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/Abstract: Simple reactions of the most used functional
groups allowing two molecular fragments to link under
mild, sustainable conditions are among the crucial tools of
molecular chemistry with multiple applications in materials
science, nanomedicine, and organic synthesis as already ex-
emplified by peptide synthesis and “click” chemistry. We are
concerned with redox organometallic compounds that can
potentially be used as biosensors and redox catalysts and
report an uncatalyzed reaction between primary and secon-
dary amines with organometallic electrophilic alkynes that is
free of side products and fully “green”. A strategy is first pro-
posed to synthesize alkynyl organometallic precursors upon
addition of electrophilic aromatic ligands of cationic com-
plexes followed by endo hydride abstraction. Electrophilic al-
kynylated cyclopentadienyl or arene ligands of Fe, Ru, and

-

Co complexes subsequently react with amines to yield trans-
enamines that are conjugated with the organometallic
group. The difference in reactivities of the various complexes
is rationalized from the two-step reaction mechanism that
was elucidated through DFT calculations. Applications are il-
lustrated by the facile reaction of ethynylcobalticenium hex-
afluorophosphate with aminated silica nanoparticles. Spec-
troscopic, nonlinear-optical and electrochemical data, as well
as DFT and TDDFT calculations, indicate a strong push-pull
conjugation in these cobalticenium- and Fe- and Ru-arene-
enamine complexes due to planarity or near-planarity be-
tween the organometallic and trans-enamine groups involv-
ing fulvalene iminium and cyclohexadienylidene iminium
mesomeric forms.

/

Introduction

An important goal in organometallic chemistry and materials
science is the incorporation and engineering of organometallic
derivatives into nanomaterials towards applications in sensing,
electronic polymers, redox catalysts, derivatized electrodes,
and nanomedicine.l" For this purpose, the concept of “click”
chemistry involving easy, high-yielding, environmentally
benign reactions without side products proposed by Sharpless
in 2001 has proven to be of considerable utility for the func-
tionalization of compounds towards multiple applications.”
The most common “click” reactions utilize alkynes and azides
that are rather readily introduced into a variety of molecules
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and a transition-metal catalyst, although the latter is some-
times difficult to completely remove from products.”!

Here we introduce a new clean, uncatalyzed reaction of cat-
ionic cobalt, iron, and ruthenium organometallic alkynes with
amines. Amines are among the most important classes of or-
ganic molecules,” and therefore their use for “click” reactions
is desirable. Nucleophilic additions to electron-deficient al-
kynes®®'? are mostly catalyzed by transition-metal complexes,
but uncatalyzed reactions have also been developed with halo-
acetylenes”™ and other electron-deficient alkynes.'”

For our purpose, we are using robust cationic 18-electron
late transition-metal organometallic compounds in which the
alkyne is introduced by exo-nucleophilic addition onto a @
ligand™ followed by endo-hydride abstraction using commer-
cial trityl hexafluorophosphate [Eq. (1)].1?

R

H
@ RM [PhsC][PFg] QR
Mt — — * PRy ™)
| PFs -M[PFg] '\lll -PhsCH |
Cp cp Cp

This sequence of reactions has been conducted with cationic
organotransition-metal complexes and functional and nonfunc-
tional carbanions with varied success since the pioneering
period of organometallic chemistry and eventually provides
substituted organotransition-metal complexes."™¥ With the
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ethynyl group, a single example has been reported with the
synthesis of ethynylcobalticenium.!™

Here we show that this reaction can be made effective and
extended inter alia to n®-arene ligands in 18-electron cationic
iron and ruthenium organometallic complexes in which the
ethynyl group can be introduced. This strategy makes the eth-
ynyl group sufficiently electrophilic in all cases of coordinated
7 ligands in cationic complexes to react smoothly with amines,
yielding trans-enamines without the need of a catalyst and
without the formation of any side product [Eq. (2)].

- / NRR'
+ NHRR' +

M - M
| PFe neat or | PFg" @
Cp MeCN Cp

Fundamental organometallic aspects of this uncatalyzed hy-
droamination reaction involve on the one hand the intimate
mechanism of hydroamination and C—N bond formation for
which theoretical studies are most helpful, and on the other
hand the physicochemical properties of these new organome-
tallic products that are push—pull trans-enamines with specific
nonlinear optical properties that are compared among the var-
ious iron, ruthenium, and cobalt organometallic complexes
and also studied from a theoretical standpoint. The applied
aspect that is also developed here and is essential in the over-
all “click” strategy involves the derivatization of nanomaterials
such as nanoparticles by using the facility of the reaction and
the ease of access to aminofunctionalized nanomaterials.

Results and Discussion
Synthesis of the ethynyl organometallic complexes

The low-oxidation-state ethynyl organometallic derivatives 4,
5, and 6 have been prepared in good yields by adding the eth-
ynyl carbanion in the form of lithium acetylideethylenediamine
in THF at 0°C to the yellow hexafluorophosphate salt of the
cationic m-complexes 1, 2, and 3. These exo-adducts 4 (red), 5
(orange), and 6 (pink) were obtained as stable solids that were
soluble in pentane and characterized by the standard spectro-
scopic techniques, in particular the strong IR (KBr) absorption
around 2090 cm™' for the triple bond, the ethynyl proton in
the "H NMR spectrum (CDCl;) around 6 =3.00 ppm, the molec-
ular peak in the ESI mass spectra and correct elemental analy-
ses. In the case of 5 and 6, addition occurs onto the more elec-
trophilic arene ligand. They were submitted to hydride abstrac-
tion by using [Ph;C][PF¢] in CH,Cl, at RT for one hour in order
to recover the yellow and orange hexafluorophosphate salts 7,
8, and 9 of the functional organometallic cations. These ethyn-
yl derivatives were characterized in the same way including
the downfield shift of the ethynyl proton in the '"H NMR spec-
trum at around 0 =4.44 ppm and the molecular peaks of the
cations of the salts were found in the ESI mass spectra. This se-
quence of reactions was known with the cobalticenium salt
1% and has been successfully applied for the first time to
arene ligands with the ethynyl group to the complexes known
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[Fe(Cp)(n°*-mesitylene)l[PF¢l, 2, and [Ru(m®-benzene)(Cp)l-
[PF],l" 3 (Cp=n’-C,H,) providing the new complexes 8 and 9
(Scheme 1).

N\
H
HC=CLi _
S NHCH,CHoNH, PhyCPFe < =
Co' PFg —» o, o> Co FRe
S THEOCth =y CHCRRTh L
1 4 7
pp-  HC=CLi \-— = PFs
Fe* 76 NH,CH,CH,NH, Fe PhyCPFg Fe'
EE— . —_— —
THE, 0°C, 1h CH,Cl, RT 1h
2 5 H 8
HC=CLi
R (= PhsCPFe <
u Ru e Ru* PFg
< THF, 0°C, 1h y CHeCeRTIN (=
3 6 9

Scheme 1. Synthesis of electrophilic organometallic ethynyl derivatives.

Hydroamination of the ethynyl organometallic derivatives

The ethynyl organometallic derivatives 7,/*'® 8, and 9 react
with primary and secondary amines either neat or in acetoni-
trile solution to give stable trans-enamines 10, 11, and 12
(Scheme 2). With 7 and 9, the reaction proceeds more easily
than with 8 due to the stereoelectronic effects of the ortho
methyl groups in the iron complex. For instance, the reaction
of 7 and 9 in neat NH(Et), proceeds to completion at 35°C in
one hour, but with 8 the reaction needs 24 h to reach quanti-
tative conversion. Comparison of the less bulky amine Et,NH
with iPr,NH for the same ethynyl organomtallic derivatives
shows that the latter reacts much more slowly than the
former, which indicates a strong steric effect. Also, the two
ortho methyl groups in 8 considerably slow down the reaction
compared to 7 and 9 vide infra (Table 1). The quantitiative con-
version of this reaction was determined by both the NMR
spectroscopies and isolated yield.

Figure 1 illustrates the kinetics of the reaction between 7
and excess NH(nBu), with an intensity increase of the UV/Vis
band at 496 nm and the isosbestic point at 380 nm. This
pseudo-first-order reaction proceeds in acetone/NH(nBu), (1:1)
with a rate constant of k=8.45x1073s™".

Aniline reacts much more slowly than the other amines, as
expected due to its lower nucleophilic properties compared to
alkyl amines, but a quantitative yield was obtained with 7
when aniline was used as the solvent for two days at 80°C. A
1:1 mixture of enamine 10c-a and its imine tautomer 10c-
b were obtained.!”’ The latter is not favored with alkylamine
due to the lack of conjugation with cobalticenium, contrary to
the enamines, but with aniline the conjugation of the imine
C=N bond with the phenyl ring compensates the lack of conju-
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Scheme 2. Reactions of primary and secondary amines with the electrophilic ethynyl or-
ganometallic complexes (10a: R=R'=iPr; 10b: R=H, R"=Bu; 10c: R=H, R"'=Ph; 10d:
R=R'=nBu; 10e: R=R'=Et; 11a: R=R'=iPr; 11b: R=R'=Et; 12a: R=R' =/Pr; 12b:

R=R'=Et).

§
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Table 1. Conditions of the hydroamination of the ethynyl organometallic
derivatives 7, 8, and 9 (neat) to reach quantitative conversions.
Ethynyl derivative Amine Product Reaction t [h] T[°C
7 iPr,NH 10a 1 35
7 nBuUNH, 10b 1 35
7 PhNH, 10c 48 80
7 nBu,NH 10d 1 35
7 Et,NH 10e 1 35
8 iPr,NH 11a 24 70
8 Et,NH 11b 24 35
9 iPr,NH 12a 24 35
9 Et,NH 12b 1 35
4
3 =
—— min
" ——  S5min
2 2 — 4 min
——— 2min
13 \ PO 1111
| ! (i
[
01 o= e
400 500 600 700 800

Wavelength (nm)

Figure 1. UV/Vis spectra during the reaction of 7 with NH(nBu), leading to
the formation of 10d in acetone during the first 9 min: k=8.45x1073s~",
Amax1 =415, Amaxz =496 Nm; e=1.25x10* Lmol'ecm™".

gation with cobalticenium (Figure 2). These assignments were
made using 'H and "C NMR spectroscopy of these enamine
complexes.

We know that the deprotonation of [FeCp(CsMeg)l[PFs]"®*! is
much easier than that of [CoCp(CsMeJ)][PF]," which is due
to the greater positive charge on the benzenic ligand of the
iron complex than on the formally anionic permethylated cy-
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clopentadienyl ligand of the cobalt complex. Along
this line, one might have expected a faster nucleo-
philic attack onto the ethynylarene ligand than onto
the ethynylcyclopentadienyl ligand, but the opposite
is observed. If the reaction of the amines on the eth-
ynyl derivatives would be under charge control, the
mesomeric forms in which the positive charge is lo-
calized on the second alkyne carbon should be con-
sidered (Figure 3), but the calculation will show that
the amine attack is not the rate-limiting step. The
slightly more stabilizing charge-delocalized structure
in the fulvalene ligand, hence with a higher weight
of this structure, than in the cyclohexadienylidene
ligand is due to a larger ligand folding angle in the
latter (Figure 3)."” The calculation will show, howev-
er, that this influence on the conjugation is in fact
minimal. The much more serious inhibiting factor is

NRR'

Ikyl H alkyl
H /a y / y
N —N
J N
H
-
Co* H PFg -~ Co* H H PFg
10a, 10b, 10d
W ) 8
N —N
\
H — =
Co* PFS- Co* H H PFG_
— = teen

10c-a

Figure 2. Cobalticenium-enamine-imine tautomerism favored only with aryl
amines.

+
_ CfC\H
c=C—H
C©o"_ PFg p— q PFe
i <
7A 7B
- (-
M+ PFg — - M
9A 9B \C§C+
M =Fe or Ru \

Figure 3. Structures of the electrophilic organometallic alkynes.

the stereoelectronic steric effect of the two ortho methyl
groups, especially the steric effect because the calculations will
show that the rate-limiting step involves proton transfer onto
the sterically protected exo-cyclic carbon (vide infra). The elec-
tron-donating methyl substituents also decrease the positive
charge on the alkyne ligand, which disfavors the reactivity of 8
relative to that of 9. In summary the stereoelectronic effect of

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the two ortho methyl groups in 8 strongly slows down the re-
action with the amines, whereas the opposite effect involving
the difference of stabilization of the product between the ful-
valene-iminium in 7 and cyclohexadienylidene—iminium in 8
and 9 is much less significant.

Theoretical calculations on the reactions of amines on the
electrophilic alkynyl complexes

To shed light on the mechanism of the reaction of amines with
the ethynyl derivatives of Scheme 1, we have carried out DFT
calculations at the B3PW91/LANL2DZ (see Computational de-
tails in the Experimental Section) on the attack of ammonia to
[Co(n*-CsH,CCH)(Cp)]* and [M(n’-CgHsCCH)(Cp)]* (M =Fe, Ru).
We first describe the NH;+[Co(m*-CsH,CCH)(Cp)]* (i.e. the
cation of 7) system, the two-step energy profile of which is
shown in Figure 4 and relevant structural data of the corre-
sponding extrema are provided in Table 2. The structure of the
starting cation of 7, [Co(n’-CsH,CCH)(Cp)]* exhibits a pentahap-
to coordination mode of the substituted ring with a Co—Cj,,
bond of 2.08 A that is only slightly longer than the average of
the four other Co—C bonds (2.05 A). Whereas the C;,,,—C, dis-
tance (1.42 A) is consistent with the existence of some conju-
gation, the C,—Cg (1.22 A) is indi-
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Figure 4. Computed free-energy profiles (at 298 K) for the addition reaction
of NH; to [Co(n*-CsH,CCH)(Cp)]* and [M(n°®-CHsCCH)(Cp)I™ (M=Fe, Ru). The
blue, red, and green colors correspond to the cobalt, iron, and ruthenium
systems, respectively. The molecular structures that are shown correspond
to the energy extrema of the cobalt system.

which allows it to evolve, during the first stage of the addition
reaction, towards an activated structure in which the 7B Lewis
formula of Figure 3 has a nonnegligible weight. This is clearly

cative of a regular triple bond "
. . 5
and the CaCﬁH unit is linear. Table 2. Selected metrical data computed for the extrema of the three energy curves shown in Figure 4.
Thus, the weight of the 7B Co
Lewis structure in Figure3 is R TS, IR TS, P 10 from X-ray"”
very small with respect to that | m-c,, 2.080 2224 2218 2132 2.165 2.130
of 7A. Consistently, the C; natu- | other M—C'? (range) = 2.049-2.053 2014-2058 2013-2054 2.032-2.053 2.027-2.055 2.005-2.035
ral atomic charge (—0.09) does M—C(Cp) (av.) 2.056 2.065 2.063 2.057 2.064 2.028
t sh ticul lectro- Cipso—Ca 1.417 1.377 1.406 1.443 1.433 1.432
not show any particular electro- 1 - ¢ 1219 1263 1317 1337 1369 1364
phI|IC character of this atom (it is C—N _ 1.831 1.520 1.479 1.349 1336
in fact equal to the C, charge) | Cp(oCi—Cs 177 169 128 127 123 123
and the MO diagram of [Co(n’- | = - - - - 359 360
CsH,CCH)(Cp)1* resembles that Fe
of cobalticenium with in addi- R TS, IR TS, P
tion the orbitals associated with M-C,., 2139 2305 5344 2222 2242
the C=C bond. The two highest | other M—C“ (range) 2.104-2.112 2.079-2.121 2.086-2.128 2.089-2.121 2.087-2.117
occupied MOs can be identified M—C(Cp) (av.) 2.063 2.061 2.056 2.063 2.062
. . Cipso—C 1.423 1.381 1.398 1.436 1.439
as being the two m orbitals, pso” ot
9 cc CCy 1218 1.263 1313 1.334 1.369
whereas the lowest vacant MO N _ 1.833 1519 1.480 1349
with a significant ¥ contribu- | C,,,~C.~C; 178 168 135 134 124
tion is the LUMO+2 that lies | 2o - - - - 359
2.16 eV above the LUMO and Ru
6.53 eV above the HOMO, and is R TS, IR TS, p
i o)
localized 9. and 22% on C, and M—Cipo 2275 2447 2453 2352 2373
Cp respectively (see the Support- | other M—C (range) 2.239-2.243 2.214-2.251 2211-2.254  2.225-2.252 2.223-2.242
ing Information). M—C(Cp) (av.) 2.199 2.200 2.202 2.200 2.200
The ammonia molecule adds Cipso—Ca 1.424 1.379 1.399 1.438 1.440
C.f “ton” sid ho| GG 1218 1.262 1314 1.334 1367
to Cp from a “top” side approach | ¢ - 1825 1518 1480 1350
(Figure 4). Despite the apparent Cpe—Cu—Cp 178 173 134 134 124
weak electrophilicity of this Zoy - - - - 359
atom, the NH; addition does not [a] Distances in A and angles in °. R and P are the organometallic ethynyl reactant and enamine product, re-
require a very large activation spectively. X-ray data of the enamine complex 10a are reported for direct comparison with the computed
energy (17 kcal mo|*1)l thanks to P(Co) values. [b] Values averaged on the two (slightly different) independent molecules existing in the crystal
o R unit cell.® [b] Distances corresponding to the substituted ring.
the significant polarizability of 7,
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evidenced by the geometry of the first transition state TS,(Co),
which exhibits a Co—C,,, bond significantly larger than the
average of the other four Co—C bonds (2.22 vs. 2.04 A). Consis-
tently, the C;,,,—C, distance (1.38 R) in TS,(Co) approaches that
of a double bond. The [Cofn’-CsH,CC(H)NHHCp)]™ adduct
IR(Co) is formed as a high-energy intermediate (Figure 4 and
Table 2). The metrical data of Table 2 suggest TS,(Co) is best
described with by Lewis formula A of Figure 5 (note in particu-

®
THs ﬁHa
CH
Y C/CH
Y ‘e <
Co* I Co
A B

Figure 5. Lewis structures of the reaction intermediate [Co{n’*-
CsH,CC(HINHHCP)T ' IR(Co).

lar the bond angle of 128° at C,, consistent with sp? hybridiza-
tion), with some minor participation of the B formula. The MO
diagram of IR(Co) (see the Supporting Information) supports
this view, with the HOMO and HOMO-1 that can be described
as the C, lone pair and the s orbital mixed with a 3d(Co) AO,
respectively.

The second step of the reaction consists of a proton transfer
between N and C, With a computed activation barrier of
26 kcalmol™, this is the rate-determining step of the reaction
that is markedly exothermic, the final product being more
stable than the reactants by 43 kcal mol™". The metrical data of
the enamine cobalticenium complex are in a very good agree-
ment with the corresponding X-ray values of 10a,"*” which
are also reported in Table 2 for comparison. In particular, both
structures exhibit a rather long Co—C,,, bond, a rather short
Cg-N distance and a near planar nitrogen bond system. These
features are consistent with significant participation of 10B
Lewis structure (vide infra).

The reaction of NH; with the group-8 ethynyl derivatives
[M(n°®-C¢HsCCH)(Cp)I* (M=Fe, Ru) leads to results that are
quite similar to those obtained for the cobalt species (see
Figure 4 and Table 2) and therefore will not be detailed here.
The energetic data computed for the three reactions are sur-
prisingly almost identical, the activation and reaction free ener-
gies differing by less than 2 kcalmol™, a value hardly signifi-
cant at our level of modelization. Inclusion of solvent effects
through the PCM model has almost no effect on these values,
neither has the basis set quality or the inclusion of dispersion
corrections (see Computational details in the Experimental
Section).

Organometallic trans-enamine structures

The enamine 10a (Figure 6) is a deep-red complex, which indi-
cates a strong conjugation between the organocobalt moiety
and the enamine function involving a push-pull electronic
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Figure 6. X-ray diffraction structure of the enamine 10a with 50% probabili-
ty ellipsoids.["*!

structure between the nitrogen donor and the cationic cobalt
acceptor. This push—pull structure is confirmed by the UV/Vis
spectra, the nonlinear optical properties and the cyclic voltam-
metry. Likewise, the orange enamines 11 and 12 are more col-
ored than their light yellow (Fe) and white (Ru) precursors.

Cyclic voltammetry

The cyclic voltammetry (CV) of the ethynyl and enamine com-
pounds derived from 1 and 2 show, as for the parent com-
plexes 1 and 2, a chemically and electrochemically reversible
reduction wave corresponding to the reduction from 18- to
19-electron complexes. The potential of this wave reflects the
electronic influence of the alkynyl and enamine substituent on
the redox orbital of the parent complex. The CVs have been re-
corded under identical conditions to evaluate the comparison
of the substituent influence (Table 3 and Figure 7). For both
the Co and Fe sandwiches, the introduction of the ethynyl
group decreases the redox potential by 170 mV, reflecting
a strong electron-withdrawing character of the ethynyl group
in 7 and 8. The introduction of the trans-enamine substituent
undergoes a slightly different result for the Co and Fe com-
plexes 10a and 11a, respectively. Whereas the trans-enamine
shifts the redox potential of the Co complex cathodically by
170 mV with respect to cobalticenium, and 340 mV with re-
spect to ethynylcobalticenium, 7, this cathodic shift is only
80 mV for the Fe complex 11a and 250 mV compared to the
ethynyl derivative 8. This difference of behavior may illustrate
the slightly stronger conjugation of the enamine with cobalti-
cenium in 10a than with the Fe complex 11a. Comparison of
the computed electron affinities (EA in Table 3) follows the
same trend (decrease of EA of 0.91 eV from 7 to 10a and only
0.79 eV from [Fe(n®-C¢HCCH)(Cp)]*, the cation of 8, to [Fe(n®-
C¢HsCH=CH-NH,)(Cp)1*, the demethylated cation of 11a, al-
though to a weaker extent than for the CV data, probably
again because of the presence of the ortho methyl groups in
1a.
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Table 3. Compared cyclic voltammograms of 1, 7, and 10a and 2, 8, and
11a

Compound E.» V] AE [mV] En[eV]
1 —0.87 60 —5.47
7 —-0.70 75 —5.62
10a —1.04 60 —4.71
2 —1.43 60 —4.94
8 —-1.26 30 —5.05
1a —1.51 70 —4.26
[a]l Under identical conditions (2 mm) with decamethylferrocene,

[Fe(Cp*),] (Cp*=n’-CsMe,) as the internal reference. Solvent: DMF; tem-
perature: 293 K; supporting electrolyte: [nBu,N][PF,] 0.1 m; working and
counter electrodes: Pt; reference electrode: Ag; scan rate: 0.200 Vs™'. The
corresponding computed electron affinities (EA) of the free cations are
also provided for comparison.

A Co([I[/[I
ﬁ Isz '
Con Co™
iPr,NR
»J L_/>
/ ,—4—\/“\/
\[
E/V. vs. [Fe(Cp*),]
1 I 1 1 1 ) I 1 1 |
172 08 04 00 -04 -08 -12 -16 -20 -24
B)

i)

SpA|

ii)
SpA
SpA
E/v vs. FeCp*,

0.0 —042 —0.4 —0.6 —048 —1.0 -1.2 —144 —1.6

iif)

Figure 7. A) ) CV of 10a (2 mm) obtained at a Pt electrode at 20°C in
CH,Cl,; supporting electrolyte: [nBu,N][PF4]. Anodic wave: iPLNY*: E e
=1.04V (AE,=65 mV), Co"" wave: E; ey =—1.04 V (AE, =65 mV) vs.
[Fe(Cp*),]”* (Cp*=mn’-CsMes). i) CV of 10a (2 mm) obtained at a Pt electrode
at 20°C in THF; supporting electrolyte [nBu,N][PF4]. Co"" wave: E, e,
=—1.10V (AE,=65 mV); Co" wave: E; ey =—2.13 V (AE,=70 mV) vs.
[Fe(Cp*),]”*. Under the same conditions, the Co"" wave for the compound
10a in DMF was obtained: E, ;) = —1.04 V (AE,=60 mV) as in Table 3.

B) ) CVof 2, Fe" wave: £, /ey =—1.43 V (AE,=60 mV); ii)- CV of 8, Fe"" wave:
Eipyrey=—1.26 V (AE, =30 mV); i) CV of 11a, Fe" wave: £, 50y =—1.51V
(AE,=70 mV) under identical conditions (2 mm) with decamethylferrocene
(Fe(Cp*),) as the internal reference. Solvent: DMF; temperature: 293 K; sup-
porting electrolyte: [nBu,NI[PF¢] 0.1 M; working and counter electrodes: Pt;
reference electrode: Ag; scan rate: 0.200 Vs ™. The values are gathered in
Table 3.
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UV/Vis spectroscopies

The cobalticenium enamine complexes 10 are deep-red col-
ored, and the iron and ruthenium enamines 11 and 12 are
orange complexes, which indicates strong conjugation and
participation of the fulvalene-iminium mesomeric form in 10
and cyclohexadienylidene—iminium form 11-12B.

As shown in Figure 8A and Table 4, compound 1 shows
peaks at 325 and 405 nm under UV/Vis and ethynylcobalticeni-
um, 7, similarly shows two absorptions at 335 and 413 nm.
Compound 10a shows another absorption at 499 nm besides
the two original small peaks at 324 and 422 nm compared
with the two starting materials. The weak absorption around
420 nm is assigned to a d-d* transition of cobalticenium for
the three complexes.”® The new peaks at 499 nm for cobalti-
cenium-enamine, 10a, is partly related to the conjugation be-
tween cobalticenium and the amine group through the C=C
bond (see the TDDFT results in the section entitled ‘Compari-
son of the electronic structures of the organometallic enamine
complexes and of their physicochemical properties’). The weak
peak around 420 nm, related to the d-d* transition of cobalti-
cenium is on the shoulder of the main absorptions at 499 nm
for all the cobalticenium-enamine complexes.

Figure 8B and Table 4 show the compared UV/Vis spectra of
2, 8, and 114, in acetone. There are two typical absorptions in
the area of 382-394 and 435-467 nm for the three complexes.
There is no new absorption observed for the complex 11a
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Figure 8. A) Compared UV/Vis spectra for 1 (bottom), 7
(top) in acetone. B) Compared UV/Vis spectra of 2 (bottom),
11a (top) in acetone.
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Table 4. UV/Vis absorptions of complexes 7-11, 1 =wavelength in nm (molar extinction coefficient, mol™' cm™') in acetone.
Compound Amaxt Amax2 Amax3 Compound Aemax 1 Amax2
cobalticenium PF4(1) 325 (501) 405 (195) - [Fe(Cp)(n°*-mesitylene)IPF(2) 392 (97) 457 (77)
ethynylcobalticenium PF4(7) 335 (2913) 413 (460) - [Fe(n®>-ethynylmesitylene)(Cp)] PF(8) 394 (156) 469 (78)
cobalticenium-enamine PF, (10a) 324 (3521) 422 (780) 499 (12500) [Fe(Cp)(11°—mesiterne)] enamine PF¢ (11a) 382 (817) 435 (613)
after hydroamination with respect to the cobalticenium ana- +R'
logues. However, the intensities of the two absorptions are in- _—NRR H”';\cﬁNvR
creased, and 4, is shifted to lower wavelength than for the @—ﬁ gCVH
two starting materials. Co* PFz . Co PFg
Nonlinear optics 10 10B
The quadratic nonlinear optical (NLO) properties of com-
pounds 10a, 11a, and 12a have been investigated at ENS @ @
Cachan by using two techniques, Electric-Field Induced Second M PFs M PE-
Harmonic Generation®" (EFISH) that provides information on Q 6
the scalar product pfggsy of the permanent dipole moment p ©_\—NRR' \C“‘“H
and of the dipolar component gy of the molecular hyperpo- 11-12 1-12B R
larizability tensor B, and Harmonic Light Scattering (HLS)?? M =Fe or Ru H¢C§N;
R

that measures the value of the whole  tensor (including not
only its dipolar part, but also an octupolar contribution)
(Table 5).

The HLS technique® involves the detection of the incoher-
ently scattered second harmonic light generated by a solution
of the molecule under laser irradiation, leading to the mea-
surement of the spatial average mean value of the $x [} tensor
product, <f.s>. Using the low-energy, nonresonant incident
wavelength of 1.907 um, prevents any parasitic contribution,
such as 2-photon induced fluorescence, to the second harmon-
ic signal.

The negative pfgrg, values indicate that the dipole moment
of the first excited state is weaker than that of the ground
state. This can be possibly explained by the inversion of the
sign between the dipole of the ground state, dominated by
the 10a, 114a, and 12a forms on the left side of Figure 9 and
that of the intramolecular charge transfer, excited state domi-
nated by the iminium forms (10B, 11B, and 12B in Figure 9).
The higher absolute value of pfgg, for 10a is related to the
slightly better conjugation between the amino NRR’ donor

Table 5. Quadratic hyperpolarizabilities s (resp. pfersy) measured at
1.9 um inferred from harmonic light scattering (resp. EFISH technique),
for compounds 104, 114, and 12a.

Sample Bus® (107 esu) WBerisy (107 esu)
10a 88 —105"
11a 166 —9419
12a 135 —719

[a] For HLS, 1072m CHCIl; were used and their NLO response was com-
pared to that of with ethyl violet at the same concentration as the refer-
ence. [b] These data were obtained by means of EFISH measurements at
1.91 mm incident wavelength and 107*m CHCl; solutions. [c] These data
were obtained by means of EFISH measurements at 1.91 mm incident
wavelength and 0.7x 1072 m CHCl; solutions.
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Figure 9. Structures of the trans-enamines involving the iminium mesomeric
forms in 10 and 11-12.

group and the cobalt moiety than in their Fe and Ru counter-
parts. These “dipolar” NLO data confirm the conclusions drawn
from spectrometric data. This trend is not observed for P
but it must be pointed out that in these hyperpolarizibility
values measured by HLS, the octupolar contribution is domi-
nant in most cases. The higher number of &t electrons for com-
pounds 11a and 12a as compared to 10a may significantly in-
crease this octupolar contribution, resulting in higher By
values for these Fe and Ru complexes (Table 5).

Comparison of the electronic structures of the organometal-
lic enamine complexes and of their physicochemical proper-
ties

Since the computed Fe and Ru systems provide very similar re-
sults, only the Fe enamine is compared below to its Co rela-
tive. Relevant structural data of the computed models [Co(n’*-
CsH,CHCHNH,)(Cp)]™ and [Fe(n®-C¢H;CHCHNH,)(Cp)1* are pro-
vided in Table 2 and their optimized geometries are shown in
Figure 10, together with some computed Wiberg indices. They
indicate that both Lewis structures of Figure 9 have to be con-
sidered, the iminium form having the lowest, but still substan-
tial, statistical weight. Unsurprisingly, the partial C;,,, decoordi-
nation does not alter the planarity of the C; ring in the cobalt
enamine, whereas it is associated with a 16° folding of the C,
ring in the iron relative. Nevertheless, the amount of conjuga-
tion along the enamine chain is found to be quite similar in
both compounds, the cobalt derivative being only slightly
more conjugated.
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Figure 10. Optimized geometries and relevant computed Wiberg indices of
[Co(>-CsH,CHCHNH,)(Cp)] ™ and [Fe(n®-CgHsCHCHNH,)(Cp)I*. All the M-C
Wiberg indices correspond to the substituted rings.

Consistently, the MO diagrams of both organometallic enam-
ines (Figure 11) are related with, however, some differences.
Their HOMO can be described as the antibonding combination
of the m.c orbital with the 2p,(N) orbital that contains the ni-
trogen lone pair. This HOMO lies far above the two highest
members of the “t,;" set associated with the three 3d lone
pairs. The two lowest vacant orbitals are the two antibonding
3d(metal)-ligand combinations (the “e *"-type orbitals). Where-
as the compositions of the orbitals described above are com-
parable in the Co and Fe derivatives (see the Supporting Infor-
mation), their energies are somewhat different. This is due
mainly to the energy difference between the 3d AOs of Co
and Fe that tend to stabilize the “t,;” and “e,*" sets in the
cobalt derivative with respect to those in the iron one. On the
other hand, the HOMO energy is hardly changed when going
from the Co to the Fe enamine since in both complexes this
orbital is mainly localized on the C,CgN chain. The result is that
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Figure 11. The frontier MO diagrams of [Co(n*-CsH,CHCHNH,)(Cp)]* and
[Fe(m®-CgHsCHCHNH,)(Cp)1 *.
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the HOMO-LUMO gap of the Co derivative is lower than that
of its Fe relative.

The lowest HOMO-LUMO gap found for the Co derivative
correlates with the calculated electron affinities of [Co(n®-
CsH,CHCHNH,)(Cp)1T and [Fe(n®-CgHsCHCHNH,)(Cp)I ™ (—4.96
and —4.48 eV, respectively. Similar values were computed for
the cations of 10a and 11a (Table 3). These values are in full
consistency with the corresponding E,, values, as well as
those computed for all the cations of the compounds listed in
Table 3.

TDDFT calculations on the models [Co(m?*-
CsH,CHCHNH,)(Cp)I™ and [Fe(m®C4H;CHCHNH,)(Cp)I™ found
that both complexes have related optical transitions in the visi-
ble region, but those of the iron complex are blueshifted, be-
cause these transitions have non-negligible “t,,” to “e,*" char-
acter. Moreover the computed oscillator strengths of the Fe
complex in this absorption region are much less important
than those of the Co relative. This is exemplified by the simu-
lated visible absorption spectra of these two models that are
shown in Figure 12. In the case of the Co derivative, the major

Relative Absorbance

350 400 450 7 500 550
Wavelength (nm)

Figure 12. Simulated absorption spectra of [Co(n*-CsH,CHCHNH,)(Cp)] * (top)
and [Fe(nG-CsHSCHCHNHz)(Cp)]+ (bottom) from TDDFT calculations.

transition of lowest energy is computed at 498 nm. It is mainly
of “t,,"—"e,*" character (66%) with non-negligible HOMO—
LUMO admixture (29%). This latter contribution tends to
reduce the nitrogen lone pair and the m(CC) characters
(HOMO) to the profit of the complexed ring (LUMO) in the ex-
cited state. This is consistent with the suggestion taken out
from the NLO results (see above) of a larger weight of the imi-
nium form 10B in the excited state.

The same transition is found at 526 nm for the Fe derivative,
but with much lower oscillator strength. The DIPA cation of
compound 10a exhibits a simulated spectrum similar to its un-
substituted [Co(m*-CsH,CHCHNH,)(Cp)]1™ relative. Its two major
transitions of lowest energy are computed at 498 and 435 nm.
These values fit quite well with the corresponding experimen-
tal A, values recorded for 10a (Figure 8, Table 4).

Derivatization of aminated silica with cobalticenium enam-
ine termini

Given the ease and mild conditions of the uncatalyzed reaction
between 7 and primary and secondary amines, the functionali-
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Scheme 3. Derivatization of aminated silica nanoparticles with cobalticenium.

zation of nanomaterials to which the amino groups were at-
tached was investigated. First the reaction between aminated
silica was examined, because silica nanoparticles (SiO,NPs) are
easily accessible commercial nanomaterials. MT-ST SiO,NPs
(12 nm diameter) were modified upon reaction with 3-(trime-
thoxysilyl)propylamine, then after appropriate treatment the
known™ primary amine-terminated SiO,NPs 13 in CH,Cl,/ace-
tone (1:1) was reacted with excess 7 under sonication at 55°C
giving an air-stable, thermally robust nanomaterial 14
(Scheme 3). The SiO,NPs 13 was reported to contain around
250 amino groups, thus since the IR spectrum of 14 no longer
contains the —NH, bands at 3305 and 3368 cm™' but only the
secondary amine band at 3275 cm™' indicating completion of
the reaction, we believe that 14 also contains around 250 en-
amine-cobalticenium groups. Derivatization of other aminated
nanomaterials, such as polymers and dendrimers, by hydroami-
nation of electrophilic organometallic alkynes have also been
conducted and will be reported in due course.

During this reaction color change from yellow to deep violet
was the indication of cobalticenium-enamine formation as
with simple molecular amines. After centrifugation and decant-
ation, this deep-violet precipitate was characterized by IR
(1621 cm™, vey—cy and 832 cm™, vpe) and UV/Vis spectroscopy

2 pA

E (V) vs. [Fe(Cp*),]

1 1 T
03 0.0 -03 -06 -0.9 -1.2 -15

Figure 13. Cyclic voltammetry of cobalticenium-enamine-terminated
SiO,NPs (10 mgmL™") recorded as a suspension in DMF at a Pt electrode
(25°C); supporting electrolyte: [nBu,NI[PF¢]. Co"" wave: E, ,(rev) = —0.94 V
(AE,=65 mV) vs. [Fe(Cp¥),]” .
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with the appearance of the strong absorption at 502 nm and
by cyclic voltammetry at a Pt electrode as a suspension in
DMF showing a single reversible wave (with adsorption) at
Eyp(rev)=—0.94 V (AE,=65 mV) vs. [Fe(Cp*),]*”° that is charac-
teristic for the Co"" redox interchange of cobalticenium deriva-
tives (Figure 13).

Conclusion

Access to ethynyl derivatives in which the ethynyl group is at-
tached to and conjugated with a hydrocarbon ligand of vari-
ous cationic organometallic complexes has been extended to
arene organometallic complexes. It allows letting these com-
plexes react with amines resulting in clean, mild, and uncata-
lyzed hydroamination quantitatively yielding trans-enamine
products. Although the reactions of nucleophiles with haloal-
kynes have long been examined in organic chemistry, the or-
ganometallic “Umpolung” of the alkyne reactivity allowing the
formation of carbon-nitrogen bonds is a new powerful
method of organometallic functionalization complementing
the “click” reactions of alkynes with azido derivatives that re-
quire a catalyst. It opens the route to the introduction of such
redox-active organometallics in biomolecules and nanomateri-
als exemplified by the easy functionalization of aminated silica
shown here. Extension of the reactions of electrophilic alkynyl
organometallics to various other nanomaterials of interest is
underway in our laboratories. The compared reactivity of
amines with the cobalticenium, iron, or ruthenium-arene deriv-
atives shows similarities for the unsubstituted derivatives, but
the presence of two ortho methyl groups on the arene ligand
slows down the reaction. These results can be rationalized in
light of DFT calculations showing that the reaction mechanism
is a two-step process, the rate-limiting second one correspond-
ing to a proton transfer onto the exo-cyclic carbon that is steri-
cally protected in the case of the arene ortho-substituted com-
plex. The conjugation between the organometallic and enam-
ine groups involves push—pull properties of these colored or-
ganometallic trans-enamines with fulvalene-iminium and cyclo-
hexadienylidene-iminium mesomeric forms, as reflected by the
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electrochemical, spectroscopic, and nonlinear optical proper-
ties and DFT and TDDFT calculations.

Experimental section
General information

Reagent-grade THF, diethyl ether, and pentane were dried over Na
foil and distilled from sodium benzophenone anion under nitrogen
immediately prior to use. PhCH; and dichloromethane were dis-
tilled from calcium hydride and distilled under nitrogen prior to
use. CH;CN was dried over P,O; and distilled under nitrogen prior
to use. All other solvents and chemicals were used as received.
Complex 7 was synthesized as indicated in ref. [13]. '"H NMR spec-
tra were recorded at 25°C with a Bruker AC (200, 300, or 600 MHz)
spectrometer. >C NMR spectra were obtained in the pulsed FT
mode at 75 or 150 MHz with a Bruker AC 300 or 600 spectrometer.
All the chemical shifts are reported in parts per million (6, ppm)
with reference to Me,Si for the 'H and '*C NMR spectra. *'P stands
for 3'P ('H) in the data, with chemical shifts referenced to H;PO,.
The ESI mass spectra were recorded using an Applied Biosystems
Voyager-DE STR-MALDI-TOF spectrometer. The IR spectra were re-
corded on an ATl Mattson Genesis series FTIR spectrophotometer.
The elemental analyses were performed by the Center of Micro-
analyses of the CNRS at Lyon Villeurbanne, France. UV/Vis absorp-
tion spectra were measured with Perkin—Elmer Lambda 19 UV/Vis
spectrometer. Electrochemical measurements (CV) were recorded
on a PAR 273 potentiostat under a nitrogen atmosphere. NLO
measurements were carried out with a nonresonant incident wave-
length of 1.907 um, obtained by Raman-shifting in a high pressure
H, of the fundamental 1.064 um wavelength produced by a Q-
switched, mode-locked Nd**: YAG laser. In the case of EFISH,
a short poling electric field (duration 1 ps) pulse in a solvent con-
taining a low dielectric constant (CHCl;) was used to avoid conduc-
tion effects in solutions, thus allowing a reliable measurement of
the ufrsy values of nondissociated ion pairs.”? The pPgrsy values
reported here are the mean values of four successive measure-
ments performed on the same solution. The value and the sign of
Wersy are determined by comparison with the reference solvent
(CHCL).

Synthesis and characterization of the complexes

Complex 5: Lithium acetylide ethylenediamine complex (460 mg,
5 mmol, 5 equiv) was added to a suspension of 2 (386 mg, 1 mmol,
1 equiv) in dry THF (10 mL) at 0°C. The grey mixture was stirred for
1 h at this temperature under N, and the color changed from gray
to orange. The solvent was removed under vacuum and dry pen-
tane (200 mL) was added in portions to the left solid for extraction.
The orange pentane phase and the grey solid were separated by
filtration under N, and this operation was repeated three times.
The combined organic phase was evaporated to give 5 as an
orange solid (185.5 mg, yield=70%). 'HNMR (200 MHz, CDCl,),
Oppm=1.56 (s, 6H; CH;), 1.86 (s, TH), 251 (s, 3H; CHs), 3.00 (s, 1H),
4.05 (s, 2H), 4.05 (s, 5H; free Cp), 7.26 ppm (s, CDCl;); *C NMR
(50 MHz, CDCly): 6=21.1 (CH,), 24.0 (CH,), 38.1, 38.7, 66.1, 75.1
(free Cp), 78.3, 85.4 (C=C), 91.0 (C=C), 77.2 ppm (CDCLy); IR (KBr):
$=2091T ecm™" (We_d); UVAVis: A1 =325, Amaa=405nm; ESI-MS:
m/z: calcd for C,¢H,gFe: 266.1; found: 265.1; elemental analysis
calcd (%) for C,¢H,gFe: C 72.20, H: 6.82; found: C 72.40, H 6.90.

Complex 6: Lithium acetylideethylene diamine complex (194 mg,
2.11 mmol, 5 equiv) was added to a suspension of 3" (164 mg,
0.422 mmol, 1 equiv) in dry THF (10 mL) at 0°C, and the mixture
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was stirred for 1 h at this temperature under N,. The color changed
to pink and the solvent was removed under vacuum. Dry pentane
(200 mL) was added portionwise to the left solid for extraction and
the pink pentane phase and the grey solid were separated by fil-
tration under N,. The operation was repeated three times. The
combined organic phase was evaporated to give the compound 6
as an pink solid (73.8 mg, yield=65%). '"H NMR (200 MHz, C¢D):
0=1.85 (s, 1H), 2.84 (t, 2H), 3.22 (t, 1H), 4.26 (t, 2H), 4.45 (s, 5H,
free Cp), 5.54 (t, 1H), 7.16 ppm (s, C4Dg); *C NMR (50 MHz, C,Dy):
0=27.04, 30.38, 66.31 (C=C), 75.61 (free Cp), 76.49, 80.75 (C=C),
89.92, 128.06 ppm (CsDe); IR (KBr): 7=2086 (vc_(), 809 cm™" (vc,);
UV/Vis: Apaxi =232, Amaxa =310 nm; ESI-MS: m/z: calcd for C,5H,,Ru:
269.3; found: 269.0; elemental analysis calcd for C;5H;,Ru: C 57.98,
H 4.49; found: C 57.90, H 4.70.

Complex 8: The orange compound 5 (265 mg, 1 mmol, 1 equiv)
was dissolved in dry CH,Cl, (10 mL) under N, at RT, the green solu-
tion of [CPh;][PF¢] (388 mg, 1 mmol, 1 equiv) in dry CH,Cl, (10 mL)
was slowly added to the first solution by syringe under N, at RT.
The mixture was stirred at this temperature for 1 h, and the color
changed to dark red. Then the solvent was removed under
vacuum, and the compound was further purified by repeated rep-
recipitation (6 times, diethyl ether: acetone=20:1). Complex 8 was
collected as an orange solid (279 mg, yield=68%). 'H NMR
(300 MHz, CD,COCD,): 6 =2.52 (s, 3H; CH,), 2.70 (s, 6H; CH,), 4.44
(s, TH; C=C—H), 5.08 (s, 5H; free Cp), 6.49 (s, 2H; Ph), 2.06 ppm
(m; CD,COCD,); “CNMR (75 MHz, CD,COCD,): 6=19.34 (CH,),
19.51 (CH,;), 76.76 (C=CQ), 79.24 (free Cp), 84.14 (C=C), 88.06,
102.17, 103.58, 125.15 (Ph), 29.84, 206.26 ppm (CD,COCD);
3P NMR (121 MHz, CD;COCD5): 6 = —144.14 ppm (m, PF¢7); IR (KBr):
F=2118 (Vc_(), 839 cM ™" (Vpre); UVAViS: Arpes =394, Aparo =469 NM;
Cyclic voltammograms of [Fe(Cp)n°-ethynylmesitylene)][PF], Fe"
wave: E; ey =—1.26 V (AEp =30 mV) under the conditions (2 mm)
with [Fe(Cp*),] as the internal reference; solvent: DMF; T=293 K;
supporting electrolyte: [nBu,NI[PFs] 0.1 m; working and counter
electrodes: Pt; reference electrode: Ag; scan rate: 0.200 V.s™'; ESI-
MS: m/z: calcd for C,¢H,,Fe*PF,: 265.15; found: 265.08; elemental
analysis calcd (%) for C;4H,,FePF,: C 46.86, H 4.18; found: C 46.97,
H 4.26.

Complex 9: The pink compound 6 (26.9 mg, 0.1 mmol, 1 equiv) was
dissolved in dry CH,Cl, (5 mL) under N, at RT, and the green solu-
tion of [CPh;][PF,] (38.8 mg, 0.1 mmol, 1 equiv) in dry CH,Cl, (5 mL)
was slowly added to the first solution by syringe under N, at RT.
The mixture was stirred at this temperature for 1 h, and the color
changed to brown. Then the solvent was removed under vacuum,
and the compound was further purified by repeated reprecipita-
tions (6 times diethyl ether/acetone=20:1) and 9 was collected as
a light-yellow solid (29.7 mg, yield=72%). 'HNMR (300 MHz,
CD,COCD;), 6=3.97 (s, 1H; C=C-H), 5.63 (s, 5H; free Cp), 6.43 (t,
1H; Ph), 650 (t, 2H; Ph), 662 (d, 2H; Ph), 2.06 ppm (m,
CD;COCD;); C NMR (75 MHz, CD;COCD,): 6=77.95 (C=C), 81.37
(Ph), 82.10 (free Cp), 84.32 (C=C), 85.92, 86.09, 88.75 (Ph), 29.84,
206.26 ppm (CD;COCDs); IR (KBr): #=2110 (¥c_(), 836 cm™ (Vpeo);
UV/Vis: Apax1 =288, Amax2 =342 nm; ESI-MS: m/z: calcd for C,;H,;Ru:
268.30 [M]*; found: 268.99; elemental analysis calcd (%) for
CysH;RUPF,: C 37.78, H 2.68; found: C 37.89, H 2.56.

Complex 11a: Complex 8 (41.0 mg, 0.1 mmol, 1 equiv) was dis-
solved in a mixed solvent (10 mL, THF/DIPA=1:1) and the mixture
was stirred under reflux for 24 h. The color changed from light to
deep orange. Then the solvent was removed under vacuum to
give the enamine 11a (50.1 mg, yield: 98%). 'H NMR (300 MHz,
CD,COCD,): 6=1.27, 1.29 (d, 12H; CH), 2.44 (s, 3H; CH.), 2.63 (s,
6H; CHs), 3.93 (m, 2H; CH/iPr), 4.84 (s, 5H; free Cp), 5.22, 5.27 (d,
J=15.0, 1H; (=(), 6.22 (s, 2H; Ph), 6.85, 6.90 (d, /=15.0, 1H; C=Q),
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2.06 ppm (m, CD,COCD,); *C NMR (75 MHz, CD,COCD,): 6=18.63
(CH,), 18.94 (CH;), 20.97 (CH,/iPr), 46.55 (CH/iPr), 77.50 (free Cp),
85.08 (CH=CH), 88.55, 95.89, 99.00, 125.16 (Ph), 141.40 (CH=CH),
29.84, 206.26 ppm (CD,COCD;); *'P NMR (121 MHz, CD,COCD;), 6 =
—144.14 ppm (m, PF¢); IR (KBr): 7=1586 (Vcy_cy), 841 cm™" (Vpge);
UV/Vis: Amax1 =382, Amaxo =435 nm; Cyclic voltammograms of 11a,
Fe" wave: Epey=—1.51V (AEp=70mV) under the conditions
(2 mm) with [Fe(Cp*),] as the internal reference; solvent: DMF; T:
293 K; supporting electrolyte: [nBu,N][PFs] 0.1m; working and
counter electrodes: Pt; reference electrode: Ag; scan rate:
0.200 Vs~'. ESI-MS: m/z: calcd for C,,Hs,FeN™: 366.3 [M]*; found:
366.1; elemental analysis calcd (%) for C,,H;,FeNPF,: C 51.68, H
6.31, N 2.74; found: C 51.70, H 6.17, N 2.57.

Complex 11b: Complex 8 (41.0 mg, 0.1 mmol, 1 equiv) was dis-
solved in a mixed solvent 10 mL (THF/Et,NH=1:1) and the mixture
was stirred under 35°C for 24 h. The color changed from light to
deep orange. Then the solvent was removed under vacuum to
give the enamine 11b (46.9 mg, yield=97%). '"H NMR (300 MHz,
CD,COCD,), =123 (t, 6H; CH,), 2.44 (s, 3H; CH,), 2.62 (s, 6H;
CH,), 3.61 (m, 4H; CH,), 4.85 (s, 5H; free Cp), 5.13, 5.18 (d, J=15.0,
1H; HC=CH), 6.21 (s, 2H; Ph), 6.85, 6.90 (d, J/=15.0, TH; HC=CH),
2.05 ppm (m, CD;COCD;); *C NMR (75 MHz, CD;COCD;): 6=12.70
(CH4/Et), 19.18 (CH), 21.10 (CH,), 45.34 (CH,/Et), 77.73 (free Cp),
85.36 (CH=CH), 88.78, 96.14, 96.55, 102.75 (Ph), 145.61 (CH=CH),
29.84, 206.26 ppm (CD;COCD3); *'P NMR (121 MHz, CD,COCD;): 6 =
—144.14 ppm (m, PF¢7); IR (KBr): 7=1610 (Vcy_cyy), 840 cm™" (Vpge);
UV/Vis: Amax1 =323, Amaxa =416, Amaxs =514 nm; ESI-MS: m/z: calcd
for CyoH,sFeN™: 338.29 [M]™; found: elemental analysis calcd (%)
for CooH,sFeNPF,: C 49.71, H 5.84, N 2.90; found: C 49.40, H 6.11, N
2.67.

Complex 12a: Complex 9 (16.5 mg, 0.04 mmol, 1 equiv) was dis-
solved in a mixed solvent 10 mL (THF/DIPA=1:1) and the mixture
was stirred at 35°C for 24 h, and the color changed from light
yellow to orange. Then the solvent was removed under vacuum to
give the enamine compound 12a (19.5 mg, yield=95%). '"H NMR
(300 MHz, CD,COCD,): 6=1.34, 136 (d, 12H; CH.), 3.81 (m, 2H;
CH/iPr), 5.95, 5.00 (d, J=15.0, 1H; HC=CH), 5.31 (s, 5H; freeCp),
6.00 (t, TH; Ph), 6.14 (t, 2H; Ph), 6.40 (d, 2H; Ph), 7.37, 7.41 (d, J=
18.0, 1H; HC=CH), 2.06 ppm (m, CD,COCD,); *CNMR (75 MHz,
CD,COCD,): 6=18.88 (CH,/iPr), 46.57 (CH/iPr), 76.63 (Ph), 80.32
(free Cp), 80.44, 80.66, 86.14 (Ph), 86.89 (C=C), 138.00 (C=C), 29.84,
206.26 ppm (CD;COCDs); IR (KBr): #=1618 (vc_c), 837 cm™" (Vpre);
UV/Vis: Amax1 =229, Amaxa =339, Amayx3 =367 nm. ESI-MS: m/z: calcd
for CgH,sRUNT: 369.49 [M]*; found: 370.11; elemental analysis
caled (%) for CioH,sRUNTPF,: C 44.36, H 5.09, N 2.72; found: C
44.67, H 5.23, N 2.87.

Complex 12b: Complex 9 (16.5 mg, 0.04 mmol, 1 equiv) was dis-
solved in a mixed solvent (10 mL, THF/Et,NH=1:1) and the mixture
was stirred at 35°C for 1 h. The color changed from light yellow to
orange. Then the solvent was removed under vacuum to give the
enamine compound 12b (18.7 mg, yield=96%). '"H NMR (300 MHz,
CD;COCD;): 6=1.17 (t, 6H; CH;), 3.29 (m, 4H; CH,), 4.81, 4.86 (d,
J=15.0, TH; HC=CH), 5.32 (s, 5H; free Cp), 6.00 (t, 1H; Ph), 6.15 (t,
2H; Ph), 6.36 (d, 2H; Ph), 733, 7.37 (d, J=12.0, TH; HC=CH),
2.05 ppm (m, CD;COCD;); *C NMR (75 MHz, CD,COCD;): 6 =12.67
(CH,), 46.00 (CH,), 78.29 (free Cp), 79.68 (free Cp), 82.13, 82.15,
84.58 (Ph), 86.82 (C=C), 143.50 (C=C), 29.84, 206.26 ppm
(CD,COCD;); IR (KBr): #=1626 (vc_), 837 cm™" (vpy); UV/Vis:
Amax1 =343, Amay2=363 nm; ESI-MS: m/z: caled for C;;H,,RuN:
341.43 [M]*; found: 342.08; elemental analysis calcd (%) for
C,7H,,RUN*PF,: C 41.98, H 4.56, N 2.88; found: C 41.67, H 4.33, N
2.87.
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Derivatization of aminosilica nanoparticles 13 by reaction
with 7

MT-ST silica nanoparticles (SiO,NPs, 12 nm diameter) were pur-
chased from Nissan Chemical. SiO,NPs (3.78 g) were precipitated
from MeOH (the purchased solution) by adding toluene (10 mL)
and washed four times by centrifugation followed by redispersion
in toluene. 3-(Trimethoxysilyl)propylamine (0.24 mL) in toluene
(10 mL) was added to the SiO,NPs suspension in toluene followed
by heating at 78°C for 24 h. The SiO,NPs were then washed four
times by centrifugation and redispersion in toluene and then four
times with methanol. The solvent layer was colorless after centri-
fuging the SiO,NPs out of solution. The left white solid 13 was dis-
persed in CH,Cl,/acetone (1:1) by sonication for further experimen-
tal use. Then 13 (500 mg) in CH,Cl,/acetone (10 mL, 1:1) was react-
ed with 7 (0.2 g) under sonication for 18 h at 50°C. The color of
the mixture changed from yellow to deep violet during the sonica-
tion. The resulting suspension was centrifuged and the solution
was decanted, the remaining deep violet precipitate was washed
with CH,Cl, (three times) with successive centrifugation, decanta-
tion and re-dispersion under sonication. The precipitate was dried
under vacuum, and deep violet Co-SiO,NPs, 14, (320 mg) were ob-
tained. IR (KBr) of 13: #=1106 (vg o), 3368, 3305 cm™' (vyy); IR
(KBr) of 14: #=1105 (v5_o), 3275 (vyy), 1621 cm™" (Vey—cp), 832 cm™
(Vere); UVNVis of 14: Apur =610, Ao =502, Amus=391, Arma=
310 nm; cyclic voltammetry of 14 obtained at a Pt electrode at
25°C in DMF; supporting electrolyte: [nBu,N][PF]. Co"™" wave:
Eyp(rev)=—0.94 V (AE, =65 mV) vs. [Fe(Cp*),]".

Computational details

DFT calculations were carried out using the Gaussian 09 pack-
age,”™ employing the B3PW91 functional,”® and using a stan-
dard double-E basis set, namely the LANL2DZ, augmented
with polarization functions on all atoms.”” Analytical frequency
calculations have been performed on all the computed ex-
trema to characterize their nature and to calculate their free
energy at 298 K. The Wiberg bond indices and natural charge
analysis have been computed with the NBO 5.0 program.™®
The composition of the molecular orbitals was calculated using
the AOMix program.?” The UV/Vis transitions were calculated
by means of time-dependent DFT (TDDFT) calculations at the
same level of theory. Only transitions with non-negligible oscil-
lator strengths are reported and discussed. Representation of
the molecular structures was done using the Gaussview pro-
gram.B” The UV/Vis spectra were simulated from the comput-
ed TDDFT transitions and their oscillator strengths by using
the SWizard program,®" each transition being associated with
a Gaussian function of half-height width equal to 3000 cm™.
More sophisticated calculations using the wB97XD function-
al,’? which includes dispersion effects, associated with the
triple-E polarized basis set, namely the Def2TZVP¥ led to the
same results concerning the reaction pathways and activation
energies. When inclusion of solvent corrections is specified, it
corresponds to the use of the PCM model ¥

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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