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Aim and scope of this Thesis

Aim and scope of this Thesis

In the literature reports on base metals bearing PCP ligands are very rare, only nickel, iron, cobalt and
molybdenum PCP complexes were described. The objective of this thesis is to develop novel pincer
complexes based on the non-precious transition-metals nickel, cobalt and molybdenum featuring anionic

PCP pincer ligands. We focus on synthesis, structural characterization, and reactivity studies.

R
\
N—FPR,
/ \ M = Ni, Co and Mo
_ c M R =H, Me
PR, = PiPr,, PtBu,
N—FPR,
R

First we focus on the synthesis and characterization of PCP ligands based on the 1,3-diaminobenzene
scaffold, which can be utilized in simple way to alter base metal pincer complexes starting from
inexpensive base metal precursors. Pincer complexes will be useful for the activation of small molecules
such as CO, CO,, O,, H,, or N,. In this respect we will gain insight into of fundamental organometallic
reaction mechanism such as oxidation, reduction, oxidative addition, reductive elimination, non-oxidative
addition, non-reductive elimination and ligand exchange processes. Most of the new compounds will be
characterized by a combination of X-ray, NMR, IR, ESI MS, elemental analysis and magnetic
measurements. These studies underline that the combination of cheap and abundant metals such as
nickel and cobalt with PCP pincer ligands may result in the development of novel, versatile, and efficient
catalysts for atom-efficient catalytic reactions. In chapter 1, In general development of nickel, cobalt and
molybdenum metal complexes with PCP pincer ligands and their reactivities in order to understand that
how non-precious metals is bearing with pincer PCP ligands. Within this context, we gained new ideas for
further developments of base metal PCP pincer complexes. In chapter 2, a new PCP ligand is designed
which is suitable to react with cobalt and nickel precursor forming new four coordinate PCP cobalt and
nickel pincer complexes. These are further explored in terms of unique chemical properties. Some of the
cobalt pincer complexes are compared with analogous of nickel pincer complexes in terms of structure
and reactivity also with the aid of density functional theory. In chapter 3, a novel synthetic protocol is
developed for the formation of cobalt PCP pincer borohydride complexes, which are compared with
analogous nickel PCP pincer borohydride complex. A new synthetic protocol is established for the
preparation of Co(l) PCP bis-carbonyl and bis CN{Bu complexes from the reaction of Co(ll) borohydride
complex with CO ligand, and CN{Bu, respectively. In chapter 4, the reactivity difference between the
strong m-accepting, but weak o-donor carbonyl ligand is compared with the strong n-acceptor and s-donor

CNitBu. An unusual transformation is described leading to the formation of a cobalt compex with an
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agostic C-H arene bond. Finally, in Chapter 5, novel molybdenum pincer complexes are synthesized from
molybdenum precursors Mo(Br);(thf); and [Mo(Br),(CO)4)».



Chapter 1

Non-Precious Metal (Ni, Co and Mo) Complexes with an Aromatic Anionic PCP

Architecture

This chapter provides an overview of the advancements in the field of non-precious metal (Ni, Co and Mo)
complexes featuring anionic PCP pincer ligands where the (CH,, O and NH) linkers between aromatic ring
and phosphine moieties. While the research in nickel PCP complexes is already quite extensive, the
chemistry of cobalt and molybdenum PCP complexes is comparatively sparse. In the case of nickel PCP
complexes already many catalytic applications such as Suzuki—Miyaura coupling, C-S cross coupling,
Michael additions, Alcoholysis of acrylonitrile, hydrosilylation of aldehyde and cyanomethylation of
aldehydes were reported. Cobalt and molybdenum PCP complexes were not applied to any catalytic
reactions. Surprisingly, only one molybdenum PCP complex is reported, which was capable of cleaving
dinitrogen to give a nitride complex. This chapter underlines that the combination of cheap and abundant
metals such as nickel, cobalt and molybdenum with PCP pincer ligands may result in the development of

novel, versatile, and efficient catalysts for atom-efficient catalytic reactions.
1.1 Introduction

Transition metal complexes are indispensable tools for every chemist engaged in synthesis.
Ideally, any metal-mediated catalytic process should be fast, clean, efficient, and selective. These criteria
are especially important when one considers that many of the transition metals employed in catalysis are
rare and/or expensive. One of the ways of modifying and controlling the properties of transition metal
complexes is the use of appropriate ligand systems. Among the many ligand systems that can be found in
the chemical literature pincer ligands play an important role and their complexes have attracted
tremendous interest due to their high stability, activity and variability.1’2 These tridentate ligands are often
planar scaffolds consisting of an anionic or neutral central aromatic backbone tethered to two, mostly
bulky, two-electron donor groups by different spacers. In recent years, pincers with aliphatic backbones
have also received considerable attention. In this family of ligands steric, electronic, and also
stereochemical parameters can be manipulated by modifications of the substituents at the donor sites
and/or the spacers allowing the possibility of a rational and modular design enabling the generation of
highly active catalysts for a range of chemical transformations with high selectivity. Most common are still
pincer systems with phosphine donors tethered to an aromatic benzene backbone, so called PCP pincer
ligands. The first PCP pincer complexes were already synthesized in the mid-1970s by Shaw and co-
workers.’ They prepared PCP pincers with bulky tertiary phosphines which were linked with a CH, spacer
to a deprotonated anionic benzene unit and, in fact, also reported the synthesis of the first nickel PCP
pincer complex. However, this area remained comparatively unexplored until in the late 1990s several
applications of mostly precious second and third row transition metal pincer complexes in the fields of
catalysis, molecular recognition and supramolecular chemistry were discovered turning this area into an

intensively investigated subject in organometallic chemistry.
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R ,_< \ X = CHp, O, NH, NMe
KN

/ CcC—M M = Ni, Co and Mo
— l R = electron withdrawing or donating group

Scheme 1. The aromatic and aliphatic PCP pincer platforms with PCP frameworks connecting the

phosphine donors with various linkers X.

This chapter provides an overview of the advancements in the field of non-precious metal pincer
complexes featuring anionic PCP pincer ligands with aromatic systems as shown in Scheme 1. An

overview of all PCP motifs found in the literature in conjunction with non-precious metals is provided in

Chart 1.
R
=
o) o) o) (o) /©\
I I | I o) (o) HN NH
PR, PR2 PR, PR, PiPr, PiPr, [ I I
R

PtBu, PtBu, PR, PRz
R = Ph, iPr, B =Ph, iPr, =
iPr, tBu iPr, Bu R = Me, OMe, COOMe, tBu R = Ph, /Pr, Bu

Chart 1 Overview of PCP ligand motifs which are applied to non-precious metals

Kirchner and co-workers synthesized a series of chiral and achiral PCP pincer ligands from the reaction of
1,3-diaminobenzene with phosphine chloride in presence of strong base or week base. These PCP

ligands contain amine spacers between aromatic ring and phosphine moieties.*

RoPCI (2 equiv O\
/O\ B, HN NH
HoN NH |

2 NEt; and/or n-BulLi |

PR; PR;

Ph, /(P }(P ® Oy, MeOOCL O PrOOC O
RoP = P— - — - \( P— \( -
2 o — A ® " Mecoc™ Ny  prooc™ o8 ]

@)

Scheme 2 Synthesis of PCP ligands
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1.2 Nickel PCP Pincer Complexes

The first PCP nickel complexes were prepared and characterized by Shaw® in 1976. Since then the

4587 geveral

chemistry of nickel PCP complexes increased significantly particularly in the last decade.
[Ni(PCsp2P)(X)] and [Ni(PCspsP)(X)] (X= ClI, Br, I) complexes, which are the most common synthetic
entries into nickel PCP chemistry, were prepared by treating simple nickel halides with the respective

pincer ligands in the presence of base. This led to the synthesis of many new nickel complexes as shown

in Chart 2 3,4,5,6,8,9,10,11,12

-PiPr,
Ph,P—Ni—PPh Ni—I
2 | 2 /
Cl PiPr,
Betz, 1991 Bubnov, 2004 Milstein, 2004
O——PPh, O—PiPr, O—PiPr,
o RU—
N—¢l } ) Ni—Br Ni—Br
HN-PR, O-PPh;
R = Ph, iPr, tBu O—PiPr, O—PiPr,
Kirchner, 2006 Morales-Morales, 2006 R = Me, OMe, COOMe
Zargarian, 2012
o—F|>iPr2
o
O—PiPr,
Le Lagadec, 2013 Zhang, 2015

Chart 2 Overview of common Ni(ll) PCP pincer precursors

Our research group was reported that the treatment of PCP ligands with hydrated Ni(ll) chloride at reflux

temperature in ethanol affords Ni(ll) PCP pincer complex.4
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Ie! —
H H S~ 2
. N N~ EtOH, reflux A
NiCl, 6H0 + | - . Ni
PR, PR, Overnight NP
v~ 1CI(R=Ph)
2CI (R = iPr)

Scheme 3 preparation of Ni(ll) PCP complexes

Complex 3Cl is a very efficient and robust catalyst which exhibits a comparable performance in the
Suzuki—Miyaura cross coupling reactions as that of similar Pd(Il) pincer systems albeit with longer reaction
periods and larger catalytic amounts of catalysts (1.0% Ni versus 0.1% Pd). The cross-coupling of
different para-substituted bromobenzenes with phenylboronic acid produced high vyields of the
corresponding biphenyl derivatives (Scheme 4).13 Another attractive characteristic of the present system is
the easy synthesis from cheap commercially available starting materials and the use of considerable
cheaper and biocompatible Ni(ll), thus making this system attractive for its potential application in organic

synthesis.

O—PPh,
©/B(OH>2 3CI (1.0 mol %), Na,CO3 C |
DMF, 110°C, 15h '\l" Cl
_ O—PPh,
R = NH,, OMe, Me, H, Cl, CHO, COMe, CN, NO, 42 - 99 % yield 3Cl

Scheme 4 Synthesis [Ni(PCspZP)CI] (5) and its catalytic activity in the Suzuki-Miyaura cross coupling

Interestingly, the closely related complex 4Cl featuring a benzene rather than a naphthalene backbone
reacted with para-substituted benzyl bromides in the presence of Zn as reducing agent to afford only
homo coupling products (Scheme 5)."* The scope of the homo coupling reaction was explored with a
variety of functionalized benzyl bromides. Excellent GC yields (75 - 99%) were achieved in most cases.
Benzylbromides with electron-donating substituents on the phenyl ring tend to offer slightly better yields
than those with electron-withdrawing groups. It was proposed that the Ni(ll) PCP complex 4Cl was
reduced to a Ni(l) species which promotes C-Br bond cleavage thereby forming a Ni(ll) pincer bromide

intermediate along with the benzyl radicals, which underwent dimerization to afford homo coupling

products.
R O—I|3Ph2
4Cl (5.0 mol%), Zn (3 equivs)
/©/\Br > Ni—Cl
R DMF, 115°C, 16h O |
R O—PPh,
9 examples 43 - 93% Isolated yield 4Cl
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Scheme 5 Homocoupling of para-substituted benzylbromides catalyzed by complex 4Cl

Moreover, complex 4Cl also efficiently catalyzes the thiolation (C-S cross coupling) of iodobenzene with a
broad scope of disulfides in the presence of Zn as reducing agent in DMF at 110°C (Scheme 6)."° The
coupled products were obtained in excellent and, in many cases, nearly quantitative yields. Another
interesting direct C-S bond formation was discovered by Guan et al."® They were able to obtain thioethers
in good to excellent yields (49-97%) from the reaction of iodobenzene with different aryl substituted thiols
in the presence of 4Cl (1.0 mol%) and KOH in DMF at 80°C (Scheme 6).

| R 4CI (1.0 mol%), Zn (3 equivs) S
s > ~R
O/ + R/ DMF, 110°C, 4h O—PPh,

R = Me, iPr, nBu, tBu, Ph 49 - 99% yield Ni—Cl

' 4CI (1.0 mol%), KOH (2 equivs) S\R O—PPh,
+ HS—R o 4C|
DMF, 80°C

94 - 97% yield

R = Ph, Ph-p-Me, Ph-m-Me, Ph-o-Me
Ph-p-OMe, naphthyl

Scheme 6 C-S bond forming reactions catalyzed by the Ni(ll) PCssz complex 4Cl

A series of complexes of the type [Ni(PCspZP)(L)] containing the 2,6-bis-(diisopropyl-
phosphinomethyl)phenyl pincer ligand and simple monoanionic ligands L (L = F, Br, H, Me, Ph, NO,,
CF3;S03) were synthesized and characterized. The fluoride derivatives were prepared from bromide
complexes (5Br) by exchange reactions with AgF or, by protonolysis of the methyl complexes
[Ni(PCspQP)(Me)] (6) with NEt;-3HF affording complex 5F. Upon treatment of complex 5Br with Mel

halogen exchange took place to yield complex 51 (Scheme 7).16

Vil AGF NEty-3HF 2l
iPrzP—l\lli—PiPrz ~«—— Pr,P—Ni—PiPr, —» iPrzP—l\lli—PiPrz ~ ’PrZP_"l"_P’PrZ
51 | Br 5F F Me
5Br

Scheme 7 Formation of halide complexes [Ni(PCsp®P)(X)] (X = F, Br, 1) (5F, 5Br, 51)

Transmetalation reactions of the halide complex 5Br with methyl or phenyllithium also proceeded
easily affording the corresponding derivatives [Ni[(PCssz)(R)] (R =Me, Ph) 6 and 7 in good yields. These
complexes are thermally stable, and they resist exposure to air for some time in the solid state. However,

during one of the attempts to crystallize the nickel methyl complex colorless crystals were isolated. These

7
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were identified as the diphosphine oxide 1-Me-2,6-(iPr,P(O)CH,),C¢Hs, where the methyl group saturated
the ipso position originally bound to nickel, suggesting that the reaction with oxygen induces the reductive

coupling of the methyl and the pincer ligand (Scheme 8)."

LiR after crystallization
from 6
iPr2P—I\|li—PiPr2 R = Me, Ph iPrzP—l\lli—PiPrz
Br R
SBr 6 (R=Me)
7 (R=Ph)

ProR\ Me ,PiPrz
/
\O O/

Scheme 8 Synthesis of [Ni(PCspZP)(Me)] (6) and [Ni(PCssz)(Ph)] (7) via transmetallation

It is interesting to note that related nickel complexes with PCspZP backbones based on the bis-2,6-di-tert-
butylphosphinomethyl- and bis-2,6-di-iso-propylphosphinomethylbenzene scaffolds (5Br, 8Cl) reacted with

16,17,18

an excess of sodium amide to afford complexes [Ni(PCsp®P)(NH,)] (9, 10) (Scheme 9).

NaNH, (xs) )
RzP_'\lll_PRz > RzP_NI_PRZ
X NH,
5Br (X=Br,R=iPr) 9 (R=iPr)
8Cl (X =CI, R=1tBu) 10 (R = tBu)

Scheme 9 Synthesis of [Ni(PCsp2P)(NH2)] complexes 9 and 10

Complex [Ni(PCspZP)(NHz)] (10) reacted with several substrates bearing acidic C-H bonds such as phenyl
acetylene, imidazole, dimethyl malonate and oxazole to form complexes 11-14. In the course of this
reaction NHj is liberated (Scheme 10).18 These complexes are able to insert carbon dioxide into the
nickel-ligand bonds, which is a thermodynamically very favorable process. An example is depicted in

Scheme 10. This was shown both experimentally and by means of DFT calculations.®
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o "
Hwn '

N" N | - NH,
| |
PtBu, PtBu, O\H/\"/O PtBu,
| HC==CPh l O O | °
Ni—==—Ph <« Ni—NH, ————>» Ni—0—
- NH3 - NH; AN
P{Bu, PtBu, PtBucz)
i 10 . —
- NH4 [ )—H L
N
PtBu,
| N
Ni—¢ ]
| 0
14 PtBu,

Scheme 10 Liberation of NH; gas from [Ni(PCssz)(NHz)] (10) upon treatment with C-H and N-H acidic

compounds
PtBu, PtBu, O
l\|li—R ] l\|li—0 R
PtBu,

PtBUz

10 (R =NH,) 16 (R = NH,)
15 (R = OH) 17 (R = OH)

TtBuz PtBu, ?

Cco . /k
= =N

PtBu, PtBUz

12 18

Scheme 11 Carbon dioxide insertion into the nickel-ligand bonds of [Ni(PCssz)] complexes

Complexes 35 and 36 were prepared by reacting complex [Ni(PCssz)(OH)] (12) with trimethylsilyl
cyanide and trimethylsilyl azide, respectively. These two complexes are also able to insert carbon dioxide
into the nickel-ligand bond (Scheme 12)."® The synthesis of complex 19 was also described in an earlier

9



Chapter 1

report3 by the reaction of nickel complex 8CI with sodium cyanide in acetone. This complex was, however,

not fully characterized.

PBU;  TMSCN or PtBu, PBu,
. TMSN3 - NaCN (xs) .
Ni—OH —— N—R ——— Ni—Cl
PtBu, PtBu, PBu,
12 _ 8CI
19 (R=CN)
20 (R=Ng)

Scheme 12 Synthesis of [Ni(PCsp?P)(CN)] (19) and [Ni(PCsp®P)(N5)] (20)

Guan and co-workers treated Zargarian’s complex 21CI”® with LICH,CN to obtain the nickel cyanomethyl
complex 22 in good isolated yield (Scheme 13).19 Complex 22 turned out to be an incredibly robust nickel
catalyst for the cyanomethylation of aldehydes under base free conditions with unprecedentedly high
turnover numbers and frequencies. This was achieved in the presence of merely 0.01 mol % of 22 as
catalyst in acetonitrile as solvent (Scheme 14).19 The reaction was performed at room temperature with a
reaction time of 72h. In some cases TONs of 82000 and TOFs of 1139 h™ were achieved. Mechanistic
studies suggested reversible insertion of aldehydes into the nickel-carbon bond of the cyanomethyl

complex and subsequent C-H bond activation of acetonitrile by the nickel alkoxide intermediate 23.

O—PP2 | iCH,CN, THF O—PiPr,
< S—Ni o — > Ni—
/ rt., 2h /7 CN
0-PiPr, O-PiPr,
21Cl 22

Scheme 13 Synthesis of [Ni(PCsp2P)(CHZCN)] (22)

10
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Q 22 (0.01 mol%) OH
R H CH3CN (solvent) R)\/CN 17 examples
rt, 72h
71 - 95% yield
OH
O—PiPr, )\/CN
RCHO Ni—CH,CN R
insertion 0-PiPr,
O—PiPr,
Q7NE—O>£\ CH;CN
o-piPr, 4 CN
23

Scheme 14 Cyanomethylation of aldehydes catalyzed by [Ni(PCsp’P)(CH,CN)] (22)

Kemp and co-workers originally reported20 the synthesis of the chloro complex [Ni(PCsp2P)(CI)]
(8Cl). The chemistry of this compound was further investigated by Heinekey and co-workers who prepared
several cationic Ni(ll) complexes.?' Upon treatment of complex 8Cl with {[(Et3Si)H][B(CsF5)4]} as chloride
scavenger, the coordinatively unsaturated intermediate 24 was formed, which reacted readily with both H,
and HD to form complexes 25 and 26, respectively. Complex 25 is the first isolated and structurally
characterized nickel-dihydrogen complex. The H, ligand is heterolytically cleaved in the presence of base
to form mono hydride complex 27. The dihydrogen ligand is also easily displaced by carbon monoxide to
yield the carbonyl complex 28 or by dinitrogen to form complex 29 which is a rare example of a Ni(ll)

terminal dinitrogen complex (Scheme 15).

11
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A A

tBuzP—Nl—PtBuz tBUzP—I\Ili—PtBUz
26 H D 27 H
@
HD NEt; | - HNEts
—|+
—|+
[(Et3Si)HI[B(CeFs)al
tBu,P——Ni—PBu, , —> . Mo
L - Et3SiH, Et3SiCl tBu,P——Ni—P1Bu, tBu,P——Ni——P1tBu,
24
8C| i N 25 H—H

lNz COl—Hz
e

tBu,P——Ni—PBu, tBuzP—Nl—PtBuz
,L CO
2 28
N

Scheme 15 Synthesis of several cationic Ni(ll) PCsp’P complexes after halide abstraction from 15Cl.

Zargarian and co-workers were exploring some reactivities of neutral [Ni(PCP)(Br)] complexes
which contain PCsp2P ligands. Treatment of complexes 5Br and 21Br with sodium or silver tetraphenyl
borate in the presence of acetonitrile as coordinating solvent afforded cationic complexes of the types 30
and 31 (Scheme 16).22 These complexes adopt a distorted square-planar geometry around the nickel

center.

; NaBPh, or
X3P AgBPfM X——PPr I
Qj”'-Bf —_— Ni—NCCH;
L CH4CN /
X=PiPr; X—PiPr,
5Br (X = CHy) 30 (X =CHy)
21Br (X = O) 31 (X=0)

Scheme 16 Synthesis of the cationic complexes [Ni(PCsp2P)(CH3CN)] (30, 31)

12
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Bromide abstraction from complex 4Br with AQCF3;SO3; in presence of CH,Cl, at room temperature for 3h
afforded the air sensitive compound 32, which was readily converted by addition of acetonitrile to complex

33 which interestingly was resistant towards hydrolysis and/or oxidation (Scheme 17).23

.
O—PPh: ok 5o 0——PPh, o O—:\Pth—l
Ni—Br ————— Ni—0S0,CF, “HCN Ni—NCCH;
/ /
0-PPh, 0—PPh, 0—PPh,
it 32 33

Scheme 17 Synthesis of [Ni(PCsp?P)(CF5S0;)] (32) and [Ni(PCsp?P)(CH,CN)]* (33)

A variety of alcohols were treated with acrylonitrile in the presence of the Ni(ll) diphosphinito PCP
pincer catalyst 32 and NEt;, which led to the formation of a C-O bond containing product (Scheme 18).7°'24
Among these alcohols, only with 3-methyl phenol complete conversion could be achieved. Notably,
without the addition of NEt; no reaction took place. Moreover, this reaction did not succeed with more

nucleophilic alcohols such as methanol, ethanol, and isopropanol, due to decomposition of the catalyst.

32 (1.0 mol%)
/\CN + /O\ + NEty ——————» /O\ /\/CN
HO 60°C, 3h 0

100 % yield

Scheme 18 Alcoholysis of acrylonitrile catalyzed by the neutral Ni(ll) catalyst 32

The pincer complex 31 served also as a precatalyst for the regioselective anti-Markovnikov
addition of nucleophiles to activated olefins.?* The catalyzed additions of aliphatic amines to acrylonitrile,
methacrylonitrile, and crotonitrile proceed at room temperature and give quantitative yields of products
resulting from the formation of C—N bonds. On the other hand, aromatic amines or alcohols are completely
inert toward methacrylonitrile and crotonitrile, and much less reactive toward acrylonitrile, requiring added
base, heating, and extended reaction times to give good yields. The catalytic reactivities of 31 seem to
arise from the substitutional lability of the coordinated acetonitrile that allows competitive coordination of

70222324 a1s0 described in an earlier

the nitrile moiety in the olefinic substrates. Zargarian and co-workers
report that a series of Ni(ll) pincer complexes were evaluated as catalysts for the regioselective
hydroamination of acrylonitrile. This Michael addition is favored when the generation of cationic Ni(ll)
species, therefore, a,B-unsaturated nitrile could coordinate to the Ni(ll) center, followed by nucleophilic
addition of free amine substrate to the activated double bond, then non-reductive elimination of aza-
Michael addition product.

Very recently, Zhang and co-workers showed that the P-stereogenic pincer nickel complex 34 is
an active catalysts for the asymmetric aza-Michael addition of a,B-unsaturated nitriles providing the

products in good to excellent yields (up to 99%) and moderate enantiomeric excesses (up to 46% ee).

13
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With 2-phenylacrylonitrile the desired product was obtained in quantitative yield, but without any

enantiomeric excess (Scheme 19).°

R2 CN 34 (3.0 mol%) /RZ
\NH N _< AgCF3S0O5 (3.0 mol%l R'—N R4
R1/ R3 R4 toluene, r.t, 12h >_<
R3 CN ~
13 examples
up to 99% yield 34
and 46% ee

Scheme 19 Hydroamination of crotonitrile catalyzed by the chiral cationic Ni(ll) pincer complex 34

Hydrolytic decomposition23 of complex 32 at the ambient room temperature in presence toluene as solvent
for 2 days resulted the formation of a stable octahedral complex 35. The formation of this compound
presumably proceeds via initial protonation of aryl ring of PCP ligand reforming the aromatic C-H bond

followed by oxidation of the phosphine moieties and coordination of water molecules (Scheme 20).

I
o7 PPha o,,Pth
O——PPh; air H,0,, | ~OH2
Ni—O0SO0,CF; — Ni
i H07 | oH,
0-PPh A
? Ph,P Ph,p=0
32

Scheme 20 Synthesis of stable dicationic octahedral Ni(ll) complex (35) involving protonation and

oxidation of the PCssz ligand

Treatment of complexes 5Br with stoichiometric amounts of silver salts such as CH3;COOAg and AgNO3
resulted in the formation of complexes 36 and 37, respectively (Scheme 21). Excess of silver salts caused

oxidation of the metal center to give a stable Ni(lll) complexes.'®

AgL o
/PFZP_NI_PIPFZ L= N03, CH3COO IPI'QP_'\lll_PIsz
| L
Br
5Br 36 (L = CH3;COO0)
37 (L = NOy)

14
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Scheme 21 Synthesis of [Ni(PCsp2P)(CH3OO)] (36) and [Ni(PCssz)(NO3)] (37) by halide displacement

An important class of compounds are hydrides. In 2009, nickel PCsp°P pincer hydride complexes
were synthesized.20 The typical synthetic route starts from halide complexes. Treatment of 21Cl and 38Cl
with LiAIH, in toluene at room temperature for 24h to yield nickel hydride complexes 39 and 40,
respectively (Scheme 39).25 An alternative synthetic method utilized the nickel methoxy complex 41 and
triethoxylsilane to prepare the hydride complex 42 (Scheme 22)."® Complex [Ni(PCsp®P)(OMe)] (41)'® was

synthesized from the amine complex (9) and methanol.'®

O—PR; O—PR;
= LiAIH,, toluene R
Ni Cl Ni—H
7/ rt, 24h 7/
O_PRZ O'PRZ
21CI (R = iPr) 39 (R = iPr)
38CI (R = {Bu) 40 (R = tBu)
HSI(OEt)3

Pr,P—Ni—PiPr, — > _ ) ]
- Si(OMe)(OEt), /PrzP—l\lll—P/Prz
H

OMe

41 42

Scheme 22 Synthesis of [Ni(PCsp2P)(H)] complexes 39, 40 and 42.

The hydride Ni(ll) PCP pincer complex 39 was tested as catalysts the chemoselective
hydrosilylation of C=0 bonds of aldehydes and ketones in the presence of other functional groups.?*?**’
Aldehydes were converted to primary alcohols with 0.2 mol% of catalyst 39 and a slight excess of
hydrogen source of phenylsilane followed by basic hydrolysis good to excellent yields (Scheme 23). The
mechanism involves C=0 insertion into a nickel-hydrogen bond, followed by cleavage of the newly formed
Ni-O bond 43 with a silane. It has to be noted that this catalyst did not work well for the hydrosilylation of
ketones. For instance, substrates such as acetophenone, cyclohexanone, benzophenone afforded the
corresponding alcohols in 18%, 6%, and 60%, respectively, in the presence of 1.0 mol% catalyst at 70°C

for 24h.

15
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1. 39 (0.2 mol %)
PhSiH3, 60°C, 24 h
0 2.10 % NaOH

OHH
R)J\H > R)<H

13 examples 64 - 92% yield
0
O—pPiPr,
SiPhH N
o ¢ Ni—H R)J\H
L -4
R H 1Pry
39
O—pPiPr,
PhSiH Ni—0O,
3 g / >
-PiPr,
43 R

Scheme 23 Hydrosilylation of aldehydes catalyzed by the Ni(ll) PCP pincer hydride complex 39

Prior to our findings, Guan and co-workers® discovered that nickel hydride complexes react with
BHj3 - THF irreversibly at room temperature to yield BH,-complexes. Reversing the reactions is possible at
higher temperatures if there is a trapping agent available, or under a dynamic vacuum. Other boranes
such as 9-Borabicyclo(3.3.1)nonane (9-BBN) and catecholborane (HBcat) are also capable of reacting
with nickel hydride complexes such as 39 and 45 to form the corresponding nickel dihydridoborate
complexes 44, 46 and 47, unless the hydride moiety is sterically inaccessible (Scheme 45).28 In these
cases, the reactions are reversible at room temperature, allowing nickel hydride species to reform. Under
catalytic conditions reduction of CO, led to the methoxide level when 9-BBN or HBcat was employed as
the reducing agent. The best catalyst involved bulky substituents on the phosphorus donor atoms such as
in 39. Catalytic reactions involving 44 were less efficient because of the formation of dihydridoborate
complexes as the dormant species as well as partial decomposition of the catalyst by the boranes
(Scheme 24).
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Scheme 24 Synthesis of [Ni(PCsp2P)(borohydride)] derivatives
Both nickel hydride and borohydride complexes were able to reduce carbon dioxide to form the respective
formate complexes (Scheme 25).28’29 It has to be mentioned that several pincer complexes of the type

[Ni(PCP)(R)] (R = H, OH, Me, allyl) were reported3°'31’32'33 to undergo insertion reactions with CO,.

O——PtBu, O—PBu, O—P1Bu,

5 S CO, (1 atm)
PR sl L v
A / 3o
O-pty, M O-PtBu, O~PBu
48 40 49

Scheme 25 Reduction of CO, by [Ni(PCssz)(nz-BH4)] and [Ni(PCspZP)(H)] to give formate complexes

Dihydrogen bond interactions where transition metal hydride complexes serve as both proton
acceptor and proton donor in a hydrogen bond are very rare. Peruzzini and co-workers studied the
reaction of the stable electron-rich Ni(ll) PCP pincer hydride [Ni(PCssz)(H)] (27) with the acidic
tungsten(ll) complex [WCp(H)(CO)s] (50).34 Stoichiometric amounts of the acid hydride complex
[WCp(H)(CO);] (50) and basic hydride complex [Ni(PCspZP)(H)] (27) reacted in THF or toluene at room
temperature to give the bimetallic ion pair complex 52. In this complex one carbonyl ligand bridges the two
metal centers in a rather unconventional “isocarbonylic” mode (Scheme 26). The structure of complex 52
was confirmed by X-ray diffraction analysis. Deuterium exchange H/D was also studied with the
isotopomeres [CpW(D)(CO)s] and [Ni(PCspZP)(D)]. Complex 51 was an intermediate as suggested by
DFT calculations (Scheme 27). Complex 52 dissociates in acetonitrile to produce the adduct
[Ni(PCssz)(CH3CN)][CpW(CO)3] that comprises a square-planar nickel(ll) PCP cation binding one

CH3CN molecule and the piano stool tungsten(ll) anion.*
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Scheme 26 Dihydrogen evolution upon reacting acidic and basic metal hydride complexes

It was shown that water plays an important role in the activation of Ni-F and W-H bonds. The reaction
between the nickel(ll) PCP pincer fluoride complex 8F and the tungsten(ll) carbonyl hydride 50 led to
hydrofluoric acid evolution and formation of the bimetallic isocarbonylic species 52 (Scheme 27). The
process was monitored through multinuclear H, 19F{1H}, and 31P{1H} variable-temperature NMR
spectroscopy.35 According to DFT calculations four water molecules are involved in the Ni-F and W-H

cleavage steps.

F|’fBUz < tBu,P—Ni—PBu;

| THF/H,0 '
h|"_F " oem{meo - HR(0), i

PtBu, H Co OC“'"--W O
8F 50 /
OoC

Scheme 27 Water assisted hydrofluoric acid evolution upon interaction of complexes 8F and 50 and

formation of 52
1.3 Cobalt PCP Pincer Complexes
An overview of all cobalt PCsp2P and PCsp3P pincer complexes, which serve as synthetic entries into Co

PCP chemistry are depicted in Chart 3.%3738 These are typically derived from simple Co(0), Co(l) and
Co(ll) precursors such as Co(PMes),;, Co(Cl)(PMe3)s, Co(Me)(PMes)4, and CoX, (X = ClI, Br, 1).

PMe3 PMe3
o— _PPh2 PtBUZ PPh2
CSA CEAT S
e
O—-PPh, P o—PiBu, PPh, &3
Li, 2010 Heinekey, 2011 Wass, 2014
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Chart 3 Overview of cobalt PCsp2P and PCsp3P pincer complexes

Pringle and co-workers reported the synthesis of the Co(l) PCsp2P complex 53 by a
transmetalation reaction between 1-lithio-2,6-bis((diphenylphosphino)methyl)benzene and CoCl(PMe3)s;.
Subsequent exposure of 53 to CO gave the dicarbonyl complex 54. The synthesis of this complex
proceeds via monophosphine intermediate 54, which was identified by *'P{"H} NMR spectroscopy from

the reaction mixture. The conversion of 54 to 55 was shown to be reversible (Scheme 28).*’

©
PPh, @ PPh, PPh2
Li wPMes
Co(Cl)(PMeg); — > CO\PMe
3
PPh,
53
PPh, PPh,
| PMe; co | <co
CO o o —_— ol
°~co °~
PMes | “co
PPh, PPh;
54 55

Scheme 28 Synthesis of the Co(l) PCsp’P complex 53 and stepwise substitution of PMe; by CO

Heinekey and co-workers reported’® the synthesis of the Co(ll) iodo PCP complex [Co(PCssz)(I)]
(122). This compound was prepared in good yield by activation of the ligand with nBuLi and the addition of
Col,-THF (Scheme 29). The magnetic moment of 56 was measured using the Evans method (pes = 2.38
ug) and is consistent with a paramagnetic complex that contains one unpaired electron. Reduction of 56
was accomplished using sodium amalgam. The isolated product was a mercury-bridged dicobalt species
[{Co(PCssz)}zHg] (57). Introduction of H, gas to a solution of 57 at 195 K resulted in the formation of a
new diamagnetic species. The 'H NMR spectrum in the high-field region exhibited a new resonance (with
an integration of two versus other ligand resonances) at 3 = -11.6 ppm and was identified as the first
cobalt-dihydrogen complex [Co(PCssz)(nz-Hz)] (58) (Scheme 30). Studying solutions of 58 under
increased hydrogen pressure allowed observation of a new diamagnetic product identified as
[Co(PCsp?P)(n%H,)(H),] (59). In addition to NMR spectroscopy, the identity of the dihydrogen and hydride

species were confirmed by means of theoretical calculations.

1. nBuLi
2. C0|2'THF O s\\PI‘BUZ Na/Hg
? ? —F Co—I ————=3 [{Co(PCP)},Hg]
I 7/
PtBu, PtBu, O'PtBUZ 57
56
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Scheme 29 Synthesis of complexes [Co(PCspQP)I] (56) and reduction to the mercury-bridged dicobalt
species [{Co(PCssz)}zHg] (57)

H——H
O_\PtBUQ O_|_\PtBU2
H2 :: H ‘:_
{Co(PCP)},Hg] —=—» Co—/ Co—H
T=195K /7  H /7
57 O-PtBu, O—Pl’Bqu
58 59

Scheme 30 Synthesis of [Co(PCsp®P)(n’-H,)] (58) and [Co(PCsp’P)(n*-H,)(H),] (59).
1.4 Molybdenum PCP Pincer Complexes

The chemistry of molybdenum PCP complexes is hardly developed. The first molybdenum PCP complex
was prepared through lithiation of 1-iodo-2,6-[OP(t-Bu),],C¢H; and reaction of that lithium reagent with
Mol;(THF); to give [Mo(PCssz)(I)z] (60) (Scheme 73),39 a procedure similar to that employed to prepare
the cobalt PCP complex 56 (Scheme 29).38 Compound 60 was obtained in modest yield (46%). However,
a diamagnetic impurity was present (10 -15%), which was proposed to be the Mo(lV) oxo complex (61).
However, this was merely based on NMR spectroscopy and the fact that Mol;(THF); is known to
decompose to give Mo=0O species and 1,4-di-iodobutane. On the other hand, the lithiation of 1-iodo-2,6-
[OP(t-Bu),].C¢H3 and reaction of that lithium reagent with MoCl3(THF); and MoBrl;(THF); yielded a

mixture of several products.39

A

0

|
| | —l=
PBu, |  PBu, 0 lS\PtB“2 o— [—\\PtBuz
Mol4(THF). > MO
SUTR T iBuL, Et,0 Tl Mo—__,
-78°C tor.t. O—P1tBu, 0—P1Bu,
60 61

Scheme 31 Synthesis of Mo(lll) and Mo(lV) PCP pincer complexes starting from Molz(THF)3

When a THF solution of 60 (contaminated with 61) was reduced with NaHg in the presence of 15-crown-5
under N,, the anionic Mo(IV) nitride complex [Mo(PCssz)(N)(I)]' (62) was obtained as a dark brown solid
in 57% yield. This compound was also formed when two or more equivalents of KCg or Na naphthalenide
were used as reducing agents. Upon protonation of 62 by [Et3NH][BAr’4] a diamagnetic compound,
presumably 63, was isolated in 64% yield. Based on NMR data it was proposed that proton addition

occurred across the Mo-P bond (Scheme 32).%°
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Scheme 32 Synthesis and reactivity of the anionic Mo(IV) complex [Mo(PCssz)(N)(I)]' (62)
1.5 Conclusion

This chapter provides an overview of the advancements in the field of non-precious metal (Ni, Co and Mo)
complexes featuring anionic PCP pincer ligands where the (CH,, O and NH) linkers between aromatic ring
and phosphine moieties. While the research in nickel PCP complexes is already quite extensive, the
chemistry of cobalt and molybdenum PCP complexes is comparatively sparse. In the case of nickel PCP
complexes already many catalytic applications such as Suzuki-Miyaura coupling, C-S cross coupling,
Michael additions, Alcoholysis of acrylonitrile, hydrosilylation of aldehyde and cyanomethylation of
aldehydes were reported. Cobalt and molybdenum PCP complexes were not applied to any catalytic
reactions. Surprisingly, only one molybdenum PCP complex is reported, which was capable of cleaving
dinitrogen to give a nitride complex. This literature survey is motivated us to find and develop the
combination of cheap and abundant metals such as nickel, cobalt and molybdenum with PCP pincer
ligands may result in the development of novel, versatile, and efficient catalysts for atom-efficient catalytic

reactions.
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Chapter 2

Synthesis and Reactivity of Four and Five Coordinate Low-spin Co(ll) PCP

Pincer Complexes and some Ni(ll) Analogs

Anhydrous CoCl, react with the ligand PCP-iPr (1a) in the absense of base to afford the 15e square
planar complex [Co(PCPMe—iPr)CI] (2a) with moderate yield, whereas anhydrous CoCl, or [NiCly(DME)]
react with the ligand PCPYe.iPr (1b) in the presence of nBulLi to afford the high yield of 15e and 16e
square planar complexes [Co(PCPMe—iPr)CI] (2b) or [Ni(PCPMe—iPr)CI] (3), respectively. Complex 2b is
a paramagnetic d’ low-spin complex, which is a useful precursor for a series of Co(l), Co(ll), and
Co(lll) PCP complexes. Complex 2b reacts readily with CO and pyridine to afford the five-coordinate
square-pyramidal 17e complexes [Co(PCPMe-iPr)(CO)CI] (4) and [Co(PCPM-iPr)(py)Cl] (5),
respectively, while in the presence of Ag” and CO the cationic complex [Co(PCP'\"e-iPr)(CO)Z]+ (6) is
afforded. The effective magnetic moments ps of all Co(ll) complexes were derived from the
temperature dependence of the inverse molar magnetic susceptibility by SQUID measurements and
are in the range of 1.9 to 2.4pg. This is consistent with a d’ low spin configuration with some degree of
spin orbit coupling. Oxidation of 2b with CuCl, affords the paramagnetic Co(lll) PCP complex
[Co(PCPMe—iPr)Clz] (7), while the synthesis of the diamagnetic Co(l) complex [Co(PCPMe—iPr)(CO)Z] (8)
was achieved by stirring 2 in toluene with KCg in the presence of CO. Finally, the cationic 16e Ni(ll)
PCP complex [Ni(PCP'\"e—iPr)(CO)]+ (10) was obtained by reacting complex 3 with 1 equiv of AgSbFg in
the presence of CO. The reactivity of CO addition to Co(l), Co(ll) and Ni(ll) PCP square planar
complexes of the type [M(PCP'\"e-iPr)(CO)]n (n = +1, 0) was investigated by DFT calculations showing
that formation of the Co species, 6 and 8, is thermodynamically favorable, while Ni(ll) maintains the
16e configuration since CO addition is unfavorable in this case. X-ray structures of most complexes
are provided and discussed. A structural feature of interest is that the apical CO ligand in 4 deviates
significantly from linearity with a Co-C-O angle of 170.0(1)°. The DFT calculated value is 172° clearly

showing that this is not a packing but an electronic effect.
2.1 Introduction

One of the ways of modifying and controlling the properties of transition metal complexes is the use of
appropriate ligand systems such as pincer ligands, i.e., tridentate ligands that are coordinated in
meridional fashion. Usually consisting of a central aromatic backbone tethered to two two-electron
donor groups by different spacers, this class of tridentate ligands has found numerous applications in
various areas of chemistry, including catalysis, due to their combination of stability, activity and
variability.1 We are currently focusing on the synthesis and reactivity of transition metal PNP and PCP
pincer complexes where the pincer ligands contain amine (NH and NR) linkers between the aromatic
ring and the phosphine moieties.” These type of PNP and PCP ligands are readily available via
condensation reactions between various 2,6-diaminopyridines and 1,3-diaminobenzenes and
electrophilic chlorophosphines R,PCI. These ligands can be designed in modular fashion and are thus
very versatile ligand platforms. This has resulted in the preparation of a series of square-planar group

10 metal PCP complexes,3 as well as numerous iron* and molybdenum PNP systems.5
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Surprisingly, as cobalt is concerned only a few PCP pincer complexes featuring a direct

cobalt-carbon single bond have been reported in the literature. An overview of cobalt PCP pincer

systems (A-E), mostly based on the Co(l)/Co(lll) oxidation states, is depicted in Scheme 1.573% |t

has to be noted that several related cobalt complexes containing anionic pincer-type PNP, PSiP, NCN,

and NNN frameworks are described,'"'21314.15.16.17.18,19

o PM83
—
?th o— —\\Pth O—PPh,
:__~PMe; B I _~PMe;
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Scheme 1 Overview of Co PCP complexes reported in the literature

Here we report on the synthesis, characterization and reactivity of a series of new cobalt PCP pincer
complexes in oxidation states +I, +II, and +lIl based on the d’ low-spin Co(ll) complex [Co(PCPMe-
iPr)CI] where the PiPr, moieties of the PCP ligand are connected to the benzene ring via NMe linkers.
For comparison, the syntheses of some analogous low-spin d® Ni(ll) PCP complexes are also

reported.
2.2 Results and Discussion

The complex [Co(PCP-tBu)CI] (2a) where the PCP ligand features acidic NH protons, had to be
prepared via a slightly modified snynthetic procedure to that employed to prepare nickel PCP complex
(Scheme 3, Chapter 1). Refluxing a solution of anhydrous CoCl, with the ligand PCP-{Bu (1a) in THF
afforded directly 2a albeit in moderate isolated yield (32%) (Scheme 2). In analogy to 2a, [Co(PCP-
tBu)Cl] (2a) is a d’ low spin complex with a solution magnetic moment pe of 1.8(1)ug (Evans method).
The solid state structure of this complex was determined by X-ray diffraction and a representation of

the molecule is shown in Figure 1 with selected metrical parameters given in the caption. The
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molecular structure shows the metal in a typical slightly distorted-square planar configuration. The C1-
Co1-Cl1 angle deviates slight from linearity being 176.80(7)°. The P(1)-Co1-P2 angle is 165.92(3)°.

HN/©\NH

PtBUz PtBUz H PBu
1a S 2
CoCl, > Q—Co cl
THF, reflux, 24h 7/
HN-PtBu,
2a

Scheme 2 Synthesis of complex [Co(PCP-tBu)CI] (2a)

is shown in Figure 1 with selected metrical parameters given in the caption. The molecular structure
shows the metal in a typical slightly distorted-square planar configuration. The C1-Co1-CI1 angle
deviates slight from linearity being 176.80(7)°. The P(1)-Co1-P2 angle is 165.92(3)°.

Figure 1. Structural view of [Co(PCP-tBu)CI] (2a) showing 50% thermal ellipsoids (H atoms omitted for
clarity). Selected bond lengths (A) and bond angles (°): Co1-Cl1 2.260(1), Co1-P1 2.2209(7), Co1-P2
2.2343(7), Co1-C1 1.935(2), Cl1-Co1-P1 96.67(3), Cl1-Co1-P2 97.12(3), CI1 Co1-C1 176.80(7), P1-
Co1-P2 165.92(3), P1-Co1-C1 82.90(7), P2-Co1-C1 83.48(7).

In this section, our aim is to improve the yield for the formation of type of cobalt pincer complex 2a and
we therefore designed the ligand 1b (Scheme 3) starting from the N1,N3-dimethylbenzene-1,3—diamine
as ligand precursor, a procedure similar to that employed to prepare the PCP ligands (Scheme 2,
Chapter 1). In other hand the preparation of 1c ligand was not succeded via nucleophilic substitution

because of bulkyness of di-tert-butylphosphine chloride reagent.

26



Chapter 2
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Ligand precursor 1b (R = iPr)

1c (R = tBu), not formed

Scheme 3 Synthesis of complex (PCPMe-iPr) (1b)

And the treatment of anhydrous CoCl, or [NiCl,(DME)] (DME = 1,2-dimethoxyethane) with the ligand
PCP"®-iPr (1b) in the presence of nBuLi in THF affords the 15e and 16e complexes [Co(PCP"*-iPr)ClI]
(2b) and [Ni(PCPM*-iPr)CI] (3) in 96 and 97% isolated yields, respectively (Scheme 4). The Co(ll)
complex displays large paramagnetic shifted and very broad 'H NMR signals and were thus not very

informative. "*C{'H} and *'P{"H} NMR could not be detected at all. The magnetic moment

>y

PiPry Li* PiPr, AN , N—P/Pr,
N——PJPr
CoCl, [Mb]Li ~ 2 \ \\\“‘CI
or > /M_C| M
NiCl,(DME) P /

e 2 N—PiPr,

2bM=Co, S=1/2
3 |V|=Ni,S=0 M=CO,S=3/2

not observed

Scheme 4 Synthesis of complexes [Co(PCPMe-iPr)CI] (2b) and [Ni(PCPMe-iPr)CI] (3)

of per = 2.3(1)ug was derived from the temperature dependence of the inverse molar magnetic
susceptibility, which is well described by a Curie law above 10 K (one unpaired electron). This value is
higher than the one expected for the spin-only approximation and is explained by a spin orbit coupling
contribution, being consistent with a low-spin square planar complex.20 DFT calculations?' reveal that
the corresponding high-spin Co(ll) complex with S = 3/2, which adopts a pseudo-tetrahedral geometry,
is 19.5 kcal/mol less stable®® than the square planar low-spin state with S = %2 and was not observed
experimentally (Figure 2). Solution equilibria between square planar low-spin and tetrahedral high-spin
species, which are also accompanied by color changes, were observed for the related Co(ll) pincer-
type complexes [Co(PNP)CI], where PNP are anionic disilylamido PNP ligands [N(SiMe,CH,PPh,),]
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Figure 2. Optimized B3LYP geometries of the low-spin (left) and high-spin (right) isomers [Co(PCPMe—
iPr)CI] (2b). Hydrogen atoms are omitted for clarity.

and [N(SiMezCHgPtBuz)z]'.”’12d The Ni(ll) complex, as expected, is diamagnetic and was fully
characterized by NMR spectroscopy and elemental analysis.

The solid state structures of these complexes were determined by X-ray diffraction and
representations of the molecules are presented in Figures 3 and 4. Selected metrical parameters for
2b and 3 are given in Table 1 and in the figure captions, respectively. It has to be noted that
structurally characterized square planar complexes of Co(ll)-Cl are rare, generally requiring strong-
field Iigands.me The molecular structures of all these compounds show the metal in a typical slightly
distorted-square planar conformation with the PCP ligands coordinated to the metal center in a
tridentate meridional mode. In both complexes the C1-metal-Cl1 angles deviate slight from linearity
being 171.40(9)° and 175.30(7)°, respectively. The P(1)-M-P2 angles are 167.00(3) and 159.06(1)°,

respectively.

Figure 3. Structural view of [Co(PCPMe—iPr)CI] (2b) showing 50% thermal ellipsoids (H atoms and a

second independent complex omitted for clarity).
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Figure 4. Structural view of [Ni(PCP"°-iPr)CI] (4) showing 50% thermal ellipsoids (H atoms and three
other independent complexes omitted for clarity). Selected bond lengths (A) and bond angles (°): Ni1-
P1 2.1811(5), Ni1-P2 2.1800(5), Ni1-C1 1.915(2), Ni1-Cl1 1.785(2), P1-Ni1-P2 165.79(2), C1-Ni1-CI1
175.30(7).

co
N—|—F>/F>r2

Cgsco
: /

N-P/Pr,
yd 8

KCg/COT

_ R CuCl_
QM.

N PiPr, N P/Prz

N
P/Pr2 N—|—\P/Pr2

06§C|

N-PiPr, 4 (L=CO)

- 5(L = py)

l AgSbFg/CO

Scheme 5 Synthesis of Co(l), Co(ll), and Co(lll) PCP complexes based on [Co(PCPMe-iPr)CI] (2b)

Complex 2b reacts readily with the simple ligands CO and pyridine to afford the five-
coordinate square-pyramidal 17e complexes [Co(PCP"®-iPr)(CO)CI] (4) and [Co(PCP"°-iPr)(py)CI] (5)
in 94 and 95% isolated yields (Scheme 5). These complexes are paramagnetic and 'H NMR spectra
gave rise to broad and featureless signals and were not very informative. "°*C{'H} and *'P{'"H} NMR
signals could again not be detected at all. The magnetic properties of 4 and 5 were studied by SQUID

magnetometry. The cobalt effective magnetic moments extracted from a Curie law fitting to inverse
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molar susceptibility data were 2.0(1) and 2.4(1)us, respectively, consistent with a low-spin d’ center
(one unpaired electron) again with some degree of second-order spin orbit coupling. Moreover, the
CO ligand in 4 gives rise to a strong absorption at 1948 cm™ indicating strong n-back-bonding from the
metal center (cf 2143 cm™ in free CO). This is also in accordance with the fact that the CO ligand is not
removable under vacuum at 25°C within several days. Complex 3, on the other hand, does not react
with CO or pyridine to give five-coordinate 18e complexes but maintains its square planar geometry.
The solid state structures of 4 and 5 were determined by single-crystal X-ray diffraction.
Structural diagrams are depicted in Figures 5 and 6 with selected bond distances given in Table 1.
Both complexes exhibit a distorted square-pyramidal coordination with CO and py in the apical
position. The C-Co-Cl angles of 4 and 5 are 151.49(3) and 166.89(3)°, respectively, thus strongly
deviating from linearity. The P-Co-P angles are 159.06(1)and 158.44(1)°, respectively. A structural
feature of interest is that the apical CO ligand in 4 deviates significantly from linearity with a Co-C-O
angle of 170.0(1)°. The DFT calculated value is 172° clearly showing that this is not a packing but an
electronic effect. Similar structural peculiarities have been observed for square pyramidal Fe(0)
complexes of the type [Fe(PNP-tBu)(CO),] (PNP = di-tert-butylphosphinomethyl)pyridine) where this
issue has been discussed in detail.”® The bending of the apical CO ligand in 4 may be also
rationalized by the theoretical investigations of Hoffmann on five-coordinate metal nitrosyl

complexes.*

(a) (b)
Figure 5. (a) Structural view of [Co(PCPMe—iPr)(CO)CI] (4) showing 50% thermal ellipsoids (H atoms

omitted for clarity). (b) Inner part of 4 showing the square pyramidal structure as well as the significant

bending of the apical CO ligand.
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Figure 6. Structural view of [Co(PCPMe—iPr)(py)CI] (5) showing 50% thermal ellipsoids (H atoms

omitted for clarity).

The electronic structures of complexes 2b and 4 was evaluated by DFT calculations. Representations
of the frontier molecular orbitals and spin density plots are presented in Figure 7. The electronic
structures correspond to low spin Co(ll) complexes with the SOMO centered in the d,2 orbital of the
metal. The spin density plots confirm this view of the electronic structure with practically all the
unpaired spin located on the cobalt center. There is an important participation of the PCP ligand in the
second occupied molecular orbital of each complex, but no significant unpaired spin density is

observed in the ligands.

(a)

(b)

Figure 7. (a) DFT-computed frontier orbitals (d-splitting) and (b) spin density for [Co(PCP"*-iPr)CI] (2)
(left) and for [Co(PCPM-iPr)(CO)CI] (4) (right).

Under a CO atmosphere in the presence of 1 equiv of AgSbF¢ complex 2b reacts readily to
give the cationic dicarbonyl complex [Co(PCP'\"e—iPr)(CO)z]+ (6) in 93% yield (Scheme 5). This complex
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exhibits an effective magnetic moment of 1.9(1)ug in agreement with a d’ low-spin electron
configuration. Complex 6 exhibits two bands at 2013 and 2046 cm™ in the IR spectrum for the mutually
cis CO ligands assignable to the symmetric and asymmetric CO stretching frequencies, respectively.
Moreover, complex 6 was also investigated by means of ESI-MS in the positive ion mode in a CH;CN
solution. Under so called “soft ionization” conditions, only one signal was observed at m/z 454.2 which
corresponds to the mono CO fragment [Co(PCP'\"e—iPr)(CO)]+ [M-COJ". This clearly suggests that one
CO ligand in 6 is labile. An X-ray structure of 6 is shown in Figure 8 with selected bond distances and
angles provided in Table 1. In contrast to complexes 4 and 5, the overall geometry of 6 about the
cobalt center is better described as distorted trigonal bipyramidal. The two carbonyl ligands and the
benzene carbon C1 define the equatorial plane with bond angles of 93.3(1), 143.6(1), and 123.0(1)°
for C21-Co1-C22, C1-Co1-C21, C1-Co1-C22, respectively. A significant distortion is also observed in
the axial phosphine ligands where the P1-Co1-P2 bond angle of 162.32(2)° is contracted toward the
benzene ring. The CO ligands exhibit some bending with Co1-C21-O1 and Co1-C22-0O2 angles of
176.6(3) and 176.7(2)°, respectively, and is thus not as pronounced as in complex 4 where the Co1-
C21-0O1 angle is only 170.0(1)°.

Table 1. Selected Bond Distances (A) and Angles (Deg) for the Co(ll) PCP Complexes [Co(PCP™e-
iPr)CI] (2b), [Co(PCPMe-iPr)(CO)CI] (4), [Co(PCPMe-iPr)(py)Cl] (5), and [Co(PCP"*-iPr)(CO),]SbFs (6).
2b 4 5 6

Co1-C1 1.919(2)  1.950(1) 1.946(1)  1.953(2)
Co1-P1 2.192(1)  2.2066(4)  2.2206(3) 2.2270(6)
Co1-P2 2.184(1)  2.2134(4)  2.2057(4) 2.2154(6)
Co1-Cl1 2.234(1)  2.2743(4)  2.3103(4)

Co1-C21 1.800(1) 1.821(2)
Co1-C22 1.833(2)
Co1-N3 2.1417(8)

P1-Co1-P2 167.00(3) 159.06(1)  158.44(1) 162.32(2)
C1-Col-CI1  171.40(9) 151.49(3)  166.89(3)

Co1-C21-01 170.0(1) 176.6(3)
Co01-C22-02 176.7(2)
C1-Co1-N3 96.28(3)

C1-Co1-C21 143.62(8)
C1-Co1-C22 123.0(1)
C21-Co1-C22 93.3(1)

The metal-ligand bond lengths are generally sensitive to spin state. With respect to low-spin
Co(ll), a typical Co(ll)-C(sp?) bond distance is 1.994(3) A as in the low-spin square planar cobalt(ll)
aryl complex [Co(PEt,Ph),(mesityl),].%° In complexes 2b, 4, 5, and 6 the Co-C(sp?) distances are in the
range of 1.919 to 1.953 A. Typical low-spin Co(ll)-P bond distances are 2.2127(8) and 2.2162(8) A
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such as in [Co(CHzPh){N(SiMeZCHzPth)z}].11 The Co(ll)-P bond distances of complexes 2b, 4, 5, and
6 are in range of 2.184 to 2.227 A. Accordingly, both Co-C and Co-P bond distances are fully

consistent with the low-spin nature of these complexes.

Figure 8. Structural view of [Co(PCPMe—iPr)(CO)z]SbFG (6) showing 50% thermal ellipsoids (H atoms

and SbFg counterion omitted for clarity).

Oxidation of 2b with CuCl, cleanly affords the paramagnetic five coordinate Co(lll) PCP
complex [Co(PCPY°-iPr)Cl,] (7) in 93% isolated yield (Scheme 5). The solution magnetic moment of

)26 is consistent with a d°® intermediate spin system, corresponding to two

3.1us (Evans method
unpaired electrons, and is within the observed range of other five-coordinate Co(lll) complexes
known."" This complex displays a large paramagnetic shifted 'H NMR spectrum. At room temperature
the line widths are relatively narrow in this particular case and, thus, some ligand resonances could be
assigned on the basis of integration. ">C{'H} and *'"P{'"H} NMR signals could not be detected at all. A
structural view of this complex is shown in Figure 9 with selected bond distances and angles reported
in the caption. The molecular structure shows the metal in a distorted-square pyramidal conformation
which is not uncommon for five-coordinate Co(lll) complexes."’

Treatment of 7 with AgSbFg in CH3;CN affords, on workup, the diamagnetic tris-acetonitrile
complex [Co(PCPM°-jPr)(CH3CN)s](SbFs). (9) (Scheme 6). This complex was characterized by a

combination of elemental analysis and 'H, "*C{'H}, and *'P{"H} NMR spectroscopy.

Cl NCCH,
2+
N— :\PlPrz AgSbFs N— T\\\P/Prz
Co —_— Co——NCCHj,4
7/ Cl cHeN /
N-PiPr; N—PiPry
/s ; 7 NCCHj
9

Scheme 6 Synthesis of [Co(PCP"°-/Pr)(CH;CN);]** (9)
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Figure 9. Structural view of [Co(PCP®-iPr)Cl,] (7) showing 50% thermal ellipsoids (H atoms omitted
for clarity). Selected bond lengths (A) and bond angles (°): Co1-P1 2.2549(4), Co1-P2 2.2602(4), Co1-
C1 1.937(1), Co1-Cl1 2.2635(4), Co1-Cl2 2.2918(3), P1-Co1-P2 161.16(1), C1-Co1-CI1 148.87(3),
C1-Co1-ClI2 106.77(3), Cl1-Co1-ClI2 104.36(1).

The synthesis of the Co(l) complex [Co(PCPMe—iPr)(CO)z] (8) was achieved by stirring 2b in toluene
with stoichiometric amounts of the strong reducing agent KCg in the presence of carbon monoxide
(Scheme 5). This compound was obtained in 90% isolated yield as an air-sensitive but thermally
stable yellow solid. The identity of this complex was unequivocally established by 'H, *C{'H} and
*'P{"H} NMR, IR spectroscopy, and elemental analysis. Complex 8 exhibits two bands at 1906 and
1963 cm™ in the IR spectrum for the mutually cis CO ligands assignable to the symmetric and
asymmetric CO stretching frequencies, respectively. For comparison, the IR spectrum of the related
Co(l) complex [Co(PCP-Ph)(CO),]"® (PCP-Ph = 1,3-bis(diphenylphosphinomethyl)benzene) shows two
bands at 1929 and 1982 cm™ slightly shifted to higher wave numbers indicating that PCP-iPr is a
stronger donor than PCP-Ph. In the cationic Co(ll) complex [Co(PCP"®-iPr)(CO),]" (6) these bands
were found at 2013 and 2046 cm™. The shift of the CO bands to even higher wave numbers is
consistent with the more electron rich Co(l) center in 8. In the "*C{'"H} NMR spectrum the CO ligand
gives rise to a low-field resonance as poorly resolved triplet centered at 207.6 ppm. In the 31P{1H}
NMR spectrum a singlet at 170.7 ppm is observed.

The molecular structure of 8 was determined by X-ray crystallography. A structural view is
depicted in Figure 10 with selected bond distances and angles reported in the caption. This complex
adopts basically a distorted square-pyramidal geometry with C1-Co1-C21 and C1-Co1-C22 angles of
99.94(8) and 154.76(7)°, respectively. The P1-Co1-P1 angle is comparatively small being 147.69(2)°
(cf 167.0, 159.1, 158.4 and 162.3° in 2, 4, 5, and 6, respectively). In this case, in contrast to 4, the CO
ligands do not deviate significantly from linearity with Co1-C21-O1 and Co1-C22-O2 angles of
178.0(1) and 175.1(2)°, respectively. The structure of 8 is very different from the structure of the
related complex [Co(PCP-Ph)(CO)Z],10 which adopts a distorted trigonal bipyramidal geometry, with an
unusually small P-Co-P angle of 134.6(1)°.
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Figure 10. Structural view of [Co(PCPMe—iPr)(CO)z] (8) showing 50% thermal ellipsoids (H atoms and a
second independent complex omitted for clarity). Selected bond lengths (A) and bond angles (°): Co1-
P1 2.1710(5), Co1-P2 2.1740(5), Co1-C1 1.998(2), Co1-C21 1.799(2), Co1-C22 1.743(2), P1-Co1-P2
147.69(2), C1-Co1-C21 99.94(8), C1-Co1-C22 154.76(7), C21-Co1-C22 105.28(8), Co1-C21-O1
175.1(2), Co1-C22-02 178.0(1).

Finally, the cationic 16e Ni(ll) PCP complex [Ni(PCP"-iPr)(CO)]" (10) was obtained by
reacting complex 3 with 1 equiv of AgSbF; in the presence of CO (Scheme 7). The formation of a
dicarbonyl complex was not observed. Complex 10 is diamagnetic and has been characterized by a

combination of 'H, "*C{'H} and *'P{"H} NMR, IR spectroscopy, and elemental analysis. In the IR

1+ \ co 1+

AN
PlPr2 N——piPr, N—I—PiPr2
AgSbFg /CO 5
> N|—C0 i
/. / /

N PiPry N-PiPr; N-PiPr
7 2
10 -

not observed
Scheme 7 Synthesis of [Ni(PCP"°-iPr)(CO)]" (10)

spectrum an intense carbonyl band was observed at 2051 cm™. In the 13C{1H} NMR spectrum the CO
ligand gives rise to a low-field resonance triplet centered at 189.9 ppm with a coupling constant Jcp of
13.7 Hz. A singlet at 148.6 ppm is observed in the 31P{1H} NMR spectrum. In the full scan ESI-MS of
10 in the positive ion mode in CH3;CN only signals at m/z 453.2 and 425.2 were detected
corresponding to the intact complex [Ni(PCPYe-iPr)(CO)J* (10) [M]" and the fragment [Ni(PCP"®-iPr)]*
[M-COJ". This clearly shows that 10 is more labile than the corresponding cationic mono CO fragment
of Co(ll) viz [Co(PCP"®-iPr)(CO)]" where CO dissociation was not observed in the full scan ESI MS.
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Scheme 8 Free energies (kcal/mol) calculated for the addition of CO to the 15e and 16e square planar
complexes [Co(PCPY-iPr)(CO)]" (n = +1, 0) and [Ni(PCP"-iPr)(CO)]".

The addition of CO to the 15e and 16e complexes [Co(PCPY®-iPr)(CO)]" (n = +1, 0) and to [Ni(PCP*-
iPr)(CO)]" was also studied by means of DFT calculations showing that the reaction is exergonic by
-6.4 and by -9.3 kcal/mol for the cationic and the neutral Co complexes, respectively, while it is
endergonic by 6.5 kcal/mol in the case of [Ni(PCP'\"e—iPr)(CO)]+ (10) (Scheme 8).27 This indicates that
four-coordinate Co complexes are able to add a fifth ligand forming either square pyramidal or trigonal
bipyramidal complexes, while Ni(ll) typically remains in the 16e configuration. This, of course, may
also have significant implications to catalysis with respect to substrate binding and activation.

The reactions of [Co(PCP"®-iPr)CI] (2b) with NaNH, and LiCH,CN did not afford the desired
complexes and only intractable materials were obtained (Scheme 9). Treatment of 2b complex with
methyl lithium or phenyllithium led to the formation of the four coordinate complexes [Co(PCP"°-
iPr)(Me)] and [Co(PCPMe-iPr)(Ph)], respectively. These two complexes are paramagnetic, very air
sensitive, and could not be isolated in pure form. Though, these complexes were able to form a single
crystal for the X-ray measurement but these crystals were superimposed in crystal structure where we

could also see the alkyl group (R = Me, Ph) with the cobalt centre (Scheme 10).

N——PiPr, N—PiPr, N—PiPr,
S LiCH,CN S NaNH, S
Co—CH,CN -—-—7-— Co Cl > Co—NH,
ot / /
—PiPr N—PiJPr. N—PiPr
e 2 7 2 e 2
not observed 2b not observed

Scheme 9 Reaction of [Co(PCPY-iPr)Cl] (2b) with NaNH, and LiCH,CN
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not isolated in pure
form

Scheme 10 Synthesis of cobalt alkyl and aryl pincer complexes [Co(PCPMe—iPr)(R)] (R = Me, Ph)
2.3 Conclusion

We have shown here that a PCP pincer ligand based on 1,3-diaminobenzene acts as versatile
supporting scaffold in cobalt chemistry. The PCP moiety provides access to a range of Co complexes
in formal oxidation states +I, +II, and +Il by utilizing the 15e square planar d’ complex [Co(PCPMe-
iPr)CI] (2b) as synthetic precursor. In contrast to the analogous Ni(ll) complex [Ni(PCP"°-iPr)CI] (3),
2b is able to form stable pentacoordinate square pyramidal or trigonal bipyramidal 17e complexes. For
instance, 2b readily adds CO and pyridine to afford the five-coordinate square-pyramidal complexes
[Co(PCPY-iPr)(CO)CI] (4) and [Co(PCPY-iPr)(py)Cl] (5), respectively, while in the presence of Ag*
and CO the cationic bipyramidal complex [Co(PCP"°-iPr)(CO),]" (6) is formed. The effective magnetic
moments L Of all Co(ll) complexes derived from the temperature dependence of the inverse molar
magnetic susceptibility by SQUID measurements are in the range of 1.9 to 2.4ug. This is consistent
with a d’ low spin configuration with a contribution from the second-order spin orbit coupling. Oxidation
of 2 with CuCl, yields the Co(lll) PCP complex [Co(PCP“-iPr)Cl,] (7), while the synthesis of the Co(l)
complex [Co(PCP"°-iPr)(CO),] (8) was achieved by reducing 2b with KCs in the presence of CO.
Complex 7 exhibits a solution magnetic moment of 3.1ug which is consistent with a d® intermediate
spin system. The tendency of Co(l), Co(ll) and Ni(ll) PCP complexes of the type [M(PCP"-iPr)(CO)]"
(n = +1, 0) to add CO was investigated by DFT calculations showing that the Co species readily form
the five-coordinate complexes 6 and 8 which are thermodynamically favorable, while Ni(ll) maintains
the 16e configuration since CO addition is thermodynamically unfavorable in this case. X-ray
structures of most complexes are provided and discussed. A structural feature of interest is that the
CO ligand in 4 deviates significantly from linearity with a Co-C-O angle of 170.0(1)°. The DFT

calculated value is 172° clearly showing that this is not a packing but an electronic effect.

2.4 Experimental Section

All manipulations were performed under an inert atmosphere of argon by using Schlenk
techniques or in a MBraun inert-gas glovebox. The solvents were purified according to standard
procedures.28 The deuterated solvents were purchased from Aldrich and dried over 4 A molecular

sieves. [NiClg(DME)]29 and potassium graphite (KCg)30 were prepared according to the literature. 'H,
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3¢{'H}, and *'P{"H} NMR spectra were recorded on Bruker AVANCE-250 and AVANCE-300 DPX
spectrometers. 'H and 13C{1H} NMR spectra were referenced internally to residual protio-solvent, and
solvent resonances, respectively, and are reported relative to tetramethylsilane (& = 0 ppm). 31P{1H}
NMR spectra were referenced externally to H3PO, (85%) (6 = 0 ppm.

Magnetization measurements as a function of temperature were performed on powder samples
using a SQUID magnetometer (Quantum Design MPMS). The curves were obtained at 0.1 T for
temperatures ranging from 5 to 300 K. The susceptibilities values were corrected for diamagnetism of
the constituent atoms using Pascal constants.

All mass spectrometric measurements were performed on an Esquire 30007 3D-quadrupole
ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive-ion mode electrospray
ionization (ESI-MS). Mass calibration was done with a commercial mixture of perfluorinated trialkyl-
triazines (ES Tuning Mix, Agilent Technologies, Santa Clara, CA, USA). All analytes were dissolved in
MeOH “Lichrosolv” quality (Merck, Darmstadt, Germany) to a concentration of roughly 1 mg/mL. Direct
infusion experiments were carried out using a Cole Parmer model 74900 syringe pump (Cole Parmer
Instruments, Vernon Hills, IL, USA) at a flow rate of 2 pl/min. Full scan MS-scans were measured in
the range m/z 100-1000 with the target mass set to m/z 800. Further experimental conditions include:
drying gas temperature: 150°C; capillary voltage: -4 kV; skimmer voltage: 40 V; octapole and lens
voltages: according to the target mass set. Helium was used as buffer gas for full scans. All mass
calculations are based on the lowest mass cobalt and nickel isotopes (*Co and **Ni-isotope). Mass
spectra were averaged during data acquisition time of 1 to 2 min and one analytical scan consisted of
five successive micro scans resulting in 50 and 100 analytical scans, respectively, for the final mass
spectrum.

N,N'-bis(di-iso-propylphosphino)-N,N’-dimethyl-1,3-diaminobenzene (PCP'V'e-iPr) (1b). A
suspension of N,N'-dimethyl-1,3-benzenediamine (4.9 g, 36.1 mmol) in THF (250 mL) was cooled to -
78°C and nBuLi (73.98 mmol, 29.6 mL of a 2.5 M solution in hexane) was added in a dropwise
fashion. The mixture was allowed to reach room temperature and stirred for additional 3h. Upon
cooling to 0°C PiPr,Cl (72.18 mmol, 10.97 mL) was added slowly via a syringe and the reaction
mixture was allowed to reach room temperature and stirred for 20 h. After that, the solvent was
removed under reduced pressure and the crude product was dissolved in toluene (150 mL) and stirred
well at 60°C for 20 min. A precipitate of lithium chloride was removed by filtration, the solvent was
evaporated, and the oily residue dried under vacuum. Colorless crystals of the pure product were
obtain from a saturated acetonitrile solution after cooling to -30°C for 24 hours. Yield: 12.5 g (94%).
Anal. Calcd. for CyoH3gN,P, (368.49): C, 65.19; H, 10.39; N, 7.60. Found: C, 65.01; H, 10.45; N, 7.68.
'H NMR (5, CDCls, 20 °C): 7.09 (t, *Juu= 2.5 Hz, 1H, Ph), 7.06 (d, *Jyp = 7.5 Hz, 1H, Ph), 6.71 (dt,
= 2.4 Hz, *Jyp= 8.2 Hz, 2H, Ph), 2.97 (d, *Juyp= 1.5 Hz, 6H, NCH3), 2.01-2.13 (m, 4H, CH), 1.00-
1.17 (m, 24H, CHs). *C{"H} NMR (3, CDCls, 20 °C): 153.2 (d, 2Jcp= 19.5 Hz, Ph), 128.1 (py), 107.4 (d,
*Jep= 16.6 Hz, Ph), 105.3 (vt, *Jcp= 16.1 Hz, Ph), 34.6 (d, °Jcp= 7.5 Hz, NCH3), 26.6 (d, 'Jcp= 16.0 Hz,
CH), 19.4 (m, CHs3). *'P{'H} NMR (5, CDCl,, 20 °C): 71.1.

[Co(PCP-tBu)CI] (2a). A suspension of N,N'-bis(di-tert-butylphosphino)-1,3-diaminobenzene
(PCP-tBu) (1a) (300 mg, 0.758 mmol) and anhydrous CoCl, (104 mg, 0.796 mmol) in THF (40mL) was
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refluxed for 24h. After that the solvent was removed under vacuum. The resulting crude product was
dissolved in toluene, insoluble materials were removed by filtration, and the solvent was evaporated
under vacuum to afford 2a as an orange solid. Yield: 118 mg (32%). Anal. Calcd. for Co;H,;1CICON,P,
(489.91): C, 53.94; H, 8.44; N, 5.72. Found: C, 53.89; H, 8.51; N, 5.78. pet = 1.81(1) pg (CH.Cl,,
Evans method).

[Co(PCP'V'e-iPr)CI] (2b). A suspension of 1b (1.0 g, 2.72 mmol) in THF (10 mL) was cooled to
-78°C and n-BuLi (2.86 mmol, 1.14 mL of a 2.5 M solution in n-hexane) was slowly added in a
dropwise fashion and the mixture was then allowed to reach room temperature and stirred for 2h. After
that, 1.1 equivs of anhydrous CoCl, (390 mg, 2.99 mmol) were added whereupon the solution rapidly
turned to deep red. After the mixture was stirred for 24h and the solvent was removed under vacuum.
The resulting crude product was redissolved in CH,Cl,, insoluble materials were removed by filtration,
and the solvent was evaporated under vacuum to afford the product as red solid. Yield: 1.2 g (96%).
Anal. Calcd. for CyH3,;CICoN,P, (461.86): C, 52.01; H, 8.08; N, 6.07. Found: C, 52.15; H, 8.14; N,
6.15. perr = 2.3(1)ua.

[Ni(PCP"-iPr)CI] (3). This complex was prepared in analogous fashion to 2b with NiCl,(DME)
(327 mg, 1.50 mmol), 1b (500mg, 1.36 mmol), and n-BuLi (1.43 mmol, 571 pL of a 2.5 M solution in n-
hexane). Yield: 97% (610 mg). Anal. Calcd. for C,qH3,CIN,NiP, (461.62): C, 52.04; H, 8.08; N, 6.07.
Found: C, 51.91; H, 8.13; N, 6.13. "H NMR (5, CD,Cl,, 20°C): 6.91 (t, *Jy= 8.4 Hz,1H, Ph), 5.86 (d,
*Ju = 7.9 Hz, 2H, Ph), 2.87 (vt, *Jup= 2.5 Hz, 6H, NCHs), 2.46-2.60 (m, 4H, CH), 1.37-1.46 (dd, *Ji=
7.5 Hz, %Jyp= 15 Hz, 12H, CHs), 1.25-1.33 (dd, *Juy= 7.5 Hz, *Jup= 15 Hz, 12H, CH,). *C{"H} NMR (5,
CD,Cly, 20°C): 161.6 (t, 2Jcp= 16.8 Hz, Ph), 126.9 (Ph), 120.9 (vt, >Jep= 19.8 Hz, Ph), 100.4 (vt, *Jop=
5.9 Hz, Ph), 31.9 (s, NMe), 25.4 (t, "Jep= 11.1 Hz, CH), 17.8 (CHs). *'P{"H} NMR (5,CD,Cl,, 20°C):
120.4.

[Co(PCPY-iPr)(CO)CI] (4). A suspension of 2b (200 mg, 0.43 mmol) in toluene was stirred
und a CO atmosphere and the solution immediately turned from red to brown. After removal of the
solvent under vacuum complex 4 was obtained as a brown solid. Yield: 94% (200 mg). Anal. Calcd. for
C21H3,CICoN,OP, (489.87): C, 51.49; H, 7.61; N, 5.72. Found: C, 51.65; H, 7.69; N, 5.65. pex =
2.0(1)ps. IR (ATR, cm™): 1948 (vco).

[Co(PCPM"-iPr)(py)CI] (5). To a suspension of 2b (200 mg, 0.43 mmol) in toluene (5 mL)
excess of pyridine (0.5 mL) was added and stirred for 2h. After removal of the solvent under reduced
pressure, complex 5 was obtained in analytically pure form as a yellow solid. Yield: 222 mg (95%).
Anal. Calcd. for Co5H4,CICON3P, (540.96): C, 55.51; H, 7.83; N, 7.77. Found: C, 55.66; H, 7.79; N,
7.82. et = 2.4(1)pg.

[Co(PCP"-iPr)(CO),]SbFs (6). A suspension of 2b (100 mg, 0.216 mmol) in CH,Cl, was
treated with AgSbFg (75 mg, 0.217 mmol) under a CO atmosphere and stirred for 1h. After that, the
solution was filtered through Celite, and the solvent was removed under reduced pressure to afford a
blue-green solid. Yield: 147 mg (93%). Anal. Calcd. for Cy,H3;CoFgN,O,P,Sb (717.18): C, 36.79; H,
5.19; N, 3.90. Found: C, 36.85; H, 5.23; N, 3.88. IR (ATR, cm™): 2013 (vco), 2046 (vco). perr = 1.9(1)us.
ESI-MS (m/z, CH5CN) positive ion: 454.2 [M-COJ".
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[Co(PCPme-iPr)Clz] (7). A suspension of 2b (200 mg, 0.43 mmol) in THF was reacted with
CuCl, (64 mg, 0.47 mmol) and stirred for 30 min. After that, the solvent was evaporated and CH,Cl,
was added and stirred for 15 min. After that, the solution was filtered through Celite, and the solvent
was removed under reduced pressure to afford a green solid. Yield: 93% (200 mg). Anal. Calcd. for
CooH37Cl,CoN,P, (497.31): C, 48.30; H, 7.50; N, 5.63. Found: C, 48.35; H, 7.49; N, 5.67. "HNMR (3,
CgDs, 20°C): 37.22 (br, 1H), 29.63 (br, 2H), 3.63 (br, 6H), 0.31-2.35 (br, 22H), -6.37 (br, 6H). pe =
3.1ug (CH,CI,, Evans method).

[Co(PCP""e-iPr)(CO)z] (8). A suspension of 2b (100 mg, 0.23 mmol) in toluene was treated
with 1.1 equivs of freshly prepared KCg under a CO atmosphere and was stirred for 30 min. After that,
the product was filtered through Celite, the solvent was removed under vacuum and an analytically
pure yellow solid was obtained. Yield: 90% (100 mg). Anal. Calcd. for CxH3;CoN,O,P, (482.43): C,
54.77; H, 7.73; N, 5.81. Found: C, 54.75; H, 7.79; N, 5.72. '"HNMR (8, C¢Dg, 20°C): 7.19 (t, *Jun= 9.2
Hz, 1H, Ph), 6.17 (d, *Juu= 7.5 Hz, 2H, Ph), 2.61 (s, 6H, NCHj), 2.11-2.26 (m, 4H, CH), 1.27 (dd, *Jis=
7.5 Hz, *Jpp= 17.5 Hz, 12H, CHs), 1.09 (dd, U= 7.5 Hz, *Jyp= 12.5 Hz, 12H, CHs). *C{'H} NMR (5,
CeDs, 20°C): 207.6 (br, CO), 157.3 (t, “Jop = 15.0 Hz, Ph), 129.0 (Ph), 124.3 (Ph), 100.6 (vt, *Jcp = 5.9
Hz, Ph), 31.9 (NCH3), 31.4 (vt , "Jep= 11.8 Hz, CH), 18.2 (d, *Jcp= 10.6 Hz, CHj), the Ci,, carbon
atom was not detected. *'P{'"H} NMR (8, C¢Dg, 20°C): 170.6. IR (ATR, cm™"): 1906 (vco), 1963 (vco).

[Co(PCPme-iPr)(CchN)?,](SbFs)z (9). A suspension of 8 (200 mg, 0.43 mmol) in CH;CN (5
mL) was treated with AgSbF¢ (274 mg, 0.80 mmol) and the mixture was stirred for 30 min. After that,
the solvent was evaporated and the crude product redissolved in CH,Cl,. Insoluble materials were
removed by filtration and upon removal of the solvent a brown solid was obtained. Yield: 265 mg
(93%). Anal. Calcd. for CosH4eCoF1,N5sP2Sh, (1021.07): C, 30.58; H, 4.54; N, 6.86. Found: C, 30.65; H,
4.69; N, 6.52. 'HNMR (8, CD,Cl,, 20°C): 7.18 (t, *Jun= 15.0 Hz, 1H, Ph), 6.29 (d, *Jis = 10.0 Hz, 1H,
Ph), 3.18 (s, 6H, NCH3), 2.90-3.07 (m, 4H, CH), 2.59 (s, 3H, CH3:CN), 2.27 (s, 6H, CH;CN), 1.38-1.51
(m, 24H, CHs). "*C{"H} NMR (5, CD,Cl,, 20°C): 158.2 (t, °Jcp= 11.6 Hz, Ph), 135.3 (CN), 131.5 (CN),
129.0 (Ph), 111.5 (d, °Jep= 5.6 Hz, Ph), 104.8 (d, *Jcp= 3.9 Hz, Ph), 34.1 (NCH3), 28.4 (CH), 18.7
(CH3), 17.8 (CH3), 5.4 (CH3CN), 3.4 (CHCN). *'P{"H} NMR (5, CD,Cl,, 20°C): 133.2.

[Ni(PCPM"-iPr)(CO)]SbFe (10). A suspension of 3 (100 mg, 0.217 mmol) in CH,Cl, was
treated with AgSbFg (89 mg, 0.26 mmol) under a CO atmosphere and stirred for 2h. After that, the
solution was filtered through Celite, and the solvent was removed under reduced pressure to afford
yellow solid. Yield: 130 mg (87%). Anal. Calcd. for C,1H3;NiFgN,OP,Sb (689.93): C, 36.56; H, 5.41; N,
4.06. Found: C, 36.45; H, 5.40; N, 3.96. "H NMR (5, CD,Cl,, 20°C): 7.21 (t, *Juy= 8.7 Hz, 1H, Ph), 6.18
(d, °Ju= 8.4, 2H, Ph), 2.81 (vt, *Jyp= 2.5 Hz, 6H, NCH;), 2.69-2.85 (m, 4H, CH), 1.24-1.43 (m, 24H,
CHs). *C{"H} NMR (5, CD,Cl,, 20°C): 189.9 (t, 2Jcp = 13.7 Hz, CO), 161.9 (t, >Jcp= 14.0 Hz, Ph), 133.0
(s, Ph), 102.7 (t, 2Jcp= 6.6 Hz, *Ph), 32.4 (NCHj), 28.1 (vt, 'Jcp= 14.0 Hz, CH), 18.5 (CH3), 18.0 (s,
CHj), the Cips, carbon atom was not detected. *'P{'H} NMR (8, CD,Cl,, 20°C): 148.6. IR (ATR, cm™):
2051 (vco). ESI-MS (m/z, CH5CN) positive ion: 453.2 [M]", 425.2 [M-CO]".

X-ray Structure Determination. X-ray diffraction data for 2a, 2b, 3, 4, 5, 6, 7 and 10 were
collected at T = 100 K on a Bruker Kappa APEX-2 CCD diffractometer with an Oxford Cryosystems
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cooler using graphite-monochromatized Mo-Ko. radiation (L = 0.71073 A). For 8 a Bruker SMART
APEX three-circle diffractometer was used instead. Redundant data sets were collected in ¢- and w-
scan modes (8: only w-scans) covering the whole reciprocal sphere. Automatic lattice parameter
determination failed for 2b. Inspection of the reflection data revealed the existence of two domains,
which were separated using the RLATT tool of the Apex2 software suite.*’ The reflections of both
domains could be assigned to two isometric monoclinic cells, related by a reflection at (100). Data of
all crystals were reduced to intensity values with SAINT and an absorption correction was applied with
the multi-scan approach implemented in SADABS (2: TWINABS).30 The structures were solved by
charge flipping using SUPERFLIP* and refined against F with JANA2006.% Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms were placed at calculated
positions and refined as riding on the parent C atom. Since 2b crystallizes in the non-centrosymmetric
space group Pc, it was refined as four domains with the twin-volume fractions of three domains as
refineable parameter. The crystal was composed of two domains related by reflection at (100),
whereas contributions of the inverted domains are negligible (Flack parameter 0.038(6)). In 5
significant albeit smeared out electron density was observed in channels of the structure around the
three-fold rotoinversion axes. Attempts to model disordered pentane solvent molecules were
unsuccessful and therefore the contribution of this electron cloud (65 e per channel and unit-cell,
slightly less than one pentane molecule, 72 e) to the intensity data was removed using the SQUEEZE
routine of PLATON.>* Molecular graphics were generated with program MERCURY.® Crystal data and

experimental details are given in Table S1 S2 and S3.
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Table S1. Details for the crystal structure determinations of [Co(PCP-{Bu)CI] 2a

Chapter 2

2a
formula C22H41CICoN2P;
fw 489.9
cryst.size, mm 0.78 x 0.66 x 0.02
color, shape red plate

crystal system

orthorhombic

space group

Pna24 (no. 33)

a, A 22.7302(12)
b, A 7.994(2)

c, A 13.738(4)
qQ,° 90

B.° 90

v, ° 90

v, A 2496.2(9)
T.K 100

zz 4,1

Poac, g €M™ 1.3032

u, mm" (MoKa) 0.934
F(000) 1044
absorption corrections, Tmin-Tmax multi-scan, 0.49-0.98
6 range, deg 2.33-30.16
no. of rfins measd 50010

Rint 0.0714

no. of rfins unique 7334

no. of observed rflns 5460

no. of params / restraints 262/0

R (obs)?® 0.0359

R (all data) 0.0616

WR (obs) 0.0349

wR (all data) 0.0373
GooF 1.280
Diff.Four.peaks -0.31/0.35
min/max, eA’

Flack Parameter 0.030(11)
CCDC no. 1044983

* R=Z[IFoHFll / ZIFel, WR = Zw(|Fo| — |Fel) / ZwIFo|, GooF = {E[w(F," ~ Fo)1/ (n-p)}”
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Table S2. Details for the crystal structure determinations of compounds [Co(PCP“-iPr)Cl] (2b),

INi(PCPYe-iPr)CI] (3), [Co(PCP"®-iPr)(CO)CI] (4), and [Co(PCP"°-iPr)(py)CI] (5).

2b 3 4 5
formula C20H37CICoN2P; C20H37CIN2NiP, C21H37CICoN,OP, C25H42CICON3P,
fw 461.9 461.6 489.9 541.0
cryst.size, mm 0.63 x0.38 x0.30 0.44 x 0.34 x 0.03 0.67 x 0.53 x 0.20 0.76 x0.53 x0.12
color, shape dark red block yellow block dark red plate dark red trapezoidal
crystal system monoclinic monoclinic orthorhombic trigonal
space group Pc (no. 7) P2/c (no. 13) Pbca (no. 61) R-3
a, A 14.566(3) 37.370(3) 14.6089(13) 38.9446(13)
b, A 11.279(2) 8.0272(6) 17.1689(16) 38.9446(13)
c, A 14.640(3) 34.986(3) 19.2961(18) 9.6467(7)
aQ,° 90 90 90 90
B,° 105.829(5) 116.886(4) 90 90
Y, ° 90 90 90 120
N 2314.1(7) 9360.5(13) 4839.8(8) 12670.8(11)
T.K 100 100 100 100
z 4 16 8 18
Ocalc, g CM™ 1.3253 1.3098 1.3442 1.2757
u, mm™ (MoKa) 1.003 1.087 0.966 0.835
F(000) 980 3936 2072 5166
absorption corrections, | multi-scan, 0.64-0.74 | multi-scan, 0.51-0.81 multi-scan, 0.54-0.82 multi-scan, 0.59-0.90
6 range, deg 1.45-33.06 1.16-28.08 2.11-32.61 1.05-32.59
no. of rfins measd 81191 289067 272647 168931
Rint 0.0704 0.0459 0.0521 0.0378
no. of rfins unique 81161 22543 8823 10278
no. of rfins />30(/) 68052 18899 7050 8900
no. of params / 47210 937/0 253/0 289/0
R (1> 30(l) 0.0499 0.0629 0.0290 0.0270
R (all data) 0.0631 0.0766 0.0462 0.0334
wR (1> 30(/)) 0.0720 0.0770 0.0407 0.0428
WR (all data) 0.0743 0.0779 0.0424 0.0452
GooF 1.39 3.93 1.48 1.64
Diff.Four.peaks -0.52/0.69 -0.86/1.80 -0.31/0.44 -0.33/0.44

min/max, eA?

Twin operation

Reflection at (100)

Twin volume ratio

0.632:0.367(11)

Flack parameter

0.038(6)
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Table S3. Details for the crystal structure determinations of compounds [Co(PCP"°-iPr)(CO),]SbFs
(6), [Co(PCPY°-iPr)Cl,] (7), [Co(PCP"-iPr)(CO),] (8), and [Ni(PCP"-iPr)(CO)]SbF¢ (10).

6 7 8 10
formula C22H37COF6N202P28b CZOH37CIZCON2P2 C22H37C0N202P2 C21H37F6N2NiOPZSb
fw 718.2 497.3 482.4 689.9

cryst.size, mm

0.62x0.32x0.23

0.78 x0.63 x 0.44

0.60 x 0.30 x 0.25

0.63x0.29x0.11

color, shape dark blue rod dark green block translucent red / yellow plate
crystal system monoclinic orthorhombicPbca (no. triclinic monoclinic
space group P24/n (no. 14) Pbca (no. 61) P-1 (no. 2) P24/n (no. 14)
a, A 14.7515(15) 11.4194(8) 8.0970(5) 14.6254(12)
b, A 8.4907(9) 15.3929(11) 17.8216(11) 8.4029(7)

c, A 23.347(2) 26.9717(18) 17.9396(11) 23.161(2)
aQ,° 90 90 70.854(3) 90

B,° 104.923(3) 90 80.438(3) 105.928(2)
Y, ° 90 90 80.517(3) 90

N 2825.6(5) 4741.0(6) 2394.6(3) 2737.2(4)
T.K 100 100 100 100

z 4 8 4 4

Ocalc, g CM™ 1.6876 1.3930 1.3377 1.6737

u, mm™ (MoKa) 1.718 1.093 0.870 1.849
F(000) 1444 2096 1024 1392
absorption multi-scan, 0.52-0.67 | multi-scan, 0.44—-0.61 multi-scan, 0.74-0.81 multi-scan, 0.54-0.89
6 range, deg 1.48-32.62 2.34-32.66 2.35-32.54 1.49-32.65
no. of rfins measd 81348 284978 30437 59202

Rint 0.0316 0.0378 0.0242 0.0317

no. of rfins unique 10289 8651 15986 10006

no. of rfins /I>30(/) 9198 7707 13036 8336

no. of params / 330/0 24410 523/0 327/0

R (1> 30(l) 0.0307 0.0244 0.0398 0.0264

R (all data) 0.0357 0.0300 0.0496 0.0355

wR (1> 30(/)) 0.0464 0.0508 0.0489 0.0323

WR (all data) 0.0471 0.0525 0.0501 0.0332
GooF 2.70 1.46 2.00 1.70
Diff.Four.peaks -1.14 /112 -0.19/0.27 -0.72/1.63 -0.67 /1.26

min/max, eA?
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Computational Details. All calculations were performed using the GAUSSIAN 09 software
package® on the Phoenix Linux Cluster of the Vienna University of Technology. The optimized
geometries were obtained with spin unrestricted calculations, using the B3LYP functional.’” That
functional includes a mixture of Hartree-Fock>® exchange with DFT?' exchange-correlation, given by
Becke’s three parameter functional with the Lee, Yang and Parr correlation functional, which includes
both local and non-local terms.

The basis set used for the geometry optimizations (basis b1) consisted of the Stuttgart/Dresden
ECP (SDD) basis set™ to describe the electrons of Co and Ni, and a standard 6-31G(d,p) basis set*
for all other atoms. Frequency calculations were performed to confirm the nature of the stationary
points, yielding no imaginary frequency for the minima. The electronic energies (E,1) obtained at the
B3LYP/b1 level of theory were converted to free energy at 298.15 K and 1 atm (Gy4) by using zero
point energy and thermal energy corrections based on structural and vibration frequency data
calculated at the same level. The molecular orbitals presented in Figure 6a resulted from single point
restricted open shell calculations performed on the optimized structures.

Single point energy calculations were performed using the M06 functional and a standard 6-
311++G(d,p) basis set,*’ on the geometries optimized at the B3LYP/b1 level. The M06 functional is a
hybrid meta-GGA functional developed by Truhlar and Zhao,* and it was shown to perform very well
for transition metal systems, providing a good description of weak and long range interactions.*?
Solvent effects (benzene) were considered in the M06/6-311++G(d,p)//B3LYP/b1 energy calculations
using the Polarizable Continuum Model (PCM) initially devised by Tomasi and coworkers* with radii
and non-electrostatic terms of the SMD solvation model, developed by Truhler et al.*

") were derived from the electronic

The free energy values presented along the text (G,
energy values obtained at the M06/6-311G(d,p)//B3LYP/b1 level, including solvent effects (E,"""),
according to the following expression: Gp,™" = Ep,™™" + Gyt — Eyr. Three-dimensional representations

of the orbitals were obtained with the program Chemcraft.*°
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Synthesis, Structure, and Reactivity of Co(ll) and Ni(ll) PCP Pincer Borohydride

Complexes

The 15e square planar complexes [Co(PCP-tBu)CI] (1a) and [Co(PCPMe-iPr)CI] (1b), respectively,
react readily with NaBH, to afford complexes [Co(PCP-tBu)(n’-BH,)] (2a) and [Co(PCP“-iPr)(n’*
BH4)] (2b) in high yields as confirmed by IR spectroscopy, X-ray crystallography, and elemental
analysis. The borohydride ligand is symmetrically bound to the cobalt center in nz-fashion. These
compounds are paramagnetic with effective magnetic moments of 2.1(1) and 2.0(1)ug consistent with
ad’ low spin system corresponding to one unpaired electron. None of these complexes reacted with
CO, to give formate complexes. For structural and reactivity comparisons, we prepared the analogous
Ni(ll) borohydride complex [Ni(PCPMe—iPr)(nZ—BH4)] (4) via two different synthetic routes. One utilizes
[Ni(PCPMe—iPr)CI] (3) and NaBHj,, the second one makes use of the hydride complex [Ni(PCPMe—iPr)H]
(5) and BH5;-THF. In both cases, 4 is obtained in high yields. In contrast to 2a and 2b, the borohydride
ligand is asymmetrically bound to the nickel center but still in an n*-mode. [Ni(PCP"®-iPr)(n*-BH.)] (4)
loses readily BH; at elevated temperatures in the presence of NEt; to form 5. Complexes 4 and 5 are
both diamagnetic and were characterized by a combination of 'H, "*C{'H} and *'P{'H} NMR, IR
spectroscopy, and elemental analysis. Additionally, the structure of these compounds was established
by X-ray crystallography. Complexes 4 and 5 react with CO, to give the formate complex [Ni(PCPMe—
iPr)(OC(C=0)H] (6). The extrusion of BH; from [Co(PCP®-iPr)(n*BH,)] (2b) and [Ni(PCP"-iPr)(n*-
BH,)] (4) with the aid of NH; to yield the respective hydride complexes [Co(PCPMe-iPr)H] and
[Ni(PCPMe-iPr)H] (5) and BH3;NH; was investigated by DFT calculations showing that formation of the
Ni hydride is thermodynamically favorable, while the formation of the Co(ll) hydride, in agreement with
the experiment, is unfavorable. The electronic structures and the bonding of the borohydride ligand in
[Co(PCP-tBu)(n*BH,)] (2a) and [Co(PCP"-iPr)(n*BH,)] (2b) were established by DFT computations.
A very rare bidentate and tridentate ligand containing pincer complex [Co(PCP"®-iPr)(NO)(NO,)] (7)
synthesized by the reacting substrate 2b and NaNO,. The cobalt borohydride complex [Co(PCPMe-
iPr)(n*BH,)] (2b) is readily reacted with CO and tBuNC to produce the diamagnetic Co(l) complexes
[Co(PCPY°-iPr)(CO),] (8) and [Co(PCP""*-iPr)(CNtBu)] (9), respectively.

3.1 Introduction

Complexes containing the borohydride anion BH, are known for almost all transition metals and are
the focus of much research over the last decades.’ They exhibit an extensive and diverse coordination
chemistry where, in the case of mononuclear complexes, the BH, ligand is coordinated in n1, nz, or
ns-fashion featuring thus one, two, or three M-H-B bridges, respectively. Borohydride complexes are
useful starting materials for the preparation of organometallic compounds, in particular hydride and
dihydrogen complexes, and are active catalysts, for instance, in hydrogenation reactions.?3#267.89.1011
Moreover, since BH; and CH, are isoelectronic, it has been suggested that borohydrides can serve as

structural models for the activation of C-H bonds in saturated hydrocarbons.12’13
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We are currently focusing on the chemistry of cobalt PCP pincer complexes based on the 1,3-
diaminobenzene scaffold.” A few PCP pincer complexes featuring a direct cobalt-carbon single bond
were reported in the literature,”®'®""®' put none of these contain a borohydride ligand. It has to be
noted that, in general, cobalt borohydride complexes are very scarce. An overview of all complexes
known to date (A-F),2%2"#223242% mostly based on the Co(l) oxidation state, is depicted in Scheme 1.
The borohydride hapticity in A was inferred only on the basis of electronic spectroscopy comparisons
to [Co(PPh3)3:X] (X = CI, Br, I), while in the case of B-F, their molecular structures and thus the
bonding mode of the BH, ligands were unequivocally established by X-ray crystallography or neutron
diffraction. Noteworthy, the complex trans-[Co(H)(n*-BH.)(PCys),] (Cy = cyclohexyl) (C) is the only
known Co(ll) borohydride complex which adopts a d’ low-spin configuration. In the dinuclear complex
F, the mode of BH, coordination is unusual in that each BH,4 unit chelates to two adjacent Co atoms

as well as directly bridges these two Co atoms with a shared hydrogen.

PPhs o PPh, PCys
PhsP,, / 2 |
3 ’I'Co_._—-?—‘H P\éo/H\ \\H H_CO/H\ \\H
B B,
N P/ N, }3” VAN /\H/ \
3 l PPh, H CysP H
A Co(l) H B Co(l) C Co(ll)

H
m
/B'IIUH

thP\ /H | PPh;

D Co(l) E Co(l)

F Co(l)

Scheme 1

In this chapter we show on the synthesis and reactivity of low-spin cobalt PCP pincer
borohydride complexes in the oxidation state +Il. For comparison, the synthesis and reactivity of an
analogous low-spin Ni(ll) PCP borohydride complex is also reported. A combination of structural,
spectroscopic and computational methods is presented to address the bonding in these new

complexes.
3.2 Results and Discussion

The starting material for the present study, [Co(PCP-tBu)Cl] (1a)'* and [Co(PCP"®-iPr)Cl]
(1b)'** complexes were prepared via different synthetic methodology in each other (Scheme 2 and 4,
Chapter 2). Treatment of the 15e complexes [Co(PCP-tBu)Cl] (1a) and [Co(PCP"®-iPr)CI] (1b) with 2

equivs of NaBH, in THF/MeOH (1:1) for 5 min afforded the borohydride complexes [Co(PCP—tBu)(nZ—
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BH,)] (2a) and [Co(PCP"°-iPr)(n°*-BH,4)] (2b) in 91 and 94% isolated yields, respectively (Scheme 2).
These Co(ll) complexes display large paramagnetic shifted and very broad 'H NMR signals and were
thus not very informative. *C{'H} and *'P{"H} NMR spectra could not be detected at all. The solution®
magnetic moments of 2.0(1) and 2.1(1)us are consistent with a d’ low spin system corresponding to
one unpaired electron. This value is higher than the one expected for the spin-only approximation and
is explained by a spin orbit coupling contribution, being consistent with a low-spin square planar
complex.27 The nz-coordination mode of BH, ligand was first established by IR spectroscopy.
Attenuated total reflectance IR spectra of the solid samples of 2a and 2b show two strong bands in the
range of 2415-2312 cm™', which are attributed to terminal hydrogen-boron stretch vg-yy. The bridging

boron-hydrogen stretching bands vg_y, are very broad and located in the region 1975-1825 cm™.

R no reaction
R'\
N PR2 N_PRz
S NaBH g
Co—Cl N co—1 .
/7 THF/MeOH / \, _B
/N‘PR2 r.t, 10 min /N‘PR2 H \
Rl Rl
1aR=1Bu, R'=H 2aR={Bu,R'=H _

1b R = jPr, R'= Me 2bR = /Pr,R' = Me no reaction

Scheme 2 Synthesis of Co(ll) borohydride complexes [Co(PCP-tBu)(n*-BH,)] (2a) [Co(PCP"-iPr)(n*-
BH,)] (2b)

The solid state structures of 2a and 2b were determined by X-ray diffraction unequivocally establishing

the n’-bonding mode of the BH, ligand. Structural views are presented in Figures 1 and 2. Selected

Figure 1. Structural view of [Co(PCP-tBu)(nZ—BH4)] (2a) showing 50% thermal ellipsoids (most H
atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): Co1-C1 1.945(2), Co1-P1
2.2265(5), Co1-P2 2.2288(6), Co1---B1 2.157(3), Co1-H1B 1.66(3), Co1-H2B 1.78(3), P1-Co1-P2
165.24(2), P1-Co1-C1 82.72(6), P2-Co1-C1 82.93(6), C1-Co1-B1 174.0(1).
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Figure 2. (a) Structural view of [Co(PCPMe—iPr)(nZ—BH4)] (2b) showing 50% thermal ellipsoids (most H
atoms omitted for clarity). (b) Inner part of 2b showing the slightly asymmetric bonding of the BH,
ligand. Selected bond lengths (A) and bond angles (°): Co1-C1 1.933(1), Co1-P1 2.1752(5), Co1-P2
2.1860(5), Co1---B1 2.149(2), Co1-H1B 1.63(2), Co1-H2B 1.69(2). C1-Co1-B1 167.73(7), C1-Co1-P1
83.12(4), C1-Co1-P2 83.57(4), P1-Co1-P2 165.67(2).

metrical parameters are given in the captions. Comparisons with related cobalt, nickel, and iron
complexes are presented in Table 1. Cobalt borohydrides are rare and typically found for Co(l) rather
than Co(ll). In fact, there is as yet only one report of a Co(ll) borohydride complex, trans-
[Co(PCys)2(H)(n*-BH,)], which was also structurally characterized.? In 2a and 2b, cobalt is in a five-
fold coordination by one C, two P and two H atoms furnished by the n3P, C,P-bonded pincer ligand and
by the nz-bonded BH, anion. The coordination sphere of the cobalt can be described as a strongly
distorted square pyramid with P1, C1, P2, and H1B as the basal atoms and H2B as the apical atom. In
pentacoordinated systems, the actual geometry of the complex can be described by the structural
index parameter t = (B - a)/60, where  and a are the two largest angles (B > a). For an ideal square
pyramidal geometry t = 0, while for an ideal trigonal bipyramidal geometry t =1 28 According to this
®Neutron diffraction data, °cyclam = 1,4,8,11-tetraazacyclotetradecane, dTp* = hydrotris(3,5-
dimethylpyrazolyl)borate. BH, moiety is essentially symmetrically bound in nz-fashion, which is in
contrast to related Ni(ll) PCP complexes (vide infra). Moreover, the Co---B distances of 2.149(2) and
2.157(3)A are also consistent with this binding mode. One of the few known compounds is the closely
related terpyridine Co(l) complex [Co(terpy)(nz—BH4)], which displays Co-H, and Co---B distances of
1.71(1), 1.74(1), and 2.162 A, respectively.
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Table 1. Selected bond distances (A) for the Co(ll) and Ni(ll) PCP borohydride complexes 2a, 2b, 4

and comparisons with some related borohydride Co(l), Co(ll), Ni(l), Ni(ll), and Fe(ll) complexes.

®Neutron diffraction data, °cyclam = 1,4,8,11-tetraazacyclotetradecane, dTp* = hydrotris(3,5-

Metal  Spin state Compound M---B,A  M-H,, A Ref.

Co(ll) S=7% [Co(PCP-tBu)(n>-BH,)] (2a) 2.156(3) 1.78(3), 1.66(3) this work

Co(ll) S=% [Co(PCPMe-iPr)(nZ-BH4)] (2b) 2.149(2) 1.63(2), 1.69(2) this work

Co(l) S=1 [Co(ppp)(n*-BH,)] (B) 2.21(3) 1.6(2), 1.5(2) 21

Co(ll) S=% trans-[Co(PCys),(H)(n>-BH4)] (C)  2.14(1) 1.87(9), 1.80(8) 22

Co() S=0 [Co(terpy)(n®-BH,)] (D) 2.162 1.81(5), 1.80(5) 23
1.71(1), 1.74(1)°

Co(l) S=0 [Co(®“DBP)(n*-BH,)] (E) 2131(2)  1.66(2), 1.73(2) 24

Ni(ll) S=0 [Ni(PCPY°-iPr)(n*-BH,)] (4) 2.218(3)  1.70(3), 1.85(2) this work

Ni(ll) S=0 [Ni(POCOP-iPr)(n>-BH,)] 2214(3) 1.78(3),1.853) 5

Ni(ll) S=0 [Ni(POCOP-tBu)(n*BH,)] 2.187(5)  1.77(4), 1.87(4) 5

Ni(ll) S=0 [Ni(POCOP-CsHg)(n*-BH.)] 2.189(5) 1.78(5),1.87(5) 5

Ni(l) S=% [Ni(ppp)(n>-BH.)] 2.24 1.59(5), 1.83(5) 29

Ni(ll) S=0 [Ni(cyclam)(n®-BH,)]BH, °© 2.202(6)  1.736, 1.800 30

Ni(ll) S=0 trans-[Ni(PCys)o(H)(n*-BHa)] 2201(8)  1.73(5), 1.76(6) 31

Ni(ll) S=0 [Ni(Tp*)(n*-BH,)]" 2.048(5)  1.87(4)-1.94(7) 32

Fe(ll S=0 [Fe(PNP2iPr)(H)(n*-BH,)] 2.095(3) 1.60(2),1.68(2) 8

dimethylpyrazolyl)borate.

For structural and reactivity comparisons, we also prepared the analogous Ni(ll) borohydride
complex [Ni(PCP"®-iPr)(n>-BH,)] (4) via two different routes. First, upon treatment of [Ni(PCP®-iPr)CI]
(3) with an excess of NaBH, in THF/MeOH (1:1) yields 4 in 91% isolated yield (Scheme 3). The
second approach makes use of the hydride complex [Ni(PCPMe-iPr)H] (5) which was obtained from the
reaction of 3 with LiAIH,. Treatment of 5 with BH3- THF at room temperature led to the clean formation
of 5 in 93% isolated yield. In contrast to the analogous cobalt complexes, [Ni(PCP"-iPr)(n’*-BH,)] (4)
loses readily BH; at elevated temperatures. Heating a toluene solution of 5 at 80°C for 24h in the
presence of NEt; yields 5 in 93% isolated yield (Scheme 4). Complexes 4 and 5 are both diamagnetic
and were characterized by a combination of 'H, "*C{'"H} and *'P{'"H} NMR, IR spectroscopy, and
elemental analysis. Additionally, the structure of these compounds was established by X-ray
crystallography. Structural views are illustrated in Figures 3 and 4 with the main bond lengths and

angles given in the captions.
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N—PiPr,
NaBH, s~ H
> Nil . _g"
/ THF/MeOH / HT\
r.t., 5min N—PiPr
/ 2 "
N——PiPr, 4
Q—Ni’—m NEts, toluene, 60°C | | BHy THF,
/ toluene, r.t.
N-PiPr.
yd 2 \
3 N_~PI'PI'2
LiAIH, 3
- /Ni—H
toluene, 24h, r.t.
24N, N—PiPr.
_ 2
5

Scheme 3 Synthesis and reactivity of Ni(ll) borohydride and hydride complexes [Ni(PCP"e-iPr)(n’*-
BH,)] (4) and [Ni(PCP"*-iPr)H] (5).

H2B1
1.85A
Mi1
Bl
1.70A % H1B1

(a) (b)

Figure 3. (a) Structural view of [Ni(PCPMe—iPr)(nz—BH4)]-0.5C6D6 (4-0.5C4Dg) showing 50% thermal
ellipsoids (most H atoms, solvent molecule, and a second independent complex omitted for clarity). (b)
Inner part of 5 showing the asymmetric bonding of the BH, ligand. Ni1-C1 1.906(2), Ni1-P1 2.1675(8),
Ni1-P2 2.1691(8), Ni1---B1 2.218(3), Ni1-H1B1 1.70(3), Ni1-H2B1 1.85(2), P1-Ni1-P2 165.19(3),P1-
Ni1-C1 83.67(6), P2-Ni1-C1 83.54(6), C1-Ni1-B1 167.4(1).
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Figure 4. Structural view of [Ni(PCP"°-iPr)H] (5) showing 50% thermal ellipsoids (most H atoms and a
second independent complex omitted for clarity). Selected bond lengths (A) and bond angles (°): Ni1-
P1 2.115(1), Ni1-P2 2.122(1), Ni1-C1 1.908(3), P1-Ni1-P2 169.97(3), P1-Ni1-C1 85.3(1), P2-Ni1-C1
84.7(1), Ni1-H1 1.99(2).

The IR spectrum of 4 shows a strong intensity absorption in the terminal boron-hydrogen
stretching region (2384 and 2321 cm'1) and a broad medium vibration in the bridging borohydride
stretching region (2107-1845 cm'1) which support an nz-bonding mode of the BH, ligand. In the 'H
NMR spectrum the BH, ligand gives rise to a broad low-field resonance quartet with an intensity ratio
of approximately 1:1:1:1 centered at -0.75 ppm (Jys = 75.0 Hz) (cf the free BH, anion gives rise to a
sharp 1:1:1:1 quartet with a Jyg coupling constant of 50 Hz). The resonance integrates as four
hydrogens with respect to one pincer unit. The magnetic equivalence of terminal and bridging
hydrogens observed in the 'H NMR spectra suggests that these hydrogens are fluxional on the NMR
time scale possibly involving n1— or n3—BH4 intermediates. The 'H NMR spectrum of 5 confirmed the
presence of one hydride ligand, which appeared at -8.26 ppm as a well-resolved triplet with a 2 Jup

coupling constant of about 55.8 Hz.****

Complexes 4 and 5 exhibit a singlet at 136.0 and 144.5 ppm,
respectively, in the 31P{1H} NMR spectrum.

The structural features of complex 4 are similar to those of complexes 2a and 2b. The t value
for 4 is 0.11 in agreement with a distorted square pyramidal geometry The nickel atom coordinates the
BH4-group in an nz-fashion but in a slightly asymmetrical fashion with Ni-H, distances of 1.70(3) and
1.85(2) A. Similar Ni-H, distances were found in several other Ni(ll) borohydride complexes as shown
in Table 1. Despite the similar covalent radii of Co and Ni, the Ni---B distance of 2.218(3) A in 4 is
larger than in the corresponding paramagnetic Co(ll) complexes 2a and 2b, but is comparable to
those of related Ni(ll) PCP complexes.5 The opposite trend is observed for the metal-carbon bond
distances. The Co-C distances in 2a and 2b are 1.945(2) and 1.933(1) A, respectively, whereas in 4
the Ni-C distance is shorter being 1.906 A. Similar Ni-C distances are found in [Ni(POCOP-iPr)(n*
BH,4)] (1.901(2) A), [Ni(POCOP-tBu)(n>-BH,)] (1.898(4) A), and [Ni(POCOP-CsHe)(n*-BH,)] (1.892(2)
A)> It is interesting to note that in a related Pd PCP pincer complex based on ferrocene, the BH,

moiety is coordinated in an unidentate mode with a Pd---B distance of 2.614(7) A.*
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Guan and co-workers have recently shown® that both nickel hydride and borohydride PCP
pincer complexes are able to reduce CO, to give formate complexes. Given the fact that 4 is also
capable of liberating “BH3” as amine adduct to form a nickel hydride, we also explored the possibility of
reducing CO, with complexes 4 and 5. When exposed to 1 bar of CO, at room temperature for 1h, 4
and 5 are fully converted to the nickel formate complex 6 (Scheme 4). This complex was again fully
characterized by a combination of 'H, *C{'H} and *'P{'"H} NMR, IR spectroscopy, and elemental
analysis. Additionally, the solid state structure of 6 was determined by single-crystal X-ray diffraction.

A structural view is depicted in Figure 5 with selected bond distances given in the caption.

\ — N—~P/Pr N——PiPr.
§ SPIP}H H R CO, S
NI\ \B\‘\ or Ni H —_———— NI—O\
/ H™ \ / toluene, r.t., 1h N Pé c—H
—PIi N—P/Pr. —PiPr
/N PIPI’Z H / 2 / 2 g
4 5 6

Scheme 4 Reaction of [Ni(PCPY®-iPr)(n*BH,)] (4) and [Ni(PCP"°-iPr)H] (5) with CO, giving the
formate complex [Ni(PCP"*-iPr)(OC(=0)H)] (7).

Figure 5. Structural view of [Ni(PCP"°-iPr)(OC(=0)H)] (6) showing 50% thermal ellipsoids (most H
atoms and a second independent complex omitted for clarity). Selected bond lengths (A) and bond
angles (°): Ni1-P1 2.1712(7), Ni1-P2 2.1701(7), Ni1-O1 1.923(2), Ni1-C1 1.897(2), P1-Ni1-P2
166.49(2), P1-Ni1-O1 95.06(6), P1-Ni1-C1 84.05(7), P2-Ni1-O1 97.47(5), P2-Ni1-C1 84.12(7), O1-Ni1-
C1172.93(8).

Based on the above results with [Ni(PCP“®-iPr)(n>BH,)] (4) and [Ni(PCP"-iPr)H] (5), we also
attempted to obtain Co(ll) hydride as well as Co(ll) formate complexes. It has to be mentioned that
monomeric Co(ll) hydride complexes are rather rare ?3%37 Unfortunately, the reaction of [Co(PCPMe-

iPr)Cl] (1b) with LiAlH, resulted in the formation of intractable materials together with the free
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protonated PCPMe.iPr ligand. Likewise, treatment of 1b with Na[HBEt;] or nBulLi led to recovery of the
starting material or decomposition with no evidence for the formation of a hydride complex (Scheme
5). Moreover, 1b did neither react with NEt; to give [Co(PCP"®-iPr)H] nor with CO, to afford the
formate complex [Co(PCP"-iPr)(OC(=0)H)] even at 80°C for 24h (Scheme 2). For comparison, it was
shown® that BH; liberation from a Rh(l) bis-iminopyridine pincer borohydride with quinuclidine was

strongly endothermic and attempts to obtain a Rh(l) hydride complex were unsuccessful.

LiAlH4 or
AN . NaBEt;H or N—PiPr,
N PIPI'Z . 3
S n-BulLi ~ _ 3
Co—Cl > N N Co—H
/ toluene IID'P M IID'P 7/
"y iPry iPry N-PiPr
/N PiPry v 2
1b not observed

Scheme 5 Reaction of [Co(PCP-iPr)(CI)] (1b) with various hydride sources
DFT Calculations

To address the binding mode of the BH, unit and the thermodynamics for the reaction of NH; with the
Co-BH, and Ni-BH, moieties, we performed DFT calculations® on complexes 2b and 4 (B3LYP
functional, for details see the Experimental Section). This revealed that extrusion of BH; with NH; (as
model for amines) from the cobalt complex 2b is an endergonic process (2.2 kcal/mol), while in the
case of 4 the process is exergonic by -6.0 kcal/mol (Scheme 6). These results, although taken with
due care giving the simplicity of the amine used (NH3) and the relatively small AG values obtained,
indicate a clear trend and help explaining why attempts to obtain the corresponding Co hydride

complex from 2b by removal of BH; as an amine adduct were unsuccessful.

N—PiPr,
M/H\ \H
/ \ /B + NH3 + H3B-NH3
—pi \
/N P/Pr H N PIPFZ
M = Co, AG = 2.2 kd/mol
AH = 4.4 kJ/mol
M = Ni, AG =-6.0 kdJ/mol
AH =-4.2 kJ/mol

Scheme 6 DFT calculated thermodynamics of the reaction of [Co(PCPMe—iPr)(nZ-BH4)] (2b) and
[INi(PCPMe-iPr)(n®-BH,)] (4) with NH;.
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The electronic structures of complexes 2b and 4 was evaluated by DFT calculations and the
relevant frontier orbitals (metal d-splitting), as well as the spin density of complex 2b, are presented in

in Figure 6. The orbitals are the expected ones for pseudo-square pyramidal molecules, and the spin

density of complex 2b is centered in the metal atom. Moreover, the calculations indicate a clear

4
— 3 X
- 1 .‘\f— =—F>
o L
il Bt

(b)

Figure 6. (a) DFT-computed frontier orbitals (d-splitting) for [Co(PCPMe—iPr)(nz—BH4)] (2b) (left) and for
INi(PCP™-iPr)(n>-BH,)] (4) (right) and (b) spin density of [Co(PCP-iPr)(n*BH,)] (2b). Energy values

in italics (atomic units).

difference in the coordination of the BH, ligand in the two complexes. In the Co species 2b two
comparable Co-H bonds exist, with distances of 1.84 and 1.72 A. The corresponding Wiberg indices
(W1) 9 of 0.09 and 0.13 also indicate interactions of similar magnitude. On the other hand, for the Ni
complex 4 there is a clear asymmetry in the two Ni—H interactions, with a normal bond (d = 1.65 A, WI
= 0.15) and a much weaker interaction (d = 2.06 A, Wl = 0.02). In other words, for the Co complexes
the BH, coordination is closer to n2, and the overall geometry can be envisaged as in between square
planar and square pyramidal. In complex 4, the borohydride ligand coordination is closer to n', and the
molecule overall geometry is nearer a normal square planar, reflecting the tendency of Ni(ll) to form
complexes with that geometry, as expected for a o® metal. Interestingly, the overall electron donation
from the ligands to the metal is stronger in the case of the Co species as shown by the ligand charges
(NPA,*" see Computational details): Cocp = 0.26 (2b) and 0.24 (4), Cgs = -0.67 (2b) and -0.73 (4).
This is reflected in an electron richer Co-atom in 2b (Cc, = 0.42, compared with the Ni-atom in 4 (Cy; =

0.49) and indicates stronger coordination of the ligands in the case of the Co complex, in particular a
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stronger M-BH, bond, in good accordance with the reactivity pattern observed for the reaction with
NH; (see Scheme 5). Notably, the cobalt borohydride complex 2b does not react with the strong donor
ligands PMe; and P(OMe); (Scheme 7).

\N—PiPr2 PMe; or
F_H_ n PlOMe)s
Co N_ & ——» noreaction
/7 \ B THF
N-P/P HTON
PR H
2b

Scheme 7 Stable complex [Co(PCPY-iPr)(n’-BH,)] (2b) with PMe; or P(OMe),

When [Co(PCP"°-iPr)(n®BH,)] (2b) complex is treated with an excess of sodium nitrite in MeOH at
60°C the diamagnetic Co(lll) complex [Co(PCPY-iPr)(NO)(x’0,0-NO,)] (7) was formed. This complex
is furnished by a combination of tridentate pincer ligand, bidentate nitrite ligand and a bent nitrogen
oxide ligand in the arrangement of a distorted octahedral geometry (Scheme 8). The nitrite ligand is
asymmetrically coordinated to the Co(lll) center with Co1-02 and Co1-03 distances of 2.050(3) and
2.448(3) A, respectively. The 02-N3-03 angle is 123.0(3)° and the N3-02 and N3-O3 distances are
1.189(4) and 1.134 (4) A, which is comparable with the free nitrite ion being 114.9(5)° and 1.240(3) A
(Figure 7).

N—PiPr, AN .
FhH N—pPiPr,
Co— '\ & NaNO, (excess) o)
/ \,-B > co )\N
. H” '\ MeOH, 60°C, 2h /7 N\~
N-PiPr, 7 , o
v /N-P/Pr2
N
2b 7 X0

Scheme 8 Synthesis of [Co(PCP"*-iPr)(NO)(k?0,0-NO,)] (7)

The complexes [Co(PCPY®-iPr)(CO),] (8) and [Co(PCP"°-iPr)(CNtBu),] (9) were obtained by the
reaction of [Co(PCPMe-iPr)(nz—BH4)] with CO and CNtBu in 94 and 91% isolated yields, respectively
(Scheme 9). While the reactivity of 2a with CO and tBuNC were not given pure form of the complexes
10 and 11, respectively. Complex 9 was already prepared via a different route by stirring [Co(PCPMe—
iPr)CI] in toluene with KCgq in the presence of CO (Scheme 5, Chapter 2). It should be noted that the

complex 9 is stable in pentane or ether solvents like Et,O and THF, with other solvents like CH,Cl,,
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Figure 7 Structural view of [Co(PCPMe—iPr)(NO)(KZO,O—NOz)] (7) showing 50% thermal ellipsoids (H
atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): Co1-C1 1.965(3), Co1-P1
2.2318(9), Co1-P2 2.2357(9), Co1-N4 1.746(3), Co1-O2 2.050(3), Co1-O3 2.448(3). C1-Co1-N4
94.5(1), C1-Co1-P1 81.8(1), C1-Co1-P2 82.0(1), P1-Co1-P2 156.54(4), 02-Co1-03 53.1(1), O2-N3-

03 123.0(3).

MeOH and acetone led to be slow undetermined product. The solid state structure of 9 was

determined by X-ray diffraction. A structural view is presented in Figure 8. This complex 9 adopts a

square pyramidal geometry around the cobalt centre.

8L=CO
9L =CNiBu

\ L
N_:PI'PFZ \N—|—P1Pr2
§_H_ H L
Co AN > Co—L
7 \H/B\ THF, 10 min /
N-PiPr. N=PiPr.
e 2 H e 2
2b
H
\ H, &
N NI 401 - co
co— M M L co.- - not isolated in pure form
S — L 11L=CNfBu
/ \H/B\ /
_N-PtBu, 7 _N-PtBu,
H H
2a

Scheme 9 Synthesis of the Co(l) PCP carbonyl and isocyanide complexes [Co(PCPY®-iPr)(CO),] (8)

and [Co(PCP"-iPr)(CNtBu),] (9)
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Figure 8. Structural view of [Co(PCPMe—iPr)(CNtBu)z] (2) showing 50% thermal ellipsoids (H atoms
omitted for clarity). Selected bond lengths (A) and bond angles (°): Co1-P1 2.1561(4), Co1-P2
2.1540(4), Co1-C1 1.9947(9), Co1-C21 1.781(1), Co1-C26 1.865(1), P1-Co1-P2 153.82(1), C1-Co1-
C21 146.06(4), C1-Co1-C26 106.77(4), C21-Co1-C26 107.15(4), Co1-C26-N4 173.75(9), Co1-C21-N3
174.84(9), C21-N3-C22 144.5(1), C26-N4-C27 172.1(1).

3.3 Conclusion

We have shown that the 15e square planar complexes [Co(PCP-tBu)Cl] (1a) and [Co(PCPMe—iPr)CI]
(1b), respectively, react readily with NaBH, to afford complexes [Co(PCP-tBu)(n’-BH.)] (2a) and
[Co(PCP"®-iPr)(n°*-BH,)] (2b) in high yields. The n*bonding mode of the borohydride ligand was
confirmed by IR spectroscopy and X-ray crystallography. These compounds are paramagnetic with
effective magnetic moments of 2.1(1) and 2.0(1)ug consistent with a d’ low spin system corresponding
to one unpaired electron. None of these complexes reacts with CO, to give formate complexes. For
structural and reactivity comparisons, we prepared the analogous Ni(ll) borohydride complex
[Ni(PCPMe-iPr)(n>-BH,)] (4) via two different routes. One utilizes [Ni(PCP"-iPr)CI] (3) and NaBH,, the
second one makes use of the hydride complex [Ni(PCP"-iPr)H] (5) and BH5 THF. In both cases, 5
was obtained in high yields. While [Ni(PCPMe—iPr)(nZ—BH4)] (4) loses readily BH; at elevated
temperatures in the presence of NEt; to form 5, the Co(ll) complex [Co(PCP"®-iPr)(n*-BH,)] (2b) did
not react with NH; to give a hydride complex. Complexes 4 and 5 react with CO, to give the formate
complex [Ni(PCP"®-iPr)(OC(C=0)H] (6). DFT calculations revealed that the formation of the Ni hydride
is thermodynamically favorable, while the formation of the Co(ll) hydride, in agreement with the
experiment, is unfavorable. From the calculations it is apparent that for the Co complexes the BHy4
coordination is closer to nz, and the overall geometry can be envisaged as in between square planar
and square pyramidal. In complex 4, the borohydride ligand coordination is closer to n', and the
overall geometry of the molecule is closer to normal square planar, reflecting the tendency of Ni(ll) to
form complexes with that geometry, as expected for a d® metal. A very rare bidentate and tridentate

ligand containing pincer complex [CO(PCPMe—iPr)(NO)(KZO,O-NOg)] (7) synthesized by the reacting
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substrate 2b and NaNO,. The cobalt borohydride complex [Co(PCPY-iPr)(n*BH,)] (2b) is readily
reacted with CO and tBuNC to produce the Co(l) complexes [Co(PCP"®-iPr)(CO),] (8) and [Co(PCP"*-
iPr)(CNiBu),] (9), respectively.

3.4 Experimental Section

All manipulations were performed under an inert atmosphere of argon by using Schlenk techniques or
in an MBraun inert-gas glovebox. The solvents were purified according to standard procedures.42 The
deuterated solvents were purchased from Aldrich and dried over 4 A molecular sieves. [Co(PCP-
tBu)Cl] (1a),"* [Co(PCPMe-iPr)CI] (1b),"** and [Ni(PCP"°-iPr)CI] (3),"** were reported in chapter 2. 'H,
¥¢c{'H}, and *'P{"H} NMR spectra were recorded on Bruker AVANCE-250, AVANCE-300 DPX, and
AVANCE-400 spectrometers. 'H and "“C{'"H} NMR spectra were referenced internally to residual
protio-solvent, and solvent resonances, respectively, and are reported relative to tetramethylsilane (5 =
0 ppm). 31P{1H} NMR spectra were referenced externally to H3PO, (85%) (3 = 0 ppm).

[Co(PCP-tBu)(nZ-BH4)] (2a). To suspension of 1a (100 mg, 0.204 mmol) and NaBH, (17 mg,
0.408 mmol) in THF/MeOH (1:1) (10 mL) was added and the reaction mixture was stirred for 5 min.
The solvent was then removed under reduced pressure and the crude product was dissolved in
toluene. Insoluble materials were removed by filtration, and the solvent was evaporated under vacuum
to afford 2a. Yield: 87 mg (91%). Anal. Calcd. for C,,H4sBCoN,P, (469.31): C, 56.30; H, 9.67; N, 5.97.
Found: C, 56.34; H, 9.73; N, 5.89. IR (ATR, cm™): 1909 (br, vg.b), 1975 (br, veip), 2415 (S, Ve,
2339 (s, Va.ht)- Merf = 2.1(1) pg (CH2Cly, Evans method).

[Co(PCPM"-iPr)(nZ-BH4)] (2b). This complex was prepared in analogous fashion to 2a with 1b
(200 mg, 0.43 mmol) and NaBH, (34 mg, 0.87 mmol) as starting materials. Yield: 180 mg (94%). Anal.
Calcd. for CyH41BCoN,P; (441.25): C, 54.44; H, 9.37; N, 6.35. Found: C, 54.34; H, 9.41; N, 6.45. IR
(ATR, cm™): 1948-1825 (br, vgip), 2387 (S, ver), 2312 (S, ver). Her = 2.0(1)us (CHoCl,, Evans
method).

[Ni(PCP"°-iPr)(n?-BH,)] (4). Method A. A suspension of [Ni(PCP“-iPr)CI] (3) (200 mg, 0.435
mmol) and NaBH, (38 mg, 0.87 mmol) in THF/MeOH (1:1) (10mL) was stirred at room temperature for
5 min. The solvent was then removed under vacuum. The crude product was dissolved in toluene and
filtered through a short plug of Celite to give an orange-yellow solution. After removal of the solvent
under vacuum, the desired complex was isolated as an orange-yellow solid. Yield: 91% (175 mg).
Method B. To a suspension of 5 (200 mg, 0.469 mmol) in pentane (20mL) the BH;- THF adduct (469
pl, 0.469 mmol, 1.0 M solution in THF) was added and stirred at room temperature for 30 min. The
solvent was then evaporated under vacuum, and 5 was obtained as an orange-yellow solid. Yield: 192
mg (93%). Anal. Calcd. for CyoH41BNoNiP, (441.03): C, 54.47; H, 9.37; N, 6.35. Found: C, 54.45; H,
9.26; N, 6.41. "H NMR (5, CeDg, 20°C): 7.26 (t, *Jips = 7.8 Hz, 1H), 6.09 (d, *Jpy = 8.0 Hz, 2H), 2.53 (vt,
%5Jup = 2.6 Hz, 6H, NCH3), 2.37 (m, 4H, CH), 1.40 (vq, Juy = 6.8 Hz, Jup = 7.5 Hz, 12H, CH3), 1.06
(va, Juw = 5.1 Hz, *°Jpp = 7.5 Hz, 12H, CHg), -0.75 (q, Jus = 75.0 Hz, 4H, BH,). "H{*'P} NMR (5, C4Ds,
20°C): 7.15 (t, *Juy = 7.5 Hz, 1H), 6.00 (d, *Juy = 8.0 Hz, 2H), 2.43 (s, 6H, NCH;), 2.37 (m, 4H, CH),

1.40 (d, Juy = 6.8 Hz, 12H, CHj), 1.06 (d, Juy = 5.1 Hz, 12H, CHj), -0.75 (q, Jus = 75.0 Hz, 4H, BH,).
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BC{"H} NMR (5, CgDg, 20°C): 160.7 (t, “Jop = 16.2 Hz, Ph), 126.5 (Ph), 100.8 (t, °Jcp = 6.2 Hz, Ph),
31.7 (NCH3), 25.3 (t, 2Jep = 11.8 Hz, CH(CH3),), 17.6 (CH(CH3),), 17.4 (CH(CH,),), the resonance of
Cipso Was obscured by the solvent peak. *'P{"H} NMR (8, C4Ds, 20°C): 136.0. IR (ATR, cm™): 1845-
2107 (br, vghp), 2321 (S, vet), 2384 (S, Va.ht)-

[Ni(PCP"-iPr)H] (5): Method A. A suspension of [Ni(PCP®-iPr)CI] (3) (200 mg, 0.435 mmol)
and LiAIH; (330 mg, 8.7 mmol) in toluene (25 mL) was stirred at room temperature for 24 h. The
mixture was then filtered through a short plug of Celite to give a clear yellow solution. After the solvent
was evaporated under vacuum, the desired complex was isolated as an orange-yellow solid. Yield:
90% (156 mg). Method B. A suspension of 4 (200 mg, 0.453 mmol) and NEt; (1.26 mL, 9.06 mmol) in
toluene (10mL) was stirred at 80°C for 24h. After that the solvent was removed under vacuum, and 6
was obtained as an orange-yellow solid. Yield: 180 mg (93%). Anal. Calcd. for C,oH3sN2NiP, (427.19):
C, 56.23; H, 8.97; N, 6.56. Found: C, 56.15; H, 9.03; N, 6.50. "H NMR (3, C¢Dg, 20°C): 7.31 (t, *Jpy =
7.9 Hz, 1H), 6.23 (d, *Jiy = 8.0 Hz, 2H), 2.65 (vt, >°Jup = 2.7 Hz, 6H, NCH3), 2.06 (m, 4H, CH), 1.28
(m, 12H, CHs), 0.95 (m, 12H, CHs), -8.26 (t, 2Jup = 55.8 Hz, 1H, Ni-H). *C{'"H} NMR (5, C¢Dg, 20°C):
160.6 (t, °Jop = 16.8 Hz, Ph), 139.3 (t, 2Jcp = 15.6 Hz, Ciso Ph), 127.0 (Ph), 100.2 (t, °Jep = 6.2 Hz,
Ph), 31.5 (NCHs), 26.5 (CH(CHa),), 19.9 (CH(CHs)), 17.9 (CH(CHs),). *'P{"H} NMR (5, C¢Dg, 20°C):
144.5.

[Ni(PCP""e-iPr)(OC(=O)H)] (6): To a suspension of 5 (100 mg, 0.23 mmol) in pentane; the
solution was stirred under 1 atm of CO,, and resulting the solution immediately turned from orange-
yellow to bright yellow. After 30 min. the solvent was removed under vacuum, and the bright yellow
solid was obtained in good yield 90% (98 mg). Anal. Calcd. for C,1H3gNoNiOoP, (471.19): C, 55.53; H,
8.13; N, 5.95. Found: C, 55.65; H, 8.23; N, 5.88. "H NMR (5, C¢Ds, 20°C): 8.61 (t, *Jup = 2.5 Hz, 1H, Ni
formate) 7.18 (t, *Juy = 7.5 Hz, 1H), 5.96 (d, *Juy = 7.5 Hz, 2H), 2.44 (vt, *°Jyp = 2.5 Hz, 6H, NCH3),
2.26 (m, 4H, CH), 1.45 (m, 12H, CH3), 1.14 (m, 12H, CHs). *C{'H} NMR (8, C4¢Dg, 20°C): 167.1
(O(C=0)H), 161.7 (t, °Jp = 16.2 Hz, Ph), 127.2 (Ph), 117.1 (t, °Jep = 20.1 Hz, Cipeo Ph), 100.7 (t, °Jcp
= 6.2 Hz, Ph), 31.5 (t, 2Jop = 1.8 Hz, NCHj), 25.7 (t, "Jop = 10.0 Hz, CH(CHs),), 17.6 (m, CH(CHa)s).
¥P{'H} NMR (5, CDs, 20°C): 117.1. IR (ATR, cm™): 1614(s, vco).

[Co(PCP"-iPr)(NO)(x*0,0-N0O,)] (7). To a suspension of 2b (100 mg, 0.204 mmol) and NaNO,
(58 mg, 0.814 mmol) in MeOH (10 mL) was added and the reaction mixture was stirred at 60°C for 2
min. The solvent was then removed under reduced pressure and the crude product was dissolved in
toluene. Insoluble materials were removed by filtration, and the solvent was evaporated under vacuum
to afford 7. This complex 7 could not be isolated in analytically pure form.

Alternative synthesis of [Co(PCPM"-iPr)(CO)z] (8). A suspension of 2b (300 mg, 0.68 mmol)
in THF (10 mL) was stirred under a CO atmosphere for 10 min. The solvent was then removed under
reduced pressure yielding 8 as analytically pure yellow solid. Yield: 318 mg (97%). The spectroscopic
identification of 8 was confirmed by using an authentic sample generated via a different method
reported recently."

[Co(PCPM"-iPr)(CNtBu)z] (9). To a suspension of 2b (300 mg, 0.68 mmol) and (300 mg, 0.68
mmol) tert-butyl isocyanide (154 pL, 1.36 mmol) in THF (10 mL) was added at room temperature and

was stirred for 10 min. The solvent was then removed under reduced pressure yielding 9 as an
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analytically pure yellow solid. Yield: 390 mg (97%). Anal. Calcd. for CgoHs5CoN4P, (592.68): C, 60.80;
H, 9.35; N, 9.45. Found: C, 59.84; H, 9.74; N, 9.27. "H NMR (5, C¢Ds, 20°C): 7.10 (t, *Juy = 7.5 Hz, 1H,
Ph*), 6.12 (d, *Juy = 7.5 Hz, 2H, Ph*°), 2.85 (s, 6H, NCH3), 2.37 (m, 4H, CH), 1.38 (vq, J = 7.5 Hz,
12H, CH3), 1.24 (vq, J = 7.5 Hz, 12H, CHs), 1.00 (s, 18H, CHs). *'P{"H} NMR (5, C¢Ds, 20°C): 164.6. IR
(ATR, cm™): 2037 (ven), 1990 (ven).

X-ray Structure Determination. X-ray diffraction data of 2a, 2b, 4, 5, 7 and 9 were collected at T =
100 K in a dry stream of nitrogen on a Bruker Kappa APEX Il diffractometer system using graphite-
monochromatized Mo-Ka radiation (L = 0.71073 A) and fine sliced ¢- and w-scans. Data of 6 were
collected on a Bruker SMART APEX diffractometer at 190 K. Crystals of 5 were systematically twinned
by twofold rotation around [001]. The reflections of both domains were separated using RLATT.* Data
were reduced to intensity values with SAINT and an absorption correction was applied with the multi-
scan approach implemented in SADABS and TWINABS.* The structures were solved by charge
flipping using SUPERFLIP* and refined against F with JANA2006.*° The structure of 2b was solved
by direct methods and refined against F* with the SHELX suite.*® Non-hydrogen atoms were refined
anisotropically. The H atoms connected to C atoms were placed in calculated positions and thereafter
refined as riding on the parent atoms. H atoms connected to N and B were located in difference
Fourier maps and their positions refined without restraints. Molecular graphics were generated with
the program MERCURY.*" Crystal data and experimental details are given in Tables S1, S1 and S2.

Table S1. Details for the crystal structure determinations of 2a and 2b.

2a 2b
formula C2oH41BCoNP, C22H4sBCoN,P,
fw 441.2 469.3
cryst.size, mm 0.26 x 0.13 x 0.08 0.78 x0.27 x 0.10
color, shape red plate red rhombic prism
crystal system triclinic orthorhombic
space group P-1 (no. 2) Pna24 (no. 33)
a, A 7.8255(13) 22.7682(5)
b, A 8.5372(15) 8.0685(8)
c, A 17.914(3) 13.9631(15)
qQ,° 87.162(3) 90
B,° 81.981(3) 90
Y, ° 80.160(3) 90
vV, A’ 1167.3(3) 2565.1(4)
T,K 100 100
zz 2,1 41
Ocalc, § CM™ 1.255 1.2148
u, mm” (MoKa) 0.879 0.804
F(000) 474 1012
absorption corrections, Tmin-Tmax | Multi-scan, 0.64-0.75 multi-scan, 0.77-0.2
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O range, deg 2.30-34.85 1.79-32.64
no. of rfins measd 45128 15456

Rint 0.0479 0.0374

no. of rfins unique 9458 8540

no. of observed rflns 7972 7256

no. of params / restraints 261/0 278/0

R (obs)?® 0.0385 0.0342

R (all data) 0.0500 0.0438

WR (obs) 0.0829 0.0425

WR (all data) 0.0866 0.0443
GooF 1.127 1.19
Diff.Four.peaks -0.62/0.71 -0.46/0.78
min/max, eA”

Flack Parameter - 0.039(10)
CCDC no. 1044984 1044985

* R=Z|IFol-IFll 1 ZIFol,

Table S2. Details for the

WR = SW(|Fs| = |Fo|) I EW|Fo|, GooF = {S[W(Fo2 = F2)2] 1 (n-p)}”

crystal structure determinations of 4-0.5C4Dg, 5 and 6.

Chapter 3

4-0.5C¢Ds 5 6
formula C23H41BD3N2NiP, C2oHasN2NiP, C21HasN2NiO2P,
fw 483.1 441.2 471.2
cryst.size, mm 0.70x0.22x0.18 0.75x0.44 x 0.21 0.41x0.17x0.12
color, shape yellow rod yellow rod yellow rod
crystal system triclinic monoclinic monoclinic
space group P-1 (no. 2) C2/c (no. 15) Pc (no. 7)
a, A 8.1142(12) 42.645(3) 14.7792(2)
b, A 17.466(3) 8.0359(5) 11.41410(10)
c, A 18.659(3) 34.288(2) 14.7930(2)
qQ,° 80.991(4) 90 90
B,° 84.592(4) 128.157(2) 105.6859(6)
Y, ° 84.341(4) 90 90
vV, A’ 2590.7(7) 9239.4(10) 2402.52(5)
T.K 100 100 100
zz 4,2 16,2 4,2
Ocalc, § €M™ 1.2382 1.228 1.3022
u, mm™ (MoKa) 0.884 0.984 0.959
F(000) 1036 3680 1008
absorption corrections, Tmin- | multi-scan, 0.79-0.86 multi-scan, 0.60-0.81 multi-scan, 0.56-0.85
6 range, deg 1.11-32.70 1.21-30.16 1.78-32.49
no. of rfins measd 90328 182299 29799
Rint 0.0657 0.0403 0.0456
no. of rfins unique 18186 13654 13227
no. of observed rflns 11003 12567 10903
no. of params / restraints 555/0 460/0 278/0
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R (obs) ? 0.0524 0.0564 0.0323
R (all data) 0.1087 0.0617 0.0385
WR (obs) 0.0482 0.0617 0.0329
WR (all data) 0.0528 0.0630 0.0335
GooF 1.63 3.56 1.36
Diff.Four.peaks -1.03/0.96 -0.58/1.17 -0.24/0.45
min/max. eA

Flack Parameter - - -0.009(7)
Twin operation - twofold rotation around ¢ -

Twin volume fraction - 0.7950:0.2050(6) -

CCDC no. 1044986 1044987 1044988

Table S3. Details for the crystal structure determinations of 9

9
formula CsoHssCoN4P-
fw 592.7
cryst.size, mm 0.59 x0.49x0.32

color, shape dark red block
crystal system triclinic
space group P 1(no.2)
a A 10.8912(7)
b, A 12.0810(7)
c, A 14.7286(9)
a,°® 80.2728(18)
B,° 69.8408(18)
Y, ° 64.0797(16)
N 1635.83(18)
T K 100

YAvA 21

Ocale, d CM™ 1.2033

u, mm” (MoKa) 0.646
F(000) 640

absorption corrections, Tmin-Tmax

multi-scan, 0.69-0.81

6 range, deg 2.2-32.2
no. of rfins measd 42947
Rint 0.0224
no. of rfins unique 11934
no. of rfins />30(/) 10062
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no. of params / restraints 334/0

R (1> 30(l)) ® 0.0284

R (all data) 0.0374

wR (1> 30(/)) 0.0375

wR (all data) 0.0381
GooF 2.04
Diff.Four.peaks -0.25/0.43

min/max, eA’

Flack Parameter

CCDC no. 1049854

® R=Z||Fol-IFll 1 ZIFs), WR = EW(|Fo| — |Fel) / ZwIFo|, GooF = {Z[w(F,’ — F2)’1/ (n-p)}y”

Computational Details. All calculations were performed using the GAUSSIAN 09 software package48
on the Phoenix Linux Cluster of the Vienna University of Technology. The optimized geometries were
obtained with the B3LYP functional,*® without symmetry constraints. That functional includes a mixture
of Hartree-Fock® exchange with DFT?® exchange-correlation, given by Becke’s three parameter
functional with the Lee, Yang and Parr correlation functional, which includes both local and non-local
terms. The basis set used for the geometry optimizations consisted of the Stuttgart/Dresden ECP
(SDD) basis set’’ to describe the electrons of the metal atoms, and a standard 6-31G(d,p) basis set™
for all other atoms. A Natural Population Analysis (NPA)* and the resulting Wiberg indices*® were
used to study the electronic structure and bonding of the optimized species. The molecular orbitals of
the Co complex presented in Figure 6 result from single point restricted open shell calculations
performed on the optimized structure. Three-dimensional representations of the orbitals were obtained

with the program Chemcraft.>
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Chapter 4

A Co(l) Pincer Complex with an n?>-C-H Agostic Arene Bond - Facile C-H Bond

Cleavage via Deprotonation, Radical Abstraction, and Oxidative Addition

The synthesis and reactivity of a Co(l) pincer complex [Co(n3P, CH,P-P(CH)P""e-iPr)(CO)z]+ featuring an
nz-CaryrH agostic bond is described. This complex was obtained via protonation of the Co(l) complex
[Co(PCPMe-iPr)(CO)z]. The Co(lll) hydride complex [Co(PCP'\"e-iPr)(CNtBu)z(H)]+ was obtained upon
protonation of [Co(PCPMe-iPr)(CNtBu)z]. Three ways to cleave the agostic C-H bond are presented. Due to
the acidity of the agostic proton treatment with pyridine results in facile deprotonation (C-H bond
cleavage), and reformation of [Co(PCPMe-iPr)(CO)Z]. Secondly, C-H bond cleavage is achieved upon
exposure of [Co(n3P,CH,P-P(CH)P'\"“’-iPr)(CO)z]+ to oxygen or TEMPO to yield the paramagnetic Co(ll)
PCP complex [Co(PCPMe-iPr)(CO)2]+. Finally, replacement of one CO ligand in [Co(n3P, CH,P-P(CH)PMe-
iPr)(CO),]" by CNtBu promotes the rapid oxidative addition of the agostic nZ-Cary.-H bond to give two
isomeric hydride complexes of the type [Co(PCPMe-iPr)(CNtBu)(CO)(H)]+.

4.1 Introduction

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 understand such processes which
are key steps in many organic and organometallic reactions. In recent years, particularly catalytic C-H
bond activation reactions emerged as powerful synthetic tool in organic synthesis.
! There are reasonably well-established mechanistic pathways for C-H bond activation 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.? As electron rich late
transition metal complexes are concerned oxidative addition, which leads to alkyl or aryl hydride
complexes, is the typical pathway. 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, i.e., the formation
of an agostic intermediate 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
which contain n?-C-H agostic arene bonds.>®"#% %" particularly intriguing are agostic square-planar Rh(l)
pincer complexes reported by Milstein and coworkers.”! These four-coordinate species were unable to
cleave the C-H bond and no oxidative addition to form Rh(lll) 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 via an elusive agostic-like trigonal bipyramidal

dicarbonyl Rh(l) intermediate.
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Scheme 1. Reaction pathway for the CO induced agostic/aryl hydride equilibrium of rhodium PCP pincer

complexes proceeding via a postulated agostic dicarbonyl species.

Herein we report the synthesis and reactivity of a five-coordinate Co(l) PCP pincer complex which
features an agostic nz-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(l) and Rh(l) complexes.
The first favor typically five-coordinate square pyramidal of trigonal bipyramidal geometries,12 while the
latter favor four-coordinate square planar arrangements. Accordingly, the key complex described here

may be viewed as “missing link” on the pathway to Rh(lll) hydride complexes (Scheme 1).

4.2 Results and discussion

The starting materials for the study, [Co(PCPMe-iPr)(CO)Z] (1) and [Co(PCPMe-iPr)( CNiBu),] (2),
were obtained by the reaction of [Co(PCPMe-iPr)(nz-BH4)] with CO and CNiBu, respectively (Scheme 9,
Chapter 3). Complex 1 was already prepared via a different route by stirring [Co(PCPMe-iPr)CI] in toluene
with KCg in the presence of CO (Scheme 5, Chapter 2). It should be noted that the complex 2 is stable in
pentane or ether solvents like Et,O and THF, with other solvents like CH,Cl,, MeOH and acetone

decomposed gradually (Scheme 2).

co
~ _ « Snmu
N—|P/Prz N—|—\PiPr2
CS o0 CS—onm
N-P/Pr 4
/ 2 /N-PIPTZ
1 2

Scheme 2 Co(l) PCP carbonyl [Co(PCPMe-iPr)(CO)z] (1) and isocyanide [Co(PCPMe-iPr)(CNtBu)z] (2)

Complexes.

Protonation of [Co(PCPY-iPr)(CO),] (1)"® with HBF,-Et,0 leads to the formation of the cationic
Co(l) complex [Co(n3P, CH,P-P(CH)P'\"“’-iPr)(CO)Z]+ (3) in 94% isolated yield (Scheme 3). Interestingly, this

complex features not only an nz-CaryrH agostic bond but also contains two CO ligands which contrasts the
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behavior of related Rh complexes were exclusively square-planar mono CO complexes are formed
(Scheme 1).

\ L )+

. NFPiPr: \N
H S H PIPF2
] CH,Cl, N <
N -H N—pij s <
N—|—¢PiPr2 base T TP Lo-co N—pfp, L
C(; L 3L=CO
/ L = CO, not observed
N-PiPr,

d 1L=CO \ __P'Prz
2L =CNtBu QCO—L

N PlPr2

4L = CNtBu
for L = CO, not observed

Scheme 3. Synthesis of 3 and 4 upon reaction of 1 with HBF,-Et,0 - ligand versus metal protonation.

There was no evidence for the formation of the monocarbonyl complex [Co(n’P,CH,P-P(CH)P"e-
iPr)(CO)]" or the Co(lll) hydride complex [Co(PCPMe-iPr)(CO)z(H)]+. Complex 3 was fully characterized by
a combination of 'H, 13C{1H}, and 31P{1H} 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 jpso-carbon giving rise to a triplet at 2.23 ppm (*Jup = 7.5 Hz). 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 2), the 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 1JHC coupling constant of 102.0 Hz, as compared to 160.5 and 163.5 Hz for the other
two 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 IR spectrum for the mutually cis CO ligands assignable to the
symmetric and asymmetric CO stretching frequencies, respectively (c¢f. 1906 and 1963 cm™ in the more

electron rich complex 1).
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Figure 2. Section of the 'H-C HsQC spectrum of 3 in CD,CIl, indicating a cross-peak between the

agostic H1 and C1 atoms.

A structural view of 3 is depicted in Figure 3 with selected bond distances and angles reported in
the caption. The overall geometry about the cobalt center is best described as distorted trigonal
bipyramidal where the two carbonyl ligands and the agostic nz-Cary,-H bond define the equatorial plane

and the phosphine moieties the axial positions. The distance between the ipso-carbon and the Co atom is

(a) (b) ()

Figure 3. (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).

extremely long (2.2197(6) A) relative to regular cobalt-carbon s-bonds. For instance the Co-Cjy, bond
distances in the Co(l) and Co(ll) PCP complexes [Co(PCP'V'e-iPr)(CO)Z] (1) and [Co(PCP'V'e-iPr)(CO)Z]+ (5)
are substantially shorter being 1.998(2) and 1.953(2) A, respectively. The H(1) atom (which was located in
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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 ca. 35° (cf in related Ru, Rh, and Os complexes this angle is in the range of 14-
30°).5'7'1°'14 The C1-H1 bond length of 1.05(3) A is in the range observed in X-ray diffraction
measurements for unactivated hydrocarbons (e.g., 1.08 A in CgH).

The nature of the interaction between the C1-H1 bond and the Co-atom in complex 3 was

)'® indicate the

investigated by means of DFT/PBEO calculations. The relevant Wiberg indices (WI
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 Cary-H bonds (1.08 A and WI = 0.90), justifying
the H-acidity revealed by complex 3 (see above). Moreover, the HOMO-2 of complex 3 (Figure 3)
represents n-back donation from a Co d-orbital to the C-H o orbital, being characteristic of an agostic
bond and corroborating the experimental results. Positive-ion mass spectrum of oxidized (Co” to Co”)
compound MS1 lacking an ion related to the agostic Co(l) complex 3 but forming a ([M(Con')-H—CO]+ =
454.2) species during ionization by in-source decay. A second loss of CO of low abundance is detected at
m/z 426.2. The inset corresponds to the measured isotope pattern of the selected signal [M(Coz+)-H-CO]+

(blue line) in comparison to its calculated isotope pattern (red line) (Figure 4).
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Figure 4. ESI MS spectrum of 3

If, on the other hand, [Co(PCPMe-iPr)(CNtBu)Z] (2)16’17 (isocyanides are stronger electron donating
ligands than CO) is treated with HBF4 Et,O, the metal center is now protonated affording exclusively the
octahedral cationic Co(lll) hydride complex [Co(PCP'V'e-iPr)(CNtBu)z(H)]+ (4) in 94% isolated yield
(Scheme 3). The 'H NMR spectrum confirmed the presence of one hydride ligand, which appeared at -
13.76 ppm as a well-resolved triplet with a 2 e coupling constant of 50.0 Hz. In the 13C{1H} 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 m/z 593.3. (A)
Positive-ion mass spectrum of oxidized (Co®" to Co>") compound MS2 ([M(Co*>*)]" = 593.3) as occurring

during ionization and exhibiting strong in-source decay by loss of a hydrogen atom plus CN{Bu forming a
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[M(C02+)-H'C5H9N1]+ species (m/z 509.1). The small unassigned signal at m/z 592.3 most likely
corresponds to an unoxidized [M(CoZJ')-H]+ species. Panel (B) shows the low-energy CID-MS? spectrum of
the [M(Co3+)]+ precursor ion exhibiting predominantly neutral loss of CNtBu keeping the +lll oxidation state
of cobalt forming a [M(Co>*)-CsHgN4]" product ion (m/z 510.1) and to a lesser extent a [M(Co?*)-H-
CsHgN4]" product ion (m/z 509.1). The isolation width and activation width for this tandem mass
spectrometric experiment were 6 Dalton in order to cover the entire isotope cluster of the precursor ion.
The insets in both panels correspond to the measured isotope pattern of selected signals (blue line) in
comparison to their calculated isotope pattern (red line). Minor differences between measured and
calculated pattern are due to different oxidation states of the central cobalt cation plus/minus one

hydrogen atom (Figure 5).
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Figure 5. ESI MS spectrum of 4

The agostic C-H arene bond in [Co(nsP,CH,P-P(CH)P'\"e-iPr)(CO)z]+ (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. Secondly, 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(ll) PCP complex [Co(PCP'\"e-iPr)(CO)Z]+ (5)
(Scheme 4). This process involves hydrogen abstraction with concomitant oxidation of the metal center

from Co(l) to Co(ll). The fate of the hydrogen atom is unclear as yet. The solid state structure of 5 was
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determined by X-ray diffraction. This complex 5 adopts a distorted square pyramidal geometry around the

cobalt centre (Figure 6).

N CcO \ CcO —|+ \ CO.
e e D

K pyridine <F S N
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_N-PPr, PP N—P/Pr,

Scheme 4. Reaction of 3 with pyridine and oxygen or TEMPO.

Figure 6. Structural view of [Co(PCPMe-iPr)(CO)z]BF4 (5) showing 50% thermal ellipsoids (H atoms and
BF, counterion omitted for clarity). Selected bond lengths (A) and bond angles (°): Co1-P1 2.2134(4),
Co1-P2 2.2212(4), Co1-C1 1.9500(8), Co1-C21 1.8223(9), Co1-C22 1.8359(9), P1-Co1-P2 155.214(1),
C1-Co1-C21 164.56(4), C1-Co1-C22 97.99(4), C21-Co1-C22 97.36(4).

Finally, replacement of one CO ligand in 3 by CNtBu actually promotes the rapid oxidative addition of the
agostic C-H arene bond (Scheme 5). Treatment of 3 in CD,Cl, with 2.4 equivs of CN{Bu results in the
quantitative formation of two isomeric Co(lll) hydride complexes of the type [Co(PCPMe-
iPr)(CNtBu)(CO)(H)]" (6a, 6b) in an about 1:2 ratio together with small amounts of [Co(PCPMe-
iPr)(CNtBu)y(H)]" (4). The hydride ligands of the two isomers 6a (hydride trans to CO) and 6b (hydride
trans to CNitBu) exhibit well-resolved triplet resonances at -10.81 and -12.86 ppm with 2 Jup coupling
constants of 40.7 and 44.9 Hz, respectively. After about 16h, 6a and 6b were quantitatively converted to 4
(Figure 7).
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Scheme 5. Stepwise replacement of CO from 3 upon addition of CNtBu in CD,Cl..

6h -

Figure 7. Hydride region of the 'H NMR spectrum of 3 after addition of 2.4 equivs of CN{Bu and a reaction

time of 10 min in CD,Cls.

The free energy balances calculated for the CO addition reactions reproduce the differences
observed for the Co and the Rh complexes (Scheme 6). 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 thermodynamic favourable processes.
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Scheme 6. Thermodynamic comparisons between Co and Rh complexes based on DFT/PBEO

calculations (Free energies in kcal/mol).

4.3 Conclusion

We described the synthesis and reactivity of the first Co(l) pincer complex [Co(n3P,CH,P-
P(CH)P'\"‘a-iPr)(CO)Z]+ featuring an agostic nZ-CaM-H bond. This complex was obtained via protonation of
the Co(l) complex [Co(PCPMe-iPr)(CO)z]. In contrast to related Rh(l) agostic pincer complexes, this
complex is five coordinate and adopts a trigonal bipyramidal geometry. Since the CO ligands are not
sufficiently electron rich to promote an oxidative addition of the C-H bond, a Co(lll) hydride complex is not
formed. A Co(lll) hydride complex [Co(PCP'\"e-iPr)(CNtBu)z(H)]+ was obtained upon protonation of the
more electron rich Co(l) complex [Co(PCPMe-iPr)(CNtBu)z]. Three ways to cleave the agostic C-H arene
bond are presented. First, the agostic proton in [Co(n3P,CH,P—P(CH)PM“’-iPr)(CO)z]+ is acidic and pyridine
deprotonates the C-H bond to reform the starting material. Another way to cleave the agostic C-H bond is
hydrogen abstraction upon exposure of [Co(n3P, CH,P-P(CH)P'V'e-iPr)(CO)z]+ to oxygen) or TEMPO which
results in the formation of the paramagnetic Co(ll) PCP complex [Co(PCPMe-iPr)(CO)2]+. This process
involves oxidation of the metal center from Co(l) to Co(ll). Finally, replacement of one CO ligand in
[Co(n3P,CH,P-P(CH)P""e-iPr)(CO)z]+ by CNtBu promotes the oxidative addition of the agostic C-H arene
bond. This yields two isomeric hydride complexes of the type [Co(PCPMe-iPr)(CNtBu)(CO)(H)]+. DFT
calculations support the existence of the agostic bond in complex [Co(n3P, CH,P-P(CH)P'V'e-iPr)(CO)z]+ and

corroborate the differences observed between the Co and the Rh species.

4.5 Experimental Section

All manipulations were performed under an inert atmosphere of argon by using Schlenk
techniques or in a MBraun inert-gas glovebox. The solvents were purified according to standard
procedures.18 The deuterated solvents were purchased from Aldrich and dried over 4 A molecular sieves.
[Co(PCPMe-iPr)(CO)z] (1) and [Co(PCPMe-iPr)( CNtBu),] (2), were prepared according in chapter 31317
'H, c{'H}, and *'P{'"H} NMR spectra were recorded on Bruker AVANCE-250, 400 and 600

spectrometers. 'H and 13C{1H} NMR spectra were referenced internally to residual protio-solvent, and
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solvent resonances, respectively, and are reported relative to tetramethylsilane (5 = 0 ppm). 31P{1H} NMR
spectra were referenced externally to H3;PO, (85%) (6 = 0 ppm). 'H, 13C{1H}, 31P{1H} NMR signal
assignments were confirmed by 'H{*'P}, 135-DEPT, and HMQC('H-"C) experiments.

All mass spectrometric measurements were performed on an Esquire 30007 3D-quadrupole ion
trap mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive-ion mode by means of
electrospray ionization (ESI). Mass calibration was done with a commercial mixture of perfluorinated
trialkyl-triazines (ES Tuning Mix, Agilent Technologies, Santa Clara, CA, USA). All analytes were
dissolved in acetonitrile “hypergrade for LC-MS Lichrosolv” quality (Merck, Darmstadt, Germany) to form a
concentration of roughly 1 mg/mL. Direct infusion experiments were carried out using a Cole Parmer
model 74900 syringe pump (Cole Parmer Instruments, Vernon Hills, IL, USA) at a flow rate of 2 uL/min.
Full scan and MS/MS (low energy CID)-scans were measured in the range m/z 100-1100 with the target
mass set to m/z 1000. Further experimental conditions include: drying gas temperature: 150°C; capillary
voltage: -4 kV; skimmer voltage: 40 V; octapole and lens voltages: according to the target mass set.
Helium was used as buffer gas for full scans and as collision gas for MS/MS-scans in the low energy CID
mode. The activation and fragmentation width for tandem mass spectrometric (CID-MS/MS) experiments
was set to 6 Da to cover the main isotope cluster for fragmentation. The corresponding fragmentation
amplitude ranged from 0.4 to 0.6 V in order to keep a precursor ion intensity of low abundance in the
resulting MS/MS spectrum. All mass calculations are based on the lowest mass cobalt isotope (5900_
isotope). Mass spectra and CID spectra were averaged during data acquisition time of 1 to 2 min and one
analytical scan consisted of five successive micro scans resulting in 50 and 100 analytical scans,
respectively, for the final full scan mass spectrum or MS/MS spectrum.

[Co(n3P,CH,P-P(CH)PM"-iPr)(CO)z]BF4 (3). To a suspension of 1 (100 mg, 0.206 mmol) in CH,ClI,
(10 mL) a solution of HBF,-Et,O (34 uL, 0.247 mmol) was added at room temperature and the reaction
mixture was stirred for 10 min. The solvent was then removed under reduced pressure and the remaining
solid was washed twice with diethyl ether (10 mL) to afford analytically pure 2 as a dark red solid. Yield:
110 mg (94%). Anal. Calcd. for C,,H3sBCoF4N,0,P, (570.24): C, 46.34; H, 6.72; N, 4.91. Found: C, 46.37;
H, 6.61; N, 4.76. "H NMR (5, CD,Cl,, 20°C): 7.51 (t, *Juy = 6.0 Hz, 1H, Ph), 6.23 (d, *Juy = 6.0 Hz, 2H,
Ph), 3.14 (s, 6H, NCH;), 2.77 (m, 4H, CH), 2.23 (t, >Jup = 7.5 Hz, 1H, agostic CH), 1.34 (m, 24H, CHj).
BC{"H} NMR (5, CD,Cl,, 20°C): 197.9 (t, 2Jcp = 20.0 Hz, CO), 197.5 (t, 2Jcp = 18.0 Hz, CO), 164.3 (vt, 2Jcp
=10.0 Hz, Ph), 137.5 (Ph), 104.9 (vt, °Jp = 4.0 Hz, Ph), 67.0 (Cipso, CH), 33.6 (NCH3), 30.4 (vt, "Jop =14
Hz, CH), 30.1 (vt, "Jgp = 14.0 Hz, CH) 17.7 (CH3), 17.1 (CHs), 16.6 (CH3), 16.5 (vt, °Jep = 3.0 Hz, CHj).
¥'P{"H} NMR (5, CD,Cl,, 20°C): 148.4. IR (ATR, cm™): 2009 (vco), 1950 (veo). ESI-MS (m/z, CH;CN)
positive ion: 454.2 [M-CO-H]", 426.2 [M-2CO-H]".

[Co(PCPMQ-iPr)(CNtBu)z(H)]BF4 (4). To a suspension of 2 (300 mg, 0.507 mmol) in THF (10 mL) a
solution of HBF4-Et,0 (83 uL, 0.608 mmol) was added at room temperature and the reaction mixture was
stirred for 10 min. The solvent was then removed under vacuum, and then crude product washed twice
with Et;,O (10 mL) to afford 4 as a dark violet solid. Yield: 325 mg (94%). Anal. Calcd. for
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CaoHssBCOFN4P, (680.49): C, 52.95; H, 8.30; N, 8.23. Found: C, 53.14; H, 8.28; N, 8.35. '"H NMR (3,
CD,Cl,, 20°C): 6.88 (t, ®Juy = 7.5 Hz, 1H, Ph), 5.99 (d, *Juy = 7.5 Hz, 2H, Ph), 2.95 (vt, *Jys = 2.5 Hz, 6H,
NCH;), 2.75 (m, 2H, CH), 2.55 (m, 2H, CH), 1.54 (vq, 6H, CH3), 1.45 (s, 9H, CHs), 1.19 (vq, 6H, CHj),
1.17 (s, 9H, CHs), 0.96 (vq, 6H, CHs), -13.76 (t, °Jue = 50.0 Hz, 1H, Co-H). *C{'H} NMR (5, CD,Cl,, 20°C):
156.0 (t, Jop = 13.5 Hz, Ph), 150.4 (CN), 148.1 (CN), 125.7 (Ph), 123.7 (t, °Jcp = 6.0 Hz, Ph), 101.1 (t,
%Jcp = 5.6 Hz, Ph), 58.7 (CNC(CHs)s), 58.3 (CNC(CHs)s), 32.0 (NCH3), 31.7 (vt, "Jep = 15.0 Hz, CH), 31.3
(vt, "Jep = 13.5 Hz, CH), 31.39 (vt, "Jop = 13.5 Hz CH), 19.4 (CHs), 17.7 (CHs). *'P{'"H} NMR (5, CD,Cl,
20°C): 156.7. IR (ATR, cm™): 2149 (ven), 2131 (ven). ESI-MS (m/z, CH5CN) positive ion: 593.3 [M]*, 509.2
[M-CNtBu-H]".

[Co(PCPMe-iPr)(CO)Z]BF4 (5). A solution of 3 (100 mg, 0.175 mmol) in CH,Cl, (5 mL) was stirred
for 10 min in the presence of air or in the presence of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) (27.3
mg, 0.175 mmol) at room temperature. The solvent was then removed under vacuum. The remaining solid
was washed with diethyl ether and dried under vacuum to afford 6 as a blue solid. Yield: 95 mg (95%).
Anal. Calcd. for CyH37BCoF4N,O,P, (569.23): C, 46.42; H, 6.55; N, 4.92. Found: C, 46.34; H, 6.47; N,
4.98. %. IR (ATR, cm™): 2041 (vco), 2008 (vco). Merr = 1.93 g (CH,Cly, Evans method'®). ESI-MS (m/z,
CH4CN) positive ion: 454.2 [M-CO]", 426.2 [M-2CO]J".

Reaction of 3 with CNtBu. To a 5mm NMR tube containing a sample of 3 (15 mg, 0.026 mmol) in
CD,Cl,, as slight excess of CN{Bu (7 uyL, 0.063 mmol) was added by a syringe. The sample was
transferred to a NMR probe and "H NMR spectra were recorded. After about 10 min the starting material
was completely consumed and two isomeric complexes of the type [Co(PCP'V'e-iPr)(CNtBu)(CO)(H)]+ (6a,
6b) were formed in an about 1:2 ratio together with small amounts of [Co(PCP'\"e-iPr)(CNtBu)2(H)]+ (4).
The hydride ligands of the two isomers 6a (hydride trans to CO) and 6b (hydride trans to CNtBu) exhibit
well-resolved ftriplet resonances at -10.81 and -12.86 ppm with 2 Jup coupling constants of 40.7 and 44.9
Hz, respectively. After about 16h, 6a and 6b were quantitatively converted to [Co(PCP'\"e-iPr)(CNtBu)2(H)]+
(4).

X-ray Structure Determination. X-ray diffraction data of 3, and 5 (1049857 (3), 1049856 (5)) were
collected at T = 100 K in a dry stream of nitrogen on Bruker Kappa APEX Il diffractometer systems using
graphite-monochromatized Mo-Ka radiation (A = 0.71073 A) and fine sliced ¢- and w-scans. Data were
reduced to intensity values with SAINT and an absorption correction was applied with the multi-scan
approach implemented in SADABS.? The structures were solved by charge flipping using SUPERFLIP?
and refined against F with JANA2006.% Non-hydrogen atoms were refined anisotropically. The H atoms
connected to C atoms were placed in calculated positions and thereafter refined as riding on the parent
atoms. The agostic H atom in 3 was located in difference Fourier maps and freely refined. Molecular
graphics were generated with the program MERCURY.?® Crystal data and experimental details are given
in Table S1.
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Table 1. Details for the crystal structure determinations of 3, and 5.

3 5
formula C22H3sBCoF4sN20,P, | C22H37BCoF4N,O,P;
fw 570.2 569.2
cryst.size, mm | 0.70 x 0.30 x 0.03 0.65x0.33x0.25
color, shape dark violet tabular dark blue rod
crystal system | monoclinic orthorhombic
space group P 1(no.2) Pna2, (no. 33)
a A 11.8384(8) 14.8793(7)
b, A 7.9692(6) 8.7868(11)
c, A 27.7945(18) 20.2644(15
a,’ 90 90
B,° 91.2446(19) 90
v, ° 90 90
vV, A° 2621.6(3) 2649.4(4)
T,K 100 100
zZ 4,1 a1
Ocaic, g €M™ 1.4443 1.4266
u, mm” 0.828 0.819
F(000) 1192 1188
absorption Multi-scan, 0.74— multi-scan, 0.55—
6 range, deg 1.47-29.31 2.01-32.65
no. of rfins 68106 76074
Rint 0.0472 0.0340
no. of rfins 7158 9683
no. of rfins 5384 9380
no. of params / | 347 /0 307/0
R(I>30(l)® 0.0348 0.0174
R (all data) 0.0561 0.0182
wR (1> 30(l)) 0.0379 0.0232
WR (all data) 0.0399 0.0233
GooF 1.84 1.31
Diff.Four.peaks | -0.31/0.41 -0.13/0.29
min/max, eA?
Flack - 0.003(4)
Parameter
CCDC no. 1049857 1049856

® R=Z||FolHFll 1 ZIFol, WR = Zw(|Fo| - |Fil) | Zw|F.|, GooF = {Z[w(F,’ — F)] / (n-p)y*
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Computational Details. Calculations were performed using the GAUSSIAN 09 software package,?* and
the PBEO functional without symmetry constraints. That functional uses a hybrid generalized gradient
approximation (GGA), including 25 % mixture of Hartree-Fock® exchange with DFT® exchange-
correlation, given by Perdew, Burke and Ernzerhof functional (PBE).27 The optimized geometries were
obtained with the Stuttgart/Dresden ECP (SDD) basis set® to describe the electrons of the metal atoms
(Co and Rh). For all other atoms a standard 6-31G** basis set was employed.29 Frequency calculations
yielded no imaginary frequencies confirming the stationary points as minima. The free energy values
reported were calculated at 298.15 K and 1 atm by using zero point energy and thermal energy
corrections based on structural and vibration frequency data calculated at the same level. A Natural
Population Analysis (NPA)30 and the resulting Wiberg indices®! were used to study the electronic structure
and bonding of the optimized species. Three-dimensional representations of the orbitals were obtained
with Molekel.*”
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Chapter 5

Synthesis of novel Mo(ll) and Mo(lV) PCP pincer complexes

We have synthesized two diamagnetic 16e molybdenum PCP pincer complexes of the types [Mo(PCPMe-
iPr)(Br)(O)], and [Mo(PCPMe-iPr)(Br)(CO)z] from the precursors [Mo(Br);(THF);] and [Mo(Br),(CO)42,

respectively. The first one is a mono oxo Mo(lV) complex involving presumably dioxygen activation.
5.1 Introduction

The activation and cleavage of dinitrogen is an important reaction and is realized efficiently in biological
processes with nitrogenase.1 This enzyme catalyzes the conversion of dinitrogen into ammonia. The
cluster form of the FeMo cofactor is involved in this process which involves various protonation and
reduction steps.2 Also molybdenum complexes play a major role in chemical reactions with dinitrogen.3
Several high valent PNP based molybdenum halide complexes are able to form dinitrogen complexes in
the presence of strong reducing agents under a dinitrogen atmosphere. Such reactions were also utilized
in the catalytic formation ammonia.* Dinitrogen was also converted to ammonia when related PNN
molybdenum complexes were used.’ Moreover, oxidation and reduction reactions of PNP molybdenum
carbonyl complexes have been studied,’® while Veige et al reported the synthesis of trianionic OCO pincer
molybdenum derivatives bearing nitride and oxo Iigands.7 In 2015, tridentate ONO pincer molybdenum
complexes were found to be active catalysts for ring-opening metathesis polymerization of strained
alkynes.8 Tuczek and coworkers reported on a neutral tridentate PCP containing molybdenum complex
which coordinates dinitrogen using reducing agents in the presence of phosphine co—Iigands.9 The first
synthesized anionic PCP pincer molybdenum complexes (1 and 2) where the pincer ligand contains
oxygen linkers between the aromatic ring and phosphine moieties, were reported by Schrock and
coworkers (Scheme 1).10 Reduction of complex 1 with NaHg in the presence of dinitrogen yielded the PCP
molybdenum nitride complex 3 through dinitrogen splitting. This complex 3 was protonated with
[EtsNH][BAr’s] to yield complex 4 (Scheme 2). Complex 3 was structurally characterized by X-ray
crystallography.

l o}
O—'—PtBu I
n-BuLi, Et,0 S 7 O—| | SPBu;
Moly(THF); + O 0 Mo—I Mo—I
F',tBu2| F|>tBu2 78°CtoR.T 7/ /
_ O-PiBu, 0-PiBu,
Previous work 1 )

Scheme 1 Synthesis of PCP Molybdenum pincer complexes
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I N —l o N
O—l;PtBuz Na/ Hg 0-, I:PfBUz O—ff~PtBu,
Ma_l Crown ether M & [Et3NH][BAr'4] 5 \
/ N, atm Y~ /M°<H
O-PtBu, ' _
1 O-PtBu, O-PtBu, I
3 4

Scheme 2 Synthesis and reactivity of the anionic Mo(IV) nitride complex [Mo(PCspZP)(N)(I)]' (3)

5.2 Results and discussion

Treatment of [Mo(Br);(THF);] with the PCP ligand in the presence of nBulLi in diethyl ether affords the
diamagnetic molybdenum mono oxo complex [Mo(PCPMe-iPr)(Br)(O)] (5) in 75% isolated yield (Scheme
3). This complex is characterized by a combination of 'H, *'P{'"H}, and "C{'H} NMR and X-ray
crystallography. Complex 5 adopts a distorted square pyramidal geometry around the molybdenum

center, where Mo oxo bond distance.

PiP.
/©\ _ nBuli Et,0 l“ e 5
MoBr3(THF)3 + O\Br

PlPrz P/Pr 78°CtoR.T

N PIPf2 N P/Prz
6
not observed

PIPr2

5

Scheme 3 Synthesis of the Mo(lIVV) PCP oxo complex (5)

1

Figure 1. Structural view of [Mo(PCPMe-iPr)(O)(Br)] (5) showing 50% thermal ellipsoids (H atoms omitted
for clarity). Selected bond lengths (A) and bond angles (°): Mo1-P1 2.439(1), Mo-P2 2.437(1), Mo1-C1
2.145(3), Mo-Br1 2.5912(5), Mo1-O1 1.681(2), P1-Mo1-P2 143.88(3), C1-Mo1-Br1 136.54(9), C1-Mo1-O1
109.4(1), Br1-Mo1-0O1 114.10(8).
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At this stage the actual oxygen source (air or THF) to yield 5 remains unclear. In literature it was
described’ that molybdenum oxo complexes are formed upon decomposition of the molybdenum
precursor [Mols(THF)3] with THF being the source of oxygen. This was supported by the fact that 1,4-di-
iodobutane was detected as decomposition product. In the course of our investigations, the molybdenum
precursor [Mo(Br);(THF)3] was freshly prepared, and characterized by X-ray crystallography and there
was no evidence for an oxo species in the precursor. After treatment of the pPCP ligand with nBuLi this
solution was treated with [Mo(Br);(THF)3] under an argon atmosphere and the molybdenum oxo complex
5 was formed. When the reaction was completed, the remaining solution was injected into an GC-MS, and
no evidence of 1,4-di-bromobutane was found. We then performed this reaction inside a glove box (10
ppm oxygen) and again obtained the Mo(IV) oxo complex (5). An intermediate was not observed and the
mechanism of this reaction remains unclear.

When the Mo(lV) oxo complex 5 was over oxidized formation of pincer ligand 8 was observed
(Scheme 4). We then investigated the reaction of 8 with [MoBr3(THF);] in presence of Et,O at room

temperature but unfortunately no reaction took place (Scheme 5).

Scheme 4 Decomposition of the Mo(lV) oxo complex 5 in the presence of air

n-BuLi, Et,0 N /<
-78°CtoR.T N_'i\
MoBr3(THF)3 +\ri1 T/ \\\\ > _,_Br
PP 2 PiPr _ Br

M3
1\

\/O

8 >__

Scheme 5 Reaction of the Mo(lll) precursor [MoBr3(THF)3] with 8

Treatment of [Mo(Br);(THF);] with oxidized phosphine ligand 8 in presence of dichloromethane under air
at room temperature for three days resulted in the formation of the air stable paramagnetic Mo(V) oxo
complex. This complex displays large paramagnetic shifted and very broad 'H NMR signals and were thus
not very informative. 13C{1H} and 31P{1H} NMR spectra could not be detected at all. The solution magnetic
moments of 1.7(4) ug is consistent with one unpaired electron. This value is lower than the one expected

for the spin-only approximation.
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BuLi, Et,0 ’ Q F<\0
n-BulLi,
MoBrs(THF); + N N —— MeZ—sr
| | -78°CtoR.T Br™ |\
PP 2PiPr N— 0 Br

; -

Scheme 6 Synthesis of Mo(V) oxo complex

Figure 3. Structural view of [Mo(PCPMe-iPr)(O)(Br)3] (9) showing 50% thermal ellipsoids (H atoms omitted
for clarity). Selected bond lengths (A) and bond angles (°): Mo1-O1 2.152(3), Mo-02 2.065(3), Mo1-03
1.701(4), Mo-Br1 2.5506(7), Mo1-Br2 2.4955(8), Mo1-Br3 2.5273(7), O1-Mo1-0O2 85.1(1), O2-Mo1-0O3
94.8(2), O3-Mo1-Br2 94.2(1), Br2-Mo1-Br1 94.81(2), Br1-Mo1-O1 85.04(9), Br1-Mo1-Br3 170.69(3), O1-
Mo1-0O3 176.6(2).

The formation of the Mo(ll) PCP pincer complex 10 was achieved by reacting [Mo(Br),(CQO)4], and the
PC"P ligand in the presence of nBuLi in diethyl ether at room temperature for 16 h (Scheme 7). This air
stable 16e complex was obtained in only 20% isolated yield, and was characterized by a combination of
'H, Pc{'H} and *'P{'"H} NMR, IR, and X-ray diffraction. This complex adopts an octahedral geometry

around the molybdenum center.

L —
~y N~ n-Buli, EtO N_|§P’P "2
[MoBry(CO)l. + | > Mo——CO
PiPr, PiPr, -78°CtoR.T 7 \
/N-PiPr2 Br
10

Scheme 7 Synthesis of Mo(ll) PCP pincer complex (10)
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Figure 3. Structural view of [Mo(PCPMe-iPr)(CO)z(Br)] (10) showing 50% thermal ellipsoids (H atoms
omitted for clarity). Selected bond lengths (A) and bond angles (°): Mo1-P1 2.5050(3), Mo-P2 2.4372(3),
Mo1-C1 2.200(1), Mo-Br1 2.5837(2), Mo1-O1 3.127, Mo1-C21 1.978(1), Mo1-C22 1.924(1), P1-Mo1-P2
147.94(1), C1-Mo1-Br1 138.78(3), C1-Mo1-C21 136.78(5), C1-Mo1-C22 74.71(5).

5.3 Conclusion

We synthesized two diamagnetic molybdenum pincer complexes [Mo(PCPMe-iPr)(Br)(O)] and [Mo(PCPMe-
iPr)(Br)(CO),] from molybdenum precursors [Mo(Br)s;(THF)s] and [Mo(Br),(CO)4],, respectively.

5.4 Experimental Section

All manipulations were performed under an inert atmosphere of argon by using Schlenk techniques or in a
MBraun inert-gas glovebox. The solvents were purified according to standard procedures.”" The
molybdenum precursors such as [Mo(Br),(CO),] and [Mo(Br);(THF);] were prepared to according
published literature." The deuterated solvents were purchased from Aldrich and dried over 4 A molecular
sieves. 'H, C{'H}, and *'P{'H} NMR spectra were recorded on Bruker AVANCE-250, 200, and 400
spectrometers. 'H and 13C{1H} NMR spectra were referenced internally to residual protio-solvent, and
solvent resonances, respectively, and are reported relative to tetramethylsilane (8 = 0 ppm). 31P{1H} NMR
spectra were referenced externally to H;PO, (85%) (5 = 0 ppm).

[Mo(PCP""e-iPr)(Br)(O)] (5): A suspension of 8 (350 mg, 0.95 mmol) in Et,O (20 mL) was cooled
to =78 °C, and n-BuLi (1.0 mmol, 399 pL of a 2.5 M solution in n-hexane) was added in a dropwise
fashion. The mixture was then allowed to reach room temperature and stirred for 2 h. Again the reaction
mixture was cooled to -30°C and this solution was transferred to another schlenk tube where was the 1.0
equiv of 7 (521 mg, 0.95 mmol), whereupon the solution slowly turned brown. After the mixture was stirred
for 16 h, the solvent was removed under vacuum. The resulting crude product was redissolved in toluene,
insoluble materials were removed by filtration, and the solvent was evaporated under vacuum to afford the
product as a brown solid. Yield: 400 mg (75%). 'H NMR (8, CD,Cl,, 20°C): 7.22 (t, Jun= 8 Hz, 1H), 6.21
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(d, Juu= 8 Hz, 2H), 3.04 (s, 6H, NCH3), 2.90-2.73 (m, 4H, CH), 1.53-0.97 (m, 24H, CH,). "*C{'H} NMR (3,
CD,Cl,, 20°C): 162.9 (t, 2Jep= 13.5 Hz, Ph), 134.8 (s, Ph), 102.0 (t, *Jcp= 5.5 Hz, Ph), 34.3 (t, “Jcp= 1.8
Hz, NCH3), 27.3 (t, "Jep= 10.5 Hz, CH(CHa),), 23.1 (t, "Jep= 10.5 Hz, CH(CHj),), 18.5-17.1 (m, CH(CHs),).
¥P{"H} NMR (3, CD,Cl,, 20°C): 150.3

OPCPO Ligand (8): A suspension of 8 (400mg, 1.09 mmol) in dichloromethane was cooled to
0°C, and aqueous 30% H,O, (6 equiv.) was added in dropwise fashion. The mixture was then allowed to
room temperature. After 1 hour, the solvent was evaporated, and the crude product was washed with 5
mL diethyl ether in three times. The product was dried in over vacuum to yield colorless solid. Yield: 94%
(410 mg). "H NMR (3, CgDg, 20°C): 7.86 (s, 1H), 7.20 (t, *Juu= 7.5 Hz, 1H), 6.87 (d, *Juys = 7.5 Hz, 2H),
2.93 (d, *Jup= 7.5 Hz, 6H, NCH3), 2.28-2.14 (m, 4H), 1.26 (vq, 2Jun = 7.5 Hz, %Jup = 7.5 Hz, 12H, CHs),
1.11 (vq, 2Juy = 7.5 Hz, *Jyp = 7.5 Hz, 12H, CHs). *'P{'H} NMR (3, C¢Ds, 20°C): 56.1.

[Mo(OPCPO)(0)(Br)s] (9): A suspension of MoBr;(thf); (298mg, 0.543 mmol), and 8 (217 mg,
0.543mmol) in dichloromethane was kept without stirring at room temperature under an air atmosphere.
After the 3 days the reaction mixture colour was completely changed from brown to green. Then, the
solvent was removed under vacuum. The resulting crude material was redissolved in toluene, insoluble
materials were removed by filtration, and the solvent was evaporated under vacuum to afford the product
as a green solid. Yield: 93% (380 mg). Yers = 1.7(4) uB (CH,CI,, Evans method).

[Mo(PCPM"-iPr)(Br)(CO)Z] (10): A suspension of PCP ligand ( 100 mg, 0.272 mmol) in Et,O (15
mL) was cooled to -78°C, and n-BuLi (0.286 mmol, 115 uL of a 2.5 M solution in n-hexane) was added in
a dropwise fashion. The mixture was then allowed to reach room temperature and stirred for 2h. After that
0.5 equiv of [MoBry(CO)4]> (100 mg, 0.136 mmol) was added. After the reaction mixture was stirred for
16h, the solvent was removed under vacuum. The resulting crude material was redissolved in toluene,
insoluble materials were removed by filtration, and the solvent was evaporated under vacuum to afford the
product as a yellow solid. Yield: 20% (32 mg). IR (C¢Dg solution, cm'1): 1855 (vco), 1955 (veo); (ATR, cm’
"): 1827 (vco), 1933 (1c0). 'H NMR (8, C¢Dg, 20°C): 7.07 (t, *Jun= 7.5 Hz, 1H), 6.03 (d, *Jip= 7.5 Hz, 2H),
2.40 (t, ®Jyp= 2.5 Hz, 6H, NCH3), 2.06-1.96 (m, 2H, CH), 1.92-1.82 (m, 2H, CH), 1.34-0.93 (m, 24H, CHj).
BC{"H} NMR (3, C¢Ds, 20°C): 219 (t, 2Jcp= 8.1 Hz, CO), 216 (t, 2Jcp=8.1 Hz, CO), 163.9 (t, *Jep=10.0 Hz,
Ph), 132.9 (s, Ph), 104.4 (t, *Jcp= 3.1 Hz), jpso C not detected, 33.4 (t, 2Jop= 6.8 Hz, NCH3), 32.6 (t, 'Jop=
8.1 Hz, CH(CHs3),), 30.9 (t, "Jcp= 10.6 Hz, CH(CH3),), 19.1 (t, *Jep= 6.8 Hz, CH(CHj3),), 18.40-18.05 (m,
CH(CHs),). *'P{"H} NMR (5, C¢Ds, 20°C): 150.85
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Summary

In Chapter 1, this chapter provides an overview of the advancements in the field of non-precious metal
(Ni, Co and Mo) complexes featuring anionic PCP pincer ligands where the (CH,, O and NH) linkers
between aromatic ring and phosphine moieties. While the research in nickel PCP complexes is already
quite extensive, the chemistry of cobalt and molybdenum PCP complexes is comparatively sparse. In the
case of nickel PCP complexes already many catalytic applications such as Suzuki—Miyaura coupling, C-S
cross coupling, Michael additions, Alcoholysis of acrylonitrile, hydrosilylation of aldehyde and
cyanomethylation of aldehydes were reported. Cobalt and molybdenum PCP complexes were not applied
to any catalytic reactions. Surprisingly, only one molybdenum PCP complex is reported, which was
capable of cleaving dinitrogen to give a nitride complex. This literature survey is motivated us to find and
develop the combination of cheap and abundant metals such as nickel, cobalt and molybdenum with PCP
pincer ligands may result in the development of novel, versatile, and efficient catalysts for atom-efficient
catalytic reactions. In Chapter 2, we have shown here that a PCP pincer ligand based on 1,3-
diaminobenzene acts as versatile supporting scaffold in cobalt chemistry. The PCP moiety provides
access to a range of Co complexes in formal oxidation states +l, +Il, and +lll by utilizing the 15e square
planar d’ complex [Co(PCPMe-iPr)CI] as synthetic precursor. In contrast to the analogous Ni(ll) complex
[Ni(PCPMe-iPr)CI], [Co(PCPMe-iPr)CI] is able to form stable pentacoordinate square pyramidal or trigonal
bipyramidal 17e complexes. For instance, [Co(PCPMe-iPr)CI] readily adds CO and pyridine to afford the
five-coordinate  square-pyramidal complexes [Co(PCPY®-iPr)(CO)CI] and [Co(PCP"®-iPr)(py)Cl],
respectively, while in the presence of Ag” and CO the cationic bipyramidal complex [Co(PCP'\"e-iPr)(CO)z]+
is formed. The effective magnetic moments e of all Co(ll) complexes derived from the temperature
dependence of the inverse molar magnetic susceptibility by SQUID measurements are in the range of 1.9
to 2.4ug. This is consistent with a d’ low spin configuration with a contribution from the second-order spin
orbit coupling. Oxidation of [Co(PCPMe-iPr)CI] with CuCl, vyields the Co(lll) PCP complex [Co(PCPMe-
iPr)Cl,], while the synthesis of the Co(l) complex [Co(PCPMe-iPr)(CO)z] was achieved by reducing
[Co(PCPMe-iPr)CI] with KCg in the presence of CO. Complex [Co(PCPMe-iPr)Clz] exhibits a solution
magnetic moment of 3.1 which is consistent with a d° intermediate spin system. The tendency of Co(l),
Co(ll) and Ni(ll) PCP complexes of the type [M(PCPMe-iPr)(CO)]n (n = +1, 0) to add CO was investigated
by DFT calculations showing that the Co species readily form the five-coordinate complexes [Co(PCPMe-
iPr)(CO),]" and [Co(PCPMe-iPr)(CO)z] which are thermodynamically favorable, while Ni(ll) maintains the
16e configuration since CO addition is thermodynamically unfavorable in this case. X-ray structures of
most complexes are provided and discussed. A structural feature of interest is that the CO ligand in
[Co(PCPMe-iPr)(CO)CI] deviates significantly from linearity with a Co-C-O angle of 170.0(1)°. The DFT
calculated value is 172° clearly showing that this is not a packing but an electronic effect. In Chapter 3,
we have shown that the 15e square-planar complexes [Co(PCPMe-iPr)CI] and [Co(PCP-tBu)Cl],
respectively, react readily with NaBH, to afford complexes [Co- (PCPMe-iPr)(r]Z-BH4)] and [Co(PCP-
tBu)(r]z-BH4)] in high yields. The nz-bonding mode of the borohydride ligand was confirmed by IR
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spectroscopy and X-ray crystallography. These compounds are paramagnetic with effective magnetic
moments of 2.0(1) and 2.1(1) uB consistent with a d’ low-spin system corresponding to one unpaired
electron. None of these complexes react with CO, to give formate complexes. For structural and reactivity
comparisons, we prepared the analogous Ni(ll) borohydride complex [Ni(PCPMe-iPr)(nZ-BH4)] via two
different routes. One utilizes [Ni(PCPMe-iPr)CI] and NaBH,, the second one makes use of the hydride
complex [Ni(PCPY-iPr)H] and BHs THF. In both cases, [Ni(PCP“-iPr)(n>-BH,)] was obtained in high
yields. While [Ni(PCP™®-iPr)(n*BH,)] loses readily BH; at elevated temperatures in the presence of NEt,
to form [Ni(PCPMe-iPr)H], the Co(ll) complex [Co(PCPMe-iPr)(r]Z-BH4)] did not react with NH; to give a
hydride complex. Complexes [Ni(PCP"-iPr)(n?BH,)] and [Ni(PCP"®-iPr)H] react with CO, to give the
formate complex [Ni(PCPMe-iPr)(OC(C=O)H]. DFT calculations revealed that the formation of the Ni
hydride is thermodynamically favorable, whereas the formation of the Co(ll) hydride, in agreement with the
experiment, is unfavorable. From the calculations, it is apparent that, for the Co complexes, the BH4~
coordination is closer to n?, and the overall geometry can be envisaged as in between square-planar and
square-pyramidal. In complex [Ni(PCPMe-iPr)(r]z-BH4)], the borohydride ligand coordination is closer to n1,
and the overall geometry of the molecule is closer to normal square-planar, reflecting the tendency of
Ni(ll) to form complexes with that geometry, as expected for a d® metal. A very rare bidentate and
tridentate ligand containing pincer complex [Co(PCP"-iPr)(NO)(NO,)] is synthesized by the reacting
substrate [Co(PCP"-iPr)(n?BH,)] and NaNO,. The cobalt borohydride complex [Co(PCP"®-iPr)(n%BH,)]
is readily reacted with CO and tBuNC to produce the Co(l) complexes [Co(PCPMe-iPr)(CO)z] and
[Co(PCPMe-iPr)(CNtBu)z], respectively. In Chapter 4, we described the synthesis and reactivity of the first
Co(l) pincer complex [Co(n’P,CH,P-P(CH)P"®-iPr)(CO),]" featuring an agostic n’-C.y-H bond. This
complex was obtained via protonation of the Co(l) complex [Co(PCPMe-iPr)(CO)z]. In contrast to related
Rh(l) agostic pincer complexes, this complex is five coordinate and adopts a trigonal bipyramidal
geometry. Since the CO ligands are not sufficiently electron rich to promote an oxidative addition of the C-
H bond, a Co(lll) hydride complex is not formed. A Co(lll) hydride complex [Co(PCP'\"e-iPr)(CNtBu)2(H)]+
was obtained upon protonation of the more electron rich Co(l) complex [Co(PCPMe-iPr)(CNtBu)Z]. Three
ways to cleave the agostic C-H arene bond are presented. First, the agostic proton in [Co(n3P,CH,P-
P(CH)P'\"‘a-iPr)(CO)z]+ is acidic and pyridine deprotonates the C-H bond to reform the starting material.
Another way to cleave the agostic C-H bond is hydrogen abstraction upon exposure of [Co(n3P, CH,P-
P(CH)P'\"“’-iPr)(CO)z]+ to oxygen) or TEMPO which results in the formation of the paramagnetic Co(ll) PCP
complex [Co(PCPMe-iPr)(CO)2]+. This process involves oxidation of the metal center from Co(l) to Co(ll).
Finally, replacement of one CO ligand in [Co(n’P,CH,P-P(CH)P"®-iPr)(CO),]* by CNtBu promotes the
oxidative addition of the agostic C-H arene bond. This yields two isomeric hydride complexes of the type
[Co(PCP™-iPr)(CNtBu)(CO)(H)]". DFT calculations support the existence of the agostic bond in complex
[Co(n*P,CH,P-P(CH)P"°-iPr)(CO),]" and corroborate the differences observed between the Co and the Rh
species. In Chapter 5, We have synthesized two diamagnetic 16e molybdenum PCP pincer complexes of
the types [Mo(PCPMe-iPr)(Br)(O)], and [Mo(PCPMe-iPr)(Br)(CO)Z] from the precursors [Mo(Br);(THF);] and
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[Mo(Br)»(CO),),, respectively. The first one is a mono oxo Mo(IV) complex involving presumably dioxygen

activation.
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