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ABSTRACT: The carbazole-based pincer ligand ®(“*’PNP)
H (R = Pr, Bu) has been used for the synthesis and
characterization of various low- and high-spin cobalt
complexes. Upon treatment of the high-spin complexes
R(C2PNP)CoCl (2R-Co"Cl) with NaHBEt,, the selective
formation of cobalt(II) hydride 3™"-Co™H and T-shaped
cobalt(I) complex 4®"-Co' was observed, depending on the
substituents at the phosphorus atoms. For an unambiguous
characterization of the reaction products, a density functional
theory (DFT) supported paramagnetic NMR analysis was
carried out, which established the electron configuration and
the oxidation states of the metal atoms, thus demonstrating
the significant impact of ligand substitution on the outcome of

the reaction. A distinct one-electron reactivity was found for 4®"-Co' in the dehalogenation of ‘BuCl and cleavage of PhSSPh.
On the other hand, the Co' species displayed two-electron redox behavior in the oxidative addition of dihydrogen. The resulting
dihydride complex 6™"-Co™(H), was found to display sluggish reactivity toward alkenes, whereas the cobalt(II) hydride 3™*-
Co'™H was successfully employed in the catalytic hydrogenation of unhindered alkenes. The stoichiometric hydrogenolysis of
8™"-Co"Bn at elevated pressure (10 bar) led to a rapid cleavage of the Co—C bond to yield hydride complex 3*"-Co""H. On the
other hand, treatment of 2™"-Co"Cl with phenethylmagnesium chloride directly resulted in the formation of 3*"-Co"H,
indicating facile -H elimination of the alkene insertion product (reversibly) generated in the catalytic hydrogenation. On the
basis of these observations, a mechanistic pathway involving a key o-bond metathesis step of the Co'-alkyl species is proposed.

B INTRODUCTION

As part of the rapid development of base metal catalysis during
the past two decades, first-row transition metal pincer
complexes have acquired a privileged status. Their application
in catalytic transformations has focused primarily on coupling
reactions as well as reductions." For the latter, catalytic
hydrogenations and their reverse reactions are of particular
interest. A notable contrast to the reaction patterns
encountered in noble metal catalysis is the accessibility of
multiple spin states as well as the tendency to favor one-
electron redox processes.”

As for the other 3d metals, the open shell electron
configuration as well as the tendency toward single electron
redox chemistry of cobalt give rise to specific challenges in the
exploitation of its catalytic reactivity.” Nevertheless, various
cobalt catalyzed transformations, such as (de)hydrogenations,”
hydrosilylations/-borylations®”* and C—H functionalizations®
have been reported recently. The precatalysts employed in
such reactions can basically be divided into two classes: (i)
mainly carbonyl-supported 16 or 18 valence electron low-spin
complexes and (ii) coordinatively unsaturated high-spin
(pre)catalysts.” For the latter, halide or alkyl complexes prevail
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as precatalysts due to their facile conversion into the
corresponding hydride systems, which have been identified
in several mechanistic investigations as fundamental inter-
mediates in reduction catalysis.‘k”bm’“"8 However, there are but
a few examples of isolated Co"—H complexes, contrasting the
greater number of reports on Co' hydrides.”

To our knowledge, only a few pincer ligand-supported Co"
hydride complexes have been isolated to date (Chart 1),"
which in part may be due to the propensity of Co™ alkyl and
hydride complexes to undergo one-electron reduction to form
the corresponding Co' complexes. Most recently, this was
demonstrated by Tonzetich and co-workers, when they
attempted to resynthesize the previously reported pyrrole-
based (PNP)Co"—H complex (Chart 1, center bottom).'*%*!

Nevertheless, the direct isolation of the primary one-electron
reduction products from Co' alkyl and hydride complexes
appears to be challenging despite their propensity for this type
of transformation. The isolation of Co' complexes normally
requires additional donor ligands, resulting in more highly
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Chart 1. Selection of Fully Characterized Pincer Type Co"
Hydride Complexes As Well As the Only Known T-Shaped
Co' Complex
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coordinated products.”®'*“'"'* Thus, pincer type Co!

complexes have been isolated as square planar molecules
with additional dinitrogen or carbon monoxide ligands in the
coordination plane,' %! 12%< Accordmgly, there have been
only few reports on T-shaped Co' pmcer complexes, the most
notable example being Caulton’s PNPCo' compound reported
more than a decade ago (Chart 1).**"

We recently reported a carbazole-based PNP pincer ligand,
R(**PNP)H, which has been used in a series of synthetic and
mechanistic studies involving both early and late transition
metals."* In particular, the stabilization of a variety of reactive
transition metal hydrido complexes has been achieved.*>"'®
Given the burgeoning interest in the field of reduction catalysis
involving cobalt pincer compounds, we envisioned that this
carbazole-derived PNP ligand could confer sufficient stability
upon low-coordinate Co' hydrides, as well as related species,
to allow for their convenient synthesis and a first investigation
into their reactivity.

B RESULTS AND DISCUSSION

The R(“**PNP) protio- ligands Pr(Cb2pNP)H and
Bu(CpNP)H were prepared according to previously reported
procedures.'**'® Upon lithiation with LiHMDS (lithium
hexamethyldisilazide), both ligands were reacted with
[CoCl,(thf); ;] to yield the corresponding *(“®PNP)CoCl
(2™"-Co"'Cl: R = Pr, 88%; 2®*-Co’'Cl: R = 'Bu, 91%)
complexes in high yields (cf. Scheme 1). Due to the
paramagnetic nature of d’ cobalt complexes and the proximity
of the phosphine donors to the metal center, no resonances
were detected by 3'P NMR spectroscopy for the ®(“*”PNP)-

Scheme 1. Synthesis of Chloride Complexes 2**-CoCl and
2%".CoCl through in Situ Lithiation of the Protioligands
and Subsequent Addition of the Co" Precursor
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CoCl complexes. Nevertheless, paramagnetic 'H and “C
NMR analysis has proven useful for the characterization of
such open shell complexes.'”” For 2®-Co"Cl and 2"
Co"'Cl, the paramagnetic 'H NMR spectra revealed all
expected proton resonances except for the methine protons
of the Pr groups in 27-Co"Cl, which can be attributed to the
proximity to the paramagnetic cobalt center. On the basis of
their relative intensities, chemical shifts, and line broadening,
all resonances were assigned to their respective atom positions.

The paramagnetic susceptibilities of 2*-Co"'Cl and 2"-
Co''Cl in solution were determined by the Evans method'®
(2"%"-Co"Cl: prog = 4.50 pp; 2™"-Co"Cl: prog = 4.25 pp) and
were found to agree well with the expected data for d” high-spin
complexes. The deviation from the spin-only value (spin-only
d’: p,, = 3.87 py) is consistent with the results previously
reported for Co" high-spin complexes and is attributed to a
contrlbut;grll7of9the orbital angular momentum to the magnetic
moment.” ¥

For both complexes, 2. Co"Cl and 2"-Co"C], the solid-
state structures were determined by X-ray diffraction (cf.
Figure 1). The molecular structures confirmed the anticipated
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Figure 1. Molecular structures of 27*-Co"™Cl (left) and 2®*-Co"Cl
(right). For each structure, only one of the two independent
molecules are shown. Hydrogen atoms have been omitted for clarity;
displacement ellipsoids are set at S0% probability. Selected bond
lengths [A] and angles [°] (values in square brackets refer to the
second independent molecule) 2P*-Co"Cl: Co—NI1 1.9278(18)
[1.9315(18)]; Co—P1 2.3354(7) [2.3355(7)]; Co—P2 2.3232(7)
[2.3300(7)]; Co—Cl 2.2377(6) [2.2365(7)]; N1—Co—ClI 122.63(6)
[124.24(6)]; N1—Co—P1 94.81(6) [96.38(6)]; N1—Co—P2
94.91(8) [94.79(6)]; P1—Co—P2 128.42(3) [129.24(3)]; P1—Co—
Cl 108.86(3) [105.65(3)]; P2—Co—Cl 107.71(3) [108. 12(3)]. 21Bu.
Co''Cl: Co—NI 1.924(2) [1.919(3)]; Co—P1 2.4075(8)
[2.3812(10)]; Co—P2 2.3876(9) [2.3764(10)]; Co—Cl 2.2505(9)
[2.2104(11)]; N1-Co—Cl 117.05(8) [110.93(9)]; N1—Co—P1
91.84(7) [98.11(8)]; N1—Co—P2 97.66(7) [97.24(8)]; P1—Co—
P2 131.97(3) [135.68(4)]; P1—Co—Cl 106.42(3) [106.99(4)]; P2—
Co—Cl 110.46(3) [105.73(5)].

four-coordinated cobalt centers and showed a distorted
tetrahedral coordination geometry around the cobalt atom.
All metric parameters were found to be as expected and do not
differ significantly between the two derivatives. However, there
is a notable disparity between the N1—Co—ClI angles. In the
case of 2"-Co"'Cl, the chlorido ligand appears to be pushed
toward the carbazole nitrogen, resulting in a decrease of the
N1—-Co—Cl angle from 122.6° [124.2°] to 117.1° [110.9°]
with respect to 2"P.Co!'Cl, which can be traced back to the
increased steric demand of the ‘Bu groups compared to the Pr
substituents.

Synthesis and Characterization of a Cobalt(ll)
Hydride and a T-Shaped Cobalt(l) Complex. Chloride
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complexes, such as 2™"-Co"Cl and 2™"-Co"Cl, are generally
convenient starting compounds for the synthesis of alkyl
complexes, which in turn can then be reacted with dihydrogen
to form the corresponding metal hydrides. Alternatively, metal
hydrides may be directly accessed by treating the chloride
complexes with hydride transfer reagents such as NaBH,,
LiAlH,, or MHBEt;(M = Na, K)."%%"!

Treatment of R(“®PNP)CoCl complexes 27*-Co"Cl and
28".Co"Cl with NaHBE, selectively gave one product species
in each case, initially presumed to be the (“PNP)CoH
hydride complexes 3®"-Co™H and 3™"-Co"H (cf. Scheme 2).

Scheme 2. Reactivity of the Chloride Complexes 2*-Co"Cl
with NaHBE, as well as the Selective Reduction of 2"
Co"'Cl Using Na/Hg

MNaHBEt,
R="Pr
Bu 2Pr.collcl
2tBu e plie)
NaHBEt; Na/Hg
=1
R="Bu R=Bu
Bu, Bu
TN,
Q | PBu 'rBLI2
-0.5 H, |
l— N—Co—H —_— N—Cc
e (i ¥
|\ ¥Bu, Bus
ot
LBy il BuU
31Bu_ gl 48ucol

For the latter, a ¥(Co—H) vibrational bond was observed in
the IR spectrum, while absent in the ‘Bu-substituted derivative.
Due to the proximity of the hydride to the paramagnetic cobalt
center, the validation of a hydride ligand by its direct detection
using NMR spectroscopy was not possible in these cases.

However, determination of the paramagnetic susceptibility
in solution by the Evans method'® gave a magnetic moment of
He = 3.13 py for the presumed ®(“PNP)CoH hydride
complex 3".Co"™H, which deviated significantly from the
expected value for a low-spin d’ species. On the other hand, a
value of pg = 2.36 py was determined for T'(“’PNP)Co
hydride 3™"-Co"H, containing the iPr-substituted PNP pincer,
as expected for the formulation of the reaction product. Given
the spin-only value of low-spin d” complexes (d’-Is: p, = 1.73
Uz), the observed value of 2.36 iy is again thought to be due to
a contribution of the orbital moment.”

In contrast, the paramagnetic susceptibility of p.¢ = 3.13 g
for 3".Co"H did not match that of a Co" complex but was
consistent with that of a high-spin Co' complex. In view of the
above-mentioned tendency of Co" hydride complexes to
undergo reduction,'"*" it appeared as though the trans-
formation of R(“®’PNP)CoCl complexes 2*-Co"Cl and 25"
Co"'Cl with NaHBEt, only led to the hydride complex in the
case of 3*"-Co"H.

To further support this notion, the direct reduction of the
Co" complexes 2"-Co"Cl to the corresponding Co' complexes
was explored by reacting both chlorido complexes with a
variety of reducing agents (Na/Hg, KCg; Mg(anthracene)-
(thf);). Whereas this only led to an unselective reactivity in the
case of 27-Co!l(], treating complex 289 Co"'Cl with Na/ Hg
selectively yielded the cobalt(I) species 4®*-Co' (87%), which

gave rise to identical NMR spectroscopic data as the product
isolated from the reaction of 2"-CoCl with NaHBEt;. This
indicates that the initial target compound ®'(“*’PNP)CoH
(3""-Co"H) is unstable and readily converted to Co' complex
4™.Co' (cf. Scheme 2)."

To further assess the structural characteristics of complexes
43"_Co! and 37"-Co"H, single crystal X-ray structure analyses
of both products were carried out (Figure 2). The cobalt(I)
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Figure 2. Molecular structures of 3™-Co"™H (left) and 4"*"-Co'
(right). For 3P*-Co™H, only one of the two independent molecules is
shown. Hydrogen atoms have been omitted for clarity; ellipsoids set
at 50% probability. Selected bond lengths [A] and angles [°] 37"
CoH: Co—N1 1.9454(19); Co—P1 2.1710(8); Co—P2 2.1768(8);
Col—H1 1.45(3); P1-Col—HI1 87.1(10); P2—Col1—H1 81.3(10);
N1-Co-P1 95.91(6); N1-Co—P2 96.22(6); P1—Co—P2
167.75(3). 4®*-Co": Co—N1 1.9872(19); Co—P1 2.2351(7); Co—
P2 2.2273(6); N1—Co—P1 97.80(6); N1—Co—P2 97.77(6); P1—
Co—P2 164.43(3).

complex was found to possess the expected T-shaped Co'
coordination geometry conferred by the tridentate ®*(“**PNP)
ligand (CoNP2 planar within 0.002 A, Figure 2, right). The
molecular structure revealed an elongation of the N1-Co
bond [1.924(2) to 1.9872(19)] and a contraction of the P1/
P2—Co bonds [P1—Co: 2.4075(8) to 2.2351(7); P2—Co:
2.3876(9) to 2.2273(6)] compared to the chloride complex
2".Co"Cl. This is consistent with the change of oxidation
state of the metal atom from Co" to Co' and consistent with
previously observed metric parameters for such species.'*'**"
Due to the change in coordination geometry from distorted
tetrahedral to T-shaped, the P1—Co—P2 bond angle is
significantly increased compared to 2™"-Co"CL Compared
with the only previously described T-shaped Co' complex by
Caulton and co-workers,”>'** the bond lengths of the donor
atoms to the cobalt center coincide well with reported
structural parameters, whereas the bond angle P1—Co—P2
[164.43(3)] is decreased by approximately 6°. The latter may
be attributed to the greater rigidity of the PNP pincer
employed in this study compared to the more flexible
N(CH,SiMe,P(Bu),), ligand utilized by Caulton and co-
workers.'**

The crystal and molecular structure of 3"-Co"H (Figure 2,
left) is similar to that of the corresponding nickel complex 3""-
Ni"H.”” In contrast to 3™"-Ni"H, the hydride ligands of both
crystallographically independent molecules were located and
refined (for details, see the Supporting Information). The
cobalt, nitrogen, and both phosphorus atoms also adopt a T-
shape arrangement (root-mean-square (RMS) deviation from
the plane 0.012 and 0.015 A), with the hydride ligands
displaced from the plane by 0.31(2) and 0.34(2) A,
respectively.
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Although the molecular structures established by X-ray
diffraction allowed one to rule out a hydride ligand in 4"**-Co"
and the refinement of the hydride ligand for 3*"-Co"H, the
detection of hydride ligands is sometimes hampered due to the
proximity to the metal atom. Therefore, we attempted to
unequivocally distinguish between a Co' and a Co™H complex
by an additional spectroscopic technique.

Characterization of Low-Spin Co" Hydride and High-
Spin Co' Complexes by Density Functional Theory
Supported Paramagnetic NMR Analysis. We have
previously employed the density functional theory (DFT)
assisted analysis of paramagnetic NMR spectra as a powerful
tool for the identification and full characterization of 3d metal
complexes.'”'7*" With the Fermi contact shift being the
predominant contribution to the paramagnetic shift in *C
NMR spectra of 3d metal complexes, the experimental
chemical shifts can be estimated simply by the sum of
diamagnetic shift and Fermi contact shift. The latter, in turn, is
readily accessible by extracting the unpaired spin density p at
a certain NMR active nucleus from quantum chemical
calculations, thereby facilitating a reliable prediction of the
expected chemical shift of the respective nucleus (for details,
see the Supporting Information).

Given the fundamentally different electronic structures in
cobalt(IT) hydride 3®-Co™H and cobalt(I) species 4*-Co", we
envisioned that this approach should in principle allow for an
unambiguous discrimination between the postulated com-
plexes 37-Co"H as well as 4°*-Co' and the hypothetical
alternatives 4-Co' and 3™"-Co"H, respectively. Therefore,
we calculated the unpaired spin densities p,; for the four
possible species (low-spin cobalt(Il) hydride and high-spin
cobalt(I) complex, each for R = ‘Pr, ‘Bu) at the DFT level of
theory and exploited these for the prediction of chemical shifts.

A schematic representation of the computed “C NMR
spectra is depicted in Figure 3 for the ‘Bu substituted
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Figure 3. Schematic representation of calculated '*C NMR spectra for
a putative 3"*-Co"H (blue) and 4®*-Co" (red). Signals correspond-
ing to the same nucleus are connected by a straight line.

complexes 3™"-Co"H and 4®"-Co'. As expected, the
comparison of both computationally modeled spectra con-
firmed the expected significant differences in the chemical
shifts, giving rise to distinct NMR signal patterns, permitting a
clear distinction of the possible complexes on the basis of °C
NMR spectra.

The assignment of the experimentally observed *C NMR
signals of the postulated complexes 3"-Co"H and 4*-Co'
was then achieved on the basis of the chemical shifts

(supported by DFT calculations) along with integral values
and partially resolved J(*'P—"C) coupling as well as line
width. The correlation between experimentally observed and
calculated values was given with sufficient accuracy only for
3®.Co™H and 4"-Co', supporting the above-mentioned
structural proposals. This is demonstrated in Figure 4 for the
BC NMR spectrum of 4™"-Co', which gives an excellent
correlation with the computed data (red) while being
incongruent with the modeled data of the hypothetical 3™"-
Co"H (displayed in blue). A corresponding correlation for
3®.Co"H and a hypothetical 4-Co' is given in the
Supporting Information, confirming the former as the species
observed in solution (for details of the NMR study and the
DFT modeling, see the Supporting Information).

Since the structures for 3%Co"™H and 4%-Co' (R = ‘Pr, ‘Bu)
were optimized for the NMR analysis, a comparison of the free
energies for the Co—H and the Co' species has been possible.
As expected, the free energy of 3*"-Co™H was determined to
be AG = —8.2 kcal/mol below that of 4™-Co". On the other
hand, the ‘Bu substituted derivative, 3"®*-Co™H, has almost
equal stability as 4®"-Co' (AG(3®"-Co"H) = —1.9 kcal/mol).
Therefore, it can be assumed that the elimination of H, drives
the formation of 4®*-Co' from 3"-Co"H.

Reactions of the Cobalt(l) Complex 4®'-Co'. With the
assignment of PU(“*PNP)Co' (4*-Co') and **(“"*PNP)-
Co"H (3™-Co"™H) in hand, we aimed at establishing their
reactivity.

Complex 4®"-Co' reacted with carbon monoxide (5 bar) to
generate the diamagnetic d® low-spin carbonyl complex 5™
Co'CO in good yields (71%, Scheme 3). The C NMR
spectroscopic data supports the formation of this species which
is characterized by a low field shifted triplet resonance
(6(Bc{'H}) [ppm] = 207.5 (t, Jep = 42 Hz)) assigned to
the CO carbon atom. Further details of the molecular structure
were established by X-ray diffraction, which revealed a weakly
distorted square planar complex (see the Supporting
Information).

In contrast, the reaction of hydride complex 3*"-Co"H with
carbon monoxide did not result in a selective transformation to
an identifiable reaction product. Previous reports have shown
that Co' complexes coordinate or enable the oxidative addition
of dihydrogen.'****" To explore this reactivity, 4*-Co" was
exposed to a hydrogen atmosphere (10 bar). Under these
conditions, 4B"-Co! was found to be in equilibrium with a
diamagnetic complex, which was tentatively assigned as the
dihydrido complex 6®"-Co™(H), based on its 'H NMR
spectrum (Scheme 3), which displayed a distinct triplet
resonance (6('H) [ppm] = —36.98 (t, Jyp = 61.1 Hz)) that
was assigned to the two hydride ligands of 6™®*-Co™(H),.

Due to the different line broadening of paramagnetic
complex 4™"-Co' compared to the diamagnetic complex 6"
Co(H),, the ratio of the two compounds at room temperature
could only be estimated (4®"-Co'/6™"-Co™(H), ~ 1:4).

Whereas the oxidative addition of dihydrogen to 4™"-Co' to
yield 6™*-"(H), is a two-electron process as far as the formal
oxidation state of the metal atom is concerned, 4™"-Co' was
also found to undergo 1-electron oxidation with substrates
favoring radical type transformations. The complex was first
reacted with ‘BuCl, giving the deep purple chloride complex
2™".CoCl, which was identified by its paramagnetic 'H and
3C NMR spectra (the ‘Bu group of ‘BuCl was not detected by
"H NMR spectroscopy; thus, a reaction of the ‘Bu radical with
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Figure 4. Correlation of experimentally [295 K, 150.92 MHz, C4D;] and computationally [B3LYP/6-311(d,p)+TZVP (only for cobalt)] obtained
3C NMR chemical shifts (blue: hypothetical 3®*-Co™H and red: 4®"-Co") for the identification and characterization of cobalt(I) complex 4®"-Co".
The dashed line shows the best linear fit for the identified product: slope m = 1.12, offset b = —59.5, and coefficient of determination R* = 0.94.

Scheme 3. Reactivity of T-Shaped Co' Complex 4®"-Co'
with Carbon Monoxide and Dihydrogen
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the solvent via H atom abstraction yielding isobutane is
presumed).

This characteristic one-electron oxidative behavior was
further demonstrated through reduction of phenyl disulfide
to yield the corresponding thiolate complex 7"-Co"SPh
(Scheme 4).>*

Scheme 4. One-Electron Reactivity of T-Shaped Co'
Complex 4"-Co'
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H,/D, and Hydride Exchange at Cobalt(l/Ill). Since the
product of H, addition to 4™"-Co' could not be isolated and
therefore only be characterized by NMR spectroscopy, we
further investigated the formation of 6®"-Co™(H),, as its
formulation as a diamagnetic nonclassical dihydrogen cobalt(I)
complex could not be ruled out.”****** In view of its exchange
with its precursor 4"-Co' in solution, '"H NMR relaxation
studies were unsuitable to make that distinction.

For an unambiguous discrimination between a dihydride or
a dihydrogen complex, a solution of compound 4®"-Co' was
placed under an atmosphere of deuterium hydride gas (4 bar at
—120 °C).”° In case of an oxidative addition step, potentially
rapid H—D exchange would be expected, leading to the
formation of two product species in the '"H NMR spectrum,

namely, 6"-Co™(H), and 6®"-Co™HD. Indeed, two over-
lapping resonances at —36.9 and —37.0 ppm were detected
almost instantaneously in the "H{*'P} NMR spectrum after
exposure to a 1:1 mixture of H, and D, at room temperature.
Cooling the reaction mixture to —40 °C in toluene-dg did not
result in a significant line narrowing of the hydride signals.
However, the resonances for dissolved HD and H, gas (6('H)
[ppm] = 4.50 (t, Jup = 43 Hz) and 4.54 (s), respectively)
enabled the approximated estimate of the molar ratio of the
two dissolved gases. A relative intensity of 1:1 between H, and
HD was observed in the "H NMR spectrum, which represents
the statistical distribution of the gases (H,/HD/D, of 1:2:1).
This equilibrium state is only accessible through isotope
scrambling if the dihydrogen isotopomers underwent bond
scission to form inter alia 6®"-Co™HD. This supports the
notion of an oxidative addition of H, at the cobalt center of
4"™"_Co' rather than dihydrogen coordination.

In order to obtain insight into the extremely rapid H,/HD/
D, scrambling, we employed DFT modeling to simulate the
essential steps of the HD exchange reaction. In doing so, we
were aware of the difficulties previously encountered in DFT
modeling studies of reactions involving open shell cobalt and
the methodological validation which this required. Notably,
Neese and co-workers have encountered cases of extreme
variations in the modeling of free energies dependent upon the
chosen functionals and basis sets.”” As detailed in the
Supporting Information, in the case at hand, the MO6L**
functional in combination with the 6-311G(d,p)* and def2-
tzvp (Co)’® basis sets best represented the properties
determined experimentally. Nevertheless, while this modeling
tool is adequate to arrive at the qualitative distinction of
mechanistic alternatives, the computed free energies should be
treated with some care.

In principle, we envisioned two different reaction sequences
for the HD exchange, with and without the participation of the
ligand’s amide moiety (Figure S). Both sequences commence
with the oxidative addition of H, to the cobalt(I) center of
4®.Co' to form 6™"-Co™(H), (AG = 4.0 kcal/mol). As
apparent in Figure 5, this transformation is computed to be
marginally endergonic; however, experimentally, an equili-
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Figure 5. Calculated free energies [kcal mol™] for reaction Paths A and B with key intermediates and transition states of the conceived HD
exchange reaction at 298 K and 8 atm (MOG6L/6-311G(d,p), def2TZVP(Co)//def2TZVP/PCM(benzene)). A structure 6°*-H,, without H—H
bond constraints, resulted in H, bond scission, wherefore no meaningful comparison between the free energies of 6*-Co'H, and 6®*-Co™'(H),
could be made. The extrusion of dihydrogen in B-3 is disfavored (B-4 = 38.4 kcal/mol; cf. Supporting Information).

brium between 4™"-Co' and 6"®*-Co™(H), of approximately
1:4 is observed. We attribute this on the one hand to the
limited computational accuracy, which is achievable on the
basis of DFT. On the other hand, it represents a concentration
effect on the equilibrium according to Le Chatelier’s principle
as hydrogen gas is present in excess (8 bar). This is also
consistent with the observed instability of 6*-Co"™(H), once
the hydrogen pressure is released.

Following the reaction path, an additional H, molecule
coordinates to the cobalt atom forming intermediate A-1 (AG
= 8.2 kcal/mol; d(H—H) = 0.82 A). Path A then proceeds into
transition state A-1-TS (AG* = 21.6 kcal/mol; d(H-H) =
0.99 A) through a 6-bond metathesis between the coordinated
dihydrogen and one hydride ligand. This results in the
intermediate A-2 (AG = 21.5 kcal/mol) with a dihydrogen
(d(H-H) = 0.89 A) trans-coordinated to the amide donor.
From A-2, the reaction sequence proceeds with the extrusion
of the coordinated H, to form the “mixed” dihydride 6®"-
Co"™(H),'.

Considering the participation of the ligand backbone, a
second pathway with a protonated amide moiety is conceivable
(Path B, cf. Figure 5).***%*" After the coordination of H, to
6™"-Co"™(H),, forming A-1 (AG = 8.2 kcal/mol), the H-H
bond is cleaved in an endergonic reaction through transition
state B-1-TS (AG*(B-1-TS) = 20.3 kcal/mol) forming an
additional hydride and an amine in the PNP pincer. From B-2
(AG = 17.5 kcal/mol), a new H—H bond is created between

two hydrides generating intermediate B-3 (AG = 29.3 kcal/
mol) with a coordinated dihydrogen molecule (d(H-H) =
0.88 A). The transition state for this bond formation step, B-2-
TS, could not be located, presumably because the structural
and electronic change between B-2-TS and B-3 is minimal (as
it was determined for Path A: A-1-TS and A-2). The extrusion
of H, from B-3 seems to be the rational subsequent reaction
step. However, this extrusion is highly endergonic, and the
corresponding intermediate is disfavored by 9.1 kcal/mol
compared to B-3 (B-4 = 384 kcal/mol; cf. Supporting
Information). Therefore, we envisioned a rotation of the
coordinated dihydrogen in B-3 to form B-3’. In order to
estimate the barrier of this twist, we performed a scan of the
N—-Co—H—H dihedral angle, simulating a rotation of the H,
of approximately 180°. This calculation revealed an estimated
activation barrier below 2.5 kcal/mol (Figure S2). From B-3’,
the reaction sequence is reversed to give the mixed dihydride
6™"-Co"™(H),’ (Path B’, Figure S, bottom).

Comparison of the computed reaction sequences, A and B,
establishes only Path A as feasible at the given reaction
conditions. Especially, in view of the fast attainment of the
equilibrium state (<1 min at room temperature) in the HD
scrambling experiment, the activation barrier of Path B (AG*
(Path B) >29.3 kcal/mol) cannot be overcome at the given
reaction conditions and renders Path A (AG* (Path A) = 21.6
kcal/mol) without the participation of the ligand’s amide
moiety the only viable reaction sequence.
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Putting the Hydrides to Work: Co"' Dihydride vs Co"
Hydride in Alkene Hydrogenation Reactions. Cobalt
hydride complexes have been used as hydrogenation
catalysts.'¥**"3% Gince two cobalt hydride complexes are
accessible employing the ®(“*’PNP) ligand, we intended to
compare the potential activity of the Co™ dihydride 6®"-
Co"™(H), versus the Co" hydride complex 3™"-Co"H in the
catalytic hydrogenation of alkenes. Initially, the activity of both
hydride complexes was tested with the privileged substrate
norbornene. This revealed a significant difference in the
hydrogenation activity: Complex 4™"-Co' did not hydrogenate
norbornene under dihydrogen pressure (10 bar) at room
temperature, and only a slow transformation into norbornane
was observed at 60 °C. In contrast, hydride complex 3™
Co"H readily reduced the test substrate norbornene at 2 mol
% in under S min at room temperature, which prompted us to
further investigate the reactivity of 3*"-Co"H in hydrogenation
reactions (Table 1).

Table 1. Hydrogenation of Various Alkene Derivatives by
31Pr_C 0III_Iu

[Co], H,

R/\/RI R/\/R'

benzene-dg

b

entry substrate/product TI°C) time conversion [%]

Scheme S. Stoichiometric Transformations Modeling
Elementary Reaction Steps of the Hydrogenation
Mechanism of Alkenes

ay 'Bu '‘Bu
e OO e OO
O | PhCHZMgCI | Hs (10 bar) |
N—Co—(| = N—Co —_—— N—Co—H
| | Ph fast I
ST SR YR
By By By
H

2Pr.collcl 8Fr-Co'Bn 3®r.col

PhCH,CH;MgCl

r.t. 5 min >89

o
e
2 r.t. 5 min >99
> :
3 r.t. 45 min 95
Mel

“ | ™~ rt.  44h 93
-

5 SN rt.  24h 72

6 Ab rt. Smin >99

7 @ 60  48h 79

8 O X O 60  48h 59

9 oo 60  48h 74

“Reaction conditions: 0.5 mL of C¢Dg; p(H,) = 10 bar; 2 mol % of
3".Co"H; reactions were performed in a Teflon valve pressure tube
(New Era, NEPCAVS5-M170). “Conversions were determined by 'H
NMR spectroscopy through integration against ferrocene.

It was found that aryl substituted terminal alkenes were
readily hydrogenated (Table 1, Entries 1—4), whereas
disubstituted alkenes are only converted over longer periods
of time or at elevated temperatures (Table 1, Entries 7—9).

Mechanistically, this can be attributed to a slow insertion
step of the alkene into the Co—H bond due to a high stability
of hydride complex 3™-Co"H. In principle, this should be
observable when the two elementary reactions, alkene insertion
and o-bond metathesis, are carried out independently (Scheme
5). For this purpose, the stoichiometric insertion of 4-

fluorostyrene into the Co—H bond of 3™-Co"H was
examined. Utilizing '"H and '""F NMR spectroscopy, a
conversion to an alkyl complex was not detected; however,
an increased line-broadening of the '"F resonance of 4-
fluorostyrene was noticed.

Given these observations, we presumed an equilibrium
between insertion of the alkene and a predominant f-H
elimination reforming 3P.Co"H. Furthermore, the line-
broadening of the 'F resonance can be attributed to rapid
exchange involving weak coordination of the alkene to the
cobalt center. To probe this hypothesis, 2"*"-Co'Cl was treated
with a solution of phenethylmagnesium chloride. This directly
resulted in the formation of 3™"-Co"H, verifying the fast
attainment of the equilibrium’s steady state via #-H elimination
of the alkene insertion product. Despite complete conversion
to 3™-Co"H, styrene was only detected in the 'H NMR
spectrum after filtration over silica, supporting the presumed
coordination to the paramagnetic cobalt center.

Further evidence of the insertion/f-H elimination equili-
brium was obtained by the reaction of complex 3*"-Co"'D with
neat styrene. This led to a deuterium incorporation into
styrene, which was observed by ’H NMR spectroscopy (cf.
Supporting Information), proving the reversibility of insertion
and deinsertion. The second elementary reaction, the sigma-
bond metathesis of H, with the Co—C bond, was
demonstrated through the reaction of benzyl complex
Pr(C“PNP)CoCH,Ph, 8™"-Co"Bn, with dihydrogen at ele-
vated pressure (10 bar). In this reaction, a rapid cleavage of the
Co—C bond to yield hydride complex 3""-Co"H was
observed.

From these findings, we presume that a slow insertion of the
alkene is the limiting step in the hydrogenation catalyzed by
3™".Co"H. Therefore, the insertion of disubstituted alkenes is
less likely to proceed as the steric demand of the alkenes
increases, resulting in the longer reaction times for
disubstituted alkenes (Table 1, Entries 7—9). Furthermore, it
cannot be ruled out that coordination of dihydrogen under
catalytic conditions (10 bar H,) facilitates the insertion of the
alkene in the Co—H bond.

B CONCLUSION

In this study, we have shown that a minor change in steric
demand of the P-substituents in the pincer ligands **(“**PNP)
to BU(**PNP) results in a remarkable difference of reactivity
when coordinated to a cobalt atom. It enabled the selective
synthesis of both a cobalt(II) hydride and a three-coordinate
cobalt(I) complex; to our knowledge, this is only the second
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such example to be fully characterized. As X-ray structure
analysis left some ambiguity in distinguishing between the
observed Co"—H and Co' complexes, which result from halide
for hydride exchange, we have utilized DFT-assisted evaluation
of paramagnetic NMR spectra to establish the existence of 37"
Co"™H and 4®*-Co' unambiguously. Apart from the expected
one-electron reactivity with ‘BuCl and PhSSPh, 4"_Co! also
reacted with dihydrogen under oxidative addition to its metal
center to form the dihydride complex 6"-Co™(H),. The
cleavage of H, in the process was demonstrated in the rapid
exchange between the isotopomers H,/HD/D, upon exposure
to a mixture of H, and D,. Whereas the cobalt(III) dihydrido
complex 6*-Co™(H), showed little reactivity in the hydro-
genation of alkenes, the cobalt(II) monohydride 3™*-Co"H
was found to readily catalyze the hydrogenation of
monosubstituted alkenes.

B EXPERIMENTAL SECTION

Computational Methods. All calculations were carried out usin:
density functional theory (DFT) employing the Gaussian 09’
package. As previously established,'’*** the spin densities for the
NMR  shift determinations were calculated with the B3LYP
functional.***® In the optimization and frequency calculation, the
atoms C, H, N, and P were represented with the 6—311G(d,p)29 basis
set and Co, with the def2-tzvp® basis set.

The determination of a viable functional was conducted in two
separate steps. Initially, complex 4™"-Co' was computed with three
different well established functionals, B3LYP,>**" PBE0,*° and
MOG6L*® as well as two basis sets for nonmetal atoms (6-311G(d,p)*’
and def2svp®”). Subsequently, the obtained bond lengths of the donor
atoms to the metal center were compared with those of the obtained
molecular structure of 4®®-Co' (cf. Table S1). Additionally, the first
three intermediates of the HD exchange mechanism, 48 Col,
6™ (H),, and A-1, were computed, and the energies compared
(cf. Figure S2). It turned out that the MO6L*® functional in
combination with the 6-311G(d,p)** and def2-tzvp (Co)*° basis sets
best represented the properties determined experimentally. Therefore,
this functional and these basis sets were utilized in geometry
optimizations for the HD exchange reaction sequence. Frequency
calculations were carried out with def2-tzvp for all atoms. The solvent
(benzene) influence was considered by an additional SCRF
calculation within the PCM>® model, employing the def2-tzvp™
basis set for all atoms. Energies are reported as Gibbs free energies,
including the gas-phase Gibbs contributions at 298 K and 8 atm.
Vibrational modes below —100 cm™ were replaced by 100 cm™ as
suggested by Cramer and co-workers® using the GoodVibes*
program developed by Funes-Ardoiz and Paton. All DFT-optimized
structures are provided in a separate XYZ file, and a detailed
description of computational proceedings can be found in the
Supporting Information.

Synthetic Procedures. ™'(“2PNP)CoCl (27""-Co"Cl). A solution of
Pr(2pNP)H (1%7) (1.0 g 1.85 mmol, 1.0 equiv) in toluene (10 mL)
was treated with a solution of LIHMDS (341 mg, 2.04 pmol, 1.1
equiv) in toluene (S mL) and stirred for 1S min. Subsequently, solid
[CoCLy(thf), ] (412 mg, 2.04 umol, 1.1 equiv) was added in portions.
After 4 h, the reaction mixture was filtrated over Celite; the solvent
was removed under vacuum, and the residue was washed with n-
pentane to yield a crystalline, purple product (1.03 g, 1.63 mmol,
88%). fiog = 4.50 pp. "H NMR (600.13 MHz, toluene-dg, 293 K): §
[ppm] = 333.4 (s, 4H, CH,), 197.1 (s, 2H, CH(CHj,),), 170.0 (s, 2H,
CH(CH,),), 61.1 (s, 2H, Hc,y), 18.1 (s, 2H, He,y), 9.8 (s, 12H,
CH(CHj),), 5.0 (s, 18H, C(CH,);), —4.6 (s, 12H, CH(CH;,),). BC
NMR (150.90 MHg, toluene-dg, 355 K): § [ppm] = 842.8 (s, CH,),
425.7 (s, Cea), 401.1 (s, Ccy), 153.1 (s, CH(CH,),), 116.5 (g, J =
123.0 Hz, C(CH,)), 25.1 (s, CH(CHS,),), —12.5 (d, J = 136.5 Hz,
Ceupass) =533 (5, C(CHy);), =523 (4, ] = 140.0 Hz, Ceypy/s)-
Anal. Calcd for C3,Hg,CoNP,Cl: C, 64.50; H, 8.60; N, 2.21. Found:
C, 64.71; H, 8.10; N, 2.22.

iPrCbzp\p)CoH (3"'-Co"H). A solution of 2*-Co™Cl (16 mg, 316
mmol, 1.0 equiv) in toluene (5 mL) was treated with a 1 M solution
of NaHBEt; (316 uL, 316 mmol, 1.0 equiv) in toluene. The resulting
mixture was stirred for 2 h and filtrated using a syringe filter, and the
solvent was removed. After washing the residue with n-pentane (0.5
mL), the product was obtained as an orange solid (100 mg, 167 ymol,
53%). pog = 2.36 py. "H NMR (600.13 MHz, C¢Dy, 295 K): & [ppm]
= 48.7 (s, 4H, CH,/CH(CH,),), 37.1 (s, 4H, CH,/CH(CH,),), 26.2
(s, 2H, Heyp), 7.6 (bs, 12H, PCH(CH,),), 2.4 (s, 18H,C(CH;S);), 0.1
(s, 2H, He,y), —8.2 (bs, 12H, PCH(CH;,)). *C NMR (150.90 MHz,
CeDs) 295 K): 6 [Ppm] =196.2 (SI CCarb-4)! 1753 (Sz CCarb-é)’ 1153
(s Ceap2)y 882 (d, J = 1309 Hg, CCarb-3/5)l 84.7 (s, CH(CH,),),
83.0 (s, CH(CHj;),), 53.0 (d, J = 156.5 Hz, Ccup.3/5), 50.8 (q, J =
124.8, 124.1 Hz, C(CH;);), 15.3 (s, C(CH;);), —30.4 (s, CH-
(CH,),), —=98.0 (s, Ceupr), —298.4 (s, CH,). IR: vy (KBr), cm™
1820. Anal. Calcd for C3H;CoNP,: C, 68.21; H, 9.26; N, 2.34.
Found: C, 68.29; H, 9.16; N, 2.19.

BuCbzpNP)CoCl (28¥-Co"Cl). A solution of ®*(*PNP)H (1)
(1.0 g 1.68 mol, 1.0 equiv) in toluene (S mL) was treated with a
solution of LIHMDS (295 mg, 1.76 mmol, 1.0S equiv) in toluene (2
mL) and stirred for 15 min. Subsequently, solid [CoCL,(thf),,] (185
mg, 1.76 mmol, 1.05 equiv) was added in portions. After 4 h, the
reaction mixture was filtrated over Celite;, the solvent was removed
under vacuum, and the residue was washed with n-pentane to yield a
crystalline, purple product (1.05 g, 1.52 mmol, 91%). p.s = 4.25 pg.
'"H NMR (600.13 MHz, CsDg, 295 K): § [ppm] = 138.1 (s, 4H,
CH,), 63.9 (s, 2H, H¢,y), 24.4—17.4 (bs, 18H, PC(CH,);), 16.8 (s,
2H, Hc,y), 5.1 (s, 18H, C(CH;);), 3.4 (bs, 18H, PC(CH;);). *C
NMR (150.90 MHz, C,Dg, 295 K): § [ppm] = 797.6 (s), 526.6 (s),
464.8 (s), 411.7 (s), 349.0 (s), 285.9 (s), 1954 (s), 119.5 (q, J =
124.5 Hz), —3.2 (d, J = 137.0 Hz), —56.2 (s), —64.3 (d, ] = 140.5
Hz), =75.6 (s).

#BuCbzpNP)Co (4BU-Co'). A solution of 2"-Co"'Cl (600 mg, 871
umol, 1.0 equiv) in THF (10 mL) was cooled to —40 °C and slowly
added to a stirring mixture of Na/Hg (24 mg, 958 ymol, 1.1 equiv. Na
in 2.5 g of Hg). The mixture was allowed to warm to room
temperature and stirred overnight. After the organic phase was
extracted, the solvent was removed under vacuum. The residue was
absorbed with n-pentane and filtrated over Celite. After the solvent
was removed, the product was obtained as a green solid (495 mg, 757
pmol, 87%). pis = 3.13 . "H NMR (600.13 MHz, C;Dg, 295 K): &
[ppm] = 29.0 (s, 2H, Hc,y), 17.3 (s, 4H, CH,), 13.0 (s, 2H, Hc,y),
11.0 (s, 36H, PC(CH,);), 1.9 (s, 18H, C(CH,);). *C NMR (150.90
MHz, CDy 295 K): & [ppm] = 5369 (s, PC(CH,);), 487.0 (s,
Ceab2)y 2635 (s, PC(CH3)3), 224.0 (s, CCarb-4)) 200.3 (s, Cear-6)s
69.8 (d, Ccap-z), 586 (q, C(CH,)s), 54.4—53.7 (m, Ceapesy Coarpe)s
4.8 (s, C(CH,);), —521.9 (s, CH,). Anal. Calcd for C;sHg, CoNP,: C,
69.81; H, 9.56; N, 2.14. Found: C, 69.53; H, 9.38; N, 2.22.

tB”(CbZPNP)CO(H)Z (6tB"-CO”’(H)2). In a high-pressure NMR tube, a
solution of 4"-Co" (20 mg, 31 ymol) in benzene-ds was exposed to a
dihydrogen atmosphere (8 bar) resulting in an instant color
conversion from a green to a dark green/brown solution and an
equilibrium of dihydride complex 6*-Co™(H), to reagent 4*"-Co'
with a ratio of 4:1 at 295 K. Complex Co™(H), is only stable under
hydrogen pressure. '"H NMR (600.13 MHz, C,Dy, 295 K): & [ppm] =
8.31 (s, 2H, Heooz), 743 (s, 2H, Heos), 343 (s, 4H, CH,), 1.59 (s,
18H, C(CHs;),), 1.13—1.11 (m, 36H, PC(CH,);), —37.0 (t, 2H, Jyp =
61.1 Hz, Co(H),). *C NMR (150.90 MHz, C6D6, 295 K): & [ppm]
= 147.5 (s, Ccap-1); 1383 (5, Coupa)s 1259 (s, Ceypa)y 1227 (s,
CCarb—s)) 120.9 (s, CCarb—é)f 113.8 (s, CCarb—3)f 33.8 (t) J = 9.7 Hz,
PC(CH;);), 33.5 (s, C(CH,;)5), 31.3 (s, C(CHj),), 283 (s,
PC(CH,);), 22.1 (s, CH,).

BuCbzpNp)CoCO (584-Co'CO). In a high-pressure NMR tube, a
solution of 4®-Co" (31 mg, 47 umol) in benzene-ds was exposed to a
carbon monoxide atmosphere (5 bar). After removal of the solvent,
the residue was washed with n-pentane. The product was obtained as
a light purple solid (23 mg, 34 umol, 71%). '"H NMR (600.13 MHz,
CgDg, 295 K): & [ppm] = 8.28 (d, ] = 1.9 Hz, 2H, He,p,3), 7-31 (d, ]
= 1.9 Hz, 2H, Hc,), 3.22-3.17 (m, 4H, CH,), 1.58 (s, 18H,
C(CHs);), 1.39—1.32 (m, 36H, PC(CHj);). *C NMR (150.90 MHz,
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CDy 295 K): & [ppm] = 207.5 (t, J = 42 Hz, CO), 149.48 (s,
Ceab-1)y 139.31 (s, Cepp-s)y 126.05 (s, Ceppr), 122.85 (t, J = 3.3 Hz,
Ceab-s)y 120.35 (s, Ccang), 114.83 (s, Ccan3), 36.64 (t, ] = 8.2 Hz,
PC(CH,),), 34.65 (s, C(CH;),), 32.51 (s, C(CH,);), 30.25 (s,
PC(CHj,)), 22.79 (t, ] = 4.4 Hz, CH,). >'P NMR (242.94 MHz, C/Dy,
295 K): 6 (ppm) = 76.2 (s). IR: vco (KBr), cm™ 1886. Anal. Caled
for C4,H,CoNOP,: C, 68.70; H, 9.17; N, 2.05. Found: C, 68.65,; H,
9.47; N, 2.07.

1Bu(Cb2pNP)CoSPh (7%¥-Co"SPh). To a solution of 4*-Co! (10 mg,
16 umol, 2.0 equiv) in benzene-d; was added solid diphenyl disulfide
(1.7 mg, 8 ymol, 1 equiv). The reaction mixture was stirred for S min;
all volatiles were removed, and the title product was obtained as
purple solid (9.6 mg, 10 umol, 68%). pi.s = 4.3 . '"H NMR (600.13
MHz, CiDy, 295 K): & [ppm] = 265.4 (s, 2H, CH,), 149.7 (s, 2H,
CH,), 57.6 (s, 2H, He,/Hpy), 24.5 (s, 2H, Heun/Hpy), 14.7 (s, 2H,
Heoo/Hpy), 143—13.4 (m, 18H, PC(CH,),), 11.1-9.6 (m, 18H,
PC(CHs,),), 3.8 (s, 18H, C(CH;)), —41.1 (s, 1H, Hypy), —54.2 (s, 2H,
Hp). C NMR (150.90 MHz, C¢Dy, 295 K): 6 [ppm] = 771.4 (s),
726.2 (s), 485.9 (s), 474.1 (s), 436.4 (s), 346.7 (d, ] = 158.3 Hz),
2672 (s), 2644 (s), 206.4 (s), 123.0 (q, J = 125.1 Hz), 363 (d, ] =
151.6 Hz), —29.2 (d, ] = 143.2 Hz), —31.0 (s), —63.8 (s), —85.6 (d, J
= 145.0 Hz). Anal. Calcd for C,,Hg,CoNSP,: C, 69.27; H, 8.85; N,
1.84. Found: C, 68.99; H, 8.94; N, 1.85.

iPrCbzpNp)CoBn (8"-Co"Bn). To a solution of 2”*-Co™Cl (50 mg,
79 mmol, 1.0 equiv) in toluene (2 mL) was slowly added
Bn,Mg(thf), (28 mg, 79 mmol, 1.0 equiv) in toluene (1 mL). The
resulting mixture was stirred for 2 h, and then, all volatiles were
removed. The residue was suspended in n-pentane and filtrated using
a syringe filter, and the solvent was removed. The product was
obtained as a deep red solid (30 mg, 44 ymol, 55%). peg = 4.0 pp. 'H
NMR (600.13 MHz, C¢Dy, 295 K): § [ppm] = 50.0 (s, 2H, CH,),
35.2 (s, 2H, CH,), 14.6 (s, 2H, He,y55), 11.1 (s, 12H, CH(CH,),),
5.5 (s, 18H, C(CH,);), 3.6 (s, 12H, CH(CH;),), 0.9 (s, 2H,
Heaposs), =843 (s, 2H, Hyy), —91.9 (s, 1H, Hyy). °C NMR (151
MHz, CcDg, 295 K) & [ppm] = 649.2 (s), 419.5 (s), 365.2 (s), 324.6
(s), 104.1 (q, J = 123.6 Hz), 84.5 (s), 11.7 (d, J = 138.5 Hz), —21.9
(d, J = 136.7 Hz), —41.6 (s), —301.4 (s). Anal. Calcd for
CyHg CoNP,: C, 71.49; H, 8.93; N, 2.03. Found: C, 71.19; H,
9.29; N, 2.38.
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