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Abstract: The synthesis and reactivity of a Co' pincer complex
[Co(<’P,.CH,P-P(CH)P"™*-iPr)(CO),]" featuring an n*-
C,y—H agostic bond is described. This complex was obtained
by protonation of the Co' complex [Co(PCP"-iPr)(CO),].
The Co™ hydride complex [Co(PCPN™-iPr)(CNtBu),(H)]"
was obtained upon protonation of [Co(PCP-iPr)-
(CNtBu),]. Three ways to cleave the agostic C—H bond are
presented. First, owing to the acidity of the agostic proton,
treatment with pyridine results in facile deprotonation (C—H
bond cleavage) and reformation of [Co(PCP"-iPr)(CO),].
Second, C—H bond cleavage is achieved upon exposure of
[Co(’P.CH,P-P(CH)P"-iPr)(CO),]* to oxygen or
TEMPO to yield the paramagnetic Co"™ PCP complex
[Co(PCP"™“-iPr)(CO),]". Finally, replacement of one CO
ligand in [Co(x’P,.CH,P-P(CH)P"™-iPr)(CO),]" by CNtBu
promotes the rapid oxidative addition of the agostic r/Z-Ca,y,—H
bond to give two isomeric hydride complexes of the type
[Co(PCP"-iPr)(CNtBu)(CO)(H)]".

The selective activation and breaking of strong C—H bonds
by transition metal complexes is of great importance in
chemistry. Much research is devoted to fundamentally under-
standing these processes, which are key steps in many organic
and organometallic reactions. In recent years, catalytic C—H
bond activation reactions in particular have emerged as
a powerful synthetic tool in organic synthesis.!! There are
well-established mechanistic pathways for C—H bond activa-
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tion reported over the years, including o-bond metathesis in
early transition metal complexes, electrophilic activation in
electron-deficient late transition metal complexes, or Lewis-
base-assisted metalation.” Oxidative addition, which leads to
alkyl or aryl hydride complexes, is the typical pathway for
electron-rich late transition metals. This process is associated
with a formal two-electron oxidation of the metal center.
Oxidative addition requires apparently pre-coordination of
the C—H bond, that is, the formation of an agostic inter-
mediate or, at least, transition state.** In this respect,
intramolecular and directed C—H activation reactions of
Ru, Rh, and Ir PCP pincer complexes led to the formation of
stable complexes that contain >-C-H agostic arene bonds.>'!
Agostic square-planar Rh' pincer complexes reported by
Milstein and co-workers are particularly intriguing.”’ These
four-coordinate species were unable to cleave the C—H bond
and no oxidative addition to form Rh™ hydride complexes
took place. However, addition of CO, despite of being a weak
o-donor, sufficiently increased the electron density at the
metal center and triggered the oxidative addition process
(Scheme 1). Based on DFT calculations, the aromatic C—H
cyclometalation process was suggested to procced through an
elusive agostic-like trigonal bipyramidal dicarbonyl Rh'
intermediate.

H —|+

co
1+ e _
PRe +CO H /-JDR2 .;PRZ
\Rh\ = <R — Rh—CO
sy, €O -CO AN 7/
2 PR, co PRy

co

R =jPr, tBu
postulated intermediate

Scheme 1. Reaction pathway for the CO induced agostic/aryl hydride
equilibrium of rhodium PCP pincer complexes proceeding through
a postulated agostic dicarbonyl species.

Herein, we report the synthesis and reactivity of a five-
coordinate Co' PCP pincer complex which features an agostic
1>-C—H arene bond. This is the first agostic pincer complex of
a non-precious transition metal, and underlines the strikingly
different coordination chemistry of low-spin Co' and Rh'
complexes. The first typically favor five-coordinate square
pyramidal or trigonal bipyramidal geometries, ™ while the
latter favor four-coordinate square planar arrangements.
Accordingly, the key complex described here may be
viewed as a missing link on the pathway to Rh™ hydride
complexes (Scheme 1).
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N\ b T \ - IR spectrum for the mutually cis CO ligands, assignable to the

e Q/\Hc 6/;PH:Prz 7;4 N\H\fpmpyz symmetric and asymmetric CO stretching frequencies, respec-

\N_T_Pipr / o /N~pi§2 N, KA Q{:{"\L tivelyl(coil;pare 1906 and 1963 cm ' in the more electron-rich
R 3l-co O complex 1).

N_Pipso : N L =GO, not observed A structural view of 3 is depicted in Figure 2. The overall

- Leco \ X N—]|=piPr; geometry about the cobalt center is best described as

2L=CNBu H Q—/cé—L distorted trigonal bipyramidal, where the two carbonyl

NPl ligands and the agostic 1*-C,,,-H bond define the equatorial

4L=CNBu plane and the phosphine moieties the axial positions. The

for L = CO, not observed

Scheme 2. Synthesis of 3 and 4 upon reaction of 1 and 2, respectively,
with HBF,-Et,0 in CH,Cl, and THF: ligand vs. metal protonation.

Protonation of [Co(PCP™¢.iPr)(CO),] (1) with
HBF,-Et,O leads to the formation of the cationic Co'
complex [Co(x*P,CH,P-P(CH)P™<iPr)(CO),]" (3) in
94 % isolated yield (Scheme 2). Interestingly, this complex
features not only an nz-Ca,yl—H agostic bond, but also
contains two CO ligands, which contrasts with the
behavior of related Rh complexes where exclusively
square-planar mono CO complexes are formed
(Scheme 1).

There was no evidence for the formation of the
monocarbonyl complex [Co(x*P,CH,P-P(CH)P™™.;Pr)-
(CO)]" or the Co™ hydride complex [Co(PCP™¢-iPr)-
(CO),(H)]". Complex 3 was fully characterized by a com-
bination of 'H, “C{'H}, and *'P{'"H} NMR spectroscopy,
IR, ESI MS, elemental analysis, and X-ray crystallography.
An important feature of the "H NMR spectrum is the high
field shift of the proton attached to the ipso-carbon, giving
rise to a triplet at 2.23 ppm (“/yp=7.5Hz). In the "C-
{'"H} NMR spectrum, the ipso-carbon atom exhibits a signal at
67.0 ppm (105.3 ppm in the free PCP ligand; Figure 1), the

2.23 ppm
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Figure 1. Section of the "H-"*C HSQC spectrum of 3 in CD,Cl, exhibit-
ing a cross-peak between the agostic H1 and C1 atoms.

two CO ligands give rise to two low-field resonances as poorly
resolved triplets centered at 197.9 and 197.5 ppm. The
relatively low '/ coupling constant of 102.0 Hz, as compared
to 160.5 and 163.5 Hz for the other aromatic C—H bonds, is
also characteristic for a strong C—H metal interaction."!
Complex 3 exhibits two bands at 1950 and 2009 cm™" in the
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bond between the ipso-carbon and the Co atom is extremely
long (2.2197(6) A) relative to regular cobalt—carbon o-bonds.
For instance, the Co—C;, bond lengths in the Co' and Co"

Figure 2. a) Structural view of 3 showing 50% thermal ellipsoids (most H
atoms and BF,” counterion omitted for clarity). b) Positioning of H1 in
relation to the Co center and to the benzene ring. c) HOMO-2 of complex 3
(1.2 eV below the HOMO).

PCP complexes [Co(PCP™¢-iPr)(CO),] (1) and [Co(PCP™™¢-
iPr)(CO),]" (5) are substantially shorter: 1.998(2) and 1.953-
(2) A, respectively. The H(1) atom (which was located in
difference Fourier maps and refined freely) strongly interacts
with the cobalt center (1.72(2) A), which was also evident
from the '"H NMR spectrum of 3. It is noteworthy that this
hydrogen is severely removed from the aromatic plane by
approximately 35° (in related Ru, Rh, and Os complexes, this
angle is in the range of 14-30°).571%1 The C1-H1 bond
length of 1.05(3) A is in the range observed in X-ray
diffraction measurements for unactivated hydrocarbons (for
example, 1.08 A in C¢Hy).

The nature of the interaction between the C1—HI1 bond
and the Co atom in complex 3 was investigated by means of
DFT/PBEDO calculations. The relevant Wiberg indices (WI)!"”!
indicate the formation of weak Co—C and Co—H bonds, with
WI=0.17 and 0.05, respectively, suggesting the existence of
an agostic C—H:-Co bond. As a consequence, there is a clear
weakening of the C—H bond, much longer (1.14 A) and weak
(WI=0.76) than the remaining C,,—H bonds (1.08 A and
WI=0.90), justifying the proton acidity revealed by complex
3 (see below). Moreover, the HOMO-2 of complex 3
(Figure 2) represents mi-back donation from a Co d-orbital
to the C—H ¢ orbital, being characteristic of an agostic bond
and corroborating the experimental results.

If, on the other hand, [Co(PCP™*-iPr)(CNBu),] (2;
isocyanides are stronger electron donating ligands than
CO)!*17 is treated with HBF,-Et,0, the metal center is now
protonated, exclusively affording the octahedral cationic Co™
hydride complex [Co(PCP™™*-iPr)(CN¢Bu),(H)]" (4) in 94%
isolated yield (Scheme 2). DFT calculations reveal that 4 is
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thermodynamically more favorable by 4.7 kcalmol™ as
compared to an unobserved agostic complex. The 'H NMR
spectrum confirmed the presence of one hydride ligand,
which appeared at —13.76 ppm, as a well-resolved triplet with
a “Jyp coupling constant of 50.0 Hz. In the “C{'H} NMR
spectrum, the ipso carbon atom gives rise to a triplet centered
at 101.1 ppm (Jyp=5.6 Hz). Moreover, in the ESI MS
spectrum of 4, the intact complex [M]" was observed as
a major fragment with m/z 593.3.

The agostic C—H arene bond in [Co(x’P,CH,P-P-
(CH)P™<_iPr)(CO),]" (3) is activated and can be cleaved in
various ways. First, the agostic proton is comparatively acidic,
and thus even relatively weak bases, such as pyridine,
deprotonate this bond to reform the starting material 1.
Accordingly, protonation of 1 is fully reversible (Scheme 2).
Second, cleavage of the agostic C—H arene bond is also
achieved upon exposure of 3 to air (oxygen) or TEMPO,
which results in the immediate formation of the cationic
paramagnetic Co" PCP complex [Co(PCP™<-iPr)(CO),]" (5;
Scheme 3).1! This process involves hydrogen abstraction with

HfPiPr,  Ozor /NN SN— it

O

< ls R
Co, _— Co~
- 7 e co
PP 0 N—PiPr,
3 5

Scheme 3. Reaction of 3 with oxygen or TEMPO in CH,Cl,.

concomitant oxidation of the metal center from Co' to Co'’.
The fate of the hydrogen atom is unclear as yet.

Finally, replacement of one CO ligand in 3 by CNrBu
actually promotes the rapid oxidative addition of the agostic
C—H arene bond (Scheme 4). Treatment of 3 in CD,Cl, with

\N\Co, T+ \ H T+ NOH T
jcl(a;PlPrz CNiBu N—CI():TZMB N—I;PIPF;
Q P > co u and Co——CO
AN=pipr €O N=PiPr, N-PiPr.
fast / 2
3 6a ° e  CNBu
H I+
CNiBu N—l:‘PiPrZ
o /C0~CNtBu
slow /N PlPrZCN[Bu

4

Scheme 4. Stepwise replacement of CO from 3 upon addition of
CNtBu in CD,Cl,.

2.4 equivs of CN¢Bu results in the quantitative formation of
two isomeric Co™ hydride complexes of the type
[Co(PCP™=_iPr)(CNtBu)(CO)(H)]" (6a, 6b) in a roughly
1:2 ratio together with small amounts of [Co(PCP™-iPr)-
(CNrBu),(H)]" (4). The hydride ligands of the two isomers 6a
(hydride trans to CO) and 6b (hydride trans to CNBu)
exhibit well-resolved triplet resonances at —10.81 and
—12.86 ppm with 2/, coupling constants of 40.7 and
44.9 Hz, respectively. After about 16 h, 6a and 6b were
quantitatively converted to 4.
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The free energy balances calculated for the CO addition
reactions reproduce the differences observed for the Co and
the Rh complexes (Scheme 5). While for the Co species the
trigonal bipyramidal complex 3 is the most stable one, in the
case of Rh, both CO loss with formation of the square planar
complex, as well as C—H oxidative addition, are thermody-
namic favorable processes.

H
\ I+ N7 T SN—l-pr -
N i -co N—|_p; ~ o2
PP H [ 3PiPra S
Q/\M" —> SM_ > M—co
~ +CO
Nsp,-p/,z co /N~p,-42 co N-PiPr,
-~ co
4.8Co 0.0 Co 1.5Co
41.1Rh 0.0Rh -3.4Rh

Scheme 5. Thermodynamic comparisons between Co and Rh com-
plexes based on DFT/PBEO calculations (Free energies in kcalmol™).

In conclusion, we describe the synthesis and reactivity of
the first Co' pincer complex [Co(x*P,CH,P-P(CH)P"™-iPr)-
(CO),]" featuring an agostic 1/>-C,,—H bond. In contrast to
related Rh' agostic pincer complexes, this complex is five-
coordinate and adopts trigonal bipyramidal geometry.
Because the CO ligands are not sufficiently electron-rich to
promote an oxidative addition of the C—H bond, a Co™
hydride complex is not formed. A Co™ hydride complex
[Co(PCP™=_iPr)(CNtBu),(H)]" was obtained upon protona-
tion of [Co(PCP"™¢-iPr)(CNtBu),]. The agostic C—H arene
bond can be cleaved easily by deprotonation, or radical
abstraction with oxygen or TEMPO, to afford the para-
magnetic Co" PCP complex [Co(PCP™<-iPr)(CO),]", or by
isocyanide-promoted oxidative addition to give Co™ PCP
hydride complexes [Co(PCP™*-iPr)(CNBu)(CO)(H)]".
DFT calculations support the existence of the agostic bond
in complex [Co(i*P,CH,P-P(CH)P™-iPr)(CO),]" and cor-
roborate the differences observed between the Co and the Rh
species.
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