (m, Ru-H). '"H NMR (298 K, C;Dg, 400.33 MHz, ppm): 6 3.89 (br, 1H, NH), 2.75 (m, 2H, CH
iPr), 2.51 (m, 2H, CH, PNP), 1.97 (m, 2H, CH iPr), 1.72-1.56 (m, 6H, CH, PNP), 1.52 (dt, 6H, Juy = 7.4 Hz,
Jup = 7.5 Hz, CH3 iPr), 1.15 (dt, 12H, Juy = 7.0 Hz, Jup = 6.5 Hz, CH3 iPr), 1.09 (s, 9H, CH5 tBu), 1.02 (dt, Juy
= 6.8 Hz, Jyp = 6.8 Hz, 6H, CH; iPr), -1.31 (br, 4H, BHy), -14.78 (t, 2Jup = 18.6 Hz, 1H, Ru-H). **P{*H} NMR
(298 K, C;Dg, 121.495 MHz, ppm): 6 77.32 (PNP). 3C{*H-3'P} NMR (298 K, C;Ds, 100.663 MHz, ppm): &
169 (CN-tBu), 54.7 (Cquat, tBU), 54.4 (CH, PNP), 31.0 (CH; tBu), 30.1 (CH, PNP), 29.4 (CH iPr), 24.9 (CH
iPr), 21.4 (CH; iPr), 20.7 (CHs iPr), 19.1 (CH; iPr), 17.9 (CHs iPr). 2D {*H-3C} HMBC NMR (298 K, C;Ds,
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100.663 MHz, ppm): 169 (CN-tBu). 2D {**N-'H} HSQC NMR (298 K, C,Dg, 40.565 MHz, ppm): & 47.0
(NH). 2D {**N-'H} HMBC NMR (298 K, C;Dg, 40.565 MHz, ppm): & 184.61 (CN-tBu). *'B{*"H} NMR (298 K,
C;Dg, 128.4418 MHz, ppm): 6 -33.86 (br, 1B, BHa).

[RUHCI(CN-CH,Ph)(PN"P)] (4a). To the suspension of 1a (0.4g, 0.67mmol) in EtOH (40mL) was slowly
added the solution of NaBH, (1 equiv., 0.026g) in EtOH (10mL) at O °C. The reaction mixture was stirred
at RT for 20h. The resulting colorless solution was evaporated to dryness under reduced pressure. The
residual white solids were extracted with toluene and the solution was filtered and concentrated. The
crystallization process was performed by addition of n-pentane while maintaining the solution at -20
°C. After 20h, white crystals formed and were collected and washed with n-pentane (3x5mL) and dried
under vacuum. Yield: 0.22g, 59%. Anal. Calcd. for Cy4HssCIN,P,Ru: C 51.47; H 8.10; N 5.00. Found: C
51.48; H 8.26; N 5.06. 'H NMR (298 K, C¢Dg, 400.33 MHz, ppm): 6 7.33 (d, 2H, Juy = 7.5 Hz, ortho-Ca,-
H), 7.17 (t, 2H, *Jun = 8.0 Hz, meta-Ca,-H), 7.05 (t, 1H, *Jun = 7.3 Hz, para-Car-H, Ph), 4.52 (s, 2H, CH,Ph),
3.55 (brt, 1H, 3Juy = 12.0 Hz, NH), 3.02 (m, 2H, CH iPr), 2.58 (m, 2H, CH, PNP), 1.94 (m, 2H, Jus = 6.8 Hz,
CH iPr), 1.81 (m, 2H, CH, PNP), 1.71-1.50 (m, 4H, CH, PNP), 1.62 (dt, 6H, Juu = 7.4 Hz, Jup = 7.6 Hz, CH;
iPr), 1.19 (dt, 6H, Jun = 6.4 Hz, Jup = 7.8 Hz, CH3 iPr), 1.17 (dt, Jun = 6.4 Hz, Jyp = 5.6 Hz, 6H, CH3 iPr), 1.02
(dt, 6H, Juy = 7.0Hz, Jyp = 6.9 Hz, CH3 iPr), -17.10 (t, 1H, %y = 18.7 Hz, Ru-H). **P{*H} NMR (298 K, C¢Ds,
121.495 MHz, ppm): & 74.21 (PNP). *C{'H} NMR (298 K, C¢D¢, 100.663 MHz, ppm): & 128.61 (Car-H),
127.27 (Ca-H), 127.14 (Ca-H), 53.98 (t, 2Jep = 4.8 Hz, CH, PNP), 48.36 (CH,Ph), 30.43 (t, Jep = 7.9 Hz, CH,
PNP), 26.81(t, *Jep = 9.6 Hz, CH iPr), 24.27 (t, YJep = 11.4 Hz, CH iPr), 21.33 (t, *Jep = 2.7 Hz, CH3 iPr), 20.96
(t, Yep = 3.7 Hz, CH; iPr), 19.23 (CH; iPr), 17.78 (CH; iPr). 2D {**N-'H} HSQC NMR (293 K, C¢Ds, 40.565
MHz, ppm): & 55.1 (NH). 2D {*°*N-'H} HMBC NMR (293 K, C¢D¢, 40.565 MHz, ppm): & 160.04 (CNCH,Ph).
[RUHCI(CN-nBu)(PN"P)] (4b). Complex 4b was prepared in a similar manner as described for the syn-
thesis of 4a, starting from 1b. Yield: 55%. Anal. Calcd. for C;H47CIN,P,Ru: C 47.95; H 9.01; N 5.33.
Found: 47.40, H 9.72, N 4.95. FT-IR (v, cm™): 3170.1 (m, vu), 2075, 2056 (vs, veen), 1949.3 (s, Vra). *H
NMR (293 K, C¢Dg, 400.33 MHz, ppm): & 3.79 (br t, 1H, *Jus = 11.9 Hz, NH), 3.23 (t, 2H, *Jun = 6.1 Hz,
CNCH,(CH,),CHs), 3.04 (m, 2H, CH iPr), 2.79 (br m, 2H, CH, PNP), 2.0 (m, 2H, CH iPr), 1.89-1.58 (m, 6H,
CH, PNP), 1.68 (td, 6H, >/ = 7.5 Hz, 3Jup = 7.5 Hz, CH3 iPr), 1.36-1.19 (m, 4H, CNCH,(CH,),CHs), 1.24 (m,
12H, CHs iPr), 1.05 (td, 6H, *Juy = 7.0 Hz, *j4p = 7.1 Hz, CH; iPr), 0.75 (t, 3H, *Juy = 7.1 Hgz,
CNCH,(CH,),CHs), -17.58 (t, 1H, “up =18.9 Hz, Ru-H). 3'P{*H} NMR (298 K, CsD¢, 121.495 MHz, ppm): &
74.54 (PNP). 3C{*H} NMR (298 K, C¢Ds, 100.663 MHz, ppm): & 182.37 (t, Yep = 11.9 Hz, CN(CH,)sCHs),
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54.49 (t, Jep = 5.8 Hz, CH, PNP), 44.33 (CNCH,(CH,),CHs), 33.40 (CNCH,CH,CH,CHs), 30.93 (t, Jep = 7.4
Hz, CH, PNP), 27.25 (t, *Jep = 9.2 Hz, CH iPr), 24.8 (t, YJcp = 11.8 Hz, CH iPr), 21.75 (t, Jep = 3 Hz, CH3 iPr),
21.31 (t, Yep = 3 Hz, CH; iPr), 20.50 (CN(CH,),CH,CHs), 19.63 (CH3 iPr), 18.24 (CHs iPr), 13.94
(CN(CH,)3CH3). 2D {*°*N-'H} HSQC NMR (298 K, C¢Ds, 40.565 MHz, ppm): & 53.8 (NH). 2D {*’N-'H} HMBC
NMR (298 K, C¢Dg, 40.565 MHz, ppm): § 162.5 (CN-nBu).

[RUHCI(CN-tBu)(PN"P)] (4c). Complex 4c was prepared in a similar manner as described for the synthe-
sis of 4a, starting from 1c. Yield: 62%. Anal. Calcd. for C;;Hs:BN,P,Ru: C 47.95; H 9.01; N 5.33. Found: C
47.37,H9.75, N 5.14. '"H NMR (298 K, C;Dg, 400.33 MHz, ppm): 6 3.73 (br t, 1H, Jyn = 11.7 Hz, NH), 3.05
(m, 2H, CH iPr), 2.73 (m, 2H, CH, PNP), 2.02 (m, 2H, CH iPr), 1.90-1.50 (m, 6H, CH, PNP), 1.69 (dt, 6H,
3Jun = 7.2 Hz, *Jup = 7.4 Hz, CH; iPr), 1.25 (m, 6H, CH5 iPr), 1.24 (m, 6H, CH3 iPr), 1.18 (s, 9H, CH; tBu),
1.05 (dt, 6H, *Juy = 6.8 Hz, *Jup = 6.9 Hz, CH3 iPr), -17.8 (t, 1H, “yp = 18.8 Hz, Ru-H). 3'P{*H} NMR (298 K,
C;Dg, 121.495 MHz, ppm): 6 74.0 (PNP). *C{*"H} NMR (298 K, C;Ds, 100.663 MHz, ppm): & 174.0 (CN-
tBu), 54.59 (C quat. tBu), 54.22 (t, Jer = 5.0 Hz, CH, PNP), 31.51 (CH; tBu), 30.72 (t, Jcr = 8.2 Hz, CH,
PNP), 27.36 (t, YJep = 10.2 Hz, CH iPr), 24.80 (t, YJep = 10.9 Hz, CH iPr), 21.63 (t, 2Jcp = 2.9 Hz, CHs iPr),
21.09 (t, Yep = 4.3 Hz, CH; iPr), 19.28 (CH; iPr), 17.87 (CHs iPr). 2D {**N-'H} HSQC NMR (298 K, C,Ds,
40.565 MHz, ppm): & 54.0 (NH). 2D {**N-'H} HMBC NMR (298 K, C;Dg, 40.565 MHz, ppm): & 184.23 (CN-
tBu).

Characterization of [RuH,(CN-CH,Ph)(PN"P)] (5a). To the suspension of 1a (0.3g, 0.51 mmol) in tolu-
ene (10 mL) was added a solution of NaHBEt; in toluene (1M, 2.1 equiv., 1.06 mmol) at -18 °C. The re-
action mixture was stirred at room temperature. After 14 h, the yellow solution was filtered through-
out a celite column and evaporated under vacuum to afford a yellow solid. Attempts to purify the
product were unsuccessful due to its low stability. Selected characterization elements: *H NMR (300 K,
CeDg, 300.129MHz, ppm): & 4.45 (s, 2H, CH,Ph), -6.25 (td, 1H, 2Jun = 6.8 Hz, 2Jup = 18.4 Hz, Ru-H), -6.48
(td, 1H, YJun = 6.9 Hz, “Jup = 19 Hz, Ru-H). *'P{*H} NMR (300 K, C¢D¢, 121.495 MHz, ppm): & 86.89 (PNP).
[RuH(CN-tBu)(PN"P] (5¢). To a suspension of 1c (0.34g, 0.61 mmol) in toluene (10 mL) was slowly
added a solution of NaHBEt3 in toluene (2.1 equiv., 1M, 1.28 mmol) at -18 °C. The reaction mixture was
stirred for 14 h at room temperature. The resulting yellow solution was filtered throughout a celite
column. The obtained solution was concentrated under reduced pressure and n-pentane was
poured.Slow crystallization at -18 °C afford 5c. Yield: 0.185g, 62%. As described above, two fac/mer

isomers were obtained in respective ratio of 1/1.5. No satisfactory results were obtained due to
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complexe decomposition. For fac-isomer fac-5¢c: Selected data: *H NMR (285 K, C;Dg, 400.33 MHz,
ppm): 6 3.84 (br, 1H, NH), 1.14 (s, 9H, CH3 CN-tBu), -8.82 (m, 2H, Ru-H). 31P{lH} NMR (285 K, C;Dg,
121.495 MHz, ppm): & 74.08 (PNP). 2D {*°N-'H} HSQC (285 K, C;Dg, 40.565 MHz, ppm): & 19.45 (PNP).
2D {**N-"H} HMBC (255K, C;Ds, 40.565 MHz, ppm): 8§ 178 (CN-tBu). For mer-isomer mer-5¢: Selected
data 'H NMR (285 K, C;Dg, 400.33 MHz, ppm): 6 2.48 (br, 1H, NH), 1.16 (s, 9H, CH; CN-tBu), -6.86 (td,
1H, %Jyn = 4.9 Hz, %Jyp = 18 Hz, Ru-H), -7.05 (td, 1H, Juy = 4.0 Hz, Yyp = 19 Hz, Ru-H). *'P{*H} NMR (285 K,
C,Ds, 121.495 MHz, ppm): & 84.78 (s, PNP). 2D {**N-'H} HSQC (285 K, C;Ds, 40.565 MHz, ppm): & 31.0
(PNP). 2D {**N-'H} HMBC (255 K, C;Dg, 40.565 MHz, ppm): & 184.6 (CN-tBu). Isomeric mixture *C{*H}
NMR (285 K, C;Dg, 100.663 MHz, ppm): 6 54.12 (CH, PNP), 52.35 (CH, PNP), 32.90 (CH iPr), 31.70 (CHs
CN-tBu), 31.59 (CH; CN-tBu), 30.48 (CH iPr), 28.42 (CH, PNP), 27.13 (CH, PNP), 27.11 (CH iPr), 26.43
(CH iPr), 22.33 (CHj3 iPr), 20.46 (CHs iPr), 20.01 (CHs iPr), 19.99 (CHs iPr), 18.3 (CHs iPr).
[RuH(CN-tBu)(PNP)] (6). To a solution of 4c (30 mg, 0.057 mmol) in deuterated benzene (1 mL) was
added tBuOK (1.02 eq., 0.058 mmol) at °0C. After stirring for 14h at RT, the yellow reaction mixture was
filtered and analyzed by NMR. Selected characterization data: 'H NMR (300 K, C¢Dg, 300.129 MHz,
ppm): & -18.74 (t, 1H, e = 16.5 Hz, Ru-H). **P{*H} NMR (300 K, C¢Dg, 121.495 MHz, ppm): 6 91.78
(PNP).

[RuH(CN-CH,Ph),(PN"P)]CI (7). To a solution of 1a (0.15 g, 0.268 mmol) in toluene (6 mL) was slowly
added a solution of benzylisocyanide (2.2 equiv., 69 mg) in toluene (1 mL) at RT. After stirring at RT for
24h, the resulting solution was evaporated to dryness under reduced pressure. The product was
washed with n-pentane (3x3 mL). The product can be also purified by slow crystallization into tolu-
ene/n-pentane mixture at -18 °C. After a few days, the white crystals were collected and washed with
n-pentane (5mLx3) and finally dried under vacuum. Yield: 0.12 g, 67%. Anal. Calcd. for C5;Hs,CINsP,Ru:
C 56.75; H 7.74; N 6.21. Found: 57.03, H 8.01, N 5.98. FT-IR (v, cm™): 3055 (s, vny), 2135.2 (vs), 2059.3
(VS, Ven), 1816 (M, Veun). "H NMR (293 K, CgDg, 400.33 MHz, ppm): & 8.43 (br t, *Juy = 10.2 Hz, 1H, NH),
7.78 (d, 3Juy = 7.7 Hz, 2H, ortho-Ca-H), 7.20-7.12 (m, 2H, Ca-H), 7.12-7.01 (m, 4H, Ca-H), 7.0-6.96 (m,
2H, Car-H), 5.31 (s, 2H, CH,Ph), 4.05 (s, 2H, CH,Ph), 3.35 (m, 2H, CH, PNP), 2.31 (m, 2H, CH, PNP), 1.97
(m, 2H, CH iPr), 1.85 (m, 2H, CH Pr), 1.79-1.67 (m, 4H, CH, PNP), 1.21 (dt, 6H, 3JHH = 7.4 Hz, 3JHp =75
Hz, CHs iPr), 1.02 (m, 6H, CH3 iPr), 1.01 (m, 6H, CHs iPr), 0.98 (m, 6H, CH3 iPr) -8.48 (t, 2Jup = 18.9 Hz, 1H,
Ru-H). 3'P{*H} NMR (298 K, C¢D¢, 121.495 MHz, ppm): & 78.86 (PNP). *C{*H} NMR (298 K, C¢D¢, 100.663
MHz, ppm): & 171.38 (t, Yo = 11.0 Hz, CNCH,Ph), 157.42 (t, %Jcp = 8.4 Hz, CNCH,Ph), 135.50, 135.29
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(CH,Car), 129.67, 129.34, 128.75, 127.95, 127.07, 125.70 (Ca-H, Ph), 55.22 (t, Jep = 3.7 Hz, CH, PNP),
49.42, 47.78 (CH,Ph), 31.02 (t, YJp= 11.4 Hz, CH iPr), 30.81 (t, Jep = 10.4 Hz, CH, PNP), 24.63 (t, Ycp =
12.3 Hz, CH iPr), 20.53 (t, %Jcp = 2.5 Hz, CH5 iPr), 18.79 (t, Yep = 1.5 Hz, CH; iPr), 18.27 (CHs iPr). 2D {**N-
'H} HSQC NMR (293 K, C¢Dg, 40.565 MHz, ppm): & 35.3 (NH). 2D {**N-"H} HMBC NMR (293 K, C¢Ds,
40.565 MHz, ppm): 6 172.8, 159.4 (CNCH,Ph).

[FeBr(CN-CH,Ph),(PN"P)]Br (8). To a white suspension of [FeBr,(PNP")] (0.5 g, 0.96 mmol) in toluene
(30 mL) was added dropwise a solution of benzyl isocyanide (3.0 equiv., 2.88 mmol, 0.337 g) in toluene
(10 mL) at room temperature. The reaction mixture immediately turned out to green. After stirring for
20h at RT, the green-lemon solution was concentrated under reduced pressure and n-pentane (30 mL)
was added. After overnight storage at -20 °C, a green precipitate was obtained, washed with n-pentane
(4 x 20 mL) and dried under vacuum. Yield: 0.59 g, 82%. Anal. Calcd. for C3,Hs;Br,NsP,Fe: C 50.88; H
6.81; N 5.56. Found: C 50.98, H 6.91, N 5.23. FT-IR (cm™): 3060.9 (m, vyu), 2148.6, 2114.2 (s, veen). Ma-
jor isomer (cis-8/trans-8 ratio: 15.6/1): 'H NMR (293 K, CD,Cl,, 800.13 MHz, ppm): 6 7.49 (m, 2H, Cxr-
H), 7.4-7.33 (m, 6H, Ca-H), 7.30 (m, 2H, Ca-H), 6.51 (br t, 3Juy = 11.1 Hz, 1H, NH), 5.06 (s, 2H,
CNCH,Ph), 4.80 (s, 2H, CNCH,Ph), 3.04 (m, 2H, CH, PNP), 2.99 (m, 2H, CH iPr), 2.76 (m, 2H, CH, PNP),
2.26 (m, 2H, CH; PNP), 2.17 (m, CH; PNP), 2.14 (m, 2H, CH iPr), 1.37 (m, 6H, CH3 iPr), 1.36 (m, 6H, CH3
iPr), 1.18 (td, *Jun = 7.2 Hz, Jyp = 7.0 Hz, 6H, CH5 iPr), 1.05 (td, 6H, *Juy = 7.4 Hz, >Jyp = 7.5 Hz, CH5 iPr).
Bc{*H} NMR (298 K, CD,Cl,, 100.663 MHz, ppm): 8§ 171.1, 166.2 (CNCH,Ph), 133.44, 133.19 (CH,Ca),
129.32, 129.23, 127.9 (Ca-H), 51.2, 49.6 (CNCH,Ph), 49.6 (CH, PNP), 29.44 (t, Yep = 11 Hz, CH iPr),
27.67 (t, Jop = 8.3 Hz, CH, PNP), 24.67 (t, Ycp = 8.4 Hz, CH iPr), 20.01, 19.73, 19.65, 19.38 (CHs iPr).
31p{*H} NMR (298 K, CD,Cl,, 121.495 MHz, ppm): § 72.0 (PNP). 2D {*°N-'H} HSQC NMR (298 K, CD,Cl,,
40.565 MHz, ppm): & 30.2 (NH). 2D {**N-'H} HMBC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 188.7,
183.5 (CNCH,Ph). Minor isomer trans-8: 'H NMR (298 K, CD,Cl,, 800.13 MHz, ppm): 6 7.76 (m, 2H, Ca-
H), 7.48 (m, 2H, Ca--H), 7.45-7.33 (m, 6H, Ca-H), 5.44, 5.16 (s, 2H, CNCH,Ph), 4.02 (br t, 3/ = 11.4 Hz,
1H, NH, PNP), 2.69, 2.60 (m, 2H, CH iPr), 2.76 (m, 2H, CH, PNP), 2.43 (m, 2H, CH, PNP), 1.97 (m, 2H,
CH, PNP), 1.69 (m, 2H, CH, PNP), 1.44, 1.35, 1.34 (m, 6H, CH; iPr), 1.30 (m, 2H, CH, PNP), 1.22 (m, 6H,
CH; iPr). *c{*H} NMR (298 K, CD,Cl,, 100.663 MHz, ppm): & 174, 168 (CNCH,Ph), 133.3, 133.1 (Ca
quat.), 129.3, 128.2 (Ca-H), 52.9 (CH, PNP), 50.3, 50.0 (CNCH,Ph), 29.4 (CH iPr), 27.6 (CH, PNP), 24.7 (t,
CH iPr), 20.5, 20.0, 19.8, 19.7 (CHs iPr). **P{*H} NMR (298 K, CD,Cl,, 121.495 MHz, ppm): & 58.0 (PNP).
2D {**N-"H} HMBC NMR (298 K, CD,Cl,, 40.565 MHz, ppm): & 186.3, 183.2 (CNCH,Ph).
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[FeBr(CN-CH,Ph),(PN"P)](BPh,) (9). To a lemon-green solution of [FeBr(CN-CH,Ph),(PN"P)]Br (8) (0.31
g, 0.40 mmol) in toluene (20 mL) was added NaBPh, in excess (0.68 g, 5 equiv., 2.0 mmol) at room
temperature. The reaction mixture was stirred at room temperature for 20 h, and filtered throughout a
celite column. The obtained solution was evaporated to dryness. The residual solid was dissolved in a
minimum volume of CH,Cl, (2 mL) and n-pentane (8 mL) was poured. Slow crystallization at -18 °C af-
forded 9. Yield: 0.21g, 53%. Crystals suitable for X-ray analysis were obtained similarly. FT-IR (cm™):
3227 (s, vn), 2146 (s), 2108 (s, veen). *H NMR (300 K, CD,Cl,, 300.13 MHz, ppm): 8 7.5 -7.3 (14H, Ca-H),
7.3-7.18 (4H, Car-H), 7.03 (t, *Jun = 7.4 Hz, 8H, Ca-H), 6.88 (m, 4H, Ca-H), 4.76, 4.63 (s, 2H, CNCH,Ph),
2.99 (m, 2H, CH iPr), 2.78-2.53 (m, 4H, CH, PNP), 2.40 (t, *Jus = 11.8 Hz, 1H, NH), 2.2 (m, 2H, CH, PNP),
2.05 (m, 2H, CH iPr), 1.37 (dt, *Juy = 7.3 Hz, *Jyp = 7.3 Hz, 6H, CHs, iPr), 1.34 (dt, *Jun = 7.5 Hz, *Jyp = 7.5
Hz, 6H, CH; iPr), 1.27 (m, 2H, CH, PNP), 1.21 (dt, >Juy = 6.8 Hz, 2Jup = 6.1 Hz, 6H, CH3 iPr), 1.09 (dt, >/ =
7.4 Hz, *Jyp = 7.7 Hz, 6H, CHs iPr). C{*H} NMR (298 K, CD,Cl,, 75.468 MHz, ppm): 6 164.52 (q, Ycs =
50.1 Hz, Car quart. BPhy), 136.58 (s, Car-H), 132.54 (Car quat.), 130.06, 130.02, 129.66, 129.49, 128.59,
128.34, 126.16, 122.31 (Ca-H), 50.89, 49.92 (CN-CH,), 49.63 (t, Jcp = 3.2 Hz, CH, PNP), 29.87 (t, ljcp =11
Hz, CH iPr), 28.23 (t, Jcp = 8.5 Hz, CH, PNP), 25.00 (t, YJep = 9.2 Hz, CH iPr), 20.03, 19.72, 19.56, 19.42
(CHs, iPr).

[FeH(CN-tBu),(PN"P)](BH,) (10). To a suspension of [FeBr,(PN"P)] (0.3g, 0.58mmol) in toluene (30 mL)
was added a solution of t-butylisocyanide (3 equiv.; 1.73 mmol, 0.144g) in toluene (2mL) at room tem-
perature. After stirring for 20h and evacuation to dryness, ethanol (30 mL) was added, affording a yel-
low suspension. After cooling at -18 °C, a solution of excess NaBH; (10 molar equiv.) in ethanol (10 mL).
The reaction mixture was allowed to warm up to room temperature, stirred for 16h then evaporated to
dryness under reduced pressure. Extraction with toluene (3 x 5mL) was performed and the combined
extracts were concentrated. Addition of n-pentane at -18 °C afforded a microcrystalline white solid.
Yield: 0.154g, (49%. Anal. Calcd. for Cy¢HgoBFeNsP,: C 57.47; H 11.13; N 7.73. Found: C 58.29; H 12.21;
N 7.91. FT-IR (cm™): 3058.1 (s, NH), 2284, 2210 (w, BH,), 2111.1 (s), 2046.9 (vs, CN). *H NMR (293 K,
CeDg, 400.33 MHz, ppm): & 6.29 (br, 1H, NH), 3.28 (m, 2H, CH, PNP), 2.32 (m, 2H, CH iPrP), 2.09 (m, 2H,
CH, PNP), 2.02 (m, 2H, CH iPrP), 1.60 (br m, 2H, CH, PNP), 1.56 (s, 9H, CHs tBu), 1.41 (br m, 2H, CH,
PNP), 1.33 (td, *Juy = 7.4 Hz, 3Jup = 7.3 Hz, 6H, CH5 iPrP), 1.15 (td, *Juy = 7.1 Hz, *Jup = 6.9 Hz, CH; iPr),
1.04 (M, Juy = 7.0 Hz, Jyp = 6.8 Hz, 6H, CH3 iPr), 1.02 (m, )iy = 7.1 Hz, *Jp = 6.7 Hz, CH5 iPr), 0.88 (s, 9H,
CH; tBu), -10.48 (t, YJup = 50 Hz, 1H, Ru]-H. *C{*H} NMR (298 K, CD,Cl,, 100.663 MHz, ppm): & 175.39,
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166.21 (CNtBu), 56.36, 55.33 (C quat. tBu), 54.28 (t, Jep = 4.1 Hz, CH, PNP), 31.63 (t, YJcp = 8.9 Hz, CH
iPr), 30.77, 30.63 (CHs tBu), 30.03 (t, Jep = 9.4 Hz, CH, PNP), 25.81 (t, Yep = 12.5 Hz, CH iPr), 20.73,
19.07, 18.78 (CH; iPr). *'P{"H} NMR (298 K, C¢Dg, 121.495 MHz, ppm): & 100.01 (2P). 2D {**N-'H} HSQC
NMR (298 K, C¢Ds, 40.565 MHz, ppm): 6 31.67 (NH). 2D {**N-'H} HMBC NMR (298 K, C¢Ds, 40.565 MHz,
ppm): & 196.5, 193.2 (CNtBu). *B{*H} NMR (293 K, C¢D¢, 128.4418 MHz, ppm): & -38.9 (BH.).

Catalytic tests. TOF, determination: For acceptorless dehydrogenative coupling reactions of butanol,
the initial turnover frequency (TOF,) was determined by plotting turnover number as a function of
time. TOF, was calculated from the slope of the linear regression performed on the initial linear part of
the plot. Typical procedure for acceptorless dehydrogenative coupling of 1-butanol conducted in
Schlenk tubes: In an argon filled glove-box, the selected complex (6.5 pimol; 60 ppm) was weighted in a
Schlenk tube containing a stirring bar. After connection to a Schlenk line, 1-butanol (10 mL; 8.10 g; 109
mmol) was added via a syringe under an argon stream. The Schlenk tube was then equipped with a
condenser topped by an argon bubbler. The system was heated using an oil bath (130 °C) and stirred
magnetically under an argon stream. Aliquots (ca. 0.1 mL) were periodically sampled to monitor the
reaction progress over time. Aliquots were diluted with CDCl; and analyzed by 'H NMR for determina-

tion of yield, turnover number and turnover frequency.

X-ray Structure Determination. A single crystal of each compound was mounted under inert
perfluoropolyether wax on a Mitegen MicroLoopTM. Single-crystal X-rays measurements were per-
formed at 100K under N, stream from a Cryostream 700 device (OxfordCryosystems). Data were col-
lected using an Apex Il CCD 4K Bruker diffractometer (A = 0.71073 A). The structures were solved using
SHELXT ** and refined by least-squares procedures on = using SHELXL2014.* All Hydrogen atoms were
placed in theoretical positions and refined riding on their parent atoms except for the hydride H at-
tached to the Ru, B and N atoms which was located from difference Fourier maps and refined
isotropically. ORTEP drawings were generated with ORTEP-3.* Crystallographic data have been depos-
ited at the Cambridge Crystallographic Data Centre as Supplementary Publication Nos. CCDC 2006531-
2006538. Copies of the data can be obtained free of charge on application to the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K. (fax, (+44) 1223- 336-033; e-mail, deposit@ccdc.cam.ac.uk).
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Electronic Supplementary Information (ESI) available: NMR spectra and X-ray crystallographic data
(CIF).
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