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Abstract

Compound 2-((prop-2-ynylimino)methyl)phenol (1a), a propargyl aldimine, is
prepared from the condensation of 2-hydroxy benzaldehyde and propargyl amine.
Three analogous compounds 1b, 1c and 1d are prepared similarly, using different
aldehydes as starting materials. The reactions of compounds 1a — 1c with [Ru]-ClI
([Ru] = RuCp(PPhgz),) in the presence of NH4PFg in CH,CI, at room temperature for
one day afford the corresponding carbene complexes 3a — 3c as the major products
and the vinylidene complexes 2a - 2e¢@s the minor products, respectively. For a longer
reaction time, the same reaction affordedin=high yield, the carbene complexes 3a —
3c without 2a — 2c. Interestingly, the overnight reaction of compound 1d under the
same reaction condition affords complex 2d as the ’only product. Lengthening the time
for 7 days results in similar carbene complex 3d with some by-products. Structures of
complexes 2a — 2d and 3a — 3d are proposed on the basis of spectroscopic data. The
vinylidene ligand of complex 2 is from complete conversion of 1. The ligand in
complex 3 resulted from addition of a o-cresol moiety to Co and C of the vinylidene
ligand of 2 to yield a substituted 2H-chromene unit, with various substituents on the
3,6-positions. In the mass spectrum of 3b, the parent peak at m/z 1014.24 confirms the

proposed structure.



Through our study, the added o-cresol portion comes from the organic imine
compounds 1, instead of aldehyde. When two imines with different substituents were
used in the reaction, new cross carbene complex formed from coupling of two imine
molecules as evidenced by the mass spectrum. Therefore, the imine group plays a
decisive role when the addition of an o-cresol moiety to the vinylidene ligand occurs.

Furthermore, the amine analogue 5b, which retains the propargyl group and phenol
moiety, is treated with [Ru]-Cl under the same reaction condition. Completely
different reactivities are observed when the imine functionality of the Schiff base used
in our study is transformed to the correspondingamine group.

Keywords: Imine, vinylideng, rutheniums;oxocarbeng, cyclization.
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Introduction
Metal Vinylidene Complexes

Vinylidene (:C=CH,) is the simplest unsaturated carbene, and is tautomeric with
ethyne (HC=CH). It is formed by the formal 1,2-shift of the alkyne hydrogen from
C(1) to C(2).

H-C=C-H ~———=  :C=CH,

While in the free state the lifetime of the vinylidene is extremely short (~107° s),
stabilization of organic vinylidene species«via,coordination to a metal center is now a
well-known feature which has beén encounterethwith many transition metals (Mo, W,
Fe, Ru, Os...etc).! Activation of terminal=alkynes! following the similar pathway
mentioned above also give thewinylidene metal \derivatives, which now becomes one
of the most straightforward method ;{0 synthesizé the metal vinylidene complexes.
During the last decade, the chemistry of ruthenium vinylidene [Ru]=C=CRR’ has
experienced important developments due to their involvement as the key intermediate
in the stoichiometric reactions and in selective catalytic transformation reactions of
terminal alkynes.? Such [Ru]-complexes can easily be obtained from terminal alkynes
and electron-rich Ru precursors such as [RuCI(Cp)L.] [L, = 2 x PPhz or dppe
{1,2-bis(diphenyl-phosphino)ethane}]. The kinetic stability of these vinylidene

complexes is enhanced by the presence of bulky ligands e.g. PPhs, dppe, which offer



steric protection to Ca of the vinylidene moiety.

The reactivity of the metal vinylidene complexes depends largely on the nature of
the metal. The resulting complexes exhibit a variety of reactivities (Scheme 1-1),
which are rationalized by taking electrophilicity of a-vinylidene carbon,

nucleophilicity of B-vinylidene carbon, and highly unsaturated structures of the
vinylidene ligands into consideration.

Scheme 1-1
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The mono-substituted vinylidene complexes prepared via the reaction of terminal
alkyne contain a vinylidene hydrogen, which is acidic enough to be deprotonated by
means of weak base, such as NEts.> Since the earlier research in the preparation of
bi-substituted vinylidene via electrophilic attack of metal acetylide  carbon atom, the
diversity and applications of metal vinylidene complexes have been further expanded.

Besides, they play a key role in numerous carbon-carbon and carbon-hetero atom



coupling reactions such as [2+2] cycloaddition reactions.™ *
Metal Carbene Complexes

The reactivity of metal carbene complexes have been extensively investigated and a
number of general and useful transformations have been reported.” Many transition
metal carbene complexes readily react with alkynes, generally resulting in the
formation of vinylcarbene complex (Scheme 1-2).

Scheme 1-2

H——R" R ML,

Transition metal carbene complexes-are Capabletof reacting with alkenes in a
number of different ways. The-two majorreaction pathways that have been reported
are alkene cyclopropanation and alefin “metathesis: The olefin metathesis mechanism
involves the [2+2] cycloaddition of an alkene double bond to a transiton metal
carbene complex to form a metallocyclobutane intermediate. Subsequent retro [2+2]
cyclization leads to a new alkene and a new carbene complex (Scheme 1-3).°

Scheme 1-3
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Metal carbene complexes also react with N=C bouble-bond system, such as imines,

carbodiimides, diaza dienes, in different ways.” As we shown in Scheme 1-4, Hegedus



et al. proposed that on photolysis of (CO)sM-[C(R)R] in the presence of imines,

B-lactams are formed.?

Scheme 1-4
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Transition metal-catalyzed electrophilic-activation of alkynes towards the attack of

nucleophiles has been a subject of extensive study-due to their high utility as useful

methods for the construction of carbarsframeworks., As shown in Scheme 1-5,

oxygen-containing heterocycles‘utilizing the intramolecular variation of the reaction

enhances the utility of the reaction;-and a variety of methods for the preparation of

useful compounds have been developed so far.”

Scheme 1-5
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In the previous researches, ruthenium alkoxy carbene complexes could be obtained

from two pathways: (1) from vinylidene complexes and (2) from allenylidene

4



complexes. Examples are shown in Scheme 1-6 and Scheme 1-7 respectively.

Scheme 1-6
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Nishibayashi and his co-workers reported many reactions of the diruthenium

allenylidene complexes with a variety of nucleophiles, which attack either Ca or Cy
atom of the allenylidene ligands to afford Fischer-type carbenes or alkynyl complexes,
respectively.’® A similar result; shown in:Scheme 1-7, using [Ru]Cl ([Ru] =
RuCp(PPhs),) to obtain cyclicialkoxy carbene complex via a ruthenium allenylidene
complex, has been observed in-our lab.

Scheme 1-7
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Imine Chemistry
Imines are typically prepared by the condensation of primary amines with

aldehydes and, less commonly, with ketones.'* The equilibrium in this reaction



usually prefers the carbonyl compound and amine, so that use of dehydrating agent
such as molecular sieves is required to push the reaction in favor of imine formation.
As to the reactivity of imine, Scheme 1-8 shows many reactions of the imine
functional group. The aza-Baylis-Hilman reaction'? is analogous to the reaction of
aldehyde and ketone and the aza Diels-Alder reaction™ generates tetrahydropyridine

ring. Treatment of imine with mCPBA could further give oxaziridine.™

Scheme 1-8
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Also, imine compound is widély used in“organic. reaction. For instance, general
synthesis of B-lactame via ketene-imine cycloaddition has been studied by Benito et.
al..® Mannich reaction which consists of an B-amino-ketone via imine intermediate is
well-known, t00.® As a chiral catalyst, proline is used, and asymmetric Mannich
reactions could further afford the enantioselective product.’’

At the same time, Schiff-base, containing an imine functionality and a hydroxy
group, is a common ligand widely used in coordination chemistry. A variety of
transition metal complexes of cobalt, molybdenum and copper, using Schiff base as a

good bi-dentate ligand, are broadly studied.*®
6
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[M] = Fe, Cu, Mo

We report the reaction of the Schiff base 1 tethering a propargyl group with
Cp(PPh3),RuCl. Unlike a regular Schiff base, such a Schiff base with a propargyl
group displays distinctive reactivity.

Coumarin

Coumarins, a class of fused ring heterocycles, occur widely in nature and show
interesting biological activity.® Such a.chemical fragment could be easily found in
many compounds isolated from’ plants suchmastonka bean and vanilla grass.
Coumarins vary in structure due to thevarious types of substituents on their basic
frames, which can influence heir_biological|activity. ‘Besides the biosynthesis in
plants, coumarins could be prepared by m’any approaches e.g. Pechmann
condensation® (see Scheme 1-9, eq.1) or Raju et al. hve done®* (see Scheme 1-9,
eq.2). Coumarin is also used as gain medium in some dye lasers, it is well
documented that coumarin-type dyes possess excellent fluorescence quantum yield.??

Scheme 1-9
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Coumarin derivatives are well known to possess a diverse array of pharmacological
properties therefore chemistry of coumarins has been well studied. Recently,
Bernadette and his co-workers have developed a series of coumarin-derived Schiff
bases a and their Cu(ll) complexes b, with the structure shown below. These
coumarin derivatives were found to show significant activity against Candida
albicans comparable to that of commercially available drug, Amphotericin B.% The
corresponding amine ligands ¢ from reduction of the imine functionality also have
been studied. Though the anti-Candida aectivity is lower, the cytotoxicity studies
reveal its ability to inhibit the growth«f human'eoten cancer and human breast cancer
cells, further unveil the chemotherapegtic: potential,* Therefore, the biological
activity of the chemicals whigh ‘contains a cqumarin fragment and a Schiff-base

moiety is well documented.

HO

In this report, a series of Schiff base, each tethered a propargyl group on the
nitrogen atom, are treated with the [Ru]-Cl to afford the alkoxy carbene complexes
with polycyclic structure containing coumarin skeleton. Main structural feature of the

Schiff base is retained (Scheme 2-1). The organic moiety of the ligand, which might
8



be a precursor for useful chemical, has not been reported before. In our preliminary

trial, oxygenation has been attempted, however, no cleavage of the organic ligand

from the ruthenium metal center is observed.
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Results and Discussion

Reactions of Propargylic Imines Containing a Phenol Substituent.

Scheme 2-1
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Compound 2-((prop-2-ynylimino)methyl)phenal  (ta), a propargylaldimine, is
prepared from the condensation<gf 2-hydroxy benzaldehyde and propargyl amine.
Three analogous compounds 1b - 1d are prepared similarly, using different aldehydes
as starting materials. The *H signal at § 8.66 of compound 1a is assigned to the proton
of the imine functionality. Treatment of excess 1a with [Ru]-Cl ([Ru] = Cp(PPh3),Ru)
and NH4PFs in CH,CI, overnight afforded the carbene complex 3a as the major
product and the vinylidene complex 2a as a minor product. The two singlet P NMR
signals at 6 42.97 and 49.00 are assigned to 2a and 3a, respectively. Additional small
signals at around & 16 and & 50 are also seen in the P NMR spectrum. Nevertheless,

the intensity of these 3'P signals at around & 16 and & 50 is too small for identification
10



using other spectroscopic method. For a longer reaction time, the same reaction
afforded, in high yield, the carbene complex 3a without 2a. The solution with only the
carbene complex 3a was filtered through Celite to remove the insoluble precipitates,
then, the residue was extracted with a small volume of CH,Cl, followed by
reprecipitation via addition of a co-solvent of diethyl ether and hexane. If the solution
still contains trace quantity of the vinylidene complex 2a, reprecipitation should
proceed in diethyl ether for purification because the solubility of 2a in diethyl ether is
higher than that of 3a. Although the yield;is/lowered by dissolving a small quantity of
3a in the solvent, higher purity of 3ads achievediby-ensuring that the residue does not
contain complex 2a. But when the quantityzof 2a is substantial such that its resonance
can be easily seen in the NMR| ispectrum, theycpowder, obtained even after
reprecipitation from only diethyl“ether, will sﬁll consist of a mixture of two
complexes. Only when the ratio of complex 3a to complex 2a is significantly high in
the solution, pure 3a can be obtained as the single product.

Formation of 3a most likely proceeds through the vinylidene complex 2a.
Spectroscopic data, such as *H and *'P NMR data, of complex 2a in the reaction
mixture could be obtained. However, attempts to isolate 2a failed. Treatments of 1b,
and 1c separately with [Ru]-CI similarly yield complexes 3b and 3c, respectively.
Interestingly, when 1d is used in the reaction under the same reaction condition with

11



the same length of time i.e. overnight, the vinylidene complex 2d is isolated, using the
same purification procedure, and is characterized by spectroscopic method. But for a
longer reaction time i.e. up to 7 days, the carbene complex 3d becomes the major
product with some by-products. If the starting material [Ru’]-Cl ([Ru’] =
Cp(dppe)Ru), instead of [Ru]-Cl, is used, the reaction condition should be modified,
because of the slower reaction rate under the condition described above. Upon heating
to 45 «C in MeOH, reactions of [Ru’]-Cl with 1a - 1d speed up. Reactions overnight
result in similar outcomes, and carbene complexes 3a’ — 3d” are observed. Single
crystals of 3a’ are obtained from @ biclayer solution of ether/CH,Cl,. The structure of
complex 3a’ is confirmed by an X-ray diffraction analysis. An ORTEP drawing of 3a’
is shown in Figure 1. The bondsfengthiof Ru(1)-C(1)(1.986(2) A) is between a single
and a double metal-carbon bond, most likely because of the conjugated system of the
ring structure. The bond length of the newly formed C(2)-C(3) bond (1.358(3) A) is
also between a single and double bond. The bond length of N(1)-C(11) (1.269(3) A)
reveals the nitrogen-carbon double bond of an imine group. A similar cyclic carbene
complex has been reported by Bustelo et. al. and Pino-Chamorro et. al., obtained from

the direct reaction of resorcinal with alkenylcarbyne complexes.*®

12



Figure 1. An ORTEP drawing of the cationic complex 3a’. For clarity, aryl groups
of the 1,2-bis(diphenylphosphino)ethane ligands on Ru except the ipso carbons,
hydrogens and PFg" are omitted (thermal ellipsoid is set at the 50% probability level).
Selected distances A) and angles (deg): Ru(1)-C(1), 1.986(2); C(1)-C(2), 1.462(3);
C(2)-C(3), 1.358(3); O(1)-C(1), 1.374(3); N(1)-C(11), 1.269(3). C(2)-C(1)-Ru(1),
132.01(17).

In the mass spectrum of 3b, the>parent 'peakr at m/z. 1014.24 reveals the composition
of the ligand on the metal whi}ch should: kesult, from dimerization of 1b accompanied
with loss of a propargyl amine‘_group. Inthe H| NMR"spectrum of 3b, resonances at
6 3.82 and & 3.75 are assigned to two methoxy: 'gréijps. The relative down field singlet
peak at & 8.83 is assigned to N=CH. In the *P NMR spectrum, a singlet peak is

observed at & 48.72 for 3b. The Ca resonance in the **C NMR spectrum appears as a

triplet at & 260.70 with 2Jcp = 14.5 Hz for 3b. Complexes 3a, 3c and 3d show similar

NMR data.
Scheme 2-2
Ru——\
R CH,CI =
[Ru]—ClI + \@N\ 2Cly
o K,COs HO R
KPFg
R=H 1a 4a
OMe 1b 4b
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Since we expect the formation of carbene complexes 3a — 3d from the vinyledene
complexes 2a — 2d, attempts are thus made to prepare vinylidene complexes 2.
However, the vinylidene complexes are not isolated except when 1d is used as the
starting material. As expected from the previous report, the deprotonation can be
easily achieved at CB of the vinylidene ligands in the presence of base giving the
neutral acetylide complexes.®! Therefore, we add base to the reaction system in order
to trap the acetylide complex by deprotonation of the vinylidene intermediate.
Presumably, it is easier to purify and iselate the neutral acetylide complex from a
mixture of the cationic carbine/ complex and “‘other. cationic side products by
reprecipitation method. Thereafter protonation Is supposed to give the pure vinylidene
complex. We first tried the conditions of using K,CQzx:as a base source, methanol as a
solvent and NH4PF¢ as a salt in the*beginning of the reaction. [Ru]-NHs" becomes the
major product because deprotonation takes place in the cationic ammonium NH," salt
to give NHj thus reacting with [Ru]-ClI to yield the observed product. When NH4PFg
is replaced by KPFg, which is not a protic salt, [Ru]-H rapidly forms. Probably base
promotes coordination of methanol molecule to the ruthenium center which is
followed by a B-hydrogen elimination to give [Ru]-H and formaldehyde.*? Therefore,
we choose the reaction condition by adding K,CO3; to the system with KPFg in
CH,ClI; at the beginning of the reaction to carry out the synthesis as shown in Scheme

14



2-2. Pure acetylide complexes 4a and 4b are obtained without the carbene complexes
3a and 3b. Itis clear that, in these reactions, the vinylidene complexes 2a and 2b form
first, then the deprotonation occurs readily. These results indirectly support the
intermediate of the vinylidene complexes for the formation of the carbene complexes.
The above-mentioned results are proposed on the basis of spectroscopic data. Singlet
31p signal at & 51.10 is assigned to the phosphine ligand of the neutral complex 4b,
different from that of 3b which shows the *'P singlet signal at & 48.72. And the 'H
NMR spectrum of 4b shows only one methoxy resonance instead of two methoxy

peaks in the *H NMR spectrum of 3bs

Scheme 2-3
R
+
_ 2R
[RU]T\ .

N HBF, y . \Y OH 3a

ether N 3b
HO R [Ru]:C:( HO

H o )=

4a 2a [Ru]
4b 2b o) R

Protonation of complexes 4a and 4b is anticipated to form the corresponding
vinylidene complexes 2a and 2b. However, as shown in Scheme 2-3, carbene
complexes 3a and 3b are again isolated as the final product. Therefore, it is clear that
formation of the vinylidene complex is readily followed by a further reaction to yield
the observed carbene complex. It is also clear that the vinylidene complex with an
imine group is much more reactive than the corresponding acetylide complex.

15



As formation of complex 3 involves a C-C bond formation as well as a cyclization
reaction, it is interesting to explore further how complex 3 is formed. The vinylidene
ligand of complex 2 is from complete conversion of 1. The ligand in complex 3
resulted from addition of a o-cresol moiety to Co and C of the vinylidene ligand of 2
to yield a substituted 2H-chromene unit, with various substituents on the 3,6-positions.
Several possible pathways are considered feasible for the formation of 3. First, the
carbene complexes could be formed by the addition of an aldehyde molecule to the
proposed vinylidene intermediate. Presumably hydrolysis of the initial imine
compound generates the aldehyde. However, @as, stiown in Scheme 2-4, addition of
other aldehyde i.e. the starting material of:1a; hamely 2-hydroxybenzaldehyde, to the
vinylidene complex 2b which r&sulted in no cross/addition to give the mixed carbene
complex 10. Instead, the carbene complex 3b IS isdlated as the only product; therefore,
adding aldehyde seems to have no effect in the reaction. Addition of two other
aldehydes which are use to synthesize 1c and 1d give the same results. Interestingly
when the other imine 1a is added to the system (2b + 3b) as shown in Scheme below,
in addition to the carbene complexes 3a and 3b, new mixed carbene complex 10
formed as evidenced by mass spectra. We also treat a mixture containing mostly the
vinylidene complex 2a with 1b as shown in Scheme 2-4, and the very similar reaction
give the mixed carbene 15. Therefore, we believe that compounds with the imine

16



group, not with the aldehyde group, should play the key role for the addition to the

vinylidene complexes to give the carbene products.

Scheme 2-4
—0
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As mentioned before, the imine group should play a decisive role in the addition
reaction to the vinylidene complexes 2 to form of carbene complexes 3. As there are
two possible imine sources exist in our reaction system i.e. the organic imine
compounds la — 1d and the organometallic vinylidene complexes 2a — 2d, it is
interesting to elucidate the role of imine.

If the organic propargylic imine 1a is used, exchange of the whole ligand of the

17



vinylidene complex 2b with 1a should generate the vinylidene complex 2a leading to
the observed 3a, as shown in Scheme 2-4. It is therefore not possible to designate the
source of the aromatic group on the imine functionality on the metal, i.e. either from
the organic imine compounds or from the vinylidene complexes. Therefore, the imine
compound 6a with an allyl group” is synthesized which is reacted with the vinylidene
complex 2b for one day as shown in equation (1) of Scheme 2-5. However, the
carbene complex 3a is nonetheless observed. The formation of 3a will be discussed
below. The ratio of these three carbene. complexes 10:3b:3a is approximately
1:0.8:0.08 from the P NMR “spectrum and, thtee complexes are inseparable.
Therefore, simple *H NMR spectrum of £@.is: nat easily, obtained for characterization.
So another vinylidene complex: 2d, iwhich i$ | moresstable, is chosen to undergo
cyclization in d-acetone for overnight.as shown in équation (2) and (3) of Scheme 2-5.
Complex 2d is treated with the allyl imine 6a and ethyl imine 7a° separately, and in
both experiments, all three different carbene complexes 11, 3a, 3d can be detected
from mass spectra. In both case, complex 11 is the major product. Hence, the reactant
with the vinylidene complexes 2 to give the carbene complexes 3 should require an
imine moiety.

Scheme 2-5
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It is interesting that the carlene complex-3a is observed in all three reactions in
Scheme 2-5. The added imines: 6a, with/an allyl\grogp, or 7a, with an ethyl group,
used in all three reactions contaiy’ng propargyl’ group. Seemingly ligand exchange
would not be possible to generate 2a in the reaction which could further give
complex 3a. However, as shown in Egs. (1) (2) and (3), complex 3a, other than the
expected 10, 3b, 11 and 3d, is nevertheless observed. It is clear that the formation of
3a should require 2a. It is also well known that imine is readily hydrolyzed to yield
aldehyde. If hydrolysis of 2b proceeds similarly, a vinylidene complex E (see
Scheme 2-6) with an amine group will be obtained which could further react with
aldehyde from hydrolysis of 6a to give 2a. However, an attempted preparation of E

by directly treating propargyl amine with [Ru]-Cl afforded a complicated mixture, as
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a result, complex E is believed to be very unstable. Therefore, the pathway via

hydrolysis for the formation of complex 2a is considered not feasible. On the other

hand, Meyer et. al. have discovered that imine metathesis takes place in the presence

of Lewis acid with the proposed mechanism shown in Scheme 2-6.2® Consequently

the imine metathesis pathway is considered as the main route to give complex 2a in

our case.’
Scheme 2-6
o— o—
hydrolyzation ® NH;
/ i bt s 1 [Ru]IC:(7 +
@ N H O/
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Interestingly, as shown in Scheme 2-7, exchange reaction between two organic

imine compounds 1b and 7a in the absence of Lewis acid is not observed in CH,Cl,.

But, the same exchange reaction in the presence of RuCl;z in CDClI; gives new imine

compounds 14 and 1a in 6% conversion overnight and 32% conversion in three days.

Scheme 2-7
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The reaction pathway shown in Scheme 2-8 is proposed on the basis of our
observation shown in Scheme 2-7 and previous results of Meyer et. al. The direct
imine metathesis reaction between the two imine functionalities of complex 2d and 7a
probably afford 12 and complex 2a, which further gives complex 3a. Compound 12
can be purified and isolated by column chromatography of the residue. The quartet *H
signal at & 3.65 and triplet *H signal.at’s 1.40 With®Jy = 7.34 Hz are assigned to the
protons of the ethyl group of 12, and-the-parent peak at m/z 199.13 in the mass
spectrum also support the structure) we propased. Since the imine functionality is
easily hydrolyzed when passing through a silicé gel column, small *H signals of
2-hydroxy-1-naphthaldehyde is also seen in the *H NMR spectrum of 12. Therefore,
complex 3a in the reactions shown in Scheme 2-5 is believed to come from the imine
metathesis reaction between the organometallic vinylidene complex with an imine
functionality and organic imine. Probably organometallic species in the reaction may
play the role of Lewis acid.

Scheme 2-8
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Recapitulate the results in Scheme 2-5 and Scheme 2-8, with the aforementioned
metathesis process, the organometallic imine 2a could serve as the source of added
portion for the mixed carbene complex, even the organic imine (6a or 7a) which has
no propargyl group is chosen to react with 2d and 2b. The elucidation of the role of
the added imine should be clarified by other.method, which will be discussed later.

In addition, the necessity  of ‘an<imine funetienal group within the vinylidene
complex for such a cyclization, should:#ge=¢hecked. Therefore, we carried out the
experiments shown in Scheme;2-9. Two different’vinylidene complexes without the
imine group are, separately, reactedwith the iminé compound 1b. If the imine group
on the vinylidene complex 2 is not important, we should observe the similar
cyclization between vinylidene complex and imine compound 1b which presumably
gives the corresponding mixed carbene complexes H or 1. However, neither H nor |
were observed. Ligand exchange generates the vinylidene complex 2b, and the
carbene complex 3b is also seen. As a result, the imine functionality on the vinylidene
complex 2 is essential.

Scheme 2-9

22



Moreover, the isolated vinylidene eomplex 2dhin<acetone was stirred under nitrogen
without any other added organic imine reactants for 7 days, as shown in Scheme 2-10.
Formation of the carbene compléx 3d and some othet:by-products with disappearance
of complex 2d is observed. However, since there’exists an equilibrium between the
vinylidene complex 2d and its w-coordinated isomer, which might release the free
imine ligand 1d, so, formation of 3d, shown in Scheme 2-10, may result from
coupling of free 1d with 2d. For that reason, direct coupling of two vinylidene
complexes 2d may not be the only way to yield 3d.

Scheme 2-10
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Additionally, when we first run the reaction of Scheme 2-1, in addition to the
vinylidene complex and the carbene complex, an impurity in trace quantity was
observed and from the *P NMR spectrum, namely, small signals around & 16 and
550 can be seen. However, this complex cannot be identified by spectroscopic
method, even after purification by reprggipitation. When a larger quantity of starting
material was used in the reagtion, mixture of the ‘¢crude product was further run
through a neutral Al,O3 column to give twlbands{Thefirst band, containing this side
product, was eluted by CH,Cl, @nd acetonein<the ratio 100:1. The second band
consists of a mixture of the vinylidene complex 2 and the carbene complex 3. The 3P
NMR spectrum of the first band, which displays a 3P triplet signal at & 16.08 assigned
to the phosphonium group, and a *'P doublet signal at & 50.02 assigned to the
phosphine ligand on the ruthenium metal, shows the pattern expected for a cationic
phosphine addition product. The structure of this addition product is proposed as 13,
as shown in Mechanism 1-1. And the parent peat at m/z 991.23 in the mass spectrum
of this acetylide complex 13 is also consistent with the formula of the structure. On

the basis of these experimental results, we propose the mechanism for the formation
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of carbene complex, as shown in Mechanism 1-1. The vinylidene complex first
formed from terminal alkyne, then the two vinylidene complexes may dimerize to
give dinuclear carbene vinylidene complex D, via the vinylidene ligand and the
imine/phenol groups. Previously, as shown in Scheme 2-11, metathesis between a
tungsten vinylidene complex A and an imine compound B via a C-C bond formation
has been reported.® But the nucleophilic role is played by the lone pair on nitrogen

atom of imine to afford compound C.

Scheme 2-11
Ph
Ph
Ph Ph. Ph Qe
(C)W=( N=CHG /[ ‘N<Ph
H Ph (OC)5W‘§1H
O 2 ph
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Ph Ph  H o :('g,Ph
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Then the intermediate D undergoes an elimination of the vinylidene moiety to

afford the final carbene complex 3. Namely, cleavage of the ruthenium complex E in

which the vinylidene ligand bonds to an amine group from the dinuclear complex D

takes place. Deamination of E is followed by nucleophilic substitution of a phosphine

molecule to give the acetylide complex 13 with a phosphonium group.

Mechanism 1-1
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The summary of the overall reaction outcome is, the formation of the carbene
complexes 3 should be formed from.the. vinylidene complex 2 with an imine
functionality. And the added molecule to complexes 2 should have the imine group,
too. As we already talked beforg, the|role-of the added imine compound should be
elucidate by another method. Mechanism 1-1 \we preposed indicates that the added
imine compound is another vinylidene complex Which could explain the formation of
complex 13, but depends on the reaction pathway, the yield of the carbene complexes
3 and 13 should be equal and 50% yield top. However, the high yield which over 50%
of the carbene complexes 3 is observed, and the quantity divergence between 3 and 13
is also seen. Therefore, a general Mechanism 1-2 is proposed bellowed. The added
compound to achieve the cyclization with the vinylidene complexes 2 could come
from both the organometallic imine and organic imine molecules. The major source of
added compound is believed to come from organic imine molecule since the high

26



yield, and the minor source which comes from organometallic imine molecule is
contemplated on the basis of the trace quantity of complex 13.

Mechanism 1-2

® ~ N N
[Rli]/:c:( HO _— HN—f T
H
HO) K =N ® =
- Rl o) R H,N— Rl o) R
2

Reactions of the Amine Analogue.

As the imine functional group plays,akey role on the reaction, it is interesting to
compare the reactivities of propargylic imine<and the corresponding amine.
Transformation of the imine functional -gfoup linto an amine group could be readily
achieved by a simple reduction. As shown |in Sgcheme 2-12, we use sodium
borohydride as the reducing agent? to redtce ’the propargylic imine 1b to the
corresponding amine 5b, 4-methoxy-2-((prop-2-ynylamino)methyl)phenol. Then
compound 5b was reacted with the ruthenium chloride.

Scheme 2-12
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Under the same reaction condition as that in the imine system, the amine compound
5b was reacted with [Ru]-Cl ([Ru] = Cp(PPh3),Ru) and NH4PFg in CH,CI, overnight.

However, the reaction rate is slow at room temperature. Thus, the temperature was
27



raised to 40 °C for 12 hours. After the same purification procedure, using diethyl ether
to reprecipitate the residue, insoluble powder and liquid are separated. Instead of the
desired vinylidene complex 8, as shown in Scheme 2-13, a mixture containing
[Ru]-NHs as the major product was isolated, and the minor product shows the 3P
NMR pattern expected for a cationic phosphine addition, also shown in Scheme 2-13.
The formation of [Ru]-NHj3 is probably due to the basicity of amine ligand that
deprotonates the ammonium NH," salt, leading to the formation of [Ru]-NHs. In the
1P NMR spectrum of the powder, a signalat-§ 45.63 is assigned to [Ru]-NHs. The *'P
NMR spectrum of the minor. product'shows a triplet signal at 6 14.92 and a doublet
signal at 6 52.64. This is different with that.of complex,13 shown in Mechanism 1. In
addition, in the 'H NMR ‘spetrum (of the soluble<liquid, besides the signals of
phosphine oxide, two down field signals at 6 9.84 énd 5 10.62 are observed. After we
further run through silica gel to remove the phosphine oxide, we find that the organic
compound is identified as the starting material 5-methoxy-2-hydroxybenzaldehyde.

Scheme 2-13
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In order to enhance the yield of the minor product which shows the pattern
expected for a cationic phosphine addition product, as shown in Scheme 2-13, the salt
NH4PF is replaced by KPFg, and excess free phosphine is added in the beginning of
the reaction as shown in Scheme 2-44. The mixture was heated to 45°C for 3 days,
followed by purification using diethyl ether:to reprecipitate. The acetylide complex 9
and the organic compound 5-methoxy-2-hydroxybenzaldehyde, shown below, were
obtained. The triplet 3P NMR signal at 5 14.92 is assigned to the phosphonium group,
and the doublet signal at 6 52.64 assigned to the phosphine ligand on the ruthenium
metal. In the *H NMR spectrum of 9, a multiplet signal at & 8.22 is assigned to CaH.

In the mass spectrum, the parent peak at m/z 993.25 also support the structure of 9, we

proposed.
Scheme 2-14
e N/\\ CH,Cl, Ru] _O o
TS+ e o S8 BT
OH KPFe PPh OH
45°C 3
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The proposed mechanism for the reaction with the amine ligand is thus shown in
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Mechanism 2, based on the previous research from our group.*®* Probably, the
vinylidene complex 8 formed at first, then a 1,5-hydrogen shift takes place to give the
imine compound F and the intermediate G. Free phosphine in solution attacks Cy of
complex G readily to give the final product 9, and the imine compound undergoes
hydrolysis to give 5-methoxy-2-hydroxybenzaldehyde.

Mechanism 2
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Conclusion

In summary, we report distinctive reactivity of the Schiff base-type compounds
containing a propargyl moiety in the reaction with [Ru]-Cl. First, the vinylidene
complexes 2 are formed, followed by an addition reaction, which added an o-cresol
moiety between the Ca and CpB of 2, to give the carbene complexes 3 as the final
product. The added cresol portion should come from a molecule which also has an
imine functionality, instead of an aldehyde group. When two imines with different
substituents were used in the reaction, new. cross carbene complex formed from
coupling of two imine molecules as.evidenced by the mass spectrum. If formation of
3 is from the dimerization of \two! virylidene complexes, one would obtain the
vinylidene complex E. The .acetylide complex’ 3> with a phosphonium group,
presumably formed by deamination‘and phosphine’addition to E, was indeed observed
as a minor product. However, the fact, that yields of complexes 13 and 3 are unequal,
and the yield of the carbene complexes 3 is over 50%, indicates that the source of the
added o-cresol moiety most likely comes from an organic imine. In addition, reaction
of the amine analogue 5b, which retains the propargyl group and phenol moiety, with
[RU]CI is also explored. The cationic phosphine addition product 9, instead of the
carbene complex 3, is obtained. Different reactivities are observed between the
reactions of imine and amine.
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Experimental section

General Procedures. The manipulation were performed under an atmosphere of dry
nitrogen using vacuum-line and standard Schlenk techniques unless mentioned
otherwise. Solvent were dried by standard methods and were distilled under nitrogen
before use. All reagents were obtained from commercial supplier and were used
without further purification. NMR spectra were recoreded on Brucker AC-300
instrument, Bruker DPX-400, AVIII-400FT-NMR spectrometer at room temperature
and are reported in units of 6 with residual protons in the solvents as a standard.
Electrospray ionization mass spectrometry, elemental analysis and X-ray diffraction
studies were carried out at the Regional Center|of Analytical Instrument located at the
National Taiwan University. A¢cording to the| literature methods, [Ru]Cl ([Ru] =
Cp(PPhs),Ru)** were prepared from:RucCls - xHZO which was purchased from Steam
Chemicals.[Ru]Cl ([Ru] = Cp(dppe)Ru)®* were prepared from Cp(PPh3)2RuCl
according to the procedure described in references.

[Ru’]CI: CpRu(dppe)Cl (dppe = 1,2-Bis(diphenylphosphino)ethane)
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Synthesis of Compound l1la. To a Schlenk flask charged with

[Ru]

2-hydroxy-benzaldehyde (1.98 g, 0.016 mole) and propargyl amine (1.07 g, 0.019
mole) in the presence of MgSQ,, then 30 mL of toluene were added under nitrogen.
The resulting solution was stirred at room temperature overnight. The reaction
mixture was extracted with EA, and organic phase was washed with aqueous NH,CI
and dried over MgSO,. Solvent was then removed under reduced pressur to give
compound 1a (2.45 g, 0.015 mole, 95% yield). Then Spectroscopic data for 1a: *H

NMR (8, CDCl): 12.87 (s, 1H, OH); 8.66 (t, *Jun = 2.12 Hz, 1H, N=CH); 6.86 - 7.33
33



(m, 4H, Ph); 4.52 (t, “Jqn = 2.12 Hz, 2H, CHy); 2.55 (t, “Jun = 2.12 Hz, 1H, =CH).
3¢ NMR (8, CDCls): 165.73 (N=C); 160.65 (Ph - OH); 132.53, 131.70, 118.75,
116.99 (Ph, =C); 77.47, (C=); 76.51 (= CH); 45.38 (CH,).

Compound 1b (1.31 g, 6.93 mmole, 94% vyield) was similarly prepared from
2-hydroxy-5-methoxybenzaldehyde (1.12 g, 7.37 mmole) and propargyl amine (0.47
g, 8.53 mmole) with MgSO, in toluene. Spectroscopic data for 1b: *H NMR (8,
CDCls): 12.38 (s, 1H, OH); 8.62 (t, “Jun = 2.12 Hz, 1H, N=CH); 6.82 — 6.94 (m, 3H,
Ph); 4.52 (t, *Jun = 2.12 Hz, 2H, CH,); 377.(s, 3H, OCHs); 2.56 (t, “Jun = 2.12 Hz,
1H, =CH). *C NMR (8, CDCIl3)7.465.44 (N=C);"154.80, 152.09 (Ph — OH, Ph —
OCHs); 119.64, 118.33, 117.76, 115.16 (Ph;==C); 77.45 (C=); 76.60 (=CH); 55.94
(-OCH3); 45.43 (CH,).

Compound 1c (1.21 g, 5.93 mmaole, 95% yie’Id) was similarly prepared from
2-hydroxy-5-nitrobenzaldehyde (1.04 g, 6.22 mmole) and propargyl amine (0.41 g,
7.44 mmole) with MgSOy, in toluene. Spectroscopic data for 1c: *H NMR (8, CDCl5):
13.98 (s, 1H, OH); 8.78 (t, “Jun = 2.14 Hz, 1H, N=CH); 8.32 (d, “Jun = 2.72 Hz, 1H,
Ph); 8.22 (dd, 334y = 9.16 Hz, “Jun = 2.72 Hz, 1H, Ph); 7.03 (d, 3Jun = 9.16 Hz, 1H,
Ph); 4.60 (t, “Jun = 2.14 Hz, 2H, CHy); 2.65 (t, “Jun = 2.14 Hz, 1H, =CH). *C NMR
(8, CDCl3): 170.09 (Ph — OH); 165.90 (N=C); 138.70, 129.95, 129.32, 120.14, 117.97
(Ph, =C); 79.63, (C=); 78.87 (=CH); 44.77 (CHy,).
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Compound 1d (1.17 g, 5.60 mmole, 89% vyield) was similarly prepared from
2-hydroxy-1-naphthaldehyde (1.08 g, 6.28 mmole) and propargyl amine (0.42 g, 7.63
mmole) with MgSQ, in toluene. The remained 2-hydroxy-1-naphthaldehyde with 1d
in a ratio of 1:10 can not be removed even further purified by column chromatography.
Spectroscopic data for 1d: *H NMR (8, CDCls): 14.68 (s, 1H, OH); 9.57 (br, 1H,
N=CH); 7.04 — 9.57 (m, 6H, Ph); 4.65 (dd, “Jun = 2.44 Hz, “Jun = 1.44 Hz, 2H, CH,);
3.11 (t, 2y = 2.44 Hz, 1H, =CH). ©*C NMR (8, CD,Cls): 166.44 (N=C); 161.59
(Ph — OH); 135.62, 133.62, 129.65, 128,35, 127.94, 123.79, 121.40, 119.62, 108.85
(Ph, =C); 78.27 (C=); 76.59(= CH);44.88 (CHy).

Synthesis of Complex 2a. To a Schlenk=flask|charged with [Ru]CI (0.097 g, 0.13
mmole) and NH4PFg (0.054 g;:0.33 immole), 1.2 equiv. of heteroenyne la (0.025 g,
0.16 mmole) and 2.4 equiv of 2-hydroxybenzaldehyde (0.041 g, 0.33 mmole) and 10
mL of CH,CI, were added under nitrogen. The resulting solution was stirred at room
temperature overnight. The solution was filtered through Celite to remove the
insoluble precipitates, then the volatiles were removed under vacuum and the solid
residue was extracted with a small volume of CH,CI, followed by reprecipitation by
addition of 70 mL of diethyl ether and hexane (1:1). Precipitates thus formed were
collected in a glass frit, washed with diethyl ether, and dried under vacuum. The final
product can be obtained as a mixture of complex 2a and 3a in a ratio of 3.6:1. (0.104
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g). However, complex 2a undergoes further reaction to give 3a easily when collecting
the *C NMR spectrum. Spectroscopic data for 2a: *H NMR (5, CDCls): 13.22 (s, 1H,
OH); 8.14 (s, 1H, N=CH); 6.83 - 7.75 (m, 34H, Ph); 5.15 (s, 5H, Cp); 5.00 (t, 3Jun =
8.12 Hz, 1H, CBH); 4.40 (d, 334y = 8.12 Hz, 2H, CH,). *'P NMR (8, CDCls): 42.68 (s,
PPhs). MS (ESI") m/z: 850.20. Anal.Calcd for Cs;HFsNOPsRu: C, 61.57; H, 4.46.
Complex 2b (0.18 g) was similarly prepared from 1.2 equiv of 1b (0.047 g, 0.25
mmole) and 2.4 equiv of 5-methoxy-2-hydroxybenzaldehyde (0.079 g, 0.52 mmole)
and [Ru]ClI (0.152 g, 0.21 mmole) in thepresence of NH4PFs (0.091 g, 0.56 mmole)
in CH,ClI,. The final product can be.abtained asia mixture of complex 2b and 3b in a
ratio of 1.8:1. However, complex 2bi undergoes further reaction to give 3b easily
when collecting the *C NMRispectfum. Spectroscopic data for 2b: *H NMR (5,
CDCl3): 12.70 (s, 1H, OH); 8.17 (s;2H; N=CHj); 6;62 -7.84 (m, 36H, Ph); 5.14 (s, 5H,
Cp); 5.00 (t, 3Jun = 8.00 Hz, 1H, CBH); 4.38 (d, *Jun = 8.00 Hz, 2H, CH,). *'P NMR
(5, CDCls): 42.72 (s, PPh3). MS (ESI") m/z: 880.20. Anal.Calcd for Cs,HasFsNO,P3RU:
C, 60.94; H, 4.52.

Complex 2c (0.16 g) was similarly prepared from 1.2 equiv of 1c (0.085 g, 0.42
mmole) and 2.4 equiv of 2-hydroxy-5-nitrobenzaldehyde (0.14 g, 0.82 mmole) and
[Ru]CI (0.148 g, 0.20 mmole) in the presence of NH4PFs (0.088 g, 0.54 mmole) in
CH.Cl,. The final product can be obtained as a mixture of complex 2c and 3c in a
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ratio of 4.1:1. However, complex 2c undergoes further reaction to give 3c easily when
collecting the *C NMR spectrum. Spectroscopic data for 2c: *H NMR (8, CDCls):
14.00 (s, 1H, OH); 8.78 (s, 1H, N=CH); 6.89 - 7.40 (m, 33H, Ph); 5.19 (s, 5H, Cp);
5.08 (t, *Jun = 7.95 Hz, 1H, CBH); 4.45 (d, *Jun = 7.95 Hz, 2H, CH,). 3P NMR (5,
CDCls): 42.69 (s, PPh3). MS (ESI") m/z: 895.18. Anal.Calcd for Cs;Hs3FsN,O3PsRu:
C,658.91; H, 4.17.

Synthesis of Complex 2d. To a Schlenk flask charged with [Ru]CI (0.097 g, 0.13
mmole) and NH4PFg (0.058 g, 0.36_mmole), 2 equiv of heteroenyne 1d (0.070 g,
0.335 mmole) and 10 mL of CH,Cl, were added under nitrogen. The resulting
solution was stirred at room temperature-gvetnight. The solution was filtered through
Celite to remove the insolubleiprecipitates, then thesvolatiles were removed under
vacuum and the solid residue was extracted with é small volume of CH,Cl, followed
by reprecipitation by addition of 70 mL of diethyl ether and hexane (1:1). Precipitates
thus formed were collected in a glass frit, washed with diethyl ether, and dried under
vacuum. The final product can be obtained as an orange powder 2d (0.104 g, 0.12
mmole, 84% yield). Spectroscopic data for 2d: *H NMR (8, CDCls): 14.37 (s, 1H,
OH); 8.62 (s, 1H, N=CH); 7.75 (d, 33 = 8.25 Hz, 1H, Ph); 7.69 (d, *Jun = 9.27 Hz,
1H, Ph); 7.58 (d, 3Jun = 8.25 Hz, 1H, Ph); 6.93 - 7.76 (m, 32H, Ph); 6.95 (d, *Jun =
9.27 Hz, 1H, Ph); 5.17 (s, 5H, Cp); 5.08 (t, 334y = 8.11 Hz, 1H, CBH); 4.42 (d, *Jun =
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8.11 Hz, 2H, CH,). *C NMR (8, CDCls): 345.72 (t, Jcp = 15.3 Hz, Ca); 158.53
(N=C);107.00 — 133.61 (Ph, =C); 94.85 (Cp); 44.42 (CH,). *P NMR (8, CDCly):
42.07 (s, PPh3). MS (ESI") m/z: 900.21. Anal.Calcd for CssHssFsNOP3Ru: C, 63.22; H,
4.44.

Complex 3a (0.15 g, 0.16 mmole, 83% vyield) was similarly prepared from 2.5 equiv
of 1a (0.067 g, 0.42 mmole) and [Ru]CI (0.14 g, 0.19 mmole) and NH,4PF¢ (0.083 g,
0.51 mmole) in CH,Cl,. Spectroscopic data of 3a: *H NMR (8, CDCls): 13.18 (s, 1H,
OH); 8.83 (s, 1H, N=CH); 6.92 - 7.67.(my38H, Ph); 5.99 (d, Jun = 8.49 Hz, 1H, Ph);
5.18 (s, 2H, CH,); 4.75 (s, 5H, Cp). =€ NMR(8, EDCls): 264.40 (t, 2Jcp = 14.73 Hz,
Co); 169.71 (N=C); 160.91, 160.29 (Ph-=0OH, |Ph - OCo): 147.63 (Ph, =C); 114.97 —
136.41 (Ph, =C); 89.21 (Cp);62i91 (CH,). *'P NMR(5, CDCl5): 48.93 (s, PPhs). MS
(ESI") m/z: 954.22. Anal.Calcd for C58H48F6N02P3’Ru: C, 63.39; H, 4.40.

Complex 3b (0.059 g, 0.058 mmole, 85% vyield) was similarly prepared from 2.5
equiv of 1b (0.031 g, 0.164 mmole) and [Ru]CI (0.048 g, 0.066 mmole) and NH4PFg
(0.028 g, 0.17 mmole) in CH.Cl,. Spectroscopic data for 3b: *H NMR (8, CDCly):
12.71 (s, 1H, OH); 8.83 (s, 1H, N=CH); 7.64 (s, 1H, CyH); 6.62 - 7.67 (m, 48H, Ph);
5.92 (d, 3Jun = 9.26 Hz, 1H, Ph); 5.13 (s, 2H, CH,); 4.73 (s, 5H, Cp); 3.82, 3.75 (2 s,
6H, 2 OCH3). *C NMR (8, CDCls): 260.63 (t, 2Jcp = 14.66 Hz, Ca); 169.58 (N=C);
156.99, 156.64, 154.98, 152.45 (Ph — OH, Ph - OCa, 2Ph - OMe); 147.57 (Ph, =C);
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107.64 - 136.49 (Ph, =C); 88.72 (Cp); 63.06 (CH,); 55.99, 55.81 (2 OCHa). *'P NMR
(5, CDCls): 4872 (s, PPhs). MS (ESI") m/z: 1014.24. Anal.Calcd for
CeoHs2FsNO4P3RU: C, 62.18; H, 4.52.

Complex 3c (0.138 g, 0.13 mmole, 66% yield) was similarly prepared from 2.5 equiv
of 1c (0.105 g, 0.52 mmole) and [Ru]CI (0.146 g, 0.20 mmole) and NH4PFs (0.091 g,
0.56 mmole) in CH,Cl,. Spectroscopic data for 3c: *H NMR (8, (CD3),CO): 14.38 (s,
1H, OH); 9.08 (s, 1H, N=CH);8.75, 8.55 (2d, “Jun = 2.77 Hz, 2H, Ph);8.30 (m, 1H,
Ph); 8.13 (s, 1H, CyH); 7.05 — 8.04 (m, 32H,,Ph); 6.37 (d, 3Jun = 9.26 Hz, 1H, Ph);
5.63 (s, 2H, CH,); 5.17 (s, 5H, Cp)+2C NMR(&,;“CDCls): 268.12 (t, “Jcp = 13.9Hz,
Co); 169.08 (N=C); 167.53,,161.03 (Rh==-OH, Ph -,OCo); 148.86, 144.31 (Ph);
115.82 — 139.53 (Ph, =C); 90.49 (Cp); 61.96 (CH,)22'P NMR (8, CDCls): 48.27 (s,
PPhs). MS (ESI") m/z: 1044.19. Anal.Calcd for C58’H46F6N306P3Ru: C, 58.59; H, 3.90.
Complex 3d. (0.090 g, 0.086 mmole, 43% vyield) was similarly prepared from 2.5
equiv of 1d (0.109 g, 0.52 mmole) and [Ru]CI (0.145 g, 0.20 mmole) and NH4PFg
(0.110 g, 0.67 mmole) in CH,Cl,. Spectroscopic data for 3d: *H NMR (8, CDCl5):
14.94 (s, 1H, OH); 9.58 (s, 1H, N=CH); 8.45 (s, 1H, CyH); 6.78 — 7.79 (m, 41H, Ph);
6.05 (d, *Jun = 9.06 Hz, 1H, Ph); 5.32 (s, 2H, CH,); 4.78 (s, 5H, Cp). *C NMR (3,
CDCl,): 258.31 (t, 2Jep = 15.35 Hz, Ca); 171.12 (N=C); 163.16, 162.27 (Ph - OH, Ph
- OCa); 147.31 (Ph); 114.66 — 136.64 (Ph, =C); 88.94 (Cp); 59.35 (CH,). **P NMR (5,
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CDCls): 48.69 (s, PPhs). MS (ESI") m/z: 1054.25. Anal.Calcd for CegHs,FsNO,P3RuU:
C, 66.11; H, 4.37.

Synthesis of Complex 3a’. To a Schlenk flask charged with [Ru’]CI (0.097 g, 0.16
mmole) and NH4PFg (0.068 g, 0.417 mmole) was added 2.5 equiv heteroenyne la
(0.064 g, 0.402 mmole) and 10 mL MeOH under nitrogen. The resulting solution was
stirred at 452C overnight and MeOH was then removed under vacuum. The product
was dissolved in dichloromethane and the mixture was filtered through Celite to
remove the insoluble precipitates. The volatiles were removed under vacuum and the
solid residue was extracted with ‘a.small volume<of dichloromethane followed by
reprecipitation by addition of .70 mL of-diethyliether. Precipitates thus formed were
collected in a glass frit, washed:with diethyl ether,/and:dried under vacuum. The final
product 3a’ (0.112 g, 0.135 mmole, 84% yield) ’can be obtained as a red powder.
Spectroscopic data of 3a’: 'H NMR (8, CDCls): 13.13 (s, 1H, OH); 8.72 (s, 1H,
N=CH); 6.85 - 7.49 (m, 26H, Ph); 6.33 (d, %Jun = 8.53 Hz, 1H, Ph); 4.96 (s, 5H, Cp);
4.89 (d, 2H, CH,); 3.22, 2.98 (two m, 4H, 2 dppe CH,). *C NMR (5, CDCls): 264.86
(t, 2ep = 13.2 Hz, Ca); 169.43 (N=C); 115.21 — 147.13 (Ph, =C); 89.35 (Cp); 64.31
(CH,). *'P NMR (8, CDCl3): 90.59 (s, dppe). MS (ESI*) m/z: 828.17. Anal.Calcd for
CugHaoFsNO2P3RuU: C, 59.26; H, 4.35.

Complex 3b’ (0.179 g, 0.202 mmole, 82% yield) was similarly prepared from 2.5
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equiv of 1b (0.116 g, 0.613 mmole) and [Ru’]CI (0.147 g, 0.245 mmole) and NH4PFg
(0.102 g, 0.626 mmole) in MeOH at 45 <C. Spectroscopic data for 3b>: *H NMR (8,
CDCls): 12.72 (s, 1H, OH); 8.70 (s, 1H, N=CH); 6.66 — 7.72 (m, 27H, Ph); 6.25 (d,
*Jn = 9.14 Hz, 1H, Ph); 5.00 (s, 5H, Cp); 4.85 (s, 2H, CHy); 3.81, 3.68 (2 s, 2H, 2
OCHz); 3.16, 2.96 (two m, 4H, 2 dppe CH,). *C NMR (8, CDCls): 260.13 (t, 2Jcp =
13.2 Hz, Co); 168.87 (N=C); 107.63 — 139.74 (Ph, =C); 87.61 (Cp); 63.07 (CH,);
55.88, 55.64 (2 OCHa); 28.97 (t, 2Jcp = 22.1 Hz, dppe).*'P NMR (5, CDCls): 90.34 (s,
dppe). MS (ESI") m/z: 888.20. Anal.Calcd for, CsoHasFsNO4P3Ru: C, 58.14; H, 4.49.

Synthesis of Complex 4a. To a Schlenk flaskacharged with [Ru]CI (0.147 g, 0.19
mmole) and KPFg (0.095 g, 0.52/mmole)as-added 1.5, quiv heteroenyne 1a (0.048 g,
0.30 mmole) and 15 mL CH,Ck:under nitrogen. Thexesulting solution was stirred at
roomtemperature for 3 days and“CH,Cl, was then removed under vacuum. The
product was dissolved in dichloromethane and the mixture was filtered through Celite
to remove the insoluble precipitates. The volatiles were removed under vacuum and
the solid residue was extracted with a small volume of dichloromethane followed by
reprecipitation by addition of 50 mL of MeOH. Precipitates thus formed were
collected in a glass frit, washed with MeOH, and dried under vacuum. The final
product 4a (0.105 g, 0.124 mmole, 61% yield) can be obtained as a light yellow
powder. Spectroscopic data for 4a: *H NMR (8, CDCls): 14.20 (s, 1H, OH); 8.80 (t,
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“Jun = 1.80 Hz, 1H, N=CH); 7.06 — 7.46 (m, 31H, Ph); 6.90 (d, 3Jun = 8.31 Hz, 1H,
Ph); 6.61 (m, 1H, Ph); 6.50 (m, 1H, Ph); 4.74 (d, *Jun = 1.80 Hz, 2H, CH,); 4.31 (s,
5H, Cp). *C NMR (8, CDCls): 164.16 (N=C); 161.73 (Ph - OH); 116.79 — 139.32 (Ph,
=C); 109.39 (t, “Jcp = 24.54 Hz, Cay); 103.66 (CP); 84.94 (Cp); 48.80 (CH.). *'P NMR
(8, CDCls): 50.63 (s, PPh3). MS (ESI") m/z: 850.19. Anal.Calcd for Cs;H43NOP,Ru: C,
72.16; H, 5.11.

Complex 4b (0.114 g, 0.130 mmole, 62% yield) was similarly prepared from 1.5
equiv of 1b (0.059 g, 0.31 mmole) and[Ru]CI (0.152 g, 0.21 mmole) and KPFg
(0.102 g, 0.55 mmole) in CH,Cl; ataBomtemperature. Spectroscopic data for 4b: *H
NMR (8, CDCls): 13.57 (s, 1H, OH); 8.72:(s; 1H, N=CH): 6.74 — 7.48 (m, 32H, Ph);
5.86 (d, “Jun = 2.96 Hz, 1H, PR);\4/77 (s, 2H) CH2)14.30 (s, 5H, Cp); 3.37 (s, 3H,
OCHj). *C NMR (8, CDCls): 163:99 (N=C); 155;43 (Ph - OH); 151.24 (Ph - OMe):
114.15 — 139.40 (Ph, =C); 109.14 (t, 2Jcp = 24.34 Hz, Ca); 103.89 (CP); 85.05 (Cp);
55.64 (CH,); 48.92 (OCHs). *'P NMR (8, CDCls): 50.40 (s, PPhs). MS (ESI*) m/z:
880.20. Anal.Calcd for CsoHasNO,PoRu: C, 71.06; H, 5.16.

Synthesis of Compound 5b. To a Schlenk flask charged with 1b (0.026 g, 1.38
mmole) in the presence of 0.5 equiv NaBH, (0.11g, 2.89 mmole), then 20 mL of
EtOH were added under nitrogen. The resulting solution was stirred at room
temperature overnight. The reaction mixture was extracted with ether, and organic
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phase was washed with aqueous NH4Cl and dried over MgSO,. Solvent was then
removed under reduced pressur to give compound 5b (0.23 g, 1.20 mmole, 87%
yield). Spectroscopic data for 5b: *H NMR (8, CDCls): 6.52 — 6.76 (m, 3H, Ph); 5.34
(br, 2H, OH and NH); 4.02 (s, 2H, Ph — CH,); 3.72 (s, 3H, OCH3); 3.43 (d, “Jun =
2.41 Hz, 2H, CH,); 2.28 (t, “Jun = 2.41 Hz, 1H, =CH). **C NMR (5, CDCls): 152.51,
151.57 (Ph — OH, Ph — OCHj); 122.26, 116.69, 114.60, 113.80 (Ph, =C); 80.15 (C=);
72.71 (=CH); 55.66 (OCH3); 50.73 (Ph — CH,); 36.44 (CH)).

Synthesis of Complex 9. To a Schlenk.flask charged with [Ru]CI (0.097 g, 0.13
mmole) and KPFg (0.068 g, 0.37 mmale) was added 1.1 equiv 5 (0.031 g, 0.16 mmole)
in the presence of PPh; (0.18 g, 0.69 mmele) and 10 mL CH,Cl, under nitrogen. The
resulting solution was stirredyat room temperature;for 6 days. The solution was
filtered through Celite to remove the insoluble pfecipitates, then the volatiles were
removed under vacuum and the solid residue was extracted with a small volume of
CH.ClI, followed by reprecipitation by addition of 70 mL of diethyl ether. Precipitates
thus formed were collected in a glass frit, washed with diethyl ether, and dried under
vacuum. The final product can be obtained as a yellow powder 9 (0.095 g, 0.096
mmole, 72% yield). Spectroscopic data for 9: *H NMR (8, CDCls): 8.21 (m, 1H, Ca -
H); 6.96 — 7.77 (m, H, Ph); 5.24 (m, 1H, CB - H); 4.06 (s, 5H, Cp); 3.83 (dd, 2Jup =
12.59 Hz, 3Jun = 6.35 Hz, 2H, CH,). *C NMR (8, CDCls): 165.27 (m, Ca); 138.75
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(m, CB); 118.56 — 134.83 (Ph, =C); 85.60 (Cp); 33.25 (d, 2Jcp = 42.38 Hz, CH,). *'P
NMR (8, CDCls): 52.64 (d, Jpp = 4.31 Hz, 2P, 2Ru - PPh3); 14.93 (t, Jpp = 4.31 Hz, 1P,
PPh3). MS (ESI") m/z: 993.25. Anal.Calcd for CeoHs4FPsRU: C, 65.43; H, 4.78.
Synthesis of Complex 11. To an NMR tube charged with 2d (0.062 g, 0.069 mmole)
was added 2.3 equiv 7a (0.024 g, 0.16 mmole) in 1.5 mL CDCls. The resulting
solution was reacted at room temperature overnight. The solution was filtered through
Celite to remove the insoluble precipitates, then the volatiles were removed under
vacuum and the solid residue was extracted,with a small volume of CH,CI, followed
by reprecipitation by addition of 70 mL of diethyl ether and hexane (1:1). Precipitates
thus formed were collected in_a glass fritzwashed with_diethyl ether, and dried under
vacuum. The final product canibe\obtained as a orange powder 11 (0.052 g, 0.052
mmole, 75% vyield). Spectroscopic data for 11; 1H NMR (8, CDClg): 14.77 (s, 1H,
OH); 9.40 (s, 1H, N=CH); 8.32 (d, 3Jun = 8.40 Hz, 1H, Ph); 7.77 (d, 3Jun = 9.20 Hz,
1H, Ph); 7.65 (s, 1H, CyH); 6.92 - 7.63 (m, 37H, Ph); 6.02 (d, Juy = 8.40 Hz, 1H, Ph);
5.16 (s, 2H, CH,); 4.80 (s, 5H, Cp). *C NMR (8, CDCl3): 264.16 (t, 2Jcp = 14.54 Hz,
Co); 172.12 (N=C); 163.00, 160.33 (Ph — OH, Ph - OCa); 147.21 (Ph, =C); 108.28 -
136.95 (Ph, =C); 89.35 (Cp); 58.55 (CH,). 3P NMR (5, CDCls): 48.44 (s, PPh3). MS
(ESI") m/z: 1004.25. Anal.Calcd for Ce,HsoFsNOsP3Ru: C, 64.81; H, 4.39.

Single-Crystal X-ray Diffraction Analyses.
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Single crystal of complex 3a’ suitable for X-ray diffraction study were grown as
mentioned above. All of these X-ray diffraction studies are operated by similar
process. A single crystal of dimensions was glued to a glass fiber and mounted on a
SMART CCD diffractometer. The diffraction data were collected using 3-Kw
sealed-tube Mo K, radiation (T = 295 K). Exposure time was 5 s per frame.
SADABS?® (Siemens area detector absorption) absorption correction was applied, and
decay was negligible. Data were processed, and the structure was solved and refined
by the SHELXTL® program. Hydrogen atoms were placed geometrically using the
riding model with thermal parametersset to 1.2:itirmes that for the atoms to which the
hydrogen is attached and 1.5 times that=for:the methyl hydrogens. Crystal data and

related parameters of complex 3a’ is listed in Table 1.
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Table 1. Crystal Data and Refinement Parameters for Complex 3a’

3a’
Formula Ci9H4sClFsNO2P3RU
Formula weight 1057.73
Crystal system Triclinic
Space group R3
a(h) 11.9919(4)
b(A) 12.4210(5)
cR) 17.8817(5)
a(deg)

R 98.958(3
(NOLOL O Gy, ¥

,“15\

i Y ~-
AGY x =G
4 ‘17\“1\-’, ‘@ § (9

,(,::j)/\ ;—_é?' ® Fga‘, A9
refins collected ‘@/f@;_@-j;ﬂ@j_mf)-@ - 15643

Indep reflns (Rint) 9713(0.0241)
Goodness-of-fit on F? 1.004

Ry/WR; [1>25(1)] 0.0341/0.0761
R1/wR; (all data) 0.0448/0.0819
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Appendix I: X-ray Crystallographic Data
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ORTEP drawing of the cationic complex 3a’.

For clarity, aryl groups of the 1,2-bis(diphenylphosphino)ethane ligands on Ru except
the ipso carbons, hydrogens and PFg” are omitted (thermal ellipsoid is set at the 50%
probability level).
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Table 1. Crystal data and structure refinement for icl55489.

Identification code icl5549

Empirical formula C49344c12F6N02P3Ru

Formula weight 1057.73

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a = 11.9919(4) A alpha = 98.958(3)o

97.484(3)°

12.4210(5) A beta

gamma = 118.856(4)0

Do

=4 17.8817(5)

Volume, Z

Dengity {(calculated)
Absorption coefficient
F(000)

Crystal size

® range for data collection
Limiting indices
Reflections collected
Independent reflections
Completeness to @ = 27.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on Fz

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

2238.45(13) A3, 2

1.569 Mg/m3

0.644 mm

1076

0.25 x 0.20 x 0.15 mm

3.08 to 27.50°

-15 = b = 10, -16 = k = 16, -22
15643

9713 (Rint = 0.0241)

94.3 %

Semi-empirical from equivaients
1.00000 and 0.99274

Full-matrix least-squares on F
9713 / 0 / 581

1.004

R1

1]
o
.
[«
~I
(43
[y

0.0341, wR2

R1 0.0448, wR2 = 0.0819

0.627 and -0.479 eA
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4 .
Table 2. Atomic coordinates [ x 10 ] and egquivalent isotropi
displacement parameters [iz x 103] for icl5549. U(eq) is define

as one third of the trace of the orthogonalized Uij tensor.

X Y z U (eq)
Ru(l) 4050(1) 7771 (1) 2988 (1) 15(1)
P(1) 1981 (1) 6365 (1) 3058(1) 17(1)
P(2) 4579 (1) 6412 (1) 3429 (1) 16 (1)
0(1) 3022(2) 5474 (1) 1820 (1) 18(1)
0(2) 4745 (2) 8121 (2) -1024 (1) 34 (1)
N(1l) 5177 (2) 8719 (2) 478 (1) 23 (1)
c(1) 3738(2) 6768 (2) 1923 (1) 17 (1)
c(2) 4200(2) 7144 (2) 1238(1) 17 (1)
C(3) 4081(2) 6274 (2) 621 (1) 21 (1)
c(4) 3403 (2) 4950 (2) 575 (1) 21 (1)
C(5) 3209 (3) 3999 (2) -59(1) 26(1)
c(6) 2466 (3) 2739(3) -69(1) 29(1)
c(7) 1886 (3) 2393 (2) 554 (1) 29(1)
c(8) 2055 (2) 3307(2) 1180 (1) 26 (1)
c(9) 2824 (2) 4573 (2) 1182 (1) 19 (1)
c(10)} 4802 (2) 8524 (2) 1212 (1) 23(1)
c(11) 6331 (2) 9590 (2) 504 (1) 23(1)
c(12) 6816 (2) 9793 (2) -200(1) 24 (1)
c(13) 6017 (2) 8996 (2) -936 (1) 26 (1)
Cc(14) 6546 (3) 9106 (3) -1586 (2) 31(1)
c (15} 7828 (3) 10026 (3) -1518(2) 37(1)
c(le) 8616 (3) 10846 (3) -799(2) 38(1)
C(17}) 8117 (3) 10715 (3) -147(2) 32(1)
c(18) 3909 (3) 9495 (2) 3388(2) 29(1)
c(19) 4524 (3) 9297 (2) 4041 (1) 30(1)
c(20) 5709 (3) 9438 (2) 3909 (1) 28(1)
c(21) 5851 (2) 9734 (2) 3181 (1) 23(1)
c(22) 4735(2) 9784 (2) 2868 (1) 24 (1)
c(23) 1980(2) 5146 (2) 3535(1) . 20(1)
c(24) 3095(2) 4915 (2) 3413 (1) 20(1)
c(25) 692 (2) 5508 (2) 2154 (1) 21(1)
c(26) 708 (2) 6148 (3) 1577 (1) 26 (1)
c(27) -261(3) 5540 (3) 886 (1) 33(1)
c(28) -1231(3) 4283 (3) 763 (2) 35(1)
c(29) -1260(3) 3645 (3) 1331(2) 33(1)
c(30) -303(2) 4256 (2) 2027 (1) 25(1)
c(31) 1295 (2) 7113 (2) 3667 (1) 19(1)
c(32) 546 (2) 7574 (2) 3334 (1) 26 (1)
c(33) 174 (3) 8293 (3) 3792 (2) 32(1)
Cc(34) 537 (3} 8553 (3) 4595 (2) 33(1)
C(35) 1239 (3} 8080 (3) 4935(2) 29(1)
c{(36) 1619 (2) 7367(2) 4478 (1) 25(1)
C(37) 5536 (2) 5952(2) 2893 (1) 20(1)
c(38) 6486 (2} 6860(2) 2603 (1) 24 (1)
€(39) 7251 (3} 6562(3) 2197 (1) 30(1)
c(40) 7054 (3} 5358 (3) 2066 (2) 35(1)
c(41) 6118 (3) 4451(3) 2351(2) 38(1)

C(42) 5362(3) 4743 (3) 2768 (2) 29(1)



C(43)
Cc(44)
C(45)
C(46)
c(47)
Cc(48)
P(3)
F{l)
F(2)
F(3)
F(5)
F(4)
F(6)
C(49)
Ccl(1)
cl(2)

5531 (2)
6828 (2)
7519 (3)
6921 (3)
5639(3)
4949 (2)
9352 (1)
8548 (2)
10123 (2)
9617 (2)
9051 (2)
8015 (2)
10670 (2)
8493 (3)
7363 (1)
8048 (1)

6975(2)
7293 (3)
7748 (3)
7890(3)
7575 (3)
7132 (3)
694 (1)
1391(2)

-31(2)
763(2)
577(2)
-623(2)
2010 (2)
4463 (3)
2825 (1)
5229 (1)

4442 (1)
4634 (1)
5407 (2)
5995(1)
5811 (1)
5042 (1)
2429 (1)
2311 (1)
2544 (1)
1586 (1)
3259 (1)
2043 (1)
2795(1)
3772 (2)
3460(1)
4472 (1)

19 (1)
29 (1)
34 (1)
28 (1)
29(1)
27 (1)
28 (1)
57 (1)
56 (1)
62 (1)
65 (1)
50 (1)
81 (1)
45 (1)
46 (1)
50 (1)
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. o .
Table 3. Bond lengths [A] and angles [ ] for icl5549.

Ru(l)-C (1)
Ru(l) -C(18)
Ru(l) -P (1)
Ru(l)-c(21)
P (1) -C(25)
P (1) -Cc(23)
P (2) -C(43)
o(1)-c(9)
0(2) -¢(13)
N (1) -C(10)
c(2)-c(3)
c(3)-c(4)
Cc(4)-C(5)
c(6)-c(7)
c(8)-c(9)
c(12)-c(17)
Cc(13)-Cc(14)
C(15) -c(16)
c(18)-c(22)
c(19)-c(20)
¢ (21)-c(22)
c(25)-c(30)
c(26)-C(27)
c(28)-c(29)
C(31)-C(36)
c(32)-c(33)
C(34)-Cc(35)
¢ (37)-C(42)
c(38)-c(39)
C(40)-C(41)
C(43)-C(44)
C(44) -C(45)
C(46)-C(47)
P(3)-F(6)
P (3)-F(3)
P(3)-F (1)
C(49)-Cl(2)

C(1) -Ru(1)-C(19)
C(19)-Ru(l)-C(18)
C(19)-Ru(l)-C(20)
¢ (1) -Ru(1)-P (1)

€ (18) -Ru (1) -P(1)
€ (1) -Ru(l) -P(2)

¢ (18) -Ru (1) -P(2)
P (1) -Ru(1) -P(2)

¢ (19)-Ru(l) -Cc(21)
C(20) -Ru(l)-Cc(21)
P(2) -Ru (1) -c(21)
C(19) -Ru (1) -C(22)
C(20) -Ru(1l)-c(22)
P(2) -Ru (1) -C(22)
c(25) -P (1) -C(31)
c(31)-P(1)-C(23)
C(31) -P(1) -Ru(1)

1.986(2)
2.243(3)

2.2773(6)

2.279(2)
1.832(2)
1.849(2)
1.835(2)
1.374(3)
1.348(3)
1.461(3)
1.358(3)
1.422(3)
1.408(3)
1.404 (4)
1.386(3)
1.400(4)
1.388(4)
1.389 (4)
1.405 (4)
1.402(4)
1.415(3)
1.386(3)
1.392(3)
1.376 (4)
1.396(3)
1.385(4)
1.371(4)
1.389(3)
1.386(3)
1.376(4)
1.385(3)
1.386(3)
1.368(4)
1.581(2)

1.5879(18)
1.5916(19)

1.747(3)

165.
36.
36.
90.
94.
86.

142.

84

111
60

104

112.

64 (9)
84 (10)
35(10)
55(7)
75 (7)
35(6)
77(7)

.76 (2)
60.
36.
.70 (6)
.62(9)

60.
147.
102.
.48(11)

92(9)
42(9)

26 (9)
71(7)
81 (10)

72(8)
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Ru(l)-C(19)
Ru(l) -Cc(20)
Ru(l)-P(2)
Ru(l)-C(22)
P(1)-C(31)
P(2)-C(37)
P(2) -C(24)
0(1l)-c{1l)
N(l1l)-Cc(1l1)
c(1l)-c(2)

¢ (2)-c(10)
c(4)-Cc(9)
c(5) -c(s)
c(7)-c(8)
C(11) -C(12)
c(12)-c(13)
Cc(14)-C(15)
c(1l6)-c(17)
C(18)-C(19)
c(20)-Cc(21)
c(23)-Cc(24)
c(25)-c(26)
c(27)-c(28)
c(29)-C(30)
c(31)-c(32)
C(33)-C(34)
C(35)-c(36)
c(37)-C(38)
Cc(39)-C(40)
c{41)-Cc(42)
c(43)-C(48)
c(45)-Cc(48)
C(47)-C(48)
P(3)-F(5)
P(3)-F(2)}
P(3)-F(4)
Cc(49)-C1(1)

Cc(1)-Ru(l) -c(18)
C(1l)-Ru(l)-C(20)
c(18)-Ru(l) -c(20)
C(19)-Ru(l) -P(1)
c(20)-Ru (1) -P (1)
Cc(19)-Ru(1) -P(2)
C(20) -Ru(l) -P(2)
c(1) -Ru(l) -C(21)
C(18) -Ru(l) -C(21)
P(1) -Ru(l) -c(21)
€(1) -Ru(l) -C(22)
c(18) -Ru(1l) -Cc(22)
P(1) -Ru(l) -Cc(22)
C(21) -Ru(1) -C(22)
c(25)-P(1) -Cc(23)
C(25)-P(1) -Ru (1)
c(23)-P(1) -Ru (1)

FRFRRPEFRPREFEREFEPRPERPEPHEPHREPHRRERERBPHEEHERERENNNN

.243(2)
.251(2)
.2784 (6)
.281(2)
.839(2)
.820(2)
.845(2)
.374(3)
.269(3)
.462(3)
.516(3)
.385(3)
.372(4)
.381(4)
.459(3)
.408(3)
.377(4)
.376(4)
.417 (4)
.415(3)
.531(3)
.394(3)
.383(4)
.391(3)
.397(3)
.384 (4)
.387(4)
.391(3)
.372(4)
.387(4)
.392(3)
.384 (4)
.380(3)
.5834(18)
.5881(18)
.5973(18)
.754 (3)

130.
139.
60.
97.
129.
106.
91.
108.
60
155.
105.
36.
124.
36.
10e6.
118.
110.

86 (9)
17 (10)
82(10)
47(7)
86 (7)
17(7)
24 (7)
30(9)

.81(9)

21(7)
03(9)
18(9)
39(7)
15(9)
51(11)
64 (8)
49 (8)



C(37) -P(2) -C(43)
C(43)-P(2)-C(24)
¢ (43)-2(2)-Ru(l)
c(9)-0(1)-¢c(1)
o(1)-c(1)-c(2)
c(2)-C(1) -Ru(l1)
c(3)-c(2)-Cc(10)
c(2)-c(3)-c(4)
c(9)-Cc(4)-C(3)
c(6)-Cc(5)-c(4)
c(8)-c(7)-c(6)
0(1)-C(9)-C(4)
Cc(4)-c(9)-c(8)
N(1)-C(11)-C(12)
Cc(17)-C(12) -C(11)
0(2)-C(13)-C(14)
Cc(14)-C(13)-C(12)
C(14)-C(15)-C(1le)
c(1l6)-C(17)-C(12)
c(22)-c(18) -Ru(l)
c(20) -c(18)-c(18)
C(18)-C(19) -Ru(l)
C(19)-C(20) -Ru(l)
¢ (22)-C(21) -C(20)
C(20)-C(21) -Ru(l)
C(18)-C(22)-Ru(l)
Cc(24)-c(23)-P (1}
C(30)-C(25)-C(26)
c(26) -C(25) -P (1}
Cc(28)-C(27)-C(26)
C(28)-C(29)-C(30)
C(36)-C(31)-C(32)
C(32) -C(31) -P (1}
C(34)-C(33)-C(32)
C(34)-C(35) -C(36)
C(42)-C(37)-C(38)
C(38)-C(37)-P(2)
C(40) -C(39)-C(38)
C(40)-C(41)-C(42)
C(44)-C(43) -C(48)
C(48)-C(43) -P(2)
C(46)-C(45) -C(44)
C(46) -C(47)-C(48)
F(6)-P(3)-F(5)
F(5)-P(3)-F(3)
F(5)-P(3)-F(2)
F(6)-P(3)-F(1)
F(3)-P(3)-F(1)
F(6)-P(3)-F(4)
F(3)-P(3)-F(4)
F(1)-P(3)-F(4)

103

115

11s

120

121

120
121

73
107

71
107

118

117

120.
118.
120.
119.
118.
120.
.3(3)
.3(2)
119.
120.
120.

120
118

91
178

88

.16(10)
103.
.69(8)
126.
113.
132.
.8(2)
122.
116.
120.

7%(10)

21(17)
27(19)
01(17}

3(2)
8(2)
5(2)

.7(2)
119.
122,

7(2)
5(2)

.9(2)
120.
119.
119.
.7(2)
.0(3)
.37(14)
.6(2)
71.

4(2)
2(2)
6(2)

60(14)

.52(14)

.0(2)
70.
70.

112.

71(13)
45 (14)
05 (15)

.9(2)
118.
119.
120.

52(18)
8(2)
2(3)
6(2)
49 (18)
7(2)
3(2)
1(2)
15(18)
0(3)

14(17)
4(2)
3(2)

.79(13)
.10(13)
88.
91.
89.
178.
.94 (11)
87.

81(11)
30(12)
62 (11)
73 (11)

93 (10)

C(37)-P(2) -C(24)
C(37)-P(2) -Ru{(l)
C(24) -P(2) -Ru (1)
c(11) -N(1) -c(10)
0(1)-C(1) ~-Ru(l)
c(3)-c(2)-c(1)
c(l)-c(2)-c(10)
c(9)-C(4)-C(5)
C(5)-Cc(4)-Cc(3)
c(5)-c(6)-C(7)
Cc(7)-c(8)-c(9)
o(1l)-c(9)-c(8)
N(1l)-C(10)-C(2)
C(17) -C(12) -C(13)
c(13)-c(12)-c(11)
0(2)-C(13)-C(12)
C(15)-C(14)-Cc(13)
€(17) -c(16) -C(15)
c(22) -c(18)-c(19)
C(19)-C(18) -Ru(l)
c(20)-C(19) -rRu(l)
C(19)-C(20)-Cc(21)
c(21) -c(20) ~Ru (1)
c(22)-c(21) -Ru(l)
¢(18) -Cc(22) -c(21)
¢(21) -¢(22) -Ru (1)
C(23)-Cc(24)-P(2)
C€(30) -c(25)-P(1)
Cc(27) -c(26) -C(25)
c(29) -c(28)-Cc(27)
Cc(25) -c(30)-c(29)
C(36)-C(31)-P(1)
€(33)-Cc(32)-C(31)
C(35)-C(34)-C(33)
C(35)-C(36)-C(31)
C(42)-C(37)-P(2)
C(39)-C(38)-C(37)
C(39)-C(40)-C(41)
C(41)-C(42)-C(37)
C(44)-C(43)-P(2)
C(43)-C(44) -C(45)
C(47)-C(46) -C(45)
C(47)-C(48)-C(43)
F(6)-P(3)-F(3)
F(6)-P(3)-F(2)
F(3)-P(3)-F(2)
F(5)-P(3)-F(1)
F(2)-P(3)-F(1)
F(5)-P(3)-F(4)
F(2)-P(3)-F(4)
Cl(2)-C(49)-C1(1)

105.80(11)
116.12(7)
111.05(8)
118.4(2)
114.58(14)
120.9(2)
119.3(2)
118.0(2)
125.0(2)
119.9(2)
118.3(2)
117.8(2)
111.74(19)
118.8(2)
120.6(2)
121.2(2)
120.3(3)
119.5(3)
108.0(2)
71.56 (15)
72.13(14)
108.9(2)
72.88(13)
72.01(13)
108.5(2)
71.84(13)
110.67 (16)
122.61(18)
120.5(2)
120.1(2)
120.5(2)
121.51(18)
121.3(2)
120.1(3)
120.9(2)
122.78(19)
120.4(2)
120.2(3)
120.0(2)
122.49(18)
120.4(2)
119.6(2)
121.0(2)
90.05(13)
89.98(12)
90.71(11)
90.82(12)
178.68(12)
89.22(11)
90.80(11)
112.05(16)

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters [132 x 103] for icl5549.

The anisotropic displacement factor exponent takes the form:

2 * 2 * %

=20 [ (ha ) Ul + ... + 2hka b U12 1

ull v22 u33 U23 Ul3 ul2
Ru(l) 15(1) 13(1) 14 (1) 1(1) 3(1) 6 (1)
P (1) 15(1) 16 (1) 16 (1) 2(1) 3(1) 6 (1)
P(2) 16 (1) 17 (1) 16 (1) 3(1) 3(1) 8 (1)
0(1) 19 (1) 15(1) 15(1) 1(1}) 5(1) 6 (1)
0(2) 32(1) 35(1) 23 (1) 2(1) 4 (1) 9 (1)
N(1) 29 (1) 20(1) 19 (1) 8(1) 9(1) 11 (1)
c(1) 16 (1) 18(1) 17 (1) 5(1) 3(1) 10(1)
c(2) 15(1) 19(1) 15 (1) 3(1) 1(1) 8(1)
c(3) 23 (1) 24 (1) 17 (1) 6(1) 6(1) 13(1)
c(4) 23 (1) 22(1) 18(1) 3(1) 3(1) 13(1)
c(5) 33(1) 27 (1) 19 (1) 1(1) 7(1) 17 (1)
c(6) 38(2) 25(1) 24 (1) -2(1) 2(1) 19(1)
c(7) 33(2) 16 (1) 29 (1) 0(1) 1(1) 9(1})
c(8) 29 (1) 22(1) 23 (1) 4 (1) 5(1) 10(1)
c(9) 19(1) 19 (1) 16 (1) 0(1) 0(1) 11 (1)
c(10) 32(1) 20(1) 17 (1) 7(1) 9(1) 12(1)
c(11) 27(1) 20(1) 21(1) 4(1) 4 (1) 11(1)
c(12) 29 (1) 23(1) 24 (1) 10(1) 8 (1) 14 (1)
c(13) 29 (1) 29(1) 23 (1) 10(1) 6 (1) 17(1)
c(14) 44 (2) 38(2) 22 (1) 10(1) 9(1) 27(1)
Cc(15) 47 (2) 53(2) 35(2) 26 (1) 23 (1) 36(2)
c(1e6) 31(2) 44 (2) 44 (2) 25(1) 18(1) 17(1)
c(17) 28(1) 30(2) 34 (1) 11(1) 7(1) 12(1)
c(18) 25(1) 16 (1) 40(2) -4 (1) 9(1) 7(1)
c(19) 35(2) 16 (1) 23 (1) -5(1) 11(1) 2(1)
c(20) 28(1) 12(1) 22(1) -2(1) -6(1) 0(1)
c(21) 19(1) 14 (1) 28 (1) 1(1) 7(1) 4 (1)
c(22) 31(1) 12(1) 24 (1) 2(1) 4 (1) 10(1)
c(23) 17(1) 19(1) 23 (1) 8(1) 5(1) 7 (1)
c(24) 20(1) 16 (1) 20 (L) 6(1) 4 (1) 6 (1)
c(25) 16 (1) 21(1) 20(1) -2(1) 1(1) 9(1)
c(26) 23(1) 28(1) 23 (1) 4(1) 4 (1) 12(1)
c(27) 33(2) 51(2) 21(1) 8(1) 5(1) 27 (2)
c(28) 25(1) 47(2) 25 (1) =-11(1) -6 (1) 21(1)
c(29) 23(1) 28(2) 36 (2) -10(1) -2(1) 11(1)
c(30) 22(1) 24 (1) 26 (1) 0(1) 3(1) 11(1)
c(31) 13(1) 17 (1) 23 (1) 3(1) 6(1) 5(1)
Cc(32) 26 (1) 29 (1) 25(1) 7(1) 8(1) 16 (1)
c(33) 31(2) 33(2) 40(2) 11(1) 12 (1) 21(1)
c(34) 32(2) 25(1) 40(2) 1(1) 16 (1) 14 (1)
C(35) 27(1) 28 (1) 26 (1) 0(1) 8(1) 11(1)
c(36) 20(1) 27(1) 25(1) 1(1) 4 (1) 11(1)
C(37) 22(1) 26 (1) 15 (1) 3(1) 3(1) 16 (1)
c(38) 25(1) 27(1) 23 (1) 6(1) 7 (1) 15(1)
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400MHz P31 24-39.2 CDC13
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400MHz 13C 92-212.7 CDC13
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400MHz 1H 45-145 111029 CDC13
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400MHz P31 45-111209 d-acetone
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800MHz 13C 45-104.7 d-acetone
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400MHz 1H 55-127.4 CDC13
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400MHz P31 55-127.3 CDC13
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500\MHz 13C 55-127.4 CDC13
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400MHz 1H 69-168.1 CDC13
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CDC13
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CDC13
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El::emnnle_xl Composition

File Edit View Process Help

Single Mass Analysis -
Tolerance = 4.0 PPM / DBE: min =-1.5, max=100.0
Selected filters: None
Monoisotopic Mass, Even Electron lons
1131 formula(e) evaluated with 4 results within limits (up to 3 best isotopic matches for each mass)
Elements Used:
C:3-80 H: 0-125 N: 0-2 0:0-5 P.0-2 102Ru: 0-1 -
Mass Cale.Mass  :mDa | PPM {DBE . Formula . tFIT [ ¢ [ H N 0[P/ 102R s
1014.2436 1014.2415 2.1 2.1 36.5 C60 H52 N O4 P2 102Ru 272 60 2 1 4 2 1
1014.2439 03 03 455 C67 H47 N O P 102Ru 42.4 67 47 1 1 1 1
1014.2409 27 27 545 CTIH37TNOSP 2571 711 3% 1 5 1 b
manteu 43-98.2
10008_N25 38 (0.803) Crm (3541) 1. TOF ME ES+
100- 10142436 3b 2413
|
| 10
; 984.2236
3a
954.2267
1
% 1016245
953.2302
966.2278
e
952.2321
N
784.1896
! 951.21
587.1185 |
3421072 116130 ; 848.1750
366.0519 3912883 fore 611.2296 7521428 | Jesa 8501657
i | i 5651262 6921273 Py 7951563 8481778 948.2227 s
a0 || hs2 2676 | Ao 8384753 641.2632 911295 ! { ) S 3 Jmams
! ] : i : )
m i 14 & i ) \ 667.1288; = : | 10382141 10932642
0l bl i biuia . i : i e i il st il S
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? Elemental Composition

File Edit View Process Help

Single Mass Analysis .
Tolerance =4.0 PPM / DBE: min =-1.5, max =60.0
Selected filters: None i
Monoisotopic Mass, Even Electron lons :
563 formula(e) evaluated with 3 results within limits (up to 3 closest results for each mass)
Elements Used: =
C: 50-100 H: 1-100 N: 1-10 0:1-10 P: 2-2 102Ru: 1-1 ~
Mass | Cale. Mass | mDa | PPM | DBE | Formula [iFIT | ¢ | H{N]O|P ] 102Ru |
1004.2366 1004.2360 06 0.6 30.5 (€62 H50 N O2 P2 102Ru 1781 62 50 1 2 2 1

1004,2379 - -1.3 -1.3 265 €350 H54 N3 09 P2 102Ru 87.0 0 M4 3 9 2 l

1004.2392 26 26 315 (€51 H50 N7 O5 P2 102Ru 933 51 5 7 5 2 1
BG-2112.5(F)
10103_125 30 {0.632) Cm (28:30) 1. TOF MS ES+

10042366 | 11 1.08e4 .
100
1003.2451
% 1002.2433 1/005»2501
3a
719.1208 1001.2505
954.2265 N
71 3‘1193 521‘1 224 95,2292 1007.2498
716.1228 772.1860 8146785 95272327: 956‘2284 3d
708.1584 ARSI 8161810 ase.2283 o 02 1008.2595 7054 2699
B109881  oe4 2160, N Nl 964.2585 1051.2703.
D",u., - . ll<iTi.1:“‘,r {‘Ilrllkm"rwljll ‘!"‘]ul-.!m‘m.g ‘f"..‘fﬂ'f‘:‘u!.ym[, ’ .'vlr;'Ilr'r! T mvw»;zw :imfz
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