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ABSTRACT: The reaction of 2-guanidinobenzimidazole (GBI) and
(η5-C5H5)Ru(PPh3)2(Cl) in refluxing toluene gives the chelate [(η5-
C5H5)Ru(PPh3)(GBI)]

+Cl− (1+Cl−; 96%). Subsequent anion metatheses
yield the BF4

−, PF6
−, and BArf

− (B(3,5-C6H3(CF3)2)4
−) salts (77−85%).

Reactions with CO give the carbonyl complexes [(η5-C5H5)Ru(CO)-
(GBI)]+X− (2+X−; X− = Cl−, BF4

−, PF6
−, BArf

−; 87−92%). The last three
salts can also be obtained by anion metatheses of 2+Cl− (77−87%), as can
one with the chiral enantiopure anion P(o-C6Cl4O2)3

− ((Δ)-TRI-
SPHAT−; 81%). The reaction of [(η5-C5H5)Ru(CO)(NCCH3)2]

+PF6
−

and GBI also gives 2+PF6
− (81%). The pentamethylcyclopentadienyl

analogues [(η5-C5Me5)Ru(CO)(GBI)]
+X− (3+X−; X− = Cl−, BF4

−, PF6
−,

BArf
−; 61−84%) are prepared from (η5-C5Me5)Ru(PPh3)2(Cl), GBI, and

CO followed (for the last three) by anion metatheses. An indenyl complex
[(η5-C9H7)Ru(PPh3)(GBI)]

+Cl− (96%) is prepared from (η5-C9H7)Ru-
(PPh3)2(Cl) and GBI. All complexes are characterized by NMR (1H, 13C, 31P, 19F, 11B), with 2D spectra aiding assignments.
Crystal structures of 1+PF6

−·CH2Cl2 and 1+BArf
−·CH2Cl2 are determined; the anion is hydrogen bonded to the cation in the

former. Complexes 1−3+X− are evaluated as catalysts (10 mol %, RT) for condensations of indoles and trans-β-nitrostyrene. The
chloride salts are ineffective (0−5% yields, 48−60 h), but the BArf

− salts exhibit excellent reactivities (97−46% yields, 1−48 h),
with the BF4

− and PF6
− salts intermediate. Evidence for hydrogen bonding of the nitro group to the GBI ligand is presented. GBI

shows no catalytic activity; a BArf
− salt of methylated GBI is active, but much less so than 2−3+BArf−.

■ INTRODUCTION

Hydrogen bonding1 is a ubiquitous component of numerous
recognition2 and reactivity3,4 phenomena. In recent years, a great
deal of attention has been focused on developing small-molecule
hydrogen bond donors capable of catalyzing organic trans-
formations.3 Macromolecular hydrogen bond donor catalysts are
of course well known, as exemplified by enzyme active sites in
which peptidic NH or OH linkages activate substrates containing
carbonyl groups toward nucleophilic attack.2c,5

In designing small-molecule hydrogen bond donor catalysts,
modular systems that can be sterically or electronically fine-tuned
are advantageous.2e,6 In this regard, ureas and thioureas have
seen extensive use, often in conjunction with chiral substituents
and/or auxiliary functionality.3,6d This emphasis has been
prompted in part by the pioneering studies of Etter, who defined
a variety of hydrogen-bonding motifs in the solid state,7 such as
the two 1:1 adducts of simple carbonyl and nitro compounds
shown in Figure 1 (I, II).
We have sought to develop families of metal-containing

hydrogen bond donors that are capable of catalyzing organic

transformations and manifest the diversity and modularity in-
herent in organometallic and coordination compounds. In work
to date, we have established that the inexpensive, air-stable, and
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Figure 1. Representative crystallographically characterized adducts of
urea hydrogen bond donors and Lewis bases.
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easily synthesized cobalt(III) trication8 [Co(en)3]
3+ and sub-

stituted analogues are effective catalysts for Michael additions of
malonate anions in the presence of amine bases.9 Good evidence
has been obtained for hydrogen bonding of the Michael accep-
tors to the NH hydrogen atoms, which would be expected to
become more acidic upon coordination to a tricationic spectator
metal. Furthermore, NH···X hydrogen bonds are evident in all
crystal structures of the salts [Co(en)3]

3+yXz− (y/z = 3:1, 1.5:2,
1:3) that have been reported to date.10

An allied approach would involve catalysts with NH hydrogen
atoms at positions remote from, as opposed to coordinated to,
the metal. Toward this end, our attention was drawn to a
chelate ligand that features five NH linkages, is commercially
available, and can be synthesized in a single step, namely,
2-guanidinobenzimidazole (GBI; Scheme 1, top).11 This species

has a well-established coordination chemistry.12 However, to our
knowledge there have never been any applications of its adducts
of transition metals, main group elements, or other electrophiles
in catalysis. Importantly, coordination reduces the number of
conformational degrees of freedom, thereby preorganizing13 the
hydrogen bond donor per Scheme 1 (top). The beneficial effect
of preorganization with respect to binding affinities has been
demonstrated for complexes of crown ethers and spherands with
cations, as illustrated for Li+ in Scheme 1 (bottom).14 There
would presumably be analogous effects upon reaction rates and
catalytic activity.
In this paper, we describe (1) the syntheses, structures, and

physical characterization of cationic organoruthenium deriva-
tives of GBI, (2) applications of these adducts as catalysts for
condensations of indoles with nitroalkenes, and (3) data that
establish the critical importance of hydrogen bonding in the
transition-state assemblies and thereby “second coordination
sphere” mechanisms. The complexes disclosed herein are
chiral but racemic. Related adducts that can be accessed in
enantiomerically pure form and applied as catalysts in highly

enantioselective transformations are reported in the following
companion paper.15

■ RESULTS
1. Syntheses of Cyclopentadienyl GBI Complexes. The

ruthenium bis(phosphine) complex (η5-C5H5)Ru(PPh3)2(Cl)
was synthesized by a literature method16 or via a newmicrowave-
mediated procedure (Supporting Information). As shown in
Scheme 2, (η5-C5H5)Ru(PPh3)2(Cl) and GBI were reacted in

refluxing toluene. Workup gave the racemic “chiral-at-metal”
cationic monophosphine complex [(η5-C5H5)Ru(PPh3)-
(GBI)]+Cl− (1+Cl−) as a yellow powder in 96% yield. The salt
was insoluble in benzene and toluene, slightly soluble in CH2Cl2,
and soluble in polar solvents such as MeOH, EtOH, and DMSO.
Like most new complexes below, 1+Cl− was characterized

by NMR (1H, 13C, 31P), IR, and UV−visible spectroscopy, as
summarized in Table 1 and the Experimental Section. The mass
spectrum showed a strong ion for the cation 1+. A satisfactory
microanalysis was obtained. Together with literature data,12c,d

2D NMR experiments (1H,1H COSY and 1H,13C HETCOR)
enabled all of the GBI proton and carbon signals to be un-
ambiguously assigned (Supporting Information, Tables s1, s2).
These and other data supported the coordination of the benz-
imidazole CNAr and guanidine CNH groups, as verified
crystallographically below.
Next, as shown in Scheme 2 (step A1), simple metatheses

allowed the chloride anion of 1+Cl− to be replaced by the more

Scheme 1. Structure of GBI and Chelation (Top) and
Preorganization Effects in Binding of Li+ to Cyclic Polyether
Hosts (Bottom)

Scheme 2. Syntheses of Cyclopentadienyl Ruthenium GBI
Complexes
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weakly coordinating anions BF4
−, PF6

−, and BArf
−.8,17 The new

salts 1+X− were isolated in 77−85% yields as slightly air sensitive
yellow powders with progressively increasing solubilities in
CH2Cl2. They were similarly characterized, including 19F and 11B
NMR spectra. The cyclopentadienyl 1H NMR signals exhibited
progressively downfield chemical shifts (Table 1), suggesting the
ruthenium center in 1+BArf

− to have more cationic character
than that in 1+Cl−.18 IR bands associated with the BF4

− and PF6
−

anions are presented in Table 2, and key features are interpreted
below.

In general, electron-withdrawing substituents lead to stronger
hydrogen bond donors. Thus, in the interest of fine-tuning
catalyst activity (see below), it was sought to replace the PPh3
ligand by a more weakly donating or stronger π-accepting ligand.
As shown in Scheme 2 (step B1), a solution of 1+Cl− was
aspirated with a stream of CO or stirred under a static CO
atmosphere. Workups gave the substitution product [(η5-
C5H5)Ru(CO)(GBI)]

+Cl− (2+Cl−) as an off-white powder in
91−93% yields. Analogous carbonylations were conducted with
1+BF4

−, 1+PF6
−, and 1+BArf

− (step A2). These afforded the
corresponding salts 2+X− as yellow powders in 87−92% yields.
Alternatively, 2+BF4

−, 2+PF6
−, and 2+BArf

− could be accessed
in 77−88% yields by exchange of the chloride ion of 2+Cl−, as
shown in Scheme 2 (step B2). Both overall routes from 1+Cl− to
2+X−, “A” and “B” (Scheme 2), have been repeated by several
generations of co-workers, and “B” has been found to be more
easily reproducible.19 Another refinement involves an alternative
starting material, the cationic bis(acetonitrile) complex [(η5-
C5H5)Ru(CO)(NCCH3)2]

+PF6
− employed in Scheme 2, step

Cl. As with the starting material (η5-C5H5)Ru(PPh3)2(Cl), this
educt is easily prepared in one step from a commercially available
precursor.20 Addition of GBI directly affords the hexafluor-
ophosphate salt 2+PF6

− in 81% yield, saving two steps.
The cyclopentadienyl 1H NMR chemical shifts of 2+X− were

downfield of those of 1+X− (δ 5.19−5.30 vs 4.41−5.02; Table 1),
suggesting reduced electron density at ruthenium.18 Accordingly,
2+X− exhibited good air stability both in solution and in the solid

state; powders showed no noticeable decomposition after five
years. Curiously, microanalyses gave consistently low nitrogen
values, as summarized in the Experimental Section.

2. Syntheses of Substituted Cyclopentadienyl GBI
Complexes. Another possibility for fine-tuning catalytic activity
would be to modify the cyclopentadienyl ligands. Accordingly,
analogues with bulkier, more electron donating, and more lipo-
philic pentamethylcyclopentadienyl ligands were sought. The
precursor (η5-C5Me5)Ru(PPh3)2(Cl)

21 was readily available by a
new one-pot synthesis using pentamethylcyclopentadiene
(Experimental Section). This gave better yields than the two-
step literature procedures21 and avoided handling sensitive
ruthenium oligomers.
Reactions of (η5-C5Me5)Ru(PPh3)2(Cl) and GBI were carried

out under conditions similar to those used for the cyclo-
pentadienyl analogue 1+Cl− in Scheme 2. However, as detailed
elsewhere,22 workups did not give the target molecule [(η5-
C5Me5)Ru(PPh3)(GBI)]

+Cl−. Thus, the crude product was
treated with CO. As shown in Scheme 3 (top), the carbonyl

complex [(η5-C5Me5)Ru(CO)(GBI)]
+Cl− (3+Cl−) was isolated

as an off-white powder in 77% yield. Subsequent anion ex-
change reactions analogous to those in Scheme 2 gave the salts
3+BF4

−, 3+PF6
−, and 3+BArf

− as yellow powders in 61−84%
yields. These complexes were air stable in solution and the solid
state, were readily soluble in CH2Cl2 and other solvents of
moderate polarity, and gave correct microanalyses. The IR νCO
values were lower than those of 2+X− (1915−1931 vs 1938−
1961 cm−1; Table 1), indicative of increased electron density at
ruthenium.
The synthesis of an indenyl analogue of 1+Cl− was also

investigated. As shown in Scheme 3 (bottom), a reaction of
(η5-C9H7)Ru(PPh3)2(Cl)

23 and GBI similar to that used for
1+Cl− gave the target complex [(η5-C9H7)Ru(PPh3)(GBI)]

+Cl−

(4+Cl−) as an orange powder in 72% yield. However, 4+Cl− de-
composed over the course of several days in CH2Cl2, as assayed
by 1H and 31P NMR. Furthermore, anion exchange and PPh3/
CO substitution reactions were unsuccessful.22

Table 1. C5H5 and C5Me5
1HNMR Signals of 1−3+X−a and IR

νCO Values (parentheses)b for 2−3+X−

cation

anion 1+ 2+ 3+

Cl− 4.41 5.19 (1938) 1.58 (1915)
BF4

− 4.43 5.19 (1938) 1.58 (1915)
PF6

− 4.61 5.20 (1942)c 1.58 (1922)
BArf

− 5.02 5.30 (1961) 1.56 (1931)
aδ, DMSO-d6, 300 or 400 MHz, ppm. bcm−1. cData for
2+(Δ)-TRISPHAT−: 5.18 ppm and 1945 cm−1.

Table 2. IR ν(BF4
−) and ν(PF6

−) Values for Selected BF4
− and

PF6
− Saltsa

anion

cation BF4
− PF6

−

Na+ 1015 806b

1+ 1089, 1078, 1011 880, 862, 841
2+ 1069, 1015 837b

3+ 1093, 1089, 1023, 997 842b

aPowder film measurements (ATR); values are in cm−1. bAsymmetric
absorption with unresolved shoulders.

Scheme 3. Syntheses of Pentamethylcyclopentadienyl (Top)
and Indenyl (Bottom) Ruthenium GBI Complexes
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3. Hydration, H/D Exchange, and Nonracemic Com-
plexes. Aqueous conditions (biphasic CH2Cl2/water) were
used when preparing the tetrafluoroborate salts 1−3+BF4− by
anion exchange, and hydrates (2.0−0.5 H2O) were isolated in all
cases. The salt Na+BArf

− is commonly obtained as a hydrate,24

and 1−3+BArf− all contained low levels of water (2.0−1.0 H2O).
The water could be removed by crystallization, as illustrated by
an X-ray structure below.
When DMSO-d6 or CDCl3 solutions of 1−4+X− were treated

withMeOH-d4 (6 equiv), the NH protons underwent rapid H/D
exchange. As shown in the Supporting Information (Figure s1),
the NH signals disappeared or coalesced into a single peak
and the total integration diminished. Some of the aromatic CH
signals became sharper. A variety of cationic coordination com-
pounds of GBI have been quantitatively deprotonated by weak
bases such as pyridine, NaOMe, and Na2CO3.

12b−d,25 Hence, it is
not surprising that rapid exchange can be observed in the absence
of added base. Also, the GBI ligand is in principle capable of
numerous prototropic equilibria, some of which entail formal
1,3-shifts of protons from the noncoordinating NH/NH2 moie-
ties to the coordinating CNAr/CNH moieties. These may
participate in the exchange process, and examples are illustrated
in the Supporting Information (Scheme s1).
In order to test the preceding chiral ruthenium complexes

as enantioselective catalysts, nonracemic variants would be
required. Two possible routes to enantiopure complexes were
investigated. The first involved the nonracemic chiral anion (Δ)-
TRISPHAT−,8 the structure of which is depicted in Scheme 4.
The chloride salt 2+Cl− and (n-Bu)3NH

+(Δ)-TRISPHAT−26

were combined in CH2Cl2, and a biphasic workup gave the target
salt 2+(Δ)-TRISPHAT− as a white powder of ca. 95% purity in
81% yield.

The new salt was characterized by NMR and IR spectroscopy
and mass spectrometry, analogously to 2+X− above. Only
one broad cyclopentadienyl 1H NMR signal was observed in
DMSO-d6. In contrast, in the much less polar solvent C6D6, two
closely spaced signals of equal intensity were apparent, presum-
ably one for each of the diastereomeric salts (Scheme 4). How-
ever, all attempts to separate the diastereomers by crystallization
were unsuccessful.
The second approach involved the reversible derivatization

of one of the NH or NH2 moieties by the enantiopure chiral
cyclopentadienyl rhenium cation [(η5-C5H5)Re(PPh3)(NO)-
(CO)]+.27 Although a series of stable adducts could be prepared,
as described elsewhere,22 the spectroscopic data did not un-
ambiguously reveal which NH or NH2 group had reacted.
Furthermore, only one singlet was observed for each of the
ruthenium and rhenium cyclopentadienyl ligands, as opposed to
doubled singlets diagnostic of diastereomeric adducts. All attempts
to separate the putative diastereomers were unsuccessful.

4. Crystallographic Characterization. During the course
of the above syntheses, single crystals of the solvate 1+PF6

−·
CH2Cl2 were obtained. X-ray data were collected and refined as
described in the Supporting Information (Table s3) and
Experimental Section. The resulting structure is shown in
Figure 2. Key metrical parameters are summarized in Table 3.
The cation is formally octahedral, with the cyclopentadienyl
ligand occupying three coordination sites, as evidenced by
P−Ru−N and N−Ru−N bond angles of ca. 90°. The GBI ligand
is nearly planar, as reflected by many torsion angles with values
near 0° or ±180°. The bond lengths of the coordinated CNH
(C22−N21) and CNAr (C24−N32) linkages (1.280(4) and
1.314(4) Å) are shorter than the other four carbon−nitrogen
bonds about C22 and C24 (1.349(4)−1.385(4) Å). Alternative
tautomers of the GBI ligand (Scheme s1) would afford different
bond length patterns.
As illustrated in Figure 2, each PF6

− anion exhibits multiple
hydrogen bonding to each of two neighboring cations. All of the
NH linkages except for N21−H21 participate. Although the
motif about each PF6

− anion is unsymmetrical, the two cations
are related by an inversion center, resulting in identical patterns
of bonds to the anions. Curiously, we are only able to locate
structures of two other complexes that exhibit hydrogen bonding
between NH and PF6 moieties.

28 In both cases, the PF6 unit
is covalently bound via a M−F−P linkage to the metal fragment.
In any case, the F···H, F···N, and P···N distances, which are
summarized in Table 4, are in typical ranges for hydrogen
bonds.1b,28

A CH2Cl2 monosolvate of 1+BArf
− could also be crystallo-

graphically characterized. The resulting structure is shown in
Figure 3. One CF3 group was disordered over two positions, the
occupancies of which could be refined to a 62:38 ratio. Key
metrical data are summarized in Table 3. In this case the GBI
ligand is noticeably puckered, with torsion angles that deviate
more from 0° or ±180°. However, the carbon−nitrogen bond
lengths exhibit similar patterns. No hydrogen-bonding interactions
are evident, consistent with the poor acceptor properties of
BArf

−.29 The ruthenium−phosphorus distance (2.3154(10) Å) is
slightly longer than that in 1+PF6

−·CH2Cl2 (2.302(3) Å), sug-
gesting that the electron density on ruthenium and back-bonding
are enhanced when the anion can engage in hydrogen bonding.

5. Reactions Involving Nitroalkenes. Condensations of
indoles (5) and trans-β-nitrostyrene (6) to give 3-substituted
indoles (7)sometimes termed Friedel−Crafts alkylations
are often used as benchmarks for hydrogen bond donor

Scheme 4. Reaction of 2+Cl− and (Δ)-TRISPHAT− (Top): 1H
NMR Spectra of the Cyclopentadienyl Signal in DMSO-d6
(br s) and C6D6 (2 × br s) (Bottom)

Organometallics Article

dx.doi.org/10.1021/om500704u | Organometallics XXXX, XXX, XXX−XXXD



catalysts.30 Thus, the ruthenium salts 1−3+X− were screened for
activity. Indole or 1-methylindole (5a or 5b; 2.0 equiv) and 6
(1.0 equiv) were combined in CD2Cl2 in NMR tubes in the pre-
sence of a salt (0.10 equiv; 10 mol %) and an internal standard.
Reactions of 5a were stopped after 48 h, irrespective of the state
of completion. Results are summarized in Table 5, and selected
rate profiles are given in Figure 4.
With many salts, the 3-substitued indoles 7a,b shown in Table 5

cleanly formed. In all cases, 7b was produced faster, consistent
with an electron-donating effect of the N-methyl group. How-
ever, the slower rate profiles with 7a are illustrated in Figure 4, as
they allow cleaner reactivity comparisons. As shown in entries 1
and 2 of Table 5, no reactions were observed without catalyst or

in the presence of GBI alone. However, GBI is poorly soluble
in CH2Cl2, and a ruthenium-free system more comparable to
1−3+X− is described below.
The rates showed strong dependencies on the counteranions

of the salts. The chloride salts 1−3+Cl− (entries 3, 7, 11) did not
exhibit any significant activity. The indenyl complex 4+Cl− was
not tested due to its reduced stability in CH2Cl2 and the pos-
sibility of new mechanisms involving η3/η1 intermediates. The
tetrafluoroborate salts 1−3+BF4− (entries 4, 8, 12) gave only
poor yields of 7a (2−6%). More productive were the hexaflu-
orophosphate salts 1−3+PF6− (entries 5, 9, 13), which afforded
7a in yields up to 27%. The best results were obtained with
1−3+BArf−, which gave yields of 46−97% (entries 6, 10, 14).

Figure 2. Thermal ellipsoid diagram (50% probability level) showing the structures of two molecules of 1+PF6
−·CH2Cl2 with solvate molecules omitted

and hydrogen bonding between cations and anions.

Table 3. Key Bond Lengths [Å], Torsion Angles [deg], and Bond Angles [deg] for 1+PF6
−·CH2Cl2 and 1+BArf

−·CH2Cl2
a

1+PF6
−·CH2Cl2 1+BArf

−·CH2Cl2 1+PF6
−·CH2Cl2 1+BArf

−·CH2Cl2

Rul−N21 2.104(2) 2.109(4) Pl−Rul−N21 90.49(7) 87.28(11)
Rul−N32 2.116(2) 2.101(3) Pl−Rul−N32 94.04(6) 92.64(9)
Rul−Pl 2.302(3) 2.3154(10) N21−Rul−N32 83.27(9) 82.87(14)
N21−C22 1.280(4) 1.261(6) Rul−N21−C22 133.9(2) 131.0(3)
C22−N21A 1.349(4) 1.370(6) N21−C22−N23 121.2(3) 122.1(4)
C22−N23 1.385(4) 1.376(7) N21−C22−N21A 125.1(3) 125.2(5)
N23−C24 1.379(4) 1.371(6) C22−N23−C24 126.5(3) 125.3(4)
C24−N25 1.358(4) 1.365(6) N23−C24−N32 127.1(3) 126.9(4)
C24−N32 1.314(4) 1.302(6) N23−C24−N25 119.2(3) 120.4(4)
N25−C26 1.394(4) 1.360(7) C24−N25−C26 106.43(9) 107.6(4)
C26−C31 1.394(4) 1.395(7) N25−C26−C31 105.7(2) 105.4(4)
C31−N32 1.405(4) 1.403(5) C26−C31−N32 109.4(3) 109.3(4)
Pl−Rul−N21−C22 104.2(7) 116.4(8) C24−N32−Rul 127.14(19) 126.0(3)
Pl−Rul−N32−C24 −99.0(4) −105.9(7) C31−N32−Rul 127.40(19) 128.6(3)
Rul−N21−C22−N23 −7.2(6) −13.5(8) C24−N32−C31 104.9(2) 104.9(4)
Rul−N21−C22−N21A 171.2(4) 167.6(4)
Rul−N32−C24−N23 6.2(1) 6.6(7)
N21−C22−N23−C24 −1.0(7) −10.9(9)
C22−N23−C24−N32 1.2(6) 14.9(9)

aFor atom numbering, see Figure 2.
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Within each counteranion series, rates increased as the cations
were varied in the order 1+ < 3+ < 2+. Although these data are
further interpreted in the Discussion section, note that the
poorer hydrogen bond accepting anions29 and the less electron
rich cations give faster rates.
In order to help analyze the role of the ruthenium and chelate

ring in promoting catalysis, an organic cationic GBI derivative
was sought. Accordingly, as shown in Scheme 5, GBI was con-
verted to 1-methylGBI by a known deprotonation/methylation
sequence12b and treated with HCl to give the previously reported
hydrochloride salt [1-methylGBI-H]+Cl−.12b Subsequent anion
exchange using Na+BArf

− gave the new salt [1-methylGBI-
H]+BArf

− as a pale pink solid in 58% yield. The compound was
soluble in CH2Cl2 and other organic solvents of moderate
polarity and exhibited a single NH 1H NMR signal. As indicated
in entry 15 of Table 5, it showed some catalytic activity with the
more reactive indole 5b, but considerably less than the lead BArf

−

salts, 2+BArf
− (40% yield of 7b after 3.5 h vs 97% after 1.0 h) and

3+BArf
− (97% after 1.5 h).

Finally, possible interactions between trans-β-nitrostyrene and
1−3+X− (X− = BF4

−, PF6
−, BArf

−) were probed by 1H NMR.
Spectra of equimolar mixtures of 6 and 1−3+X−were recorded in
CD2Cl2 and compared to those of 1−3+X− under identical
conditions. The four NH/NH2 signals of the GBI ligand can be
assigned (above), and in each case three shifted downfield. With
2+BArf

−, which is illustrated in Figure 5, the shifts ranged from
0.09 to 0.02 ppm (top vs bottom spectrum). Similarly, the CH
CHNO2 proton of 6 shifted slightly downfield. On the basis of

the magnitudes of the NH shifts (Figure 5, box), it is proposed
that 6 binds to the cation 2+ predominantly as shown in IIIa.
Downfield shifts of NH signals have also been observed when
carbonyl compound substrates have been added to urea-based
catalysts.31

■ DISCUSSION
1. Mechanism of Catalysis. The data in Table 5 and

Figure 4 validate the underlying hypothesis of this study, namely,
that by chelation-induced preorganization of the conformation-
ally flexible GBI ligand by “spectator” transition metal fragments
an otherwise unreactive species can be rendered an effective
hydrogen bond donor catalyst. The use of a cationic ruthenium
chelate was coincidental, simply reflecting the first adduct
successfully synthesized. The complexes 1−4+X− represent, to

Table 4. Selected F···H, P···N, and F···N Distances [Å] in
1+PF6

−·CH2Cl2

F11···H21A′ 2.769 P10···N21A 4.441
F11···H21B′ 3.251 P10···N21A′ 3.802
F12···H23A 2.789 P10···N23 3.882
F12···H25A 3.801 P10···N25 4.311
F13···H23A 2.545 F11···N21A′ 3.262
F13···H25A 2.450 F12···N23 3.284
F15···H21B 2.195 F13···N23 3.018
F15···H23A 2.283 F13···N25 2.939
F15···H21A′ 2.863 F15···N23 3.325
F15···H21B′ 2.795 F15···N21A 3.215
F16···H21A′ 2.286 F15···N21A′ 3.158
F16···H21B′ 3.324 F16···N21A′ 3.068

Figure 3. Thermal ellipsoid diagram (50% probability level) of the
molecular structure of 1+BArf

−·CH2Cl2 with the solvate molecule
omitted.

Table 5. Friedel−Crafts Alkylations Catalyzed by 1−3+X−

7a 7b

entry catalyst time yielda time yielda

1 none 48 h −b 48 h −b

2 GBI 48 h −b 48 h −b

3 1+Cl− 48 h −b −c

4 1+BF4
− 48 h 2% −c

5 1+PF6
− 48 h 9% 25 h 30%

6 1+BArf
− 48 h 46% 8 h 53%

7 2+Cl− 48 h −b 60 h 4%
8 2+BF4

− 48 h 6% 60 h 20%
9 2+PF6

− 48 h 27% 9.5 h 55%
10 2+BArf

− 48 h 94% 1.0 h 97%
11 3+Cl− 48 h −b 31 h −b

12 3+BF4
− 48 h 3% 31 h 14%

13 3+PF6
− 48 h 22% 7 h 29%

14 3+BArf
− 48 h 84% 1.5 h 97%

15 [1-methylGBI-H]+BArf
− −c −c 3.5 h 40%d

aYields were determined by 1H NMR versus an internal standard (see
text). bNo formation of 7 was observed. cThis experiment was not
conducted. dThe yield after 1.0 h was 25%.

Figure 4. Rate profiles for the condensation of indole (2.0 equiv) and
trans-β-nitrostyrene (1.0 equiv) with different catalysts (10 mol %, rt,
selected reactions from Table 5): (red ◆) 2+BArf

−, (red ■) 2+PF6
−,

(red▲) 2+BF4
−, (blue◆) 3+BArf

−, (blue■) 3+PF6
−, (blue▲) 3+BF4

−,
(green ◆) 1+BArf

−.
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our knowledge, the first organometallic adducts of GBI, which
has an extensive inorganic coordination chemistry that has
remained largely unexploited.12

By analogy to ureas and thioureas (Figure 1), substrate acti-
vation would most logically involve two synperiplanar NH units.
As illustrated by the crystal structures in Figures 2 and 3, chela-
tion leads to a triad of three synperiplanar NH units and an
orthogonal dyad of two synperiplanar NH units. However,
there remains a residual conformational degree of freedom
about the NH2 group. The NMR data in Figure 5 suggest that

trans-β-nitrostyrene preferentially binds to the two synperiplanar
NH units not associated with the NH2 group, as depicted in IIIa.
Note that these two NH groups could adopt any number of
conformations in the free ligand, including one in which they
would be approximately anti.
In any event, preorganization can be an important aspect of

second coordination sphere binding to coordinated ligands.
However, since the ruthenium fragment is cationic, there remains
a question as to the effect of positive charge alone, as this should
also enhance NH acidities and hydrogen bond donor strengths.
Indeed, the ruthenium-free cationic GBI species [1-methylGBI-
H]+BArf

− (Scheme 5) proved to be a more effective catalyst than
GBI (Table 5, entry 15 vs 2). Nonetheless, activities remain far
below those of the lead ruthenium catalysts 2+BArf

− and 3+BArf
−

(entries 10 and 14, Table 5), underscoring the role of conforma-
tional preorganization.
The counteranion also greatly affects the activities of the

ruthenium catalysts 1−3+X−. In each case, the same trend is
observed, Cl− < BF4

− < PF6
− < BArf

− (Table 5). This parallels the
diminishing hydrogen bond accepting properties of the anions.29

In particular, chloride is an excellent hydrogen bond accept-
or,17d,32 and a single such anion effectively “poisons” the catalyst.
Accordingly, we suggest that (1) there is only one productive
substrate binding site that leads to turnover and (2) chloride
preferentially binds to the same two NH groups as the trans-β-
nitrostyrene in IIIa.
The tetrafluoroborate salts remain very poor catalysts, con-

sistent with the still appreciable coordinating17 and hydrogen-
bonding29 ability of this formally tetrahedral anion. In this
context, the IR data in Table 2 establish that the anion is
desymmetrized in the presence of cations 1−3+.17a The
hexafluorophosphate salts are distinctly more reactive, but the
crystal structure of 1+PF6

−·CH2Cl2 (Figure 2) demonstrates that
this formally octahedral anion remains a viable hydrogen bond
acceptor. Accordingly, the IR data in Table 2 show that this anion
is also desymmetrized by the cations 1−3+. Similar spectra are
obtained with the sodium salt, presumably due to hydration.33

Finally, there is also a marked dependence of catalyst activities
upon the cation (Table 5 and Figure 4). Since CO ligands are
weaker donors and stronger π-acceptors than PPh3 ligands, the
ruthenium should be less electron rich in 2+X− as compared to
1+X−, as reflected by the downfield shift of the cyclopentadienyl
1H NMR signals noted above (Table 1).18 This increases the
acidities of the NH units and likewise their hydrogen bond donor
strengths, leading to more active catalysts. In the same vein, the
pentamethylcyclopentadienyl ligand is more electron releasing
than the cyclopentadienyl ligand, as reflected by the decreased
νCO values noted above (Table 1). This decreases hydrogen bond
donor strengths, rendering 3+X− slightly less active than 2+X−.
It would be premature to propose a detailed transition state

model for the reactions in Table 5 based upon the present data.
For example, there are two possible orientations about the trans-
β-nitrostyrene CC linkages in IIIa,b (Figure 5), either of
which could react with the nucleophilic indole carbon atom.
Adding to the uncertainty, some computational groups have
advanced models in which the nucleophilic component pre-
ferentially interacts with the hydrogen bond donor.34 Additional
information can often be derived from the absolute config-
urations of products in enantioselective variants, a subject ex-
plored in the following paper.15

2. Scope of Catalysis and Future Directions. The new
complexes described herein represent a distinct conceptual
advance with respect to small-molecule hydrogen bond donor

Scheme 5. Synthesis of [1-methylGBI-H]+BArf
−

Figure 5. 1H NMR spectra (rt, 300 MHz, CD2Cl2) of 2
+BArf

− before
(above) and after addition of 1 equiv of 6 (below) and some possible
structures of 2+BArf

−·6.
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catalysts, which to date have been dominated by organic
molecules and therefore have not exploited the diverse types of
hydrogen-bonding interactions associated with coordinated
ligands. Together with studies involving the chiral cobalt(III)
trication [Co(en)3]

3+ and substituted derivatives,9 it is now
firmly established that both coordinated and noncoordinated
NH units can effectively serve as hydrogen bond donors. In an
example highlighted in the following paper, an octahedral
iridum(III) cation has been used as a template for a ligand
containing a NH(CX)NH moiety and two ligands containing
ArCH2OH moieties.35 This has been shown to be an excellent
catalyst for other types of additions to nitroalkenes, although in
contrast to 1−3+X− the NH linkages were not conformationally
constrained. The hydroxyl groups were proposed to activate the
nucleophile by hydrogen bonding.
These new families of catalysts offer a variety of parameters

that can be systematically varied, such as the metal, the charge,
the counteranion in the case of cations, the non-hydrogen-
bonding ancillary ligands, and substituents on the hydrogen-
bonding ligand. This represents an impressive number of
diversity elements and a high degree of modularity. Although
NH hydrogen bond donors dominate in the preceding examples,
it is likelyas suggested by the iridium(III) systemthat other
types of heteroatom−hydrogen bonds (e.g., PH, OH) can also be
exploited. Also, in the case of GBI, extensions to main group
elements may prove feasible, as chelates are known both with
boron and tin.12c,d The cobalt tris(GBI) complex 83+3BArf

−

shown in Figure 6 has proven to be a particularly effective catalyst

for lactide polymerizations,36 with activities somewhat higher
than the monocationic ruthenium complex 2+BArf

−.
Some second coordination sphere properties of coordinated

NH moieties merit note in passing. First, a variety of ammonia
complexes [LnMNH3]

z+ (z = 0, 1) have been found to afford
stable adducts with crown ethers.37,38 Second,MN−Hbonds can
undergo cleavage in certain metal-catalyzed reactions. The best
known examples involve the Noyori ruthenium catalysts for
enantioselective hydrogenations of ketones, which proceed via
transition-state assemblies such as IV in Figure 6.39 In second
coordination sphere catalysis involving 1−3+X−, only supra-
molecular interactions are involved, whereas in the tandem first/
second coordination sphere catalysis embodied in IV, covalent
bonds are broken and formed.
Although the ruthenium catalysts 1−3+X− are “chiral at metal”

species, they are so far available only in racemic form. For this
reason, we have not attempted to expand the scope of the organic
reactions studied at this stage. Indeed, with the stereocenter so
far removed from the substrate binding site, the prospects
for reasonably enantioselective catalysis would seem to be
remote, although some strategies with bulky pentasubstituted

cyclopentadienyl ligands remain in development.40 However, the
preparation of enantiopure bifunctional analogues, and their
successful application as highly enantioselective catalysts, is
described in the following paper.15

Since ferrocene-containing systems are often included in re-
views of “organocatalysis”,41 one could consider expanding this
term to accommodate any metal-containing catalyst in which the
metal does not directly participate in the any of the bond-
breaking or bond-forming steps.42 Alternatively, perhaps some-
one more creatively inclined will be able to suggest a catchy
new phrase for such systems. However, in our opinion this work
highlights the artificiality of such classifications, which can do a
disservice by obscuring common underlying mechanistic
principles.
In conclusion, the preceding results and related studies15,36

have established that cationic transition metal chelates of GBI are
effective hydrogen bond donors that can catalyze a variety of
organic transformations. Chelation removes a conformational
degree of freedom, thereby enhancing catalytic activity, and the
introduction of positive charge also has a beneficial effect. Com-
plementary data with other types of ligands point to a heretofore
unappreciated universe of modular metal-containing hydrogen
bond donor catalysts that effect “second coordination sphere
promoted catalysis”. These encompass but are not limited to the
many coordination and organometallic compounds with
coordinated and noncoordinated NH moieties.

■ EXPERIMENTAL SECTION
General Data. All reactions and workups were carried out under

nitrogen unless noted. Standard instrumentation and calibration
procedures were employed, as detailed in the Supporting Information.
Solvents were treated as described in the Supporting Information. The
2-guanidinobenzimidazole (GBI; 95%, Aldrich) and other commercial
chemicals were used as received, except for Na+PF6

− (98.5%, Acros),
which was freshly washed with CH2Cl2 (5 mL) and dried by oil pump
vacuum.

(η5-C5H5)Ru(PPh3)2(Cl).
16,43 A three-necked flask was charged with

PPh3 (14.458 g, 55.182 mmol) and ethanol (100 mL). The mixture was
refluxed with stirring. After 15 min, RuCl3·xH2O (3.581 g, 17.26 mmol
for x = 0; 30−40% Ru) in ethanol (40 mL) and then cyclopentadiene
(18 mL) were added. The brown solution was refluxed for 16 h, cooled
to room temperature, and stored in a freezer. After 24 h, an orange
precipitate was collected by filtration and washed with cold ethanol
(2 × 5 mL), water (2 × 10 mL), cold ethanol (1 × 5 mL), and hexanes
(2 × 15 mL). The residue was dried by oil pump vacuum to give the
product as a bright orange solid (8.105 g, 11.16 mmol, ca. 65%).44 Mp:
131−132 °C (capillary). NMR (δ, CDCl3):

1H (400 MHz) 7.70−6.94
(m, 30H, P(C6H5)3), 4.13 (s, 5H, C5H5);

13C{1H} (100 MHz) 138.5 (t,
1JCP = 19.6 Hz, i-C6H5), 133.8 (t, 2JCP = 5.1 Hz, o-C6H5), 128.7 (s,
p-C6H5), 127.5 (t,

3JCP = 2.7 Hz,m-C6H5);
31P{1H} (161MHz) 39.3 (s).

IR (cm−1, powder film): 1478 (m), 1432 (s), 1181 (w), 1158 (w), 1085
(s), 995 (m), 829 (w), 806 (m), 745 (m), 690 (s); MS:45 726 (23) [M]+,
691 (71) [M − Cl]+, 464 (33) [M − PPh3]

+, 429 (100) [M − Cl −
PPh3]

+.
(η5-C5Me5)Ru(PPh3)2(Cl).

21 In a new one pot synthesis, a Schlenk
flask was charged with RuCl3·xH2O (0.989 g, 4.82 mmol for x = 0; 30−
40% Ru), pentamethylcyclopentadiene (1.5 mL),46 and ethanol
(35 mL). The mixture was refluxed. After 3 h, PPh3 (3.157 g, 12.05
mmol) was added. After another 16 h, the mixture was cooled to room
temperature and stored in a freezer. After 24 h, the precipitate was
collected by filtration, washed with cold ethanol (15 mL) and hexanes
(3 × 25 mL), and dried by oil pump vacuum to give the product as an
orange powder (3.109 g, 3.905 mmol, ca. 81%).44 Mp: 94−95 °C
(capillary). Anal. Calcd (%) for C46H45ClP2Ru (797.03): C 69.38,
H 5.70. Found: C 69.12, H 5.71. NMR (δ, CDCl3):

1H (400 MHz)
7.69−7.03 (m, 30H, P(C6H5)3), 1.01 (s, 15H, C5(CH3)5);

13C{1H}

Figure 6. Other relevant catalysts.
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(100 MHz) 137.1 (t, 1JCP = 19.6 Hz, i-C6H5), 133.7 (t, 2JCP = 5.1 Hz,
o-C6H5), 128.5 (t, 3JCP = 2.7 Hz, m-C6H5), 126.7 (s, p-C6H5), 88.9
(s, C5(CH3)5), 9.1 (s, C5(CH3)5);

31P{1H} (161 MHz) 41.5 (s). IR
(cm−1, powder film): 3053 (w), 3022 (w), 2988 (w), 2953 (w), 2903
(w), 1568 (m), 1482 (m), 1432 (s), 1185 (w), 1158 (w), 1089 (m),
1023 (w), 999 (w), 741 (m), 698 (m). MS:45 796 (13) [M]+, 761 (67)
[M − Cl]+, 534 (17) [M − PPh3]

+, 499 (100) [M − Cl − PPh3]
+.

[(η5-C5H5)Ru(CO)(NCCH3)2]
+PF6

−.20 A round-bottom flask was
charged with [(η5-C5H5)Ru(NCCH3)3]

+PF6
− (0.504 g, 1.16 mmol)47

and CH3CN (25 mL). A stream of CO was passed through the brown-
orange solution. After 40 min, the solvent was removed by oil pump
vacuum. The residue was chromatographed on a silica gel column (1 ×
20 cm, 3:1 v/v CH2Cl2/CH3CN). The solvent was removed from the
product-containing fractions to give the product as a golden yellow solid
(0.346 g, 0.823 mmol, 71%). 1H NMR (δ, CD3CN, 400 MHz):20 5.16
(s, 5H, C5H5), 2.36 (s, 6H, CH3CN). IR (cm−1, powder film): 3128 (w),
2949 (w), 2324 (w), 1978 (vs), 1415 (m), 1369 (m), 827 (vs), 556 (vs).
[(η5-C5H5)Ru(PPh3)(GBI)]

+Cl− (1+Cl−). A Schlenk flask was charged
with (η5-C5H5)Ru(PPh3)2(Cl) (3.326 g, 4.580 mmol), GBI (0.842 g,
4.80 mmol), and toluene (15 mL) and fitted with a condenser. The
mixture was refluxed with stirring. After 24 h, the mixture was cooled to
room temperature. The solvent was decanted from a precipitate, which
was washed with toluene (4 × 5 mL) and hexanes (2 × 15 mL) and
dried by oil pump vacuum to give 1+Cl− as a yellow powder (2.798 g,
4.378 mmol, 96%). Dec pt: 247 °C (capillary). TGA: onset of the first
mass loss regime, Ti 196.07 °C, Tf 264.37 °C; onset of the second mass
loss regime, Ti 175.83 °C, Tf 413.65 °C. Anal. Calcd (%) for
C31H29ClN5PRu (639.09): C 58.26, H 4.57, N 10.96. Found: C 58.20,
H 4.78, N 11.26. NMR (δ, DMSO-d6):

1H (400MHz)48 11.83 (br s, 1H,
NH), 10.19 (br s, 1H, NH), 7.32−7.09 (m, 17H, P(C6H5)3 and

NCCH(CH)2CHCN), 7.00−6.99 (m, 2H, NCCH(CH)2CHCN), 6.28
(s, 2H, NH2), 6.12 (s, 1H, NH), 4.41 (s, 5H, C5H5);

13C{1H} (100
MHz) 154.1 (s, NHCNH2), 144.7 (s, NC(NH)2), 142.4 (s,

NCCHCHCHCHCN), 136.6 (d, 1JCP = 42.9 Hz, i-C6H5), 132.7 (d,
2JCP = 13.2 Hz, o-C6H5), 131.6 (s, NCCHCHCHCHCN), 129.0 (s,

p-CC6H5), 127.8 (d, 3JCP = 9.9 Hz, m-CC6H5), 121.6 (s, NCCHCH-

CCHCHCN), 121.2 (s, NCCHCCHCHCHCN), 117.2 (s, NCCHC-

HCHCCHCN), 110.5 (s, NCCCHCHCHCHCN), 74.1 (s, CC5H5);
31P{1H} (161 MHz) 55.9 (s). IR (cm–1, powder film): 3347 (m),
3254 (m), 3200 (w), 3103 (w), 3080 (w), 2798 (m), 2764 (m), 2729
(m), 1679 (s), 1640 (w), 1617 (m), 1590 (m), 1559 (s), 1463 (m), 1436
(m), 1417 (m), 1274 (w), 1251 (m), 1096 (m), 833 (m), 791 (m), 749
(s), 695 (s). MS:45 603 (39) [11]+, 585 (12) [11 –NH2]

+, 341 (100) [11 –
PPh3]

+. UV–visible (nm, 0.0010 M in DMSO (ε, M–1 cm–1)): 309
(2760), 324 (2560), 332 (2550), 345 (2380), 384 (1660).
[(η5-C5H5)Ru(PPh3)(GBI)]

+BF4
− (1+BF4

−). A Schlenk flask was
charged with 1+Cl− (0.273 g, 0.427 mmol), Na+BF4

− (0.051 g,
0.47 mmol), and CH2Cl2/water (7.5 mL, 2:1 v/v). The mixture was
stirred for 12 h. The organic phase was separated, and the aqueous phase
was extracted with CH2Cl2 (2 × 5 mL). The combined organic phases
were filtered through a plug of Na2SO4 (1× 1 cm), which was rinsed with
CH2Cl2 (3 × 5 mL). The filtrate was concentrated by oil pump vacuum
(ca. 5 mL). Hexanes (25 mL)was added, and the CH2Cl2 was removed by
oil pump vacuum. The solvent was decanted from the precipitate, which
was dissolved in CH2Cl2 (5 mL). The solution was added dropwise to
stirred hexanes (25 mL), and the CH2Cl2 was removed by oil pump
vacuum. The solvent was decanted from the precipitate, which was dried
by oil pump vacuum to give 1+BF4

−·(H2O)0.5 as a yellow powder (0.230 g,
0.329 mmol, 77%).19 Dec pt: 242 °C (capillary). Anal. Calcd (%) for
C31H29BF4N5PRu·(H2O)0.5 (700.13): C 53.23, H 4.32, N 10.01. Found: C
53.59, H 4.15, N 9.83. NMR (δ, DMSO-d6):

1H (400MHz) 11.73 (s, 1H,
NH), 9.71 (s, 1H, NH), 7.36−7.10 (m, 17H, P(C6H5)3 and

NCCH(CH)2CHCN), 7.04−7.01 (m, 2H, NCCH(CH)2CHCN), 6.10
(s, 1H, NH), 6.02 (s, 2H, NH2), 4.43 (s, 5H, C5H5), 3.32 (s, H2O);
13C{1H} (75 MHz) 152.6 (s, NHCNH2), 145.3 (s, NC(NH)2),

143.9 (s, NCCHCHCHCHCN), 137.1 (d, 1JCP = 27.9 Hz, i-C6H5), 134.9

(s, o-C6H5), 132.3 (s, NCCHCHCHCHCN), 130.1 (s, p-CC6H5), 128.8 (s,

m-CC6H5), 123.3 (s, NCCHCHCCHCHCN), 122.7 (s, NCCHCCHCHC-

HCN), 118.8 (s, NCCHCHCHCCHCN), 111.5 (s, NCCCHCHCH-

CHCN), 75.2 (s, CC55H5);
31P{1H} (161 MHz) 56.2 (s); 19F{1H}

(282 MHz) −150.3 (s); 11B{1H} (128 MHz) −1.03 (s). IR (cm–1,
powder film): 3381 (m), 3354 (m), 1683 (s), 1637 (w), 1586 (m), 1563
(s), 1494 (w), 1463 (m), 1436 (m), 1409 (m), 1239 (w), 1089 (s), 1078
(s), 1011 (s), 845 (w), 741 (s), 694 (s). MS:45 603 (51) [11]+, 341 (100)
[11 – PPh3]

+. UV–visible (nm, 0.0011 M in DMSO (ε, M–1 cm–1)): 289
(4650), 310 (5260), 322 (5610), 342 (3360), 390 (1800).

[(η5-C5H5)Ru(PPh3)(GBI)]
+PF6

− (1+PF6
−). A Schlenk flask was

charged with 1+Cl− (0.224 g, 0.350 mmol), Na+PF6
− (0.295 g, 1.76 mmol),

and CH2Cl2 (5 mL). The mixture was stirred for 12 h and filtered
through a plug of Celite (1 × 1 cm), which was rinsed with CH2Cl2 (3 ×
5 mL). The filtrate was concentrated by oil pump vacuum (ca. 5 mL).
Hexanes (25 mL) was added, and the CH2Cl2 was removed by oil pump
vacuum. The solvent was decanted from the precipitate, which was
dissolved in CH2Cl2 (5 mL). The solution was added dropwise to stirred
hexanes (25 mL), and the CH2Cl2 was removed by oil pump vacuum.
The solvent was decanted from the precipitate, which was dried by oil
pump vacuum to give 1+PF6

− as a yellow powder (0.218 g, 0.291 mmol,
83%).19 Dec pt: 237 °C (capillary). Anal. Calcd (%) for C31H29F6N5P2Ru
(749.09): C 49.74, H 3.90, N 9.36. Found: C 49.39, H 3.85, N 9.10. NMR
(δ, DMSO-d6):

1H (300 MHz) 12.13 (s, 1H, NH), 10.82 (s, 1H, NH),

7.53−7.20 (m, 19H, P(C6H5)3 and NCCH(CH)2CHCN), 6.63 (s, 2H,
NH2), 6.45 (s, 1H,NH), 4.61 (s, 5H, C5H5);

13C{1H} (75MHz) 152.7 (s,

NHCNH2), 145.3 (s, NC(NH)2), 143.5 (s, NCCHCHCHCHCN),
136.8 (d, 1JCP = 39.2 Hz, i-C6H5), 133.8 (s, o-C6H5), 132.3 (s,

NCCHCHCHCHCN), 130.1 (s, p-CC6H5), 128.7 (s, m-CC6H5), 123.4

(s, NCCHCHCCHCHCN), 122.8 (s, NCCHCCHCHCHCN), 118.9

(s, NCCHCHCHCCHCN), 111.4 (s, NCCCHCHCHCHCN), 75.2 (s,
CC5H5);

31P{1H} (161 MHz) 56.3 (s, PP(C6H5)3), −142.9 (sep, 1JPF =
703.6 Hz, PPF6

–). 19F{1H} (282 MHz) −71.6 (d, 1JFP = 707.3 Hz). IR
(cm–1, powder film): 3505 (w), 3435 (w), 3412 (w), 3377 (w), 1687 (s),
1637 (w), 1586 (m), 1567 (s), 1478 (w), 1436 (m), 1401 (w), 1254
(m), 1092 (m), 880 (s), 862 (s), 841 (s), 741 (s), 698 (s). MS:45 603
(85) [11]+, 341 (100) [11 – PPh3]

+. UV–visible (nm, 0.0010 M in DMSO
(ε, M–1 cm–1)): 296 (5200), 302 (4830), 314 (5340), 328 (5440), 338
(3980), 349 (4020), 400 (1760).

[(η5-C5H5)Ru(PPh3)(GBI)]
+BArf

− (1+BArf
−).8 A Schlenk flask was

charged with 1+Cl− (0.273 g, 0.427 mmol), Na+BArf
− (0.415 g, 0.469

mmol),24 and CH2Cl2 (5 mL). The mixture was stirred for 12 h and
filtered through a plug of Celite (1 × 2.5 cm), which was rinsed with
CH2Cl2 (15 mL). The filtrate was concentrated by oil pump vacuum
(ca. 5 mL). Hexanes (25 mL) was added, and the solvent was decanted
from the precipitate, which was dissolved in CH2Cl2 (5 mL). The solu-
tion was added dropwise to stirred hexanes (25 mL), and the CH2Cl2
was removed by oil pump vacuum. The solvent was decanted from the
precipitate, which was dried by oil pump vacuum to give 1+BArf

−·
(H2O)2 as a yellow powder (0.545 g, 0.363 mmol, 85%).19 Dec pt:
196 °C (capillary). Anal. Calcd (%) for C63H41BF24N5PRu·(H2O)2
(1502.88): C 50.96, H 2.92, N 4.72. Found: C 50.65, H 2.61, N 4.64.
NMR (δ, DMSO-d6):

1H (300 MHz) 11.75 (s, 1H, NH), 9.68 (s, 1H,
NH), 8.31−8.03 (m, 31H, B(C6H3(CF3)2)4, P(C6H5)3, and

NCCH(CH)2CHCN), 6.12 (s, 1H, NH), 6.03 (s, 2H, NH2), 5.02 (s,
5H, C5H5), 3.33 (s,H2O);

13C{1H} (75 MHz) 163.1 (q, 1JCB = 49.6 Hz,
i-C6H3(CF3)2), 152.6 (s, NHCNH2), 145.3 (s, NC(NH)2), 143.9

(s, NCCHCHCHCHCN), 137.1 (d, 1JCP = 27.9 Hz, i-C6H5), 135.2 (s,

o-C6H3(CF3)2), 134.9 (s, o-C6H5), 132.3 (s, NCCHCHCHCHCN),
130.1 (s, p-CC6H5), 128.8 (s, m-CC6H5), 129.5 (q, 2JCF = 31.2 Hz,
m-CC6H3(CF3)2), 126.7 (q, 1JCF = 270.7 Hz, C6H3(CCF3)2), 123.3

(s, NCCHCHCCHCHCN), 122.7 (s, NCCHCCHCHCHCN), 118.8

(s, NCCHCHCHCCHCN), 117.9 (s, p-CC6H3(CF3)2), 111.5
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(s, NCCCHCHCHCHCN), 74.7 (s, CC5H5);
31P{1H} (161 MHz) 56.4

(s); 19F{1H} (282 MHz) −63.7 (s); 11B{1H} (128 MHz) −6.63 (s). IR
(cm–1, powder film): 3443 (w), 3405 (w), 1679 (m), 1586 (m), 1563
(m), 1459 (m), 1355 (s), 1274 (s), 1170 (s), 1119 (s), 1011 (w), 887
(m), 837 (m), 810 (m), 737 (m), 714 (m), 683 (m); MS:45 603 (49)
[11]+, 341 (100) [11 – PPh3]

+; UV–visible (nm, 0.0010 M in DMSO
(ε, M–1 cm–1)): 295 (4170), 306 (5940), 320 (3160), 391 (1160).
[(η5-C5H5)Ru(CO)(GBI)]

+Cl− (2+Cl−).49 A Schlenk flask was charged
with 1+Cl− (0.314 g, 0.491 mmol) and CHCl3 (25 mL). The solution
was aspirated with CO and monitored by 31P{1H} NMR. After 24 h, the
solution was concentrated by rotary evaporation (5 mL) and filtered
through a plug of Celite (5 × 1 cm), which was rinsed with CHCl3
(30 mL).50 The filtrate was concentrated by rotary evaporation (ca.
25 mL) and added dropwise to stirred n-pentane (150 mL). The solvent
was decanted from the precipitate, which was dissolved in CHCl3
(25 mL).51 The solution was added dropwise to stirred hexanes
(100 mL), and the solvent was decanted from the precipitate. This
sequence was repeated twice. The residue was triturated with benzene
and dried by oil pump vacuum to give 2+Cl− as an off-white powder
(0.181 g, 0.447 mmol, 91%). Dec pt: 252 °C (capillary). Anal. Calcd (%)
for C14H14ClN5ORu (404.99): C 41.54, H 3.49, N 17.30. Found: C
41.08, H 3.68, N 15.80.52 NMR (δ): 1H (CDCl3/MeOH-d4, 400

MHz)53 7.21−7.18 (m, 1H, NCCH(CH)2CHCN), 7.09−7.06 (m, 2H,
NCCH(CH)2CHCN), 6.99−6.96 (m, 1H, NCCH(CH)2CHCN), 4.87
(s, 5H, C5H5);

1H (DMSO-d6, 400 MHz)48 11.42 (br s, 2H, NH),54

7.40−7.38 (m, 1H, NCCH(CH)2CHCN), 7.20−7.13 (m, 3H, NCCH-
(CH)2CHCN), 6.72 (br s, 2H, NH2), 6.39 (s, 1H, NH), 5.19 (s, 5H,
C5H5);

13C{1H} (CDCl3, 100 MHz)48 204.1 (s, CO), 153.6 (s, NH
CNH2), 145.4 (s, NC(NH)2), 142.5 (s, NCCHCHCHCHCN), 131.6

(s, NCCHCHCHCHCN), 123.0 (s, NCCHCHCCHCHCN), 122.5 (s,

NCCHCCHCHCHCN), 116.9 (s, NCCHCHCHCCHCN), 111.5

(s, NCCCHCHCHCHCN), 81.7 (s, CC5H5). IR (cm–1, powder film):
3331 (w), 3266 (w), 3208 (m), 3138 (m), 3111 (w), 1938 (s, νCO), 1683
(s), 1652 (w), 1567 (s), 1494 (w), 1463 (m), 1420 (w), 1262 (m), 1220
(w), 1092 (w), 1015 (m), 972 (w), 934 (w), 806 (m), 741 (m), 694 (s),
667 (m).MS:45 371 (52) [22]+, 341 (100) [22 –CO]+, 325 (32) [22 –CO –
NH2]

+, 299 (26) [22 – CO – NHCNH2]
+; UV–visible (nm, 0.0010 M in

DMSO (ε, M–1 cm–1)): 289 (4180), 294 (3860), 304 (3030), 412 (200).
[(η5-C5H5)Ru(CO)(GBI)]

+BF4
− (2+BF4

−). Route A. A Schlenk flask
was charged with 1+BF4

−·(H2O)0.5 (0.143 g, 0.204 mmol) and CH2Cl2
(5 mL). The sample was saturated with CO, fitted with a balloon filled
with CO, and stirred. After 24 h, the mixture was filtered through a
plug of Celite (1 × 1 cm), which was rinsed with CH2Cl2 (3 × 5 mL).50

The filtrate was concentrated by rotary evaporation (ca. 5 mL).
Hexanes (25 mL) was added, and the CH2Cl2 was removed by rotary
evaporation. The solvent was decanted from the precipitate, which was
dissolved in CH2Cl2 (5 mL). The solution was added dropwise to stirred
hexanes (25 mL), and the CH2Cl2 was removed by rotary evaporation.
The solvent was decanted from the precipitate, which was dried by oil
pump vacuum to give 2+BF4

− as a yellow powder (0.081 g, 0.18 mmol,
87%).19 Route B. A Schlenk flask was charged with 2+Cl− (0.161 g,
0.402 mmol), Na+BF4

− (0.218 g, 1.99 mmol), and CH2Cl2/water
(10 mL, 1:1 v/v) with stirring. After 12 h, the organic phase was
separated and dried (Na2SO4).

50 The mixture was filtered through a
plug of Celite (1 × 1 cm), which was rinsed with CH2Cl2 (3 × 10 mL).
The filtrate was concentrated by rotary evaporation (ca. 5 mL). Hexanes
(25 mL) was added, and the solvent was decanted from the precipitate,
which was dissolved in CH2Cl2 (5 mL). The solution was added
dropwise to stirred hexanes (25mL). The solvent was decanted from the
precipitate, which was dried by oil pump vacuum to give 2+BF4

−·(H2O)2
as a yellow powder (0.151 g, 0.306 mmol, 77%). Dec pt: 241 °C
(capillary). Anal. Calcd (%) for C14H14BF4N5ORu·(H2O)2 (493.05): C
34.16, H 3.69, N 14.23. Found: C 33.85, H 3.14, N 12.32.52 NMR (δ):
1H (DMSO-d6, 300 MHz) 11.57 (s, 2H, NH), 7.41−7.38 (m, 1H,

NCCH(CH)2CHCN), 7.22−7.14 (m, 3H, NCCH(CH)2CHCN), 6.54

(br s, 2H, NH2), 6.33 (s, 1H, NH), 5.19 (s, 5H, C5H5), 3.32 (s, H2O);
13C{1H} (CD2Cl2, 75 MHz) 204.0 (s, CO), 153.3 (s, NHCNH2),

145.1 (s, NC(NH)2), 142.3 (s, NCCHCHCHCHCN), 131.3 (s,

NCCHCHCHCHCN), 122.9 (s, NCCHCHCCHCHCN), 122.4 (s,

NCCHCCHCHCHCN), 116.9 (s, NCCCHCHCHCHCN), 111.1 (s,

NCCHCHCHCCHCN), 81.6 (s, CC5H5);
19F{1H} (CD2Cl2, 282 MHz)

−148.5 (s); 11B{1H} (DMSO-d6, 128MHz) −1.13 (s). IR (cm–1, powder
film): 3331 (w), 3304 (w), 3242 (w), 3212 (w), 3188 (w), 3138 (w),
3100 (w), 3080 (w), 3011 (w), 2922 (w), 2154 (m), 1938 (s, νCO),
1679 (s), 1637 (m), 1586 (m), 1563 (s), 1463 (m), 1413 (w), 1254 (w),
1220 (w), 1089 (m), 1078 (w), 1011 (m), 829 (w), 802 (m), 741 (s),
690 (s). MS:45 371 (67) [22]+, 341 (100) [22–CO]+. UV–visible
(nm, 0.0010 M in DMSO (ε, M–1 cm–1)): 287 (2650), 300 (2870), 305
(3610), 430 (173).

[(η5-C5H5)Ru(CO)(GBI)]
+PF6

− (2+PF6
−). Route A. A Schlenk flask

was charged with 1+PF6
− (0.172 g, 0.229 mmol) and CH2Cl2 (5 mL).

The sample was saturated with CO, fitted with a balloon filled with CO,
and stirred. After 12 h, the mixture was filtered through a plug of Celite
(1× 1 cm), which was rinsed with CH2Cl2 (3× 5mL).50 The filtrate was
concentrated by rotary evaporation (ca. 5 mL). Hexanes (25 mL) was
added, and the CH2Cl2 was removed by rotary evaporation. The solvent
was decanted from the precipitate, which was dissolved in CH2Cl2
(5 mL). The solution was added dropwise to stirred hexanes (25 mL),
and the CH2Cl2 was removed by rotary evaporation. The solvent was
decanted from the precipitate, which was dried by oil pump vacuum to
give 2+PF6

− as a yellow powder (0.105 g, 0.204 mmol, 89%).19 Route B.
A Schlenk flask was charged with 2+Cl− (0.218 g, 0.538 mmol), Na+PF6

−

(0.452 g, 2.69 mmol), and CH2Cl2 (5 mL). The mixture was stirred for
12 h and filtered through a plug of Celite (1 × 1 cm), which was rinsed
with CH2Cl2 (3 × 5 mL).50 The filtrate was concentrated by rotary
evaporation (ca. 5 mL). Hexanes (25 mL) was added, and the CH2Cl2
was removed by rotary evaporation. The solvent was decanted from the
precipitate, which was dissolved in CH2Cl2 (5 mL). The solution was
added dropwise to stirred hexanes (25 mL), and the CH2Cl2 was
removed by rotary evaporation. The solvent was decanted from the
precipitate, which was dried by oil pump vacuum to give 2+PF6

− as a
yellow powder (0.241 g, 0.468 mmol, 87%). Dec pt: 221 °C (capillary).
Anal. Calcd (%) for C14H14F6N5OPRu (514.99): C 32.69, H 2.74, N
13.62. Found: C 32.70, H 3.10, N 11.97.52 NMR (δ, DMSO-d6):

1H
(300 MHz) 12.48 (s, 1H, NH), 10.43 (s, 1H, NH), 7.43−7.39 (m, 1H,
NCCH(CH)2CHCN), 7.24−7.16 (m, 3H, NCCH(CH)2CHCN), 6.46
(s, 2H, NH2), 6.34 (s, 1H, NH), 5.20 (s, 5H, C5H5);

13C{1H} (75MHz)
203.9 (s, CO), 152.9 (s, NHCNH2), 144.7 (s, NC(NH)2), 142.7

(s, NCCHCHCHCHCN), 131.2 (s, NCCHCHCHCHCN), 124.3

(s, NCCHCHCCHCHCN), 123.8 (s, NCCHCCHCHCHCN), 117.9

(s, NCCHCHCHCCHCN), 111.6 (s, NCCCHCHCHCHCN), 82.0 (s,
CC5H5);

31P{1H} (DMSO-d6, 121 MHz) −142.7 (sep, 1JPF = 710.3 Hz);
19F{1H} (282MHz) −69.8 (d, 1JFP = 712.3 Hz). IR (cm–1, powder film):
2347 (m), 1942 (s, νCO), 1683 (m), 1652 (w), 1590 (m), 1567 (m),
1521 (w), 1494 (w), 1463 (m), 1243 (m), 1104 (m), 1061 (w), 1015
(w), 837 (s), 741 (m), 660 (w). MS:45 371 (52) [22]+, 341 (100) [22 –
CO]+. UV–visible (nm, 0.0010M inDMSO (ε, M–1 cm–1)): 291 (2280),
295 (2400), 298 (2650), 305 (4120), 311 (2550), 419 (206).

Route C. A round-bottom flask was charged with [(η5-C5H5)-
Ru(CO)(NCCH3)2]

+PF6
− (0.040 g, 0.095 mmol; see above), GBI

(0.016 g, 0.095 mmol), CH2Cl2 (2 mL), and MeOH (1 mL) with
stirring. After 2 d at room temperature, the solvent was removed by oil
pump vacuum and the residue was chromatographed on a silica gel
column (0.5 × 15 cm, 3:1 v/v CH2Cl2/CH3CN). The solvent was
removed from the product-containing fractions to give a sticky yellow
solid. This was dissolved in CH2Cl2 (5 mL), and pentane was added
until a precipitate formed. The solvent was removed by oil pump
vacuum. More pentane (5 mL) was added and removed by oil
pump vacuum (2 × ) to give 2+PF6

− as a yellow powder (0.039 g,
0.076 mmol, 81%).
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[(η5-C5H5)Ru(CO)(GBI)]
+BArf

− (2+BArf
−). Route A. A Schlenk flask

was charged with 1+BArf
−·(H2O)2 (0.257 g, 0.171 mmol) and CH2Cl2

(5 mL). The sample was saturated with CO, fitted with a balloon filled
with CO, and stirred. After 24 h, the mixture was filtered through a plug
of Celite (1 × 2.5 cm), which was rinsed with CH2Cl2
(2 × 10 mL).50 The filtrate was concentrated by rotary evaporation
(ca. 5 mL). Hexanes (25 mL) was added, and the CH2Cl2 was removed
by rotary evaporation. The solvent was decanted from the precipitate,
which was dissolved in CH2Cl2 (5 mL). The solution was added drop-
wise to stirred hexanes (25 mL), and the CH2Cl2 was removed by rotary
evaporation. The solvent was decanted from the precipitate, which was
dried by oil pump vacuum to give 2+BArf

− as a yellow powder (0.194 g,
0.157 mmol, 92%).19 Route B. A Schlenk flask was charged with 2+Cl−

(0.154 g, 0.381 mmol), Na+BArf
− (0.354 g, 0.401 mmol),24 and CH2Cl2

(5 mL). The mixture was stirred for 12 h and filtered through a plug of
Celite (1 × 2.5 cm), which was rinsed with CH2Cl2 (2 × 25 mL).50 The
filtrate was concentrated by rotary evaporation (ca. 5 mL). Hexanes
(25 mL) was added, and the CH2Cl2 was removed by rotary
evaporation. The solvent was decanted from the precipitate, which
was dissolved in CH2Cl2 (5 mL). The solution was added dropwise to
stirred hexanes (25 mL), and the CH2Cl2 was removed by rotary
evaporation. The solvent was decanted from the precipitate, which was
dried by oil pump vacuum to give 2+BArf

−·(H2O)1.5 as a yellow powder
(0.420 g, 0.333 mmol, 88%). Dec pt: 187 °C (capillary). Anal. Calcd (%)
for C46H26BF24N5ORu·(H2O)1.5 (1260.11): C 43.86 H 2.32, N 5.56.
Found: C 44.06, H 2.77, N 4.94.52 NMR (δ): 1H (DMSO-d6, 400 MHz)
12.02 (br s, 2H, NH), 7.78 (s 8H, o-B(C6H3(CF3)2)4), 7.71 (s, 4H,

p-B(C6H3(CF3)2)4), 7.52−7.49 (m, 1H, NCCH(CH)2CHCN), 7.32−
7.27 (m, 3H, NCCH(CH)2CHCN), 6.63 (s, 2H, NH2), 6.45 (s, 1H,
NH), 5.30 (s, 5H, C5H5), 3.31 (s, H2O);

13C{1H} (CD2Cl2, 75 MHz)
203.3 (s,CO), 163.1 (q, 1JCB = 49.6 Hz, i-C6H3(CF3)2), 152.4 (s, NH
CNH2), 144.1 (s, NC(NH)2), 142.6 (s, NCCHCHCHCHCN),

135.2 (s, o-C6H3(CF3)2), 130.8 (s, NCCHCHCHCHCN), 129.5
(q, 2JCF = 31.2 Hz, m-CC6H3(CF3)2), 126.7 (q, 1JCF = 270.7 Hz,

C6H3(CCF3)2), 124.9 (s, NCCHCHCCHCHCN), 124.5 (s, NCCHCCHC-

HCHCN), 118.4 (s, NCCHCHCHCCHCN), 117.9 (s, p-CC6H3(CF3)2),

111.4 (s, NCCCHCHCHCHCN), 81.9 (s, CC5H5);
19F{1H} (CD2Cl2, 282

MHz) −63.2 (s); 11B{1H} (DMSO-d6, 128 MHz) −6.63 (s). IR (cm–1,
powder film): 3713 (w), 3652 (w), 2362 (w), 2343 (w), 1961 (s, νCO),
1718 (m), 1687 (m), 1629 (w), 1575 (m), 1355 (s), 1278 (s), 1116 (s),
1061 (m), 934 (w), 887 (w), 837 (w), 745 (m), 710 (m), 671 (m).
MS:45 603 (51) [22]+, 341 (100) [22 – PPh3]

+. UV–visible (nm, 0.0010 M
in DMSO (ε, M–1 cm–1)): 289 (3810), 293 (3130), 305 (2770),
416 (210).
[(η5-C5H5)Ru(CO)(GBI)]

+(Δ)-TRISPHAT− (2+(Δ)-TRISPHAT−). A
Schlenk flask was charged with 2+Cl− (0.273 g, 0.427 mmol),
(n-Bu)3NH

+(Δ)-TRISPHAT− (0.445 g, 0.469 mmol),26 and CH2Cl2
(5 mL) with stirring. After 12 h, the mixture was filtered through a plug
of Celite (1 × 2.5 cm), which was rinsed with CH2Cl2 (25 mL).

50 The
filtrate was concentrated by rotary evaporation (ca. 5 mL). Then
CH2Cl2/water (15 mL, 1:2 v/v) was added, and the mixture shaken for
5 min. The organic phase was separated, washed with water (5× 10 mL),
dried (Na2SO4), and filtered (sintered glass). Hexanes (25 mL) was
added, and the CH2Cl2 was removed by rotary evaporation. The solvent
was decanted from the precipitate, whichwas dissolved inCH2Cl2 (5mL).
The solution was added dropwise to stirred hexanes (25 mL), and the
CH2Cl2 was removed by rotary evaporation. The solvent was decanted
from the precipitate, which was dried by oil pump vacuum to give 2+(Δ)-
TRISPHAT− as a white powder (0.545 g, 0.371 mmol, 81%) of ca. 95%
purity by 1HNMR. Dec pt: 187 °C (capillary). NMR (δ): 1H (DMSO-d6,

300 MHz) 11.55 (br s, 2H, NH), 7.39−7.37 (m, 1H, NCCH(CH)2-

CHCN), 7.18−7.14 (m, 3H, NCCH(CH)2CHCN), 6.44 (s, 1H, NH),
6.30 (s, 2H, NH2), 5.18 (s, 5H, C5H5);

1H (C6D6, 300 MHz) 10.98 (br s,

2H, NH), 7.31−7.12 (m, 4H, NCCH(CH)2CHCN), 6.11 (br s, 1H,
NH), 5.98 (br s, 2H, NH2), 4.61 and 4.60 (2 s, 5H, C5H5);

13C{1H}

(DMSO-d6, 75 MHz) 205.4 (s, CO), 153.6 (s, NHCNH2), 145.7 (s,

NC(NH)2), 142.5 (s, NCCHCHCHCHCN), P(O2C6Cl4)3 at 141.2

(d, 2JCP = 6.5 Hz), 122.1 (s), 113.2 (d,
3JCP = 19.6 Hz); 131.8 (s, NCCH-

CHCHCHCN), 122.7 (s, NCCHCHCCHCHCN), 122.4 (s, NCCH-

CCHCHCHCN), 117.0 (s, NCCHCHCHCCHCN), 111.2 (s, NCCCHC-

HCHCHCN), 82.5 (s, C5H5);
31P{1H} (DMSO-d6, 161 MHz) −79.7

(s). IR (cm–1, powder film): 3381 (w), 3354 (m), 3308 (m), 3204 (w), 3184
(w), 3161 (w), 3119 (w), 3038 (w), 2930 (w), 1945 (s, νCO), 1683 (s), 1637
(w), 1586 (m), 1563 (s), 1494 (s), 1463 (m), 1436 (m), 1409 (w), 1239
(m), 992 (s), 741 (m), 694 (s). MS:45 371 (59) [22]+, 341 (100) [22 –CO]+.

[(η5-C5Me5)Ru(CO)(GBI)]
+Cl− (3+Cl−). A Schlenk flask was charged

with (η5-C5Me5)Ru(PPh3)2(Cl) (see above; 2.303 g, 2.893 mmol), GBI
(0.760 g, 4.34 mmol), and benzene (15 mL) and fitted with a condenser.
The mixture was refluxed with stirring. After 16 h, the yellow-brown pre-
cipitate was collected by filtration and washed with toluene (4 × 5 mL)
and hexanes (2 × 15 mL). A Schlenk flask was charged with the yellow-
brown powder and CHCl3 (25 mL). The suspension was saturated with
CO, fitted with a balloon filled with CO, and stirred. After 72 h, the
mixture was concentrated by rotary evaporation (ca. 5 mL) and filtered
through a plug of Celite (1 × 1 cm), which was rinsed with CHCl3
(40 mL). The filtrate was concentrated by rotary evaporation (ca.
10 mL) and added dropwise to stirred n-pentane (35 mL). The solvent
was decanted from the precipitate, which was dissolved in CHCl3
(15 mL).51 The solution was added dropwise to stirred hexanes
(100 mL). The solvent was decanted from the precipitate, which was
dried by oil pump vacuum to give 3+Cl−·(CHCl3)0.17 as an off-white
powder (1.128 g, 2.281 mmol, 77%). Dec pt: 221 °C (capillary). Anal.
Calcd (%) for C19H24ClN5ORu·(CHCl3)0.17 (494.72): C 46.23, H 4.89,
N 14.04. Found: C 46.48, H 4.89, N 14.41. NMR48 (δ): 1H (DMSO-d6,
400 MHz) 11.53 (br s, 2H, NH), 8.32 (s, trace CHCl3), 7.42−7.40 (m,
1H, NCCH(CH)2CHCN), 7.27−7.17 (m, 2H, NCCH(CH)2CHCN),
7.12−7.10 (m, 1H, NCCH(CH)2CHCN), 6.83 (s, 2H, NH2), 5.89 (s,
1H, NH), 1.58 (s, 15H, C5(CH3)5);

13C{1H} (DMSO-d6/MeOH-d4,
100 MHz)48 208.5 (s, CO), 154.6 (s, NHCNH2), 146.1 (s, N
C(NH)2), 141.5 (s, NCCHCHCHCHCN), 133.1 (s, NCCHCHC-

HCHCN), 123.3 (s, NCCHCHCCHCHCN), 122.8 (s, NCCHCCHC-

HCHCN), 117.5 (s, NCCHCHCHCCHCN), 111.9 (s, NCCCHCHCH-

CHCN), 93.4 (s, CC5(CH3)5), 79.4 (s, trace CHCl3), 9.7 (s, C5(CCH3)5).
IR (cm–1, powder film): 3374 (w), 3289 (m), 3227 (w), 3184 (w), 3146
(w), 3100 (w), 3030 (w), 2972 (w), 2918 (w), 1915 (s, νCO), 1683 (m),
1637 (w), 1586 (m), 1556 (s), 1490 (w), 1463 (s), 1382 (m), 1251 (m),
810 (m), 741 (s), 690 (m). MS:45 440 (49) [33]+, 412 (100) [33 – CO]+.
UV–visible (nm, 0.0010 M in DMSO (ε, M–1 cm–1)): 295 (3020), 300
(4850), 302 (4980), 311 (3520), 315 (3140), 405 (253).

[(η5-C5Me5)Ru(CO)(GBI)]
+BF4

− (3+BF4
−). A Schlenk flask was

charged with 3+ Cl−·(CHCl3)0.17 (0.106 g, 0.214 mmol), Na+BF4
−

(0.117 g, 1.06 mmol), and CH2Cl2/water (10 mL, 1:1 v/v) with stirring.
After 16 h, the organic phase was separated, and the aqueous phase was
extracted with CH2Cl2 (2 × 5 mL).50 The combined organic phases
were filtered through a plug of Na2SO4 (1 × 1 cm), which was rinsed
with CH2Cl2 (3 × 10 mL). The filtrate was concentrated by rotary
evaporation (ca. 5 mL). Hexanes (25 mL) was added, and the CH2Cl2
was removed by rotary evaporation. The solvent was decanted from the
precipitate, which was dissolved in CH2Cl2 (5 mL). The solution was
added dropwise to stirred hexanes (25 mL), and the CH2Cl2 was
removed by rotary evaporation. The solvent was decanted from the
precipitate, which was dried by oil pump vacuum to give 3+BF4

−·
(H2O)1.5 as a yellow powder (0.072 g, 0.130 mmol, 61%). Dec pt: 219
°C (capillary). Anal. Calcd (%) for C19H24BF4N5ORu·(H2O)1.5
(554.13): C 41.17, H 5.09, N 12.63. Found: C 41.46, H 4.89, N
12.21. NMR (δ): 1H (DMSO-d6, 300 MHz) 11.58 (s, 2H, NH), 7.42−
7.40 (m, 1H, NCCH(CH)2CHCN), 7.26−7.19 (m, 2H, NCC-

H(CH)2CHCN), 7.12−7.10 (m, 1H, NCCH(CH)2CHCN), 6.64 (s,
2H, NH2), 5.83 (s, 1H, NH), 3.40 (s, H2O), 1.58 (s, 15H, C5(CH3)5);
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13C{1H} (CDCl3, 75 MHz) 206.5 (s, CO), 153.1 (s, NHCNH2),

144.9 (s, NC(NH)2), 140.7 (s, NCCHCHCHCHCN), 131.5 (s,

NCCHCHCHCHCN), 123.5 (s, NCCHCHCCHCHCN), 122.9 (s,

NCCHCCHCHCHCN), 117.5 (s, NCCHCHCHCCHCN), 111.3 (s,

NCCCHCHCHCHCN), 92.6 (s, CC5(CH3)5), 9.7 (s, C5(CCH3)5);
19F{1H} (CDCl3, 282 MHz) −147.9 (s); 11B{1H} (DMSO-d6, 128
MHz) −1.03 (s). IR (cm–1, powder film): 3375 (w), 3290 (m), 3190
(w), 3144 (w), 3090 (w), 3035 (w), 2966 (w), 2920 (w), 2819 (m),
1915 (s, νCO), 1684 (m), 1637 (w), 1552 (m), 1468 (m), 1383 (w), 1328
(w), 1259 (m), 1081 (s), 1020 (s), 803 (s), 741 (m), 687 (m). MS:45

440 (33) [33]+, 411 (100) [33 – CO]+. UV–visible (nm, 0.0010 M in
DMSO (ε, M–1 cm–1)): 289 (2250), 295 (2140), 308 (3110),
402 (253).
[(η5-C5Me5)Ru(CO)(GBI)]

+PF6
− (3+PF6

−). A Schlenk flask was
charged with 3+Cl−·(CHCl3)0.17 (0.182 g, 0.368 mmol), Na+PF6

−

(0.309 g, 1.84 mmol), and CH2Cl2 (5 mL). The mixture was stirred
for 16 h and filtered through a plug of Celite (1 × 1 cm), which was
rinsed with CH2Cl2 (3 × 5 mL).50 The filtrate was concentrated by
rotary evaporation (ca. 5 mL). Hexanes (25 mL) was added, and the
CH2Cl2 was removed by rotary evaporation. The solvent was decanted
from the precipitate, which was dissolved in CH2Cl2 (5 mL). The
solution was added dropwise to stirred hexanes (25 mL), and the
CH2Cl2 was removed by rotary evaporation. The solvent was decanted
from the precipitate, which was dried by oil pump vacuum to give
3+PF6

− as a yellow powder (0.182 g, 0.310 mmol, 84%). Dec pt: 211 °C
(capillary). Anal. Calcd (%) for C19H24F6N5OPRu (585.07): C 39.05, H
4.14, N 11.98. Found: C 39.05, H 4.21, N 11.94. NMR (δ): 1H (DMSO-

d6, 300 MHz) 11.70 (s, 2H, NH),54 7.42−7.40 (m, 1H, NCCH-

(CH)2CHCN), 7.28−7.20 (m, 2H, NCCH(CH)2CHCN), 7.13−7.11
(m, 1H, NCCH(CH)2CHCN), 6.65 (s, 2H, NH2), 5.83 (s, 1H, NH),
1.58 (s, 15H, C5(CH3)5);

13C{1H} (CD2Cl2, 75 MHz) 206.9 (s, CO),

153.4 (s, NHCNH2), 145.1 (s, NC(NH)2), 141.1 (s, NCCHCH-

CHCHCN), 132.2 (s, NCCHCHCHCHCN), 123.9 (s, NCCHCH-

CCHCHCN), 123.5 (s, NCCHCCHCHCHCN), 118.1 (s, NCCHCH-

CHCCHCN), 111.6 (s, NCCCHCHCHCHCN), 93.2 (s, CC5(CH3)5), 9.9
(s, C5(CCH3)5);

31P{1H} (CD2Cl2, 121 MHz) −142.7 (sep, 1JPF = 710.3
Hz); 19F{1H} (CD2Cl2, 282 MHz) −70.6 (d, 1JFP = 712.1 Hz). IR (cm–1,
powder film): 3499 (w), 3406 (m), 2966 (w), 2920 (w), 1922 (s, νCO),
1684 (m), 1637 (w), 1560 (m), 1460 (m), 1383 (w), 1313 (w), 1259
(w), 1097 (m), 1027 (m), 934 (w), 842 (s), 814 (w), 756 (m). MS:45

442 (61) [33]+, 412 (100) [33 – CO]+. UV–visible (nm, 0.0010 M in
DMSO (ε, M–1 cm–1)): 292 (2890), 308 (3260), 403 (258).
[(η5-C5Me5)Ru(CO)(GBI)]

+BArf
− (3+BArf

−). A Schlenk flask was
charged with 3+Cl−·(CHCl3)0.17 (0.187 g, 0.379 mmol), Na+BArf

−

(0.352 g, 0.398 mmol),24 and CH2Cl2 (5 mL). The mixture was stirred
for 16 h and filtered through a plug of Celite (1 × 2.5 cm), which was
rinsed with CH2Cl2 (2 × 15 mL).50 The filtrate was concentrated by
rotary evaporation (ca. 5 mL). Hexanes (25 mL) was added, and the
CH2Cl2 was removed by rotary evaporation. The solvent was decanted
from the precipitate, which was dissolved in CH2Cl2 (5 mL). The
solution was added dropwise to stirred hexanes (25 mL), and the
CH2Cl2 was removed by rotary evaporation. The solvent was decanted
from the precipitate, which was dried by oil pump vacuum to give
3+BArf

−·H2O as a yellow powder (0.400 g, 0.303 mmol, 80%). Dec pt:
184 °C (capillary). Anal. Calcd (%) for C51H36BF24N5ORu·H2O
(1321.17): C 46.38, H 2.90, N 5.30. Found: C 46.51, H 2.91, N 5.35.
NMR (δ): 1H (DMSO-d6, 300 MHz) 11.35 (s, 2H, NH),54 7.65 (s, 8H,
o-B(C6H3(CF3)2)4), 7.60 (s, 4H, p-B(C6H3(CF3)2)4), 7.42−7.40 (m,

1H, NCCH(CH)2CHCN), 7.26−7.17 (m, 2H, NCCH(CH)2CHCN),
7.12−7.10 (m, 1H, NCCH(CH)2CHCN), 6.61 (s, 2H, NH2), 5.85 (s,
1H, NH), 3.34 (s, H2O), 1.56 (s, 15H, C5(CH3)5);

13C{1H} (CD2Cl2,
75 MHz) 206.2 (s, CO), 161.8 (q, 1JCB = 49.6 Hz, i-C6H3(CF3)2),
152.5 (s , NHCNH2), 143.6 (s , NC(NH)2), 141.0

(s, NCCHCHCHCHCN), 135.2 (s, o-C6H3(CF3)2), 131.8

(s, NCCHCHCHCHCN), 129.5 (q, 2JCF = 31.2 Hz, m-CC6H3(CF3)2),

126.7 (q, 1JCF = 270.7 Hz, C6H3(CCF3)2), 125.0 (s, NCCHCH-

CCHCHCN), 124.5 (s, NCCHCCHCHCHCN), 118.7 (s, NCCHCH-

CHCCHCN), 113.1 (s , NCCCHCHCHCHCN), 111.5 (s ,
p-CC6H3(CF3)2), 93.1 (s, CC5(CH3)5), 9.9 (s, C5(CCH3)5);

19F{1H}
(CD2Cl2, 282 MHz) −63.2 (s); 11B{1H} (DMSO-d6, 128 MHz) −6.64
(s). IR (cm–1, powder film): 3692 (w), 3460 (w), 3391 (w), 3290 (w),
3213 (w), 3097 (w), 2966 (w), 2927 (w), 1931 (s, νCO), 1676 (m), 1607
(m), 1560 (m), 1460 (m), 1352 (m), 1274 (s), 1120 (s), 888 (m), 834
(m), 741 (m), 672 (m). MS:45 441 (51) [33]+, 411 (100) [33 – CO]+.
UV–visible (nm, 0.0011 M in DMSO (ε, M–1 cm–1)): 290 (3510), 302
(4980), 309 (4000), 317 (2140), 401 (264).

[(η5-C9H7)Ru(PPh3)(GBI)]
+Cl− (4+Cl−). A Schlenk flask was charged

with (η5-C9H7)Ru(PPh3)2(Cl) (0.417 g, 0.537 mmol),
23 GBI (0.117 g,

0.671 mmol), and toluene (15 mL). The mixture was refluxed with
stirring. After 24 h, the precipitate was collected by filtration, washed
with toluene (3 × 15 mL) and hexanes (2 × 15 mL), and dried by oil
pump vacuum at 120 °C to give 4+Cl−·(H2O)0.5 as an orange powder
(0.263 g, 0.377 mmol, 72%). Dec pt: 222 °C. Anal. Calcd (%) for
C35H31ClN5PRu·(H2O)0.5 (699.11): C 60.21, H 4.62, N 10.03. Found:
C 59.92, H 5.04, N 10.20. NMR (δ, DMSO-d6):

1H (400 MHz)48 11.97
(s, 1H, NH), 9.96 (s, 1H, NH), 7.69 (d, 3JHH = 7.8 Hz, 1H,

CCHCHCHCHC), 7.47 (d, 3JHH = 8.1 Hz, 1H, CCHCHCHCHC),
7.36−7.28 (m, 9H, P(C6H5)3), 7.14−7.08 (m, 8H, P(C6H5)3 and

NCCH(CH)2CHCN), 7.04−6.98 (m, 2H, NCCH(CH)2CHCN),

6.77−6.74 (m, 2H, CCHCHCHCHC), 6.53 (s, 1H, NH), 6.13 (s,

2H, NH2), 5.08 (br s, 1H, CCHCHCHC),55 4.86 (br s, 1H,

CCHCHCHC),55 4.30 (dd, 1H, 3JHH = 2.4 Hz, 3JHH = 2.0 Hz, CCHC-

HCHC),55 3.33 (s, H2O);
13C{1H} (100 MHz)48 151.4 (s, NH

CNH2), 143.9 (s, NC(NH)2), 141.7 (s, NCCHCHCHCHCN),
135.3 (d, 1JCP = 42.3 Hz, i-C6H5), 132.5 (d, 2JCP = 10.5 Hz, o-C6H5),

131.6 (s, NCCHCHCHCHCN), 129.3 (s, p-CC6H5), 127.7 (d, 3JCP =
9.4 Hz, m-CC6H5), C9H7 at 126.2 (s), 125.6 (s), 121.6 (s), 120.7 (s),

117.1 (s), 106.0 (s), 83.2 (s), 59.2 (s), 55.4 (s); 124.6 (s, NCC-

HCHCCHCHCN), 121.2 (s, NCCHCCHCHCHCN), 110.5 (s,

NCCHCHCHCCHCN), 110.3 (s, NCCCHCHCHCHCN); 31P{1H}
(161 MHz) 70.8 (s). IR (cm–1, powder film): 3428 (m), 3266 (w),
3235 (w), 3192 (w), 3157 (w), 3076 (w), 3034 (m), 2968 (w), 2918
(w), 2826 (w), 2351 (m), 1942 (w), 1675 (s), 1633 (m), 1610 (m),
1559 (s), 1478 (m), 1436 (m), 1413 (m), 1320 (m), 1262 (m), 1185
(m), 1154 (m), 1092 (m), 1027 (w), 972 (w), 926 (w), 856 (w), 806
(w), 737 (m), 694 (m). MS:45 653 (82) [44]+, 391 (100) [44 – PPh3]

+.
UV–visible (nm, 0.0010 M in DMSO (ε, M–1 cm–1)): 289 (3890), 296
(4570), 299 (4360), 311 (5950), 315 (5840), 325 (5260), 329 (5160),
335 (3680), 424 (2440), 445 (3050), 455 (3370).

Friedel−Crafts Alkylations (Table 5).56 An NMR tube was
charged with catalyst (0.010 mmol), trans-β-nitrostyrene (6, 0.015 g,
0.10 mmol), an indole (5a,b, 0.20 mmol), an internal standard
(mesitylene for 5a; tridecane for 5b), and CD2Cl2 (0.5 mL). The tube
was sealed, and 1HNMR spectra were periodically recorded. The CH
CH signals of the trans-β-nitrostyrene and the product CH2NO2 signals
at ca. 5 ppm were integrated versus those of the standards.

1H NMR data for 7a (δ, CDCl3, 300 MHz): 8.08 (br s, 1H,
C8H5NH), 7.55−6.96 (m, 10H, C8H5NH andC6H5), 5.19 (t, 1H,

3JHH =
8.2 Hz, CHCH2NO2), 5.07 (dd, 1H, 2JHH = 12.4 Hz, 3JHH = 7.2 Hz,
CHH′NO2), 4.95 (dd, 1H,

2JHH = 12.4 Hz, 3JHH = 8.2 Hz, CHH′NO2).
Literature chemical shift values (CDCl3)

56a agree within 0.01 ppm, and
data in CD2Cl2 are supplied elsewhere.22

[2-Guanidinium-1-methyl-3-hydrobenzimidazole] Tetrakis-
(3,5-bis(trifluoromethyl)phenyl)borate ([1-methylGBI-
H]+BArf

−). A round-bottom flask was charged with [1-methylGBI-
H]+Cl− (0.022 g, 0.100 mmol),12b Na+BArf

− (0.089 g, 0.100 mmol),
CH2Cl2 (2.0 mL), and H2O (1 mL) with stirring. After 2 h, the organic
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layer was separated and washed withH2O (3× 1.0mL). The solvent was
removed by rotary evaporation. The residue was chromatographed on a
silica gel column (5× 1 cm; 98:2 v/v CH2Cl2/MeOH). The solvent was
removed from the product-containing fractions to give [1-methylGBI-
H]+BArf

− as a pale pink powder (0.060 g, 0.058 mmol, 58%). Mp: 110−
113 °C (capillary). Anal. Calcd (%) for C41H24BF24N5 (1053.45): C
46.75, H 2.30, N 6.65. Found: C 47.28, H 2.41, N 6.66. NMR (δ,
CD2Cl2):

1H (500 MHz) 7.71 (s, 8H, o-B(C6H3(CF3)2)4), 7.55 (s, 4H,

p-B(C6H3(CF3)2)4), 7.11−7.04 (m, 4H, NCCH(CH)2CHCNCH3),

5.49 (br s, 4H, NH),57 3.62 (s, 3H, NCCH(CH)2CHCNCH3);
13C{1H} (125 MHz) 162.0 (q, 1JCB = 49.8 Hz, i-C6H3(CF3)2), 158.4 (s,
NHCNH2), 149.7 (s, NC(NH)2), 135.1 (s, o-C6H3(CF3)2), 130.8

and 128.1 (2 s, NCCHCHCHCHCCNCH3), 129.1 (q,
2JCF = 31.5 Hz, m-

CC6H3(CF3)2), 124.9 (q,
1JCF = 272.3 Hz, C6H3(CCF3)2), 125.6 and 125.5

(2 s, NCCHCCHCCHCHCNCH3), 117.9 (s, p-CC6H3(CF3)2), 112.0 and

111.0 (s, NCCCHCHCHCCHCNCH3), 39.6 (s, NCCHCHCHCH-

CNCCH3). IR (cm–1, powder film): 3520 (w), 3444 (w), 3419 (w),
1625 (m), 1585 (s), 1556 (m), 1490 (m), 1456 (w), 1413 (w), 1354 (s),
1315 (w), 1273 (s), 1109 (s), 1097 (s), 931 (w), 885 (s), 835 (s), 746
(s), 709 (s), 680 (s).
Crystallography. A. A CH2Cl2 solution of 1

+PF6
− was layered with

n-pentane. After 7 d, yellow prisms of 1+PF6
−·CH2Cl2 were collected

and data were recorded using a Nonius KappaCCD diffractometer as
outlined in Table s3. Cell parameters were obtained from 10 reflections
using a 10° scan and refined with 7191 reflections. Lorentz, polarization,
and absorption corrections were applied.58 The space group was
determined from systematic absences and subsequent least-squares
refinement. The structure was solved by direct methods. The parameters
were refined with all data by full-matrix least-squares on F2 using
SHELXL-97.59 Non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms were fixed in idealized
positions using a riding model. Scattering factors were taken from the
literature.60 The two cations and anions in the unit cell were related by
an inversion center. B. A 1:1 v/v CH2Cl2/benzene solution of 1+BArf

−

was layered with hexanes. After 21 d at−18 °C, yellow blocks of 1+BArf
−·

CH2Cl2 were collected and were analyzed as described for 1+PF6
−·

CH2Cl2 (cell parameters from 10 frames using a 10° scan; refined with
4492 reflections). The structure was solved and refined as in A. The
fluorine atoms of one CF3 group showed displacement disorder
(F12a:F12a′, F12b:F12b′, F12c:F12c′), which could be refined to a
62:38 occupancy ratio.
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Contreras, R.; Tlahuext, H. Heteroat. Chem. 1998, 9, 399−409.
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