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Abstract
The objectives of this research focus on the investigation of carbon-hydrogen bond
activation (CHA) and carbon-carbon bond activation (CCA) of alkanes by rhodium
porphyrin complexes as well as the mechanistic understanding,
K2CO3 (10 equiv)
Rh(ttp)X+ R-H 1200C.N2"Rh(ttp)—R

X =Cl. H, Rh(ttp)  dark, 6-24 h 29-76%

R = n-pentyl, n-hexyl,
n-heptyl, c-pentyl,
c-hexyl

Base-promoted CHA of unstrained alkanes with 5,10,15,20-
tctratolylporphyrinatorhodium complexes, Rh(ttp)X (X = CI, H, Rh(ttp)), has been achieved.
Rh(ttp)Cl, reacted with /7-pentane, w-hexane, w-hcptane > c-pentane and c-hexane in the
presence of potassium carbonate at 120 "C in 6 to 24 h to give rhodium porphyrin alkyls,
Rh(ttp)R, in 29-76% yields. Mechanistic investigations suggested that Rh2(Up)2 and Rh(ttp)H
are key intermediates for the parallel CHA step. The roles of base arc (i) to facilitate the
formation of Rh(ttp)Y (Y' = OH', KCO3), (ii) to enhance the CHA rate with alkane and
generate Rh(tlp)H by a Rh(ltp)Y species which is more reactive than Rh(ttp)Cl, and (iii) to

provide a parallel CHA pathway by Rh2(ttp)2.

OKZCOS (10 equiv)

120, C 6h N2 dark Rh(ttp)(c hEDtyI) + Rh(ttp)Bn + Rh(ttp)H  Total Yield
X =ci H Rh(itp) 76% 25% 0-30% 73-85%

KzCOs-promoted CHA of the ring-strained c;;floheptane with Rh(ttp)Cl at 120 in6h
gave the CHA product Rh(ttp)(c-heptyl) and together with, unexpectedly, the CCA product

Rh(Up)Bn, in 30% and 24% vyields, respectively. Mechanistic studies revealed that Rh(ttp)(c-

heptyl) undergoes /~-hydride elimination in neutral condition or /?-proton elimination in basic
condition followed by reprotonation to give rhodium(l11) porphyrin hydride, Rh(ttp)H, and c-
heptene. Successive base-promoted CHA of c-heptene with Rh(ttp)H, followed by /?-proton
elimination, generates cycloheptatriene. The CHA of cycloheptatriene with Rh(ttp)H formed

viii



Rh(ttp)(c-heptatrienyl), which underwent rearrangement with carbon-carbon cleavage at 120

"C in 16 d to yield Rh(ttp)Bn in 96% yield.

- A wlo K2C03 (10 equiv
Rh(ttp)x + ===~ A Rh(ttp)(c-octyl) + Rh(ttp)(AT7-octyl) + Rh(ttp)H  Total Yield
Voo 120 "C._Noﬁ dark

= ic 0-60% 4-73% 0-73% 73-97%
X = Cl. H. Rh(ttp) 7.5-15 h '

c'-Octane reacted with Rh(ttp)CIl at 120 in 7.5 h in the presence of K2CO3 to vyield

Rh(ttp)(/7-octyl) and Rh(ttp)H in 33% and 58% vyields, respectively. Mechanistic
investigations indicate that the CCA product is generated from the Rh"(ttp)-catalyzed 1,2-
addition of c-octane with Rh(ltp)H. Reaction of c-octane and Rh(ttp)H/Rh2(ttp)2 (10:1)
selectively yielded Rh(ttp)(/7-octyl) in 73% at 120 °C in 15 h. The catalyst Rh"(ttp) radical
cleaves the C—C bond of c-octane to form to a Rh(ttp)-alkyl radical, which then abstracts a
hydrogen atom from Rh(ttp)H to generate the Rh(ttp)(«-octyl), and subsequently leading to

regeneration of the Rh"(ttp) radical.

Vi
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Chapter 1 General Introduction

11 General Introduction to Alkanes
1.1.1 Bond Strength

Alkanes arc non-polar saturated hydrocarbons which are made of either strong C-H
or C-C single bonds with bond dissociation energy over 80 kcal mol™ (Tables 1.1 and 1.2).""
As a result, they are usually chemically inert.

Tabic 1.1 C-H Bond Dissociation Energies (BDE) of Some Alkane Molecules®

C-H bond of AlkaneBDE (kcal mor?) C-H bond of AlkaneBDE (kcal mol")
CH3-H 105.0 C-C3H5-H 106

CH3CH2-H 100.5 C-C4H7-H 96.8

[1-C3M7-M 100.9 C-C5H9-H 95.6

[7-C4H9-H 100.7 c-CeUu-n 99.5

w-CsHn-H 100.2 0C7H13-H 94.0

[7-C6H,3-H 99.0 c-CgHis-H 95.7

[1-CTH | 5-H 98.0

Table 1.2 C-C Bond Dissociation Energies of Some Alkane Molecules®

C-C bond of Alkane BDE (kcal mol™) C-C bond of Alkane BDE (kcal mol*

CH3-CH3 90.2 C2H5-C2H5 86.8
CH3-C2H5 88.5 C2H5-C3H7 87.3
CH3-«-C3H7 88.9 C2H5-AT7-CAH9 86.9

CH3-W-C4H9 88.8 AT-C3H7-/2-C3H7 87.5



1.1.2 Steric Strain

Due to the non-bonding repulsions between adjacent atoms or like charges as well as

%

also bond-angle strain, the structure of a molecule may be forced in a particular arrangement
and lead to a sharp increase in the energy of the system. This is called strain energy. Unlike
straight chain alkane which is relatively strain-free, the strain energy of cycloalkane is usually
the driving force of reactions. There are three important sources of steric strain: (i) Prelog
strain, which is caused by the intramlccular van der Waals repulsive forces of large atoms or
groups crowding together; (ii) Baeyer strain, which is originated from bcndrangle distortion;
(iii) Pitzer strain, is caused from torsional deformation by cr-bond rotation from the most
stable conformation. Table 1.3 lists the strain energy and the C-C BDE of some

cycloalkanes.3
Table 1.3 Ring Strain and C-C BDE of Cycloalkanes”

Cycloalkane Strain energy (kcal mol'"'/ABDE of C-C bond (kcal m o1 o=

Cyclopentane 6.5 86.9"
Cyclohexane 0 87.3
Cycloheptane 6.3 86.6

Cyclooctane 9.6 79.6

1.2 Activation and Functionalization  Alkanes by Transition Metals

. Carbon-hydrogen activation (CHA) and carbon-carbon activation (CCA) of alkanes
by transition metals involves the cleavage of the strong and inert alkyl C-H and C-C bonds,
respectively and the subsequent formation of M-H or M-C bonds (eqs 1.1-1.4)."" The

ultimate goal in alkane activation is the catalytic conversion of hydrocarbons into more

fiinclionalized and potentially more useful chemicals. The initial C-H and C-C activations of



alkanes by metal-containing species can be viewed as the first step towards the conversion of
%

alkanes into commodity chemicals.

CC-H +M —C-M-H (1.1)
-C-H +2M —C-M + M-H (1.2)
—C-Ci- +M —C-M-C— (13
lc-c“ + 2M 2 -C-M (1.4)

The functionalization of alkanes by transition metals consists of two essential steps: (1)
activation of alkanes, and (2) conversion of the M-C bond to a functional group - for example
C-0, C-N and C=C bonds.

1.2.1 Importance of Alkane Activation

Cl 1A and CCA of alkane are potentially broadly applicable in the industrial synthesis

of bulk chemical like methanol via syn-gas synthesis (Scheme 1.1 Transition metal

complexes .were also found to catalyze the transformation of natural product via alkyl CHA

(Scheme 1.2),



o ;
N [, *OP
NAN. 1 0P
Pt. op-
NAN'
CHgOI\3
o 14 Electron T-Complex CH
Functionlization Activati
ctivation
+HOP HOP
r n oP
0P NAN. 1 OP
Pt. Pt
NAN CH3 | I NANA CH3
k J SO2 SB— K j
HO 2HOP
OP =ClI. HSO, Oxidation

Scheme 1.1 Catalytic Oxidation of Methane Potentially Applicable in Industry

CF3CO2H
2Y Rh2(S-hiDOSP)2 (1mol%) Ph
NN °
é COzMe 12h.25°C H  COzMe
oc 7/7reo-methylphenidate
52% yield
86% ee

Rh2(S-biDOSP)2

2
A = p(CH3(CH2)io-i2)C6H4

Scheme 1.2 Synthesis of TT”reo-methylphenidate by RhiCS-biDOSP !



1.2.2 Challenges of CHA and CCA

In the course of alkane functionalization, the bond activation step is usually the most
challenging step due to the inertness of alkane. Both alkyl CHA and CCA are difficult, it is
commonly accounted by their high bond dissociation energies. Indeed, CHA and CCA
encounter difficulties in different aspects.
1.2.2.1 Difficulties of Alkane CHA

Generally, the CHA of alkanes faces challenges in the following aspects:

(1) Chemoselectivity: Vigorous reaction conditions and reactive reagents are usually
employed for alkane functionalization as they are inert. The product of an”"“ane
functionalization reaction is very likely more reactive than the starting material and so reacts
faster with the funclionalizing reagent.” It is called over-functionalization and can be a severe
problem. For example, it is very difficult to stop the air oxidation of methane at the methanol
stage. The methanol formed is more reactive than methane so that it preferentially reacts with
the oxidizing agent. Many of the reactions in this section can only be run to give low or very

low conversion in order to obtain a satisfactory selectivity.
(2) Regioselectivity: When there are more than one type of C-H bonds in an alkane

"molecule, an important selectivity issues arises (primary, secondary and tertiary C-H bonds).

Tertiary radicals and carboniurh ions are more stable than their secondary or primary analogs.

Therefore > if carbon-cenlered radicals or carbonium ions are involved in the functionalization
steps, an intrinsic selectivity pattern: tertiary > secondary > primary would happen. However,
for very bulky reagents or in reactions in which the C-H bond to be broken is brought side-
on to the functional group, for example Sn2, primary position is favored due to sleric effects.’

(3) Alkane dehydrogenalion as, well as carbonylation are classic examples of CHA,

however, both transformation are not favorable at ambient conditions (eqs 1.5 and 1.6).

However > dehydrogenalion is favorable at high reaction temperature as hydrogen gas is



generated. Due to the decrease of entropy after transformation, the addition of a C-H bond
across an olefin is endogonic at high reaction temperature (eq 1.7).A

At ambient conditions At high temperature

H H
H2 (1.5) AH =+ 10 kcal mol" AG <0
AG = 0 kcal mol"
H
+ CO (1.6) AH=+ 5 kcal mol' AG>0
|1| AG = + 15 kcal mo|-
CH/H (1.7) AH =-10 kcal mol-i AG >0

AG = 0 kcal mo}-i
1.2.2.2 Difficulties of Aikane CCA
Carbon-carbon bond activation of alkanes with transition metal complexes are more
challenging than much carbon-hydrogen bond activation.® This is mainly accounted by two
reasons: (i) kinetically inaccessibility of the C-C bonds of alkanes due to the surrounding

C-H bonds (Figure 1.1), and (ii) steric repulsion between the ligands surrounding the metal

A

and the alkyl group bound to it. As a result, CCA is much more difficult and less reported

than CHA.

Figure 1.1 Structure of an Ethane Molecule (Ball and Stick Model)



13  Carbon-Hydrogen Activation of Alkancs by Transition Metal Complexes
1.3.1 Stoichiometric CHA of Alkane by Transition Metal Complexes

CHA by transition metal complexes are generally divided into five categories: (A)
electrophilic activation, (B) oxidation addition, (C) cr-bond metathesis, (D) homolytic
cleavage and (E) reversible addition of C-H bond across M=X.
1.3.1.1 Electrophilic Activation

In 1972, Shilov et al. published a remarkable stoichiometric *“elcctrophilic” CHA of
methane with PtCle™ to give methanol and methyl chloride (eq 1.8).4 The reaction is catalytic
in Pt(I1), but unfortunately stoichiometric in Pt(IV). Shilov proposed a reasonable mechanism
not long after his discovery (Scheme 1.3)4 Methane is first activated by Pt(ll) to form a
melhylplatinium(ll)  intermediate, which is then oxidized to an electrophilic
methylplatinium(lV) intermediate. Functionalized products, methanol or methyl chloride
come from either (i) reductive elimination of Pt(1\V) methyl group and coordinated H20 or CI"
or (ii) nucleophilic attack at the carbon center by an external nucleophile (H20 or CI),

accompanying with the reduction of Pt(1V) to Pt(ll).

PtCl 2-
CH4 + PtCV-+H20 CH30H + PtCV-+ 2HCI (1.8)
6 (Cl-) H20. 120 (C~|-|V‘3(\:I)
alkane activation E .
>t < + H3C-H . e ;R">ch+,
CH30H
(CH3CI)

Functionalization

Scheme 1.3 Proposed Mechanism for Shilov,s Methane Oxidation



1.3.1.2 Oxidative Addition

In oxidative addition, a metal complex, with vacant-sites and a relatively low
oxidation state, is oxidized by the metal insertion of C-H bond. Both the formal oxidation
state of the metal and the electron count of the metal complex increase by two. As oxidative
addition is a bimolecular process, it follows the second order rate law (rate = k [M][Sub]).”

In the late 1980s, Bergman demonstrated the intermolecular CHA of neopentane with
iridium dihydride complex via oxidation addition of the iridium(l) intermediate to give

hydridoalkyl iridium(l11) complex (eq 1.9).®

Cp\ MerC Cp\

VI ' L ’ CP*\ I ,,,'H
MeaP' ““*H hv,53h e veaP' ' croopvie " P
64%

Stoichiometric alkyl CHA reactions were later found to be successful in other

transition metal systems like Os (eq 1.10)."

il H
L4DS +cHy  Cyclohexane | ) 4ng (1.10)
80 °C,
L = PMeg 160 /o

Some of the above examples laid down a good foundation for the development of
catalytic functionalization of alkane. Photochemical carbonylation of «-pentane was
catalyzed by Rh(PMe3)2(CO)CI to give aldehydes (eq 1.11). The first well-characterized
catalytic dehydrogenation system was reported by Crabtree. However, such a system required
either a sacrificial hydrogen acceptor or irradiation (eq 1.12). Acceptorless
dehydrogenation was later reported to be successfully catalyzed by Ir pincer complex (eq
1.13).i3b Borylation of alkane was also catalyzed by Cp*Re(C0)3 and Cp*Rh(r|*-C6Me6) (eq
1.14 and LIS)”®[] Indeedcatalytic borylation of aromatic C-H bonds was achieved by

[IrCI(COD)] with 2,2'-bipyridine'Mand Cp*1lrH2(BPin)2 (where HBPin = pinacoiborane)jad



cat Rh(PMe3)2(CO)CI

+ CO (1 atm)
hv.r.t. 16.5h
f-Bu cat. [ITH2Y2L2]A
+ \:
150 °C. 18 h

Y = MezCO. L = Pip-fCAH*h. A = SbFj

(RpCP)IrH2

reflux

\1L-0b . O™ [cp*Re(C0)3] (2.4 mol%)
) hv, CO. 25°C. 56 h

yho 0o~

P - A Cp*Rh(n*-C6Me6) (5 mol%)

H-B .
0¥ 150 °C. 14 h

HAO

0]
+ (1.7)
2725%/Rh <60%/Rh
rTA , NBu
A | Vo4
60%
Ho (1.13)
Qt
| (114)
32%
oJ?
H2 (115)



1.3.1.3 a-Bond Metathesis

(T-Bond metathesis is also a bimolecular process. Different from oxidative addition -
the oxidation state of the transition metal involved cr-bond metathesis remains unchanged. A
number of examples were reported in which (f metal alkyls underwent cr-bond metathesis
with alkancs. A four-centered transition state is generally accepted.

In 1983, Waston reported that Cp*2LuMe underwent exchange with to give
Cp*2LuE3cH3 at 70 °C in cyclohexane solvent (eq 1.16).” Bercaw also reported the methyl

exchange reaction between Cp*ScMe and ~CIU (eq 1.17)."”

&cH,
Lu—CH., —— = ruen,  (1.16)
70 °C.
cyclohexane
SC—<CH, SC~3CH3 (1.17)
25°C

1.3.1.4 Homolytic Cleavage (Radical Pathway)
One of the most remarkable classes of organometallic CHA system is based on
porphyrin complexes. Wayland et al. demonstrated the CHA of methane with metalloradical

Rh"(Imp) (tmp = tetramesitylporphyrinato dianion) to give Rh(tmp)Me and Rh(tmp)H (eq

353 K ”
2Rh"(tmp) + CH, Rh(tmp)H + Rh(tmp)CH3 (1.18)

Ki =7300



Further mechanistic studies suggested that the CHA reaction is first order in methane
and second order in Rh"(tmp) which follow:
Rate = k [Rh"(tmp)]* [CH4]
Temperature dependence of the forward rate constant k gives activation parameters for the
methane CHA reaction (AHM = 7.1+ 1.0 kcal mol"; AS: = -39+£5 cal mol" K"). The large
deuterium isotopic effects of the reaction {kw/ko (298 K) = 8.6; (ku/ko (353K) = 5.1) implicate

that the rate-determining step involves a linear C 'H "Rh fragment. The small activation

enthalpy (AH" = 7.1 £ 1.0 kcal mol") indicates that the cleavage of C...H bond in the transition
state is accompanied by the formation of both Rh...C and Rh...H bonds. Therefore, the

methane activation was proposed to go through a linear 4-centered transition state (Scheme

4™
HsH
H

Scheme 1A Methane CHA via Termolecular Transition Stale
1.3.1.5 1,2-Addition of C—H bond across M=X
In 1988, Wolczanski'* and Bergman* independently reported that Zr(IV) amido
complexes could undergo 1,2-elimination of alkane to give the corresponding transient imido
complexes. Wolczanski examined the reactivity of the newly-formed imido complex with
methane and resulted in the formation of Zr-CHa complex via the 1,2-addition of alkyl C-H

bond across the Zr=N bond (eq 1.19).

L
L.
Azr-CD3 Ry 2°% 1?2 Zr-CH, +CDOH (1.19)
L, 3 atm L
N, &
=NHSi*Bu. quamtit3tive
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Legzdins reported a series of Mo and W sysfems which underwent CHA of
hydrocarbons, including alkane, via the addition across the proposed M=C intermediates

(Scheme 1.5).7°

70°C.40 h w: N .. H
-CMex

90% 10%
Scheme 1.5 Alkyl CHA by Cp*W complexes
1.3.2 Catalytic CHA of Alkane with Transition Metal Complexes
The detailed studies of stoichiometric reactions of alkyl CHA with different transition
metal complexes provided a basic understanding of the reaction mechanism. Some of the

stiochoimetric CHA had been developed into catalytic functionalizalion (Table 1.4).



Table 1.4 Selected Examples of Catalytic CHA with Transition Metal Complexes

Catalytic Reaction
Dehydrogenation

1999 Goldman et

al21
H-D Exchange
1982 Schwartz et

al 2

Carbonylation

1991 Crabtrce et

a23

Methane Oxidation
1998 Periana et al.
Aminalion

2008 Perez et al %

Chlorination

1984 Schwartz et al.
25

Isomerization

1979 Arataet al’™
Boronation

2000 Hartwig et al™”

Examples

(f-Bupcp)|rH2(1.0 mM)
f?-octane, 150 °C, 120 mip

-octane + 1-decene
(0.5 M)

-octene + decane (1.20)
9700

"Bupcp = 2.6-bis[di(f-butyl)phosphinomethyl]phenyl

[Si]-ORh(
(4 mol%) H )
7-butane-cf(] mixture of n-buiane-d*  (1.21)
recovered 100°C. 2d 79%
20% vyield
o
Hg* (254 nm) (1.22)
1-5 h
total yielcf10-70%
cat. (bypnn)RCI2
CH CH30SO03H 2H20 + S02 (1.23)
220, C,25h 7o
bypm = 2,2-bipyrimidine ’
H
N
5 mor/o Tp. B'Ag \ Ts
PhI=NTs (1.24)
80 4 h

90%
(Tp*,Br = hydrotris(3,4,5-tribromo)pyrazolylborate ligand)

cl
(Sil-OR<
(2 mol%)
cH cl, CH3(CI aup CHCI3 + ecu (125)
recovered yield 100°C. 11 12.6% 1.1%
86.3% : :
80% 150°C. <1 min
20%
N /\| H r
Cp*W(CO)3[Beat(Me)2] + Hglamp, ~.vYWWW"BcaUMQj (1:27)

_ ) >0n
{ [Bcat(Me)2] =B-1. a-OzCeHj-a. S-Mej)

[



14 Carbon-Carbon Activation by Transition Metal Complexes
Carbon-carbon bond activation of alkanes with transition metal complexes are much

less reported than carbon-hydrogen activation.® Several strategies have been commonly
> fi

employed to realize CCA, including ring strain relief, the aromaticity driven CCA from pre-
aromatic system, chelation assisted intermolecular CCA of imine™ and
carbonyl » 32,33 intramolecular y”carbon-carbon bond cleavage™* and alkane metathesis.M™
They will be discussed one by one in the following section.
14.1 Ring Strain Relief

‘“*Early CCA examples with transition metal complexes were focused on ring strained
molecules as the cleavage of the highly strained system provided extra driving force for the

reaction (egs 1.28-1.30)."®

ZITI 40 17
+ 2[Rh(CO)2a]2 Rh'|c . (1.28)
ocfc, o
1. 18°C. 5h. THF_ O O (1.28)
N/(PEBM 2.0 15min" : +oPEt
EUP PEt,

c-hexane-cyi2
Rh hv, 3d

1
Rheid
OoC. CO ocC \
-

The above examples demonstrate the cleavage of ring strained C-C bond and

(1.30)

meanwhile with the formation of M-C bond. Since M-C bond is relatively weak (30 to 70
kcal mol"), the organometallic compounds formed are easily further transformed to

4

complete the flinctionalization (eq

1401



Cp*RhCC0)2
4 CO c-hexane-di2 (1.31)
(500 Torr) 160 6d -
97%

1.4.2 Aromaticity Driven CCA
The transformation of an aromatic compound from the corresponding pre-aromatic
one provides an extra driving force. Crabtree et al. reported that the carbon-carbon bond of

1,1 -dimethylcyclopentadiene was cleaved by Ir complexes to give the corresponding tf-

methylcyclcopentadienyl(methyl)iridium (eq 132)Y® Hughes also found that Mn2(CO)io

reacted with neat pcntamethylcyclopcntadiene to afford a mixture of CHA product, MrA"[] -
C5Me5)(CO)3 and CCA product, Mn( 72-C5Mc4H)(CO)3 (eq 1.33) >

Me Me
14518h
IfP(p-F-C6H4)312 I Ir[P(p-F-C6H4)3L1 2 (1.32)
quantitative
_ 155 °C. 0.5 h
Mn2(COJio 2.185-->205  3h  ocr*”nJ[Jco OC— (T.33)
3. 205 °C. 0.5 h Co
co
77
23

> 70%
1.4.3 Intramolecular CCA in Pincer-Type System
Chelation assisted CCA makes use of a strategy in which the targeted carbon-carbon
bond is brought close to the metal center by ligand coordination of the substrate so as to
lower the activation barrier. Intramolecular sp®-sp™ CCA in pincer type (PCP) system by
Milstein et al. gave the best illustration (eq 1.34)/®

P Sy .

[Rh(CH2=CH2)2CI'1 2 benzen? | r
5 \/

A

34)

50



The coordinating P ligands in the target molecule brings the Rh center into close
proximity, and subsequently inserts into the aryl-Me bond. Mechanistic investigation of the
CCA reaction revealed that the initial coordination of the diphosphine ligand to the rhodium
olefin complex is the rale-determining step™ob The operating mechanism involves parallel
benzylic CHA and aromatic CCA > the CHA product eventually converts to the

thermodynamically favored CCA product (Scheme 1.6).

R
i
CHA ¥ +H
A’
Cl
y PR2
We [Rh{alkene)2CIJ2 benzene
PR2
PR
R ="'Bu. Ph, Me CCAy h
alkene = ethylene, c-octene, 'butylethylene
Y YV

thermodynamic product

Scheme 1.6 Proposed Mechanism of Parallel CHA and CCA in PCP System

When less bulky dimethylphosphines was employed in the PCP ligand, the more
stable CCA product formed. However, when less basic diphenylphospliine was used, CHA
product became more stable and formed pFeferretially™
1.44 Chelation-Assisted Intermolecular CCA of Imine “

Jun et al. discovered that by using 2-amino-3-picoline, a temporary chelating auxiliary
which reacted with ketone to form ketimine, RIVcl(PPh3)3 facilitated the CCA of unstrained
ketone (Scheme 1.7).

O R]

RA N  NH2 N N N N

~ R-[Rh]—K

Scheme 1.7 Chelation Assisted CCA of Imine
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The Ca-Cp bond of the newly formed ketimine is cleaved by Rh(PPh3)3Cl with the
generation of (iminoacyl)rhodium alkyl.™'

The nitrogen atom on the pyridine ring directed the rhodium center to the Ca-Cp bond
of the imine via a chelation-assisled strategy. This approach has also been applied to the C-C
activation of primary amines > ] | alkyne*" cycloalkanone imine (eq 1.35/™ and catalytic

CCA of unstrained ketone (eq 1.36).M"

1.) [(C8Hi4)2RhCI] 2 (3 mol%) o039
CaH CyaP (6 mol%)
N N AT toluene. 150*>C. 6h )
X total yield 89%
C"QB_ 2HVH20
ro( ) (1.35)
Bu  Rh'CI(PPh3)3 (5 mol%) ©
u ) . 5 mol%
Ph f 2‘£|m|r0'&[8|(ﬂ|lje Bu PHA(1.36)

150 °C.48h
50 °C.48 84%

1.45 Intermolecular CCA of Carbonyl

“  The C-C bond adjacent to a carbonyl group is more potent to be cleaved due to two

reasons: (1) the C-C bond is weaker than alkyl C-C bond by around 5 kcal mol" in general;®
(2) the carbonyl group serves as a directing group to the metal center and brings the targeted
C-C bond in close proximity. Suggs found that [Rh(C2H4)2]2 cleaved the y*keto C-C bond of
8-quinolinyl alkyl ketones (eq 1.37)"™ Ito reported that [Rh(cod)]BF4 -catalyzed the

transformation of substituted cyclobutanone to give the lactones via CCA (Scheme

CfiHfi. r.t.. few min

[Rh(C2H4)2]2 (1.37)

N
RAG 2. py CI-IK;\‘T&V"(‘)

R = Me. Et. Bn. CDjPh quantitative
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52%

NP s o~
= mxykre. 140 °C. 210 mn \VAIS
1)) L

(o)

<<

Scheme 1.8 Lactone formation catalyzed by Rh | complex via CCA

More recently, Dougl”™ et al. facilitated the intramolecular carbo-acylation with catalyst

IRhCI(C2H4)2j(1.38 ™=

'N

[RhCI(C2H4)232 (5 mol%) Cl-Rh~ (1 38)
m PhMe. 130 °C. 48 h ' ~

1.4.6 Intramolecular yO-Alkyl Elimination

Intramolecular y6f-alkyl elimination of transition metal complexes like metal alkyl,
alkoxide and amido complexes are mostly reported with highly Lewis acidic transition metals.
The Ca-C/j bonds of Ihc metal complexes are cleaved to give metal alkyl and the
corresponding olefin, carbonyl or imine (Scheme 1.9).

/A-alkyl elimination
M-I
R2 . Rc

M
M = transition metal
X =C.0or NH

,Scheme 1.9 General Expression of Intramolecular y*Alkyl Elimination
1.4.6.1 Intramolecular  Alkyl Elimination of Metal Alkyl
The first example of /?-alkyl elimination of metal alkyl was demonstrated by the
thermal decomposition of coordinatively unsaturated lutetium isobutyl complex to yield

lutetium methyl complex and propene via y*methyl elimination (eq 139)/"*® Bercaw later

18



also reported that scandocene isobutyl complex underwent y“methyl elimination to give

scandocene methyl complex and propene (eq 1.40).3%k

Cp*2Li/ Cp*2Lu_M .
P 22:c: 12h petuiie (1.39)
20-40%
\ect” .
MegSi L YCloneeneT 2 easi g v e P
ol S e ” 20 min \x& 8¢t SRR
PMe.
quantitative

1.4.6.2 Intramolecular y3-Alkyl Elimination of Metal Alkoxide

Bergman et ai. carried out detailed reactivity study of ruthenium metallacycles which

N

gave melallacyclic enolate via y“melhyl elimination (eq 1.41) By applying >0-alkyl

elimination in its catalytic cycle, Ucmura et al. reported various Pd"-catalyzed dealkylalion of

alcohols (eqs 1.42-1.43).™M .
. 0, Je 45 .0
Ru . +CH4 (1.41
*1 > Pph Me Ph E I ( )
= PMe. 51%

A A JOH Pd(OAc)2(10mol%)
~ Ph pyridine. MS3A | T T (1.42)
toluene, 16 h, 80 AC. O,

97%
OH PA(0AC)2 (10 mol%) Jj conEt
Ph- , pyridine, _ )
™ COE {sluene, 48 h. 80 °C, O (1.43)
57%

1.4.6.3 Intramolecular ; 3-Alkyl Elimination of Metal Amido

Uemura et al. utilized y”alkyl elimination in palladium catalysis for other organic

transformation and constructed a new Pd(0) catalytic system using cyclobutanone O-
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acyloximes to afford unsaturated nitriles (eq 144)Y® Later > Ir complex was used to yield

saturated nitriles where CCA occurred at the sterically less hindered site (eq 1.45)™"

Ph

NI\

@ 'OBz BnBPA (5 mol%)
dihydroanthracene

Ph

Pd(0) (5 mol%)
( K H+)-BINAP (7.5 mol%)

COMe i BINAD PhAACN + phAACN
b&BMe 303U,
6% 76%
ricod>Cl] 2 (2.5 mol%) cN
| q; (1.45)
K2CO3. DMF.50 °C, 24 h s0%

147 CCA by Aikane Metathesis

(1.44)

Basset et al. developed a silica-supported tantalum hydride complex,( =Si~0~

Si=)(=Si-0-)2Ta-H which catalyzed the transformation of linear or branched alkanes into the

next.higher and lower alkanes at 25 to 200

The Ta-H complex facilitated the conversion

of propane to give a mixture of methane, ethane, M-butane, isobutene and w-pentane in 15.7%,

37.4%, 27.24, 6.7% and 6.5% vyields’ respectively at 150 °C in 80 hours (eq 1.46).

C3H8 cat. Pal —H _
150 °C. 80 h

[Ta]-H =(=S}[0-Si ==

CH4 + C2H6 + n-C4Hio + /-C4H10 + n-CgHiz
15.7% 37400 27.2% 6.7% 6.5%

Si-0—)2Ta-H

(1.46)
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(Tal
or-H elim
~ H-ITa]  H
[Ta].
“H =J + H—[Ta]
a
T H
I
r
D
-~ " [Ta] -~i-Helim+ A-[Ta]
Hydrido-tantallacarbenes Mef a]AA

Hydrido-tantallacyclobutanes

Scheme 1.10a Mechanistic Scheme of the Formatiom of Hydrido-tantallacyclobutanes from

[Tal—H and Propane

H
” !
H-Fa] [Tal " [Ta]
H H
: I
[ral H-[Tla\] [Tal (ra]
H,
[Taj + [Ta] [Tal] +CH4 +C:
H
r)
H’ |.Ta [Ta] H: l—ra]
Il H
H_[Tal [Ta] [Ta]

Scheme 1.10b Transformation of Hydrido-tantallacyclobutanes to [Ta]-H and *
Various Alkanes via Hydrogenlysis
Basset et al. proposed a mechanism in which propane first reacts with Ta-H via CHA

to give Ta-propyls and hydrogen. Ta-propyls then undergo a-H elimination to give hydrido-
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tantallacarbenes or P-W elimination to give Ta-H and propene via four possible
tantallacyclobutanes (Scheme 1.10a). Subsequently, the lantallacyclobutanes transform to
Ta-alkyls which further react with hydrogen to generate a mixture of alkane and regenerate
[Ta]-H catalyst (Scheme 1.10b).

One of the major disadvantages of this type of CCA is poor selectivity problem. Even
though propane has only one chemically equivalent C-C bond, the CCA of propane gave a
mixture of methane, ethane, w-bulane, /-butane, 2-methylbutane and «-pentane.

148 CCA by Nucleophilic Attack

Ogoshi et al. reported that the C-C bond of cyclopropane was also cleaved by the
nucleophilic attack of rhodium(l) porphyrin to the carbon center under mild conditions (eq
1.47).39 An acyl or ester group on the cyclopropane ring facilitated the aliphatic CCA.

1©
(oep)Rh' AR ,thanol , (oep)Rh™CH2CH2CH2R (1.47)

” 35 15h R — COCH3, 77%

oep = octaethylporphyrinato dianion R = CO2C2H5. 12%
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149 Catalytic CCA of Alkane with Transition Metal Complexes

Based on the above fundamental investigation of CCA, a few strategies have been
applied to catalytic functionalization. The following table lists the selected examples (Table
15).

Table 1.5 Selected Examples of Transition Metal Catalyzed CCA

Catalytic Reaction Examples

Carbonylation Cp*Rh(CO)2
c-hexane-c/i2 1.31
1997 Jones et al\® CO e0ecrpd - (.31
AN AR (500 Torr) .
97%
Intrmolecular
Carbo-Acylation [RhCI(C2H4)232 (5 mol%) (1.38)
ﬂYb PhMe. 130 °C. 48 h
2009 Douglas et
Dealkylation of
FH  Pd(0Ac)2 (10 mol%) oh
Alcohol and Imine *Ph pyridine. MS3A (1.42)
toluene, 16 h. 80 02
2003 Uemura et al.™ ‘ 97%
and 2005 Uemura et * [Ir(cod)CI]2 (2.5 mol%)
OBz BnBPA (5 mol%)
al.37 @ dihydroanthracene Q/\/G\I (1.45)
Ph KoCO,. DMF.50 OC, 24 h

Alkane Metathesis  copg spr 7zl 44> CHA + C3H8 + n-C4Hio + /-C4H10  (1.46)

150 °C. 80 h ) ) ] )
1997 Basset et al. ™ 53% 44%  2.6%  0.4%

Lactones Formation
5 mol% [Rnicod>2] BF4 I
12 mol% PCyPhg

oArnA OH nT-xylene, 140, C, 210 min

2000 Ito et al.33 (1.48)

52%
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15 Porphyrins and Metalloporphyrins
15.1 Porphyrin Ligands

Porphyrins are heterocyclic macrocycles which consist of four pyrrole subimits
interconnected at their a carbon atoms by methine bridges. They contain 22 n electrons, with
18 71 electrons in the 16-membered ring conjugated system (Figure Porphyrins obey
the Huckel's rule and therefore the macromolecules are aromatic and highly conjugated
systems. Consequently, they have very intense absorption in the visible region. The diagonal
radii of the cavity (CrN = 2.098 A) allow the coordination of various metal centers in the
plane of the four nitrogen atoms."~ When incorporated with metals, porphyrins serve as
planar tetradentate, dianionic macrocyclic ligands to form stable complexes. NMR
spectroscopy confirms the aromaticity with, a shielding effect on a nucleus which resides out

of the porphyrin plane. :

(n-2)+
meso

porphyrin
Figure 1.3 Structures of Porphyrin and Metalloporphyrin
A wide variety of porphyrin ligands can be easily synthesized by substitution of the
peripheral positions of the porphyrin (meso- and J*). Substitution of the four /wejo-hydrogens
with aryl groups gives mejo-tetraarylporphyrins. The aryl groups are essentially orthogonal to
the plane of the 18 n aromatic porphyrin macrocycle. They are much easier to synthesize than

the /~-substituted ones and easily modified with a variety of functional groups/*
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1.5.2 Metalloporphyrins

Metalloporphyrins, with the insertion of metal atoms/ions in the center cavity of
porphyrins, are commonly found in nature. Iron porphyrin is one of the best known examples
as it is found in the core of hemoglobin for oxygen carriers (Figure 1 F o u r Nobel Prizes
were awarded to the scientists who studied the chemistry of coenzymes B12 (Table 16) 43 a
substituted cobalt porphyrin working as rearrangement catalysts (Figure 1 T h ey are
important model compounds for understanding the chemical reactivities and relationships of

several biologically important macromolecules.”*™*

s 0 [
HO2C COZ2H \OH

Heme group working as oxygen carriers
R = 5'-deoxyadenosyl. Me, OH, CN

Figure 1.4a Structure of Heme ) o
Figure 1.4b Structure of Vitamin B12
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Table 1.6 Nobel laureates and their work with vitamin B12
Year  Nobel Laureates Contribution
1934 Whipple, G. H. Discovery of vitamin B12
Murphy, W. P.
Dam. H. C. P.
1957  Lord Todd, A. R.  Structure determination of vitamin B12
1964  Hodgkin, D. C. Structure determination of vitamin Bl2 (X-ray
crystallography)

1965 Woodward, R. B.  Synthesis of vitamin B12

Replacing the two inner pyrrole protons by metal ions, porphyrins can serve as very

stable tetradentate ligands to give metalloporphyrins (eq 1.49).

(n2)+
. N
NH N A metalation /
Ar—<y /AT i ‘ Ar & - Ar + 2H+ (1.49)
\ “ demetalation ~N N

Porphyrin ligands are selective towards coordination in term of the size of metal ions.
Due to the size of the central cavity of porphyrins, metals with ionic radii 60 - 70 pm, are
optimally fit into the central cavity in planar coordination to give square-planar
complexes.40b,45 Therefore, lhe row transition metal ions usually fit into the cavity.
However, the and row transition metal ions have larger ionic radii and therefore form
complexes with slightly out of plane structures upon coordination of porphyrins (Table 1.7
Figure 1.5). Metalloporphyrins are characterized with their intense colour (Soret band at 400

nm) and exhibit unique reactivities/®
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in-plane coordination out-of-plane coordination
(side view) (side view)

Figure 1.5 In-plane and out-of-plane coordination of metal ions with porphyrins

Table 1.7 Suitability of Various Transition Metal lons with Porphyrin Coordination"”

Metal ion  lonic radius (pm) Suitability of metal ion in complexes
Co2+ 82 Relatively large (out of plane)
Co3+ 64 Proper size

86 Too large, out of plane

75 Relatively large (out of plane)
2+ 89 Too large, out of plane

75 Relatively large (out of plane)

1.5.3 Structural Features of Metalloporphyrins

Porphyrins are aromatic tetradentate ligands which prefer a planar or nearly planar
arrangement, but it has also been found to be highly flexible. Introducing stcric crowding of
subsliluents at the meso- and /"-positions of porphyrin would result in the deformation of

porphyrin in either ruffle or saddle deformation or a mixture of these two deformations

47 *

(Figure 1.6). The deformation of porphyrin are known to cause significant changes in the
chemical and spectroscopic properties including axial ligand affinities, redox potentials,
transition dipoles and red shift.-s jhe enantioselectivity of catalytic epoxidation can be fine-

tuned by nonplanar deformationsj/™ /
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ruffle saddle

Figure 1.6 Schematic Depiction of Ruffled and Saddled Confirmations. (The + and - indicate

displacements on opposite sides of the mean plane of the porphyrin)

1.5.4 Vacant Coordination Sites of Mctalloporphyrins
As a tetradentale ligand, a porphyrin occupies the four equatorial coordination sites of

a metal center, the two axial coordination sites of metalloporphyrin are available for further

ligand coordination to. form an octahedral complex. For a controlled stoichiometric or
catalytic activation of substrates there is indeed a need for two such open coordination sites:
one for substrate binding and another for the regulation of catalytic activity (e.g. using the
In2/w-effect).46°49 As cis- and trans- effects on axial coordination at the metal centre affect

ligand reactivity, extensive efforts have been spent on this area.5°5 |

1.5.5 Chemistry of Metalloporphyrins

Chemists have been interested in efficient and highly selective chemical
transformations which are easily achieved in enzymatic reactions but almost impossible by
conventional synthetic methods. Learning from nature, biomimic approach, is one of the most
exciting fields in organometallic chemistry.*N M

Since metalloporphyrins reversibly bind to small molecules, they are promising
catalysts.s2 Metalloporphyrins have shown remarkable reactivity in various catalytic reactions,

such as amidation of alkanes (eq 150) N-H insertion of amine (eq 151):54
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cyclopropanation of alkenes (eq 1.52)™ epoxidation (egs 1.53)" hydroxylation (eq 1.54)"

co

and oxidation of alkenes (eq 1.55).

Amidation of Alkanes NHTs
71 Ru(tpfpp)CO (0.01 molo/g)
d Phl=NTs (1.50)
O CHoClo. 40 °C. 2 h
98%
Amine N-H Insertion
,00]
Et,NH+ N2CHCO2Et—_P—_ (1 " —_Et., T, Et (1.51)
‘ A 25°C, 10min, CH2CI2 Et O '

86%

Cyclopropanation

ph/A + N2=<CO2Et Co(P1)(5molo/?) AAXAeO.Et (1.52)
Ph ©

Ph A 2 \No2 980N 94 R N2 N
C2HACI2
P1 = 3.5-Di-NBu-ChenPhyrin 98%. Z:E = 92:8. 92% ee
Epoxidation

f~\ Fe"'(tppf20) (0.1 mM}

\ _/ H202, CH3CN/CH30OH
r.t., 15 min

(1.53)
Fe™(tppf20) = 5,10,15,20-tetrakis-(2,3.4.5,6-pentafluorophenyl)porphyrinato iron(lll)

Hydroxylation of Alkanes

Fe(tdcpBr8)CI (0.01 mol%)
C (1.54)
PFIB, CH2CI2. rt. 2 min +OH I Xy

OH
82% (exo:endo = 6.7:1)
Oxidation of Alkene

=0
/ MnCI-(tpp)-(PEo75Q)4 (0.001 M), / (1.55)
Nal04, imidazole, V
80, C.24 h 97%

PEO750 = CH3(OCH2CH2)i60- group
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1.6 Chemistry of Rhodium'P~phyrin Complexes

Rhodium can be easily incorporated into the porphyrin cavities by refluxing free
porphyrins with rhodium(l11) halides in PhCN (eq The most common oxidation
states of rhodium are +1 and +3 while +g is less common/"" Figure 1.7 shows the energy
level diagrams for Rh'(por), Rh"(por) and R;Ull(por) and they exhibit the reactivities of
nucleophile, radical and electrophile, respectively.

PhCN. reflux

= ) H ect_"c Radical Nucleophilic
dxV
dz
dxy
dxz.yz

Rh"(por), d®  Rh"(por). d?  Rh'(por). d®

Figure 1.7 Energy Level Diagrams for Rh(por) at VVarious Oxidation States

1.6.1 Rh (por) Chemistry *
Rh'(por) complexes are generally prepared by reduction of Rh...(por) chloride. The

anionic complexes contain a pair of electron in the dz‘ orbital and therefore, react like strong

riucleophiles. Rh'(por) are well known for addition reactions"® and nucleophilic substitution.™
Rh(por) alkyl complexes are”enerally prepared by the nucleophilic substitutioit of alkyl
halides with Rh'(por) complexes (eq 1.57).M-

t [Rh | (cep)i=+ CHgl = = =+ Rh™(0ep)CH3 (1.57)
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1.6.2 Rh"(por) Chemistry

Rh"(por) complexes have a half-filled dz* orbital which make them react like organic
radicals and manifest unusually diverse reactions in chemistry.{g) For less bulky porphyrins
(such as Up and oep), mohomeric Rh"(por) complexes equilibrate to give Rh-Rh bonded
complexes since (por)Rh-Rh(por) bonds range from 12-16 kcal mol"."* More bulky
Rh"(por) complexes such as tmp hardly dimerize and essentially remain monomelic form.

Wayland et al. reported the preparation of a metalloformyl porphyrin complex
Rh(oep)CHO from the insertion of CO into Rh(oep)l | (eq 1.58)M At that time, there was a

lack of precedence for the insertion of CO into metal-hydride bond. M

(oep)RhH + CO benzene, (oep)RhCHO (1.58)

Mechanistic investigation of the CO insertion into Rh(oep)H was later carried out by
Haplem et al.. A radical chain mechanism was proposed (Scheme 1.11). Rh2(oep)2 > which
forms ffBm Rh(ocp)H in equilibrium amount, gives Rh"{oep) radical as the Rh-Rh bond is
,weak. Rh"(oep) radical then attacks CO to generate a C-centered acyl rhodium radical and
Subsequent hydrogen atom abstraction from Rh(oep)H gives Rh(ocp)CHO and regenerate

Rh(ocp) radical.

(oep)RhH - RhoEN)] 2 + H2
initiation/termination: [Rh(cep)] 2 - 2(oep)RTi-
propagation: (oep)Rh- + CO (oep)RhCO
(oep)RhCO + (oep)RhH (oep)RhCHO + (oep)Rh

Scheme 1.11 Proposed Mechanism for CO insertion into Rh(oep)H
‘Monomeric Rh"(por) complexes are odd electron complexes and act like radicals in
various reactions. A series of Rh"(por) chemistry has been reported by Wayland et al. and

Chan et al.. Various chemical transformations of Rh (por) are summarized by eqs 1.59-1.71,
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including Rh-Rh homolysis/dimerization (eq 159" activation of CO (eqs 1.60 and 1.61)*
methane activation (eq 1.62),™" C-H activation of toluene (eq 1.63)/"" isocyanide activation

(eq 164) cyanide oxidation addition (eq 1.65),™ H2 activation (eq aliphatic
J

C-C activation (eq 1 reaction with diazo compound (eq 1.68) > 69reductive coupling
of CO (eq 1.69)/° alkene coupling (eq 1.70/™ and ligand induced disproportionatibn (eq

171)7 | b ‘4
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Rh-Rh Homolysis/Oimerization
30°C
Rh2(cep)2 _ “ 2(oep)Rh+ (159)
Activation of CO
CD 25

Rh2(cep)2 + H2 + 2CO + A * 2Rh(0ep)CHO (1.60)
quantitative

Activation of CO CePe. 25 <0

Rh2(cep)2 + H20 + 3CO - * 2Rh(oep)CHO + CO2 (1 61)
quantitative

Methane Activation 353 K. 7300 A

2(tmp)Rh. + CH4 ~ mol s. (tmp)RhH + (tmp)RhCH3 (1.62)

Toluene CHA

6 12310, L mol
2(tmp)Rh. + PhCHg ' = mo

- imp)RhH + (tmp)RhCH2Ph (1.63)

CNA of Is'ocynaides
‘CgDe, 1h, 295K
Rh2(oep)2 + 2CNCH3 - (oep)Rh-CH3 + (0ep)Rh(CN)(CH3NC) (1.64)

Oxidative Addition of Silyi Cyanide

2Rh(tmp) + + MegSICN + py 228 Rh(tmp)SiMe3 + pyRh(tmp)CN (1.65)
81%

1100c, 1h  88%

Ho Activation

2(tmp)Rh- + H2 296K 2(tmp)RhH  (1.66)
F=16 1" moR2 sl
Aliphatic CCA
(t_Rh. Fg 7 -(tm:=E(167)

‘ 40-86%
R =Me. CDs. Et, Bn
Reaction with diazo complexes

C H
Rh(tmp) + RCHN2 r.t.Jomin' Rh(tmp)CH2R + N2 (1.68)
R = COsEt 75%. SiMea 70%

Reductive Coupling of CO 0]
2(tmp)Rh.+2CO 25, C , Rh(pmt)—Rh(tmp) < gg)
O
quantitative
Alkene Coupling
2d. 300 °C
Rh2(oep)2 + CH2=CH(C02X) - _ (oep)RhCH2CH(C02X)Rh(oep) (1.70)
X =H. CH3. CH3CH2 quantitative
Ligand induced Disproportionation
298 K. K=129 ‘
Rh2(oep)2 + 2py . ~ - (oE1)Rh(py)2+ + (oep)Rh- (1.71)
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1.6.3 Rh"™'(por) Chemistry

Rh(por) complexes have full-filled dxy orbital at the outermost energy level and are
diamagnetic. They are usually Kkinetically inert and air stable. This makes Rh™(por)
complexes such as Rh(por) halides and alkyls serve as starting materials.

The chemistry of Rh™(por) is very fruitful and various examples are summarized in

eqs 1.72-1.78 including thermal decomposition (eq 1.72)/* oxidation (eq 1.73)/"
7 M

inlermolecular reductive elimination (eq 1.74), alkyl 1,2-rearrangement (eq 1.75),

aldehydric CHA (eq 1.76),75 base-promoted BnCCA of toluene (eq 1.77)76 and CCA of ether

(eql.78)”
Thermal decomposition
r.t., 30d
2Rh(oep)CH2CH(Ph)CH3 - Ll Rh%(ggﬂ)Z + 2 PhC(CH3)=CH2 + Hj (1.72)
(]
Oxidation
Rh(oep)CH2Ph — —, f[rA* PhCHO (1.73)

‘ 40%

Intermolecular reductive elimination

t ™ o QU
(oep)RhCH20H + (oep)RhH ‘ Rh2(oep)2 + CH30OH (174)

quantitative quantitative

Alkyl 1,2-rearrangement benzene-dg.
80°C. 10 h.
Rh{bocp)CH2CH2Ph . ‘ _ Rh(bocp)CH(CH3)Ph (1.75)
87%
Aldehydic CHA . .
Rh_CIl+ X A AA A (1-76)
H/{ Ph 1d (ttp)RhAPh
79%

Base-promoted BnCHA
KgCOaClOequiv) -
Rh(ttp)a + PhCHg i200C.30min <« Rh(ttP)CH2Ph (1.77)

Base-Promoted CCA of Ether
KOH(10equiv)
Rh(tmp)X + (PrCH2)20 1], « id N ¢ Rh(tmp)Pr (1.78)
‘1 X=153%
=Cl 23%
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Since Rh™(por) has a empty dZ* and electron deficient, four coordinated cationic
Rh™(por) reacts like a Lewis acid or electrophile to undergo electrophilic aromatic
substitution with arene (eqs 1.79 and 1.SO)/”” electrophilic addition to alkene (eq 1.81)HJL
and a-metalation of ketone (eq 1.82).JJ Besides, Rh™(por) are well known for catalytic
cyclopropanalion of alkenes (eq 1.83)™ and catalytic Aldol condensation (eq 1.84) -

Electrophilic Aromatic Substitution

(oep)RhCI 11"t x (oep)Rh- X (1.79)
50°C.2h

X = H 40%. CH3 22%.
OCH. 46%. Cl 18%
(ttp)RhCI <] C N r@?@ﬁ_ (ttp)Rh~An (1.80)

281 NMNA N
Electrophilic Addition

EtOH, HT . y 0,4
(oep)RhCI(H20) + HzCACHOEt 30 min rt' (oep)RhCH2CHO .81)
fo _ 54%
a-Metalation of Ketone
JRh G
+ HO [ _J)R O 1.82
(oep)RACI 50. C. No (1.82)
R R
R =H 50%. COCH3. 70%, CO2CH2CH3 65%
Catalytic Cyclopropanation of Alkene
r ] (1.83)
pentane, 20 °C. 12 h
Catalytic Aldol Condensation
@)
A 0
) Rh(oep)Cl104 (0.01 mol%) A . (1.84)
50 °C. time. N : v +5=0
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1.7 Scope of Thesis
The objectives of the research focus on the studies of the C-H and C-C activation of
alkanes with rhodium porphyrin complexes. The thesis is outlined in the following sections:
(1) base-promoted C-H activation of aliphatic alkanes and non-strained cycloalkanes
with rhodium(I11) porphyrin complexes
(i) metalloradical-promoted functionalization of cycloheptane to rhodium(Ill) porphyrin
benzyl via C-H and C-C activations
(i) metalloradical-promoted aliphatic C-C activation of cyclooctane

(iv)  summary of C-H and C-C activations of alkanes
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Chapter 2 * Base-promoted Carbon-Hydrogen Bond Activation of Alkancs with

Rhodium(111) Porphyrin Complexes

2.1 Carbon-Hydrogen Bond Activation by Rhodiuin(ni) Porphyrins
Carbon-hydrogen bond activation (CHA) of organic compounds by transition-metal
complexes is an important area of research in organomctallic chemistry." The CHA of alkane
is challenging, due to the lack of reactivity of alkanes. Previous examples include low-vaient
transition-metal complexes, while more recent systems involve high-valent late-transition-
metal complexes because of their added advantages of broader functional group
compatibility? Examples of high-valent late-transition-metal Rh(Ill) and Ir(ll1l) complexes
undergoing CHA are well-knowii.» Schwartz et al. demonstrated ihe Rh(lll)-catalyzed

chlorinalion of methane”™b Recently, iridium(lIl) pince'r complexes were shown to catalyze

the dehydrogenation of c-octane.4c’d Periana et al. worked on the alkyl CHA with bis-
bidentatc 0-donor iridium(l11) complexes.*""

The bond activation chemistry of Rh(lll) and Ir(I1l) is commonly accepted to occur by
either cr-bond metathesis or heterolysis. However, recent reports provided evidence for
oxidative addition in which a Rh(V) or Ir(V) intermediate is formed.Therefore, diverse
mechanistic possibilities exist.

The Chan group have been interested in the CHA by rhodium(lll) porphyrin

complexes. Rhodium porphyrin chloride can activate the meta C-H bond of benzonilrile to

s . 6

give (w-cyanophenyl) rhodium porphyrin complexes selectively via an SfAr mechanism.

Aryl and alkyl aldehydes also undergo selective aldehydic CHA to give rhodium porphyrin
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aryl and alkyl acyls.® Recently, Chan et al. have reported the selective benzylic CHA of
toluenes promoted by base.® These types of CHA are mechanistically puzzling, though a
heterolytic or a-bond methathesis pathway was suggested.
2.2 Objectives of the Work

The objectives of this work are to (i) broaden the synthetic scope and (ii) to gain
further mechanistic understanding of the alkyl CHA with rhodium porphyrin complexes.
2.3 Preparation of Starting Materials
2.3.1 Preparation of Porphyrins”

Tetraphenylporphyrin  (H\pp) » "~ tetratolylporphyrin (H2)47™9d and tetra-(4-/£77-
butylphenyl)porphyrin (H2(btpp))™ were directly synthesized from the co-tetramerization of
the corresponding aldehydes and pyrrole in re fluxing propanoic acid for 30 min in 16%, 18%

and 13% vyields, respectively according to the literatures (eq 2.1).”

R R
0] z
r\ +4 CH3CH2CO2H o
AmNt reflux. 30 min
H R \
R =H, 16%
R =CH3, 18%
R = 13%

An electron-deficient porphyrin, Hzbocp, which bears eight chlorine atoms at the
positions, was synthesized in three steps from H2(btpp) (Scheme

Ni(0Ac)2 NCS cone. H2S0O4

-——A j - i H2(bocp
H2(btpp MF Né&b)’tp p1).2-di(':'ﬁlorobenzene Nlékgfp) CHoCU )
reflux. 2 h 89/0 reflux. 3 h 0/o A MA

Scheme 2.1 Synthetic Procedures of H2(bocp)
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2.3.2 Preparation of Rhodium Porphyrin Complexes
2.3.2.1 Synthesis of Rh(ttp)CI, Rh(tpp)CIl and Rh(bocp)CI

Rhodium porphyrin chlorides complexes Rh™(ttp)Cl, Rh™(tpp)Cl and Rh™(bocp)CI
were synthesized by the metallation of corresponding free porphyrin with RhCI3*xH20 in

refluxing PhCN (eq 2.2)."

PhCN
RhCI3 XH20 + H2(por) reflux 3 Rh(Por)CI (2 3)

‘por =ttp 1a. 72%
por =tpp 1b. 73%
por = bocp 1¢c. 82%

2.3.2.2 Synthesis of Rh(ttp)H

Rh(ttp)Il Id was synthesized according to the literature method.”® Rh(ttp)Cl la was
first rcduced by NaBFU and then the reaction mixture was protonated by diluted UCI to give
Rh(ttp)H in 80% yield (eq 2.4).

1. NaBH"NaOHoq).

o) 50 °C. 1h H 24
Rh(ttp)Cl Rh(ttp)H (2.4
2.HCI (0.1 M) 85)%

2.3.2.3 Synthesis of Rh2(ttp)2
Rh2(Up)2 le was synthesized according to the literature method."”® Rh(ttp)H Id was
added into degassed benzene and the red solution was irradiated at X > 445 nm at 6-11  for

10 hours to give Rh2(ttp)2 Ic in quantitative yield and presumably hydrogen (eq 2.5).

Rh{ttp)H — —y Rh2(ttp)2 + H2 (2

tt - ﬂ -5

{ ) K > 445 ( ) ( )
6-11 10 h quantitative

2.3.2.4 Synthesis of Rh(ttp) Na+
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Rh(ttp)"Na+ le was synthesized according to the literature method.”» Rh(tlp)Cl la was
dissolved in degassed benzene and then Na/Hg was added (eq 2.6). The reaction mixture was
stirred at room temperature for 15 min. The resultant deep reddish brown solution was
transferred via cannular under nitrogen atmosphere for subsequent reaction.

Rhitp)cl  P°"2M€  phitip) Na* (2 6)
Na/Hg

25 °C. 15 min Quantitative

2.4 Optimization of Reaction Conditions
24.1 Temperature Effect

Initially, rhodium(fll) tetrakis-(4-tolylporphyrin) chloride (Rh(ttp)Cl; la) reacted with
c-hexane at 80 and 100  for 24 hours to give a trace amount of Rh(ttp)(c-hexyl) (eq 2.7,
Tabic 2.1, entries 1and 2). At 120 ()C for 24 hours, successful CHA of c-hexane occurred and
Rh(Itp)(c-hexyl) 2a was obtained in 31% vyield (Table 2.1 > entry 3). When the temperature
was further increased to 150 ()C or 200 Rh(ttp)(c-hexyl) 2a was obtained in lower yields
of Rh(tlp)(c-hexyl) 2a were obtained in 16% and 18%, respectively (Table 2.1 > entries 4 and
5). Likely, Rh(llp)(c-hexyl) 2a is thermally unstable. Indeed, when Rh(ttp)(c-hexyl) 2a was
heated in c-hexane at 120 "C and 150 "C for 1 day, the recovery yields were 80% and 41%,
respectively. Therefore, the optimal reaction temperature was selected to be 120

Table 2.1 Effect of Temperature on CHA of c-Hexane

A A temp. 24 h, N:

Rh(ttp)ClI Rh(ttp)-_ . (2.7)

1a 2a

Entry Temp (1) C)Yield (%)

o Trace

ioo 3

1

=0 31
S0 16
0 18

2.4.2 Base Effect
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With the reported based-promoted benzylic CHA of toluenes by Rh (ttp)Cl and
other examples of base promoted CHA by transition-metal complexes " we sought to
examine the promoting effect of various base. Table 2.2 and eq 2.8 list the results of the
screenings. The ligand, PPhs, only gave coordination complex 3 > without any CHA product
(Table 2.2 » entry 2). On the other hand, non-coordinating bases of 2’2 > -bipyridine, 2,6-di-/er/-
butylpyridine, and 2,6-diphenylpyridine gave higher yield of over 50% of Rh(ttp)(c-hexyl) in
1 day (eq 2.8 > Table 2.2 - entries 3-5). However, a shorter reaction time of 6 hours resulted in
much lower yield of 23% (Table 2.2, entry 6).

Table 2.2 Base Effect in CHA
base (10 equiv)

Rh{ttlpa)c' 120 °C. time. N, Rh(ttp) (2:8)
Entry Base Time (h)  Yield (0/0)

1 Nil 24 31

2 PPh3 24 Qa

3 2> 2-bpyb 48 50

4 2, 6-dbpy" 24 50

5 2> 6-dppyd 24 58

6 2> 6-(Ipp/ 6 23

7 NaOH 6 47

8 NaOAc 6 51

9 K2CO3 6 59

10 K2CO3 24 40

a Rh(ttp)CI(PPh3) 3 was obtained in 83%

n2,2'-bpy = 2,2’-bipyridine; 2,6-dbpy = 2,6-di-/£?r/-butylpyridine; * 2,6-dppy = 2,6-

diphenylpyridine

To our delight, nucleophilic inorganic bases were found to promote both the yields
and rates of CHA (Table 2.2, entries 7-9). When NaOH was added, the reaction only took 6

hours and the yield of 2a was 47%. NaOAc gave a slightly higher yield of 51 %, and K2CO3
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gave the highest yield of 59%. These nucleophilic bases required just 6 hours for the reaction
to complete. Prolonged heating to 1 day with K2CO3 resulted in a lower yield of 40% (Table
2.2 > entry 10). From these results, the optimal reaction conditions were found to require
K2CQO3 in 6 hours.

Table 2.3 Effect of K2CO3 Loading in CHA of c-Hexane

KoCO.
Rh(ttp)ClI 120 oc, N2 Rh(“D)—O’ (2.9)
Entry K2CO3equiv Time (h) Yield (%)
1 Nil 24 31
2 5 24 35
3 10 6 59
4 20 6 56

The loading of base was further optimized (eq 2.9, Table 2.3). Five equivalents of
K2CQO3 increased the reaction yield slightly, but the reaction rate was not faster (Table 2.3,
entry 2 vs 1). A higher loading of 10 equivalents of K2CQO3 increased both the reaction yield
and rate (Table 2.3 > entry 3). However, a further increase to 20 equivalents of K2CO3 did not
result in any further enhancement in yield (Table 2.3, entry 4). Therefore, the optimized
reaction conditions were found to require 10 equiv of K2CO3 at 120 Visual inspection of
the reaction mixture showed that even 5 equiv of K2CO3 did not dissolve completely at 120

°C; therefore, the reaction mixture was heterogeneous.

2.4.3 Ligand Effect

The structures of porphyrin in the rhodium porphyrin chlorides affect the rates and
yields of the CHA of c-hexane. The electronic effects of CHA were examined by three
Rh(por)Cl  species, including Rh(ttp)Cl la, Rh(tpp)CI b (tpp = 5,10,15,20-
tetraphenylporphyrinato dianion) and Rh(bocp)ClI Ic (bocp = 2,3,7,8,12,13,17,18-octachloro-

5,10,15,20-tetrakis("-tert-butylphenyl)porphyrinato  dianion) (Table 2.4, eq 2.10). The
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reaction rates followed the order of electron-deficient Rh(por)CIl: Rh(bocp)CIl > Rh(tpp)Cl >
Rh(ttp)CI (Table 2.4 > entries 1-3).

Table 2.4 CHA ofc-Hexane with Rh(por)CI

K2CO3 (10 equiv) /I ~\
Rh(por>a + [ J 1200c, N2 - (2.10)

Entry por Time (h) Yield (%)

1 ttp 6 2a (59)
2 tpp 5 4a (52)
3 bocp 1 4b (61)

25 Base-promoted CHA of Alkanes

The optimized KiCOa-promoted reaction conditions were successfully applied to
other alkanes. c-Pcntane and c-hexane gave the c-pentyl and c-hexyl complexes, in 76% and
59% vyields, respectively in 6 hours (eq 2.11, Table 2.5, entries 1-2). The straight-chain
alkanes reacted with Rh(ttp)Cl la more slowly than c-hexane (Table 2.5, entries 3-5 vs 2). A
longer time of 24 hours was required. The yields of Rh(ttp) alkyls increased with the chain
length, presumably due to the observed increasing solubility of Rh(ttp)CI la in longer-chain
hydrocarbons. Selective terminal CHA took place to give only the primary Rh(ltp) alkyls.
While the thermal isomerization of Rh(ttp)CH2CH2CH3 into Rh(ttp)CH(CH3)2 has been
reported, the time to establish equilibrium requires 10 days~ Therefore, the isomerization of

these Rh(ttp) alkyls did not occur in 24 hours.
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Table 2.5 Activation of Alkanes with Rh(ttp)Cl

K2CO3 (10 equiv)

la | + R-H 1200(3, tlm(?,/ ’ZaP —R ()
Entry Substrate Time (h) Yield (%)

1 Cc-pentane 6 Rh(ttp)(c-hexyl) 2b (76)

c-hexane 6 Rh(ttpXc-pentyl) 2a (59)

w-pentane 24 Rh(ttp) ("2-pentyl) 2¢ (29)
«-hexane 24 Rh(ttp)(«-hexyl) 2d (40)
AT-heptane 24 Rh(ttp)(;7-heptyl) 2e (58)

g hw N

We were not able to detect any c-hexanol, c-hcxyl chloride, c-hexene or c-hexanone
by GC-MS analysis of the crude reaction mixture. It may be that the concentration of these

species, if formed, was low in the presence of 1000 times more c-hexane.

2.6 Stability of Rh(ttp)Alkyls
In order to understand the lower yield of Rh(ttp) alky) with longer reaction time
(Table 2.3 > entries 9 and 10 te thermal stability of Rh(ttp) alkyls in the presence of K2CO3

at 120 "C was examined and monitored by =~ NMR spectroscopy.

2.6.1 Stability of Rh(ttp)(c-pentyl) with Base
Rh(ttp)(i>pentyl) 2b and K2CO3 (10 equiv) were added into benzene-"4 and the
reaction mixture was heated at 120 "C for 5 days (eq 2.12, Table 2.6’ Figures 2.1 and 2,2).

benzene-c/g

OK2C03 (10 equiv) AN

1200C.5d * RhJf) K+ + O K+ (2 12)
Remaining 16% 43% 6%
After 30 minutes of heating, the pyrrole signal of Rh(ttp)(c-pentyl) 2b shifted up from 5 8.99

to 5 8.59 ppm and was assigned to Rh(ttp)'. Rh(ttp)' and Rh(ttp)H were formed in 34% and
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8% yields, respectively. Then after 13 hours, a small amount of cyclopentadienyl anion H
NMR signal appeared (6 5.69 ppm). “ After 5 days, its yield increased to 6%. When dilute
aqueous HCI was added into the reaction mixture, Rh(ttp)H Id (5 (/*pyrrole) =5 9.03 ppm)

was observed, further supporting the formation of Rh(ttp)'.

100
-Rh(ttp)(c-pentyl)
-Rh(tp)H
-gg(ttp)"
Total Rh Yield /1
/

>=0=T \ O\

10 20 30 100 150 200 250
Time /h

Figure 2.1 Reaction Time Profile of Decomposition of Rh(ttp)(c-pentyl) 2b



Entry

10

1

Table 2.6 Reaction Time Profile of the Decomposition of Rh(ttp)(c-pentyl)

Time /h

13

34

88

120

168

240

Rh(ttp)(c-
pentyl)
100
57
46
38
40
28
22
- 16
18
17

4

Rh(ttp)H

Yield / %

Rh(ttp)"

34
36
43
42
45
38
40
43
60

41

cp-

Total Rh

100

99

82

81

82

73

60

56

61

I

45
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Rh(ttp)"

Rh(ttp){c-pentyl)

~~

M

120 h

i @
—
11

0.5h

).5 9 8S 8 75
fl (ppm)

Figure 2.2 'H NMR Spectra of the Reaction Rh(tlp)(c-pentyl) with K2CO3 in Benzene-"/"

e Rh(ttp)H
Rh(ttph Base  Rnp) O
- P
H
€
Rh(tp): Base RN(ttp)

Scheme 2.2 Proposed Decomposition Pathway of Rh(ttp)(c-pentyl) 2b
It is rationalized that K2COj3 abstracts the y9-alkyl proton of Rh(ttp)(c-pentyl) 2b by an
E2 elimination to give Rh(ttp)" le and c-pentene (Scheme 2.2). As Rh(ttp)H Id is a

moderately strong acid with pKa about 1Rh(ttp)" le is therefore a good leaving group.
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Similar base-induced y?-elimination has also been reported” Then c-pentene can further
undergo CHA at the allylic position and subsequent y9-proton elimination to give
cyclopentadiene which mostly either dimerizes or polymerizes but still yields small amount

of cyclopentadienyl anion upon reaction with base.

2.6.2 Stability of Rh(ttp)(c-hexyl) with Base

,Rh(ttp)(c-hexyl) 2a was more stable than Rh(tlp)(c-pentyl) 2b under the same basic,
thermal conditions (eq 2.13). After 5 days, 27% of Rh(ttp)(c-hexyl) 2a remained and
Rh(ltp)H 1d formed in 44% vyield, presumably from the protonation of Rh(ttp)' le
intermediate with some residual water present in solvent or K2CQOs3.

b6nz6 [JB-C/g
[~\ K2C03(10eq_ . O
Rh(ttp>-~ 2Jc!c5d ™" Rh(#IH (2.13)

21% ~ ‘ 44%
Indeed, heating Rh(ttp)(c-hexyl) 2a with K2CO3 (10 equiv) in ohexane-...2 at 120 °C for 5
days gave a mixture of Rh(ttp)(c-hexyl) 2a and Rh(ttp)(c-hexyl-£/| 1) 2a-*i1lin 95% vyield
(with kn/ko = 22.8). Also 4% vyield of benzene (with respect to Rh yield) was observed by

NMR spectroscopy (eq 2.14 - Figure 2.3).

c-hexane-c/12 / LA

: AN
R _ OAAAA +40 (2-

95000. KHKD = 22.8 4%
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h: CeHe t = 5d

Rh(ttp)(c-hexy()’
t=0h

Figure 2.3 '"H NMR Spectra of the Reaction Rh(ttp)(c-hexyl) with K2CO3 in c-Hexane-"i2
The higher stability of Rh(ttp){c-hexyl) 2a is likely due to the smaller dihedral angle
of Rh-Ca-Cy5-H” in disfavoring the anti-periplanar transition state of an E2 elimination.'”
(Dihedral angles of Rh-C,,-CJ Hj> of Rh(ttp)(c-pentyl) 2b Rh(ttp)(c-hexyl) 2a are 131and

122°, respectively. See X-ray crystallography section 2.7.)

2.6.3 Stability of Rh(ttp)(/i-hcxyl) with Base
Rh(ttp)(«-hexyl) 2d is more stable than Rh(ttp)(c-pentyl) 2b and Rh(ttp)(c-hexyl) 2a.
Rh(ttp)(w-hexyl) 2d underwent slower reaction to give Rh(tlp)H Id and «-hexene in 33% and

6% vyields, respectively as well as the 1,2-reaiTangement product 2d’ in 2% yield under the

same reaction conditions (eq 2.15) 9dlo
Rh(ttp)

Rh(ttp)v/\mm/\_/\/\n/\/\/\_/\/\ ]20:0(:) 5f1 , Rh( )H + + (2.15)
2d 64% Id 33% 6% 2d' 2%
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These CHA reactions further provide a facile, convenient synthesis of Rh(por) alkyls.
For comparison, a previous synthesis of rhodium porphyrin alkyl was achieved by a two-step
process via reductive alkylation (NaBH4/RBr) with yields from 48-97%.'r This synthetic

route can access a variety of rhodium porphyrin alkyls directly from alkancs in one step.

2.7 X-ray Structure Determination

Tabic 2.7 Selected Bond lengths (A\) and Angles (deg) for Rh(par)R

Dihedral angle
Max. deviation Rh-
Rh-C length between phenyl
Entry Rh(ttp)R from 24-least Naverage
(A) group i*d the
sq plane (A) (A)
mean plane (deg)

I1h(ttp)(c-hexyl) 2.019
1 2.126(7) 80.79 (7) 0.465(4).
2a-
RJi(ttp)(c-pentyl) % 2.017
2 2.073(7) 80.98 (3) 0.452(7)
2b
Rh(tlp)(/7-heptyl) 2.019
3 “2.048(3) 82.25(5) 0.552(3)
2e
4 Rh(oep)CH3 | 6 1.970(4) — — 2.027

Table 2.7 lists selected bond lengths and angles for complexes 2a>b->e Figures 2.4-2.6
show the molecular structures of 2ab - e, respectively (30% thermal ellipoids). The Rh-C
bond lengths of 2a°b->e range from 2.07 to 2.13 A (Table 2.7, entries 1-3) and are similar to

the reported Rh-C bond Ilengths of Rh(oep)Me (cep = 2,3,7,8,12,13,17,18-
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octaethylporphyrinato dianion) (1.97 Aj™(Table 2.7, entries 4). The Rh-Navp bond lengths do
not vary significantly (2.017 A - 2.019 A). The Rh-C bond lengths appear to follow the steric
size of alkyls in the order: c-hcxyl > c-penlyl > ~7-heptyl (Table 2.7, entries 1-3). The various
alkyls do not cause large distortion of the mean porphyrin plane from planarity in these
complexes 2a (0.465 A), 2b (0.452 A), and 2e (0.552 A). The porphyrin structures of

Rh(ttp)(c-hcxyl) 2a, Rh(ttp)(c--pentyl) 2b and Rh(ttp)(/7-hexyl) 2e are slightly distorted to

adopt a saddle form (Figures 2.7-2.9).
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Figure 2.4 ORTEP Presentation of the Molecular Structure with Numbering Schcme for

Rh(ttp)(c-hexyl) 2a (30% Probability Displacement Ellipsoids).

ce3 . Co4

c47

(@7¢]

Figure 2.5 ORTEP Presentation of the Molecular structure with Numbering Scheme for
Rh(ttp)(6-pcntyl) EtOH 2b (EtOH omitted for clarity) (30% Probability Displacement

Ellipsoids).
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C57

Figure 2.6 ORTEP Presentation of the Molecular Structure with Numbering Scheme for
RIi(Itp)(A7-heplyl) 2e (30% Probability Displacement Ellipsoids).

Figures 2.7-2.9 The conformations of porphyrins showing the displacement of the core atoms
and of Rh from the 24-atom least squares plane of porphyrin core (in pm; negative values
correspond to displacement towards the alkyl group). Absolute values of the angles between
pyrrole rings and the least-squares plane, and angles between pyrrole rings and the least-
squares plane, and angles between phenyl substituents and the least-squares plane, are shown

in bold.
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333/ 56 (1)
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Rh(ttp)(c-hexyl)
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Figure 2.8b

Figure 2.9b
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2.8 Mechanistic Studies
2.8.1 Proposed Mechanism for CHA
Since Rh(tlp)ClI reacted with alkane in the absence and presence of base, scheme 2.3

shows two possible pathways for the proposed mechanism of alkyl CHA with Rh(ttp)ClI la.

Cl
fast X
X R
!C RH _L
R H # o lla
fast CHA
CHA Basel
=ttp ANN H
C R~ CHA
X' = OH'. KCOV. OAc" cCN + ¢ N

c ~ c

Scheme 2.3 Proposed Mechanism of Alkyl CHA with Rh(ttp)Cl

2.8.2 Alkyl CHA in the Absence of Base

Pathway la. In the absence of base, Rh(ttp)Cl la initially undergoes heterolysis to

A W

form Rh(ttp) cation and chloride anion, most likely as an ion pair (Scheme 2.3). “ An alkane
then coordinates to the Rh metal center to form a C-H-Rh complex. Finally, the alkyl C-H
bond is cleaved to give Rh(tlp)H 1d. The coordination of alkane to the Rh metal center is
supported by the inhibition of CHA by PPha (Table 2.2, entry 2). Upon addition of PPh],
Rh(ttp)Cl la did not react with c-hexane at 120  in 24 hours to give any RJi(Up)(c-hexyl)

2a (eq 2.16).

120 °C. 24 h
Rh(ttp)Cl + PPh. Rh(ttp)CI(PPh3) (2.16)

guantitative

When the reaction of Rh(ttp)CIl la with c-hexane (50 equiv) in benzene-<4 in a sealed

NMR tube at 120 "C was traced by NMR spectroscopy over the course of 12 hours, no



intermediate was observed. Only Rh(tlp)H Id and Rh(tlp)(c-hexyl) 2a were formed in 68 and
4%, respectively (eq 2.17). No stable, long-lived intermediate likely formed, suggesting
Rh(por)CI ion pair or C-H-Rh complex is highly reactive. Furthermore, the major product is
Rh(ttp)H 1d in benzene solvent rather than Rh(ttp)(ohexyl) 2a in c-hexane solvent. Probably,
the reaction of Rh(ttp)H Id with a slight excess of c-hexane is slow.

ANANN - benzene-cle
Rh(ttp)ClI Rh(ttp)H + Rh(ttp)~ (2.17)
gl,24nh B L 4%

50 equiv

2.8.3 ‘ Base-promoted Alkyl CHA

Pathway Ib. In the base-promoted reaction, Rh(ttp)Cl la initially undergoes ligand
substitution with MX to give Rh(ltp)X (MX = NaOH, or NaOAc, or K2CO3). Recently,
iridiuni(111) hydroxide, ™ iridium(I11) alkoxide," rhodium(Ill) hydroxide,22ruthenium(n)
hydroxide22d and rhodium(lll) alkoxide™® have been reported and these ruthenium and
iridium complexes can undergo C-H activation22a22b , 22d Bt y is then rapidly reduced by
an alkanc to form Rh(ttp)H 1d which then yields the metal-metal bonded Rh2(ttp)2 le quickly
in basic media.

When the reaction mixture with K2CO3 in benzene-* was followed by 'H NMR
spectroscopy, no Rh(ttp)H 1d but only Rh2(itp)2 le were observed after 30 minutes (eq 2.18,

Figure 2.10, Table 2.8). Likely, Rh(ttp)H Id was converted rapidly to Rh2(ttp)2 le in a basic

medium. After 3 hours , Rh(ttp)(c-hexyl) 2a slowly grew in to about 15% yield and Rh(ttp)H
Id formed quickly in up to 50% yield. The composition of the reaction mixture remained
more or less the same up to 12 hours with a major amount of Rh(ttp)H Id and small amounts
of Rh2(itp)2 le and Rh(ttp)(c-hexyl) 2a present. It is likely that with a slight excess of c-
hexane in benzene instead of c-hexane as the solvent, the base promoted E2 elimination of

Rh(ttp)(c-hexyl) 2a becomes competitive to re-form Rh(ttp)" le or Rh(ttp)H Id after
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protonation from the small amount of water present as well as forming the coproduct c-
hexene. c-Hexene can also further undergo multiple CHA and E2 elimination to give benzene

analogous to opentene.

K2CO3 (10 equiv)
benzene-dfi (1000 equiv ;

Rh(ttp)CI 120°C. 3h Rh(ttp>- Rh(ttp)H (2.18)
1 equiv 50 equiv 15% 50%
Rh(ttp)Cl
-+ RO 2
L - A - Rh(ttp)H
100- Rh(ttp)(c-hexyl)
Total Yield
-
&5
Ié‘
I\
A

Figure 2.10 Time Profile of Reaction Rh(ttp)Cl and c-Hexane with K2CO3
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Table 2,8 Reaction Time Profile ofRh(ttp)Cl and c-hexane with K2CO3

Yield (%)

Entry Time (h) Rh(ttp)Cl Rh2(Itp)2 Rh(ttp)H Rh(ttp)(c-hexyl) Total
1 0 100 0 0 0 100
2 0.5 71 20 0 0 91
3 1 44 22 32 0 98
4 2 24 17 51 5 97
5 3 14 8 50 15 A 87
6 12 0 0 56 1 67
7 36 0 0 53 8 61
8 96 . 0 0 52 9 61

Independent experiment showed that Rh2(ttp)2 le and presumably H2 were formed
quickly over 15 minutes at room temperature from Rh(ttp)H Id added with base (eq 2.19).

However, Rh(ttp)H Id was thermally stable in the absence of base , even upon heating at 120
i

for 6 days with 90% recovery (eq 2.20). Therefore, both Rh2(ttp)2 le and Rh(ttp)H Id can

activate R-H lo give Rh(ttp)R in pathways lla > lib and He (Scheme 2.3).

b6nz6[]

KOH(10equi
2RNh(ttp)H ( quiv)l [Rh(ttp)]2 + H2 (2.19)
15min, 23

benze|7]
Rh(ttp)H 120, C 6d no reaction (2.20)
recovery yield 90%

To further understand why Rh(ttp)H Id did not react completely with slight excess c-
hexane in benzene solvent, the thermal CHA reaction of Rh(ttp)H Id with c-hexane at 120

in 3 hours was carried out. Indeed, Rh(ttp)(c-hexyl) 2a was formed in 36% vyield and
A

supported the intermediancy of Rh(ttp)H 1d (eq 2.21). The low yield of Rh(ttp)(c-hexyl) 2a
in a slight excess of c-hexane is probably due to unfavorable equilibrium with limited c-

hexane as well as the base-promoted or thermal elimination of Rh(ttp)(c-hexyl) 2a.
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120 °C
Rh(ttp)H 3n. N:  Rh(p)- 2 (2.21)

1d 2a 36%

2.8.4 Kinctic Isotope Effect of Alkyl CHA

To gain further information about the nature of the transition state and the possible Rh
species involved (pathway Ic and lla-c)’ the kinetic isotope effects of the CHA reaction were
measured by a series of competition experiments. Rh(ttp)Cl la was reacted with an equimolar
mixture of c-hexane and c-hexane-<ii2 in the presence of 10 equivalents of K2CO3 at 120 °C in
6 hours. The ratio of Rh(ttp)(c-hexyl) 2a to Rh(ttp)(c-hexy!)-"/i 1 were determined to be
9.1:1.0 by 'H NMR spectroscopy. The large kinetic isotope effect (KIE) supported the C-H
cleavage step to give Rh(ttp)(c-hexyl) 2a is involved in the rate limiting step. The observed
KIE is truly a kinetic value as Rh(ttp)(c-hexyl) 2a did not exchange with c.-hexane-t/i2 under
the same conditions. Likewise, the KIEs of the CHA with Rh(ttp)H Id and Rh2(ttp)2 le with
or without K2CO3 were measured to be about 9.0. (eq 2.22 > Table 2.9). Rh(ttp)H was also
found to be more reactive than Rh2(ttp)2 1e.

Table 2.9 KIE Values of Reactions ofRh(ttp) X with c-Hexane

J\ 1 X
Rh(ttp)X 12236 Rh(ttp>-
00 0  No-time O KT 222)
Entry  Rh(ttp)X Base Time (h) KIE by *HNMR Yield (%)
1 Rh(ttp)Cl  K2C03(10equiv) 6 9.14:0.3a 32
2 Rh(ltp)H Nil 3 8.940.3 54
3 Rh(ttp)H  KiCOsClOequiv) 3 8.510.4 59
4 Rh2(ttp)2 Nil 6 8.710.3 38
54  Rh2(ttp)2 K2C03(10equiv) 6 9.0+0.3 42

'KIE determined by MS was 9.7(%0.2)
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2.8.5 Reactivity Studies of Proposed Intermediates

To gain further support that Rh2(ttp)2 le is an intermediate, the reaction of Rh2(ttp)2
le with c-hexane in benzene-”/[1im sealed NMR tube was monitored by 'H NMR
spectroscopy (cq 2.23). After 8 hours, both Rh(ttp)(c-hexyl) 2a and Rh(ttp)H Id were
obtained in 12 and 82% vyield, respectively (eq 2.23). The much higher yield of Rh(ltp)H Id
suggests that, even under thermal conditions, Rh(ttp)(c-hexyl) 2a still can generate Rh(ltp)H
Id by P-H elimination, as ascertained by the independent thermal experiment shown in eq
2.24. Therefore, Rh2(ttp)2 le is confirmed to be a viable intermediate in the CHA reaction in
both neutral and basic conditions. The expected coproduct, c-hexene, was not observed, and

was rationalized by further rapid dehydrogenation of c-hexene to yield benzene.

benzene-de [—y
Rh2(tp)2 + [ J - 7 A ' Rh(ttp>-/ ) + Rh(itp)H (2.23)

50 equiv

[\ benze[]ec's
Rh(ttp)-HA 1200c.0.5h + Rh(itp)H (2 24)

54%

Since the large values of KIEs of the CHA of CH4 (8625 and 5.1 80 and of
toluene (6.5, 80 ] Cyith Rh"(tmp) (tmp = 5,10,15,20-tetramesitylporphyrinato dianion) are
supportive of a bimelalloradical linear, termolecular transition state,™ the similar magnitude
of KIEs in the reaction of c-hexane with Rh(ttp) complexes suggest that Rh"(ttp) also
undergo similar bimetalloradical activation with c-hexane. However, the conversion of
Rh(ttp)H 1d to Rh2(ttp)2 le in the absence of base is very slow; therefore, we tend to favor
that both Rh(ttp)H Id and Rh2(Up)2 le are parallel reacting species under both neutral and

basic conditions. However, we could not ftilly understand the high KIE value of 8.9 measured

for the thermal reaction with Rh(ttp)H Id (Table 2.9, entry 2). The larger value of KIE can
have two possible explanations, (1) the tunneling contribution and (2) the parallel reaction of

Rh(ttp)H and Rh2(ttp)2 in CHA."
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Ph

Ph-C-X
H-C-H
Ph Ph Q d
Ph-C-CI MeCN Ph-Ce Cl
H-C-H c1n H-C-H
H H Ph.~.Ph
irC H
X- = OH". MeO"

Scheme 2.4 Branching Reaction of Carbocalion

Thibblin et. al has reported that heterolysis of C-Cl bond of 1,1-diphenylethyl
chloride, which is almost rate-limiting, generates a diphenylmethylcarbocation and chloride
anion(Scheme 2.4). The diphenylmethylcarbocation is a common intermediate for the
subsequent branching conversion of alcohol/ether via solvolysis and olefin via elimination.

The expression for the isotope effects are the following:

K)"k? = where £s is the rate of solvolysis of

1,1-diphenylethyl chloride;

= where & is the rate of elimination of

1,1-diphenylethyl chloride;

As the heterolysis does not involve a C-H cleavage, the isotope effect JqU/k [ [asssimed to
be a secondary isotope effect and therefore has a value of 1.16< Also,
k-"k-P is a secondary isotope effect since no C-H cleavage is involved. The primary isotope
effect /:]"//: ) -4uH have a substantial value. Detailed mechanistic investigation suggests
that fast backward heterolysis ( L  Kkj, h) would result in enlarged kinetic isotope effect. ™"

This is because when (k. » #4Z kj”kj” is close to where K| ~ %D is
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larger than unity. In the case of alkyl CHA, the branching reaction of Rh2(Up)2 with c-hexane

is from the common intermediate of Rh(ttp)H 1d.

As Rh(ttp)l I was shown to be a viable intermediate of the CHA reaction (eq 2.21),
two detailed mechanistic possibilities, oxidative addition and cx-bond metathesis, could exist
(Scheme 2.5). For the oxidative addition, a seven-coordinated Rh(V) complex (A) formed at
first with three ligands R, H, and H on the same face of the porphyrin, which then undergoes
reductive elimination to give Rh(ttp)R and H2. Though Rh(V) organomelallic complexes are
uncommon, they can be stabilized by strongly tr-donating ligand as silyP"* and hydride. The
two 6./>dihydrides e.g. [(;f-C5Me5)Rh(i rMSiMe3)2] and [(7,-C5Me5)Rh(H)2(SiEt3)2]24 are not
steritally demanding enough to rule out the oxidative addition pathway. Alternatively, a
concerted cr-bond metathesis or its variants like o--complex (B) assisted mctathesis™ could be

a viable pathway.

Oxidative h 2 H
Addition OJVI\6
H R-H A R
C50
SigmadjordV - X

Metathesis "~ ~ A B

I Scheme 2.5 Proposed Pathways of Alkyl CHA with Rh(ttp)H

The large KIE values of c-hexane CHA with Rh(ttp)CI (9.1) and with «Rh(ttp)H (8.9)
are not typical of "normal” rr-bond metathesis process,™ but they are similar to the KIE
values of other CHA reactions involving methane-eliminating a-bond metathetical events
(8.7-9.).27ab As Rh(ttp)H Id reacts with c-hexane to give Rh(ttp)(c-hexyl) 2a, it may
undergo a-bond metathesis with Hz-elimination. Such or-bond metathesis with H2 elimination
was also be proposed in the alkane metathesis catalyzed by silica-supported tantalum

h47 dride.27¢c
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2.8.6 Recent Finding in Rh(ttp)OH
Recently, Mr Kwong Shing Choi in Chan's laboratory has discovered the base-

promoted conversion of Rh(ttp)Cl to Rh2(ttp)2 via the formation of Rh(ltp)OH (Scheme2.6)."®

Dimerization Rh2(tp)2 + "H202"
OH-
Rh(ttp)Cl Rh(ttp)OH B
Ligand :
Substitution Dehydration (ttp)Rhr  Rh(ttp) + H2O

Scheme 2.6 Base-promoted reduction of Rh(ttp)Cl to Rh2(ttp)2

In the view of this finding, a new mechanism proposal is added for the elimination of
Rh2(ttp)2. Rh(ttp)Cl first undergoes rapid ligand substitution with OH" to give Rh(ttp)OH.
The highly reactive Rh(ttp)OH then dimerizes via parallel pathways A and B. In pathway A,
Rh(ttp)OH dimerizes to give Rh2(ttp)2 and H202 which disproportionates quickly to generate
water and oxygen molecule. At the same time, a /i-oxo dirhodium complex is formed from
intermolecular dehydration in pathway B. The /i-oxo dirhodium complex probably undergoes

backward reaction in the presence of H20/OH" and eventually gives Rh2(itp)2.

29 Conclusion
Base-promoted aliphatic CHA of alkanes were achieved with rhodium(l11) porphyrin

complexes to give rhodium(l11) porphyrin alkyls. Mechanistic investigations suggested both

Rh(ttp)H Id and Rh2(ttp)2 le are key intermediates for the parallel CHA step. The,roles of

base are (i) to facilitate the formation of Rh(ttp)OH; (ii) to enhance the CHA rate with alkane
and generate Rh(ttp)H by more reactive Rh(ttp)X than Rh(ttp)Cl; (iii) Ib provide a parallel

CHA pathway by Rh2(ttp)2.
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Chapter 3 Metalloradical-promoted Functionalization of Cycloheptane to

Rhodium Porphyrin Benzyl via C—H and C-C Bond Activation

3.1 Introduction

3.1.1 Properties of Cycloheptane

c-\ Icptane is a colourless combustible liquid at ambient conditions. It is readily

miscible with cthanol and ether but insoluble in water."™ The lowest-energy conformational

isomer is a twisted chair form, which is very fluxional (fluxional energy = 8.2 kcal mol™)

(Figure 3.1).ih Some other properties concerning the reactivity of c-hcptane are summarized

in Table 3.1.

O o

Figure 3.1 Ball and Stick Model of c-

?

ptane (twisted chair form)

Table 3.1 Properties Concerning the Reactivity of c-Heptane™""

Properties
BDE ofC-H
BDE ofC-C
Ring Strain
Diamagnetic Susceptibility

Dielectric Constant

Corresponding Value
94.0 kcal mol"
86.6 kcal mol"
6.3 kcal mol.i

*73.9 X 106 mol"

2.0784 at 20.0
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3.1.2 CHA ofCycloheptane
c-Heptane is well known to undergo transition-metal catalyzed CHA including

amination, C-C formation, dehydrogenation and oxidation (eqs 3.1-3.4).

Amination
Rh2{(S)-nta}4 (3 mol%) __P-Tol, NTS
S Phl<OCO_2(1.4 equiv) (31
NH2 (CI2CH)2/MeOH: 3/1
-35 °C, 3d

(S)-nta = (S)-N-1,8-naphthoylalanine 96%

-C Formation

A +

(7 4 mmol) (0.5 ijmol)

(3.2)

Dehydrogenation
RhCI(CO)(PMe3)2 (0.4 mM) -
H2 (1000 psi) '
60 100 min
TON=53  TON =230
I OH
Oxidation 02 (101.3 kPa)
p-cymene-Ru (0.58 mM) (3.4)
hv (X>275 nm), 293 K | '

TOF = 3.3h-i TOF = 33h-

3.1.3 CCA of Cycloheptane

By contrast, the C-€ bond of c-heptane is more reluctant to cleave by transition-metal
complexes and consequently, there are very limited CCA examples. Aliphatic C-C bond of c-
heptane is weaker than C-H bonds by around 8 kcal mol".~ However, the aliphatic C-C bond
is shielded by C-H bonds and this makes the transition-metal complex difficult to access the
C-C bond.9 Recently, Basset et al. reported the hydrogenolysis of c-heptane catalyzed by
tantrum hydride complex supported on silica to give a mixture of acyclic alkanes and cyclic

alkanes (cq 3.5)."® )
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cat [(=SiO)2Ta-HlI
CH4 + C2H6 + C3H8 others (3.5)
160 °C. 50 h

45% 20% 5% 20% 5%
The hydrogenolysis of c-heptane possibly undergoes a scries of alkane metathesis via
the formation of hydrido-tantallacarbenes. * “ The major drawback of the reaction system is the

poor selectivity which leads to the formation of many products.

3.2 Objectives of the Work
The objectives of this work are to (i) broaden the synthetic scope and (ii) to gain
further mechanistic understanding of the alkyl CHA and CCA with rhodium porphyrin

complexes. 00

3.3 Discovery of CCA of c-Heptane

After the investigation of base-promoted CHA of alkane with c-pentane and c-hexane,
the substrate was extended to c-heptane. Initially, c-heptane was found to react with
Rh(ttp)CI la to give Rh(ttp)(c-heplyl) 5a in 18% yield as the sole CHA product while 70%
yield of Rh(ttp)Cl was recovered (eq 3.6). However, when K2CO3 was added, Rh(ttp)(c-
heptyl) 5a, the CCA product, Rh(ttp)Bn 5b, and Rh(ttp)H Id were formed in 30%, 25% and

30% yields, respectively.

additives
Rh(ttp)Cl Rh(ttp)- Rh(ttp)Bn + Rh(ttp)H  (3.6)
120 °C, Nr

la recovered 5a 5b 1d Total Yield
70% no base 24 h 18% 0% 0% 88%
0% KgCOallOequiv) 6h 30% 25% 30% 85%

Since the thermal conversion of c-heptane to toluene takes place slowly at 360  (eq

3.7)?2 the formation of Rh(ttp)Bn 5b likely comes from Rh(ttp)(c-heptyl) 5a.
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Se (5 equiv) 3.7)
360 °C

34 Mechanistic Investigation
3.4.1 Reaction Time Profile

To gain further mechanistic understanding, the reaction of Rh(ttp)Cl and c-heptane at
1200) @ benzene-t/6 in the presence of K2CO3 was monitored by 'H NMR spectroscopy in a

NMR tube (cq 3.8 > Figure 3.2, Table 3.2).

benzene-de Rh(ttp)B Rh(ttp)H O (3.8)
Rh(toC] Rh(tt P)Bn '
(ttp)C ~ 2€03 (10 equiv) (te

20Lequiv 120 16h 53 17% 5b 14% Id 62% 42%
(w.r.t. Rh(ttp)Cl)

S — oL Rh{ttp)CI
Rh{ttp(c-heptyl)
Rh(ttp)Bn
Rh(ttp)H
Total Rh Yield
Cycloheptene
Total Org Yield
Rh,(ttp),

> BTN o

Time / h

Figure 3.2 Time Profile of Reaction of Rh(tlp)Cl with c-Heptane in the Presence of K2CO3
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Table 3.2 Time Profile of Reaction of Rh(ttp)Cl with c-Heptane in the Presence of K2CO3

Yield Q0

Time/h Rh(tp)Cl Rh(ltp)(c- Rh(tlp)Bn Rh(ttp)H Rh2(ttp)2 ¢ Total

la heptyl) 5b Id le heptene  Rh
5a pdt
0 (0] 0 0 0 0 0 100
0.5 72 0 9 16 3 0 100
1 37 0 13 43 6 25 99
2 15 0 13 64 7 43 98
16 0 18 14 62 0 42 94
72 0 20 14 62 0 42 96
96 0 23 14 59 0 41 96
264 0 23 15 58 0 43 97

Total
Org

pdt

38
56
74
7
79

82

After'2 hours of reaction, only 15% yield of Rh(ttp)Cl la remained while Rh(ttp)Bn

5b, Rh2(Up)2 le and Rh(ttp)H Id were formed in 12%, 7% and 64% vyields, respectively.

After 16 hours , Rh(ttp)Cl la and Rh2(Up)2 le completely reacted; the yield of Rh(ttp)H Id

still remained at 62%. At the same time, the yield of Rh(ttp)Bn 5b did not increase while

Rh(ttp)(c.-heptyl) 5a formed in 17% vyield. c-Heptene was observed in 42% yield. Since the

complete consumption of Rh2(itp)2 le significantly slowed down further conversion of

Rh(ttp)(c-heptyl) 5a to Rh(Up)Bn 5b, Rh2(itp)2 le likely has a promoting role in the

transformation. Therefore, both Rh2(ttp)2 and Rh(ttp)H are possible intermediates.
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3.4.2 Reactivity of Rh2(ttp)2 and Rh(ttp)H with c-Heptane
Rh2(Up)2 and Rh(ttp)H were - then reacted with c-heplane separately. Indeed, both
Rh2(ttp)2 and Rh(ttp)H gave Rh(ttp)(c-heptyl) only in 76% and 73% vyields, respectively (eq

3.9). Therefore, they are intermediates for CHA only.

Rh_X + G _ P M Q (3.9
5a

X = Rh(ttp) 5 min 76%

X=H 15 min 73%

3.4.3 Conversion of Rh(ttp)(c-hcptyl) to Rh(ttp)Bn

As neither Rh2(ttp)2 nor Rh(ttp)H reacted with c-heptane to give Rh(tlp)Bn, Rh(ttp)(c-
heptyl) likely undergoes further reaction via CCA in order to account for the formation of
Rh(tlp)Bn. To find out whether the CHA product is an intermediate for CCA, Rh(ttp)(o
heptyl) was heated in neutral and basic conditions separately (eq 3.10 and 3.11). In neutral
conditions, Rh(ttp)(c-heptyl) 5a yielded only Rh(ttp)H Id and c-heptene in 24% and 17%
yield, respectively after 6 days (eq 3.10, Figure 3.3 > Table 3.3). Rh(ttp)H and c-heptene likely

form from the y~hydride elimination of Rh(ttp)(c-heptyl).

Obenzene—de

I - _p)H + \ ) (3.10)
120  6d

5a 63% 1d 24% 17%
(recovered)

In fact, the /~hydride elimination of metal alkyl was well-known to give metal
hydride and olefin.” Once the metal hydride and olefin forms, reverse 1,2-addition proceeds

to give metal alkyl (Scheme 3.1)
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PPh-

Fe
OCT | *CH2CH2CH2CH3 ~ ; "~ OC
I!>Pho + PPn:

.Fe
CHoCHoCHoCH' :

PPh. T, CH2CH3
Fe— H
oC
oc | PPH.
CH CH3
ANC H o, PPh.
Fe-CH Fe-CH
PPh. OCT | \
ocC CH3 PPh. CH:
AoA CH3
,fle— Fe-
oc 'l o ocC s
PPh. PPh-
T ] -CH'
.Fe.
OCT I H OC | H
PPHo » CH pPH, HC

Scheme 3.1 yO-Mydride Elimination of Metal Alkyl and Olefin Metal Hydride Insertion

The 1,2-rearrangemet of rhodium porphyrin alkyls were reported by Chan et al ™

Several /M-substituted ethylrhodium complexes underwent 1,2-alkyl rearrangement at 120
In benzene-i/e. The mechanism of the reaction is likely to proceed via a y*hydride elimination
with an olefin formed as the intermediate (Scheme 3.2). The secondary alkylrhdoium

complexes yielded the primary alkylrhodium complexes. With either primary or secondary
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complexes as the starling materials, similar tautomeric ratios were obtained. Therefore, the

reversibility of the rearrangement was established.

cte

czn»

H benzene-df H X
120 °C Cro (“Fio

X =Ph. Chk OCH.

Scheme 3.2 Reversible 1,2-Alkyl Rearrangement of Rhodium Porphyrin Alky!

100

90

80

70

60

50

P-0=T N

40

30

20

10

Rh(ttp)(c-heptyl)
Rh(ttp)H
Cycloheptene
Total Rh

Total Organic

50 100 150
Time / h

Figure 3.3 Time Profile of Thermal Reaction of Rh(ttp)(c-heptyl)
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Table 3.3 Time Profile of Thermal Reaction of Rh(Up)(c-heptyl) 5a

Yield %
Time/h 5a Id -heptcne Total Rh pdt  Total Org pdt
0 100 0 0 100 100
0.5 7l 23 100 95
36 68 21 89 85
54 69 21 90 85
144 63 24 87 82
192 38 21 59 55

While in basic conditions, Rh(tlp)Bn 5b was observed in 6% yield in 6 days, together

with 28% vyield of Rh(ttp)H and 20% vyield ofc-heptcne (eq 3.11, Figure 3, ,Table 3.4).

benzene-de Rhitto)B "Ho ah H 311
- ttp)Bn .
RA(ttp) K2C03(10equiv) TP) - (3.1
5a 64% 120 6c¢l 5b 6% 1d28% 20%
(recovered)
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Rh(ttp)(c-heptyl)

Rh(ttp)H
Rh(ttp)Bn
c-Heptene
% Total Rh
’ Total Organic
P

100 150 200 250 300 350 400
Time / h

Figure 3.4 Time Profile of Thermal Reaction of Rh(ttp)(c-heptyl) with KZ%:O]
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Table 3.4 Time Profile of Thermal Reaction of Rh(ttp)(c-heptyl) with K2CO3

Yield %
Time/h 5a 5b Id c- Total Rh Total Org

heptene pdt pdt

0 100 0 0 0 100 100
1 75 24 0 18 99 93
36 70 _ 25 0 20 95 90
54 68 25 2 19 95 87
144 64 6 28 20 98 90
192 49 13 27 21 89 83
264 43 15 27 20 85 78
384 32 31 27 20 90 83

The conversion of Rh(ttp)(f-heptyl) 5a to Rh(ttp)Bn 5b likely undergoes a yO-hydride
elimination™* to give Rh(ttp)l 1 1d and c-heptene. However, a base is required for further
reaction to give Rh(ttp)Bn 5b. Therefore, the CHA product is an intermediate for CCA
product only in the presence of K2CO3.

As Rh"(por) dimer (por = porphyrin) can form by the thermal'® or base-promoted”
dehydrogenalive dimerization of Rh™'(por)H (eqs 3.12-3.13), the possible promoting role of
Rh2(Up)2 in converting Rh(ttp)(c-heptyl) to Rh(ttp)Bn was examined (eq 3.14 > Figure 3.5,
Table 3.5). To our delight, Rh(ttp)(c-heptyl) added with Rh2(ttp)2 (1 mol%) gave Rh(ttp)Bn ,
and the rate promoting rate effect of Rh2(ttp)2 (1 mol%) was about 6 times than that of K2CO3

(10 equiv).
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. benzene-cle
.8 °C,<05h

2Rh(tpp)H - Rh2(tpp)2 + H2 (3.12)
benzene-df .
ZRMUPH - 1onec 1 ¢ Rh2(p)2 +7H2" (3.13)
91% recovered 6%
benzene-cfg (314)
Rh(tp)— Rh(ttp)Bn + Rh(ttp)H
Rh2(ttp)2 (1 mol%)
(reggvéfeo/&) 120 °C. 22 h 5b 6% 1d61% 38%
00 Ao~~~
\ . ( .
| \\ < Hi- Rhp)e-hepiv)
‘ R,
80- \ . . Rofielen
\
. \

otal RH
>CJabRRene
60 - \

>=0—T7 N O¥

40 - [\

60 80
Time / h

Figure 3.5 Time Profile of Conversion of Rh(ttp)(c-heptyl) to Rh(ttp)Bn with 1 mol%
Rh2(ttp)2
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Table 3.5 Time Profile of Conversion of Rh(ttp)(c-heptyl) to Rh(ttp)Bn with 1 mol%

Rh2(ttp)2
Yield %
Time/h 5a 5b Id c-heptene  Total Rh pdt Total Org pdt
0 100 0 0 0 100 100
22 28 > 6 61 38 95 62
42 16 16 59 37 91 69
96 4 30 60 38 94 72

35 Proposed Mechanistic Pathways

As Rh(ttp)(c-hcptyl) 5a was converted to Rh(ttp)Bn 5b in the presence of K2CO3, the
direct transformation is very unlikely and therefore stepwise conversions are more reasonable.
Scheme 3.3 shows three proposed mechanistic pathways and their corresponding key

intermediates. Each one was examined to elucidate the mechanism of Rh(ttp)Bn formation.

0
elimination. Rh(ttp)

(il) /2-Alkyl
K2CO3  migration |,

(iii) p-H”
elimination Rh(ttp)H O

Scheme 3.3 Proposed Mechanistic Pathways for the Conversion of Rh(ttp)(c-heptyl) to

Rh(ttp)-

Rh(ttp)Bn with K2CO3

3.5.1 Conversion of Rh(ttp)(c-heptyl) to Rh(ttp)Bn via j“H+ Elimination
In pathway (i), Rh(ttp)(c-heptyl) 5a undergoes a ; elimination to give

Rh(ttp)(CH2)5(CH=CH2) 6a and the subsequent dehydrogenation and rearrangement lead to
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the formation of Rh(tlp)Bn 5b (Scheme 3.4). In fact, (c-heptyl)tantalum complex was

proposed to undergo y-H elimination to generate Ta(CH2)5(CH=CH2) for further reaction.

©
K
2003 Rh(ttp())..A.M ronconn 2HZO o o i)
2 Rh(tp>- H2O 2 KOH P
oo 6a
Rh(ttp) Rh(ttp)H
Rh(tt
(ttp) Rh(ttp)H
Rh(ttp)A"an H,

Scheme 3.4 Proposed Mechanism of y-W Elimination of Rh(ttp)(c-heptyl)

Rh(Up)(CH2)5(CH=CH2) 6a was independently synthesized by reductive alkylation
(eq 3.15)]8 Rh(ttp)(ClI2)5(CH=CH2) 6a was then heated at 1201 @ the presence of K2CO3
for 14 days and only gave 28% vyield of the 1,2-rearraiigement™ product,
Rh(Itp)(CH(CH3)CH2CH2CH2CH=CH2) 6b while 70% yield of Rh(ttp)(CH2)5(CH=CH2) 6a
was recovered (eq 3.16). No Rh(tlp)Bn 5b was observed. Pathway (i) is ruled out.

NaBhVNaOH. EtOH.

70 2h. No

Rh(ttp)CI N Rh(ttp)arranntanttn (3.15)
6a 86000
0°C, 15min

benzene-de

K2C03(10 i
(10equiv) (3.16)

120 °C. 14d

6a 70% 6b 28%
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3.5.2 Conversion of Rh(ttp)(c-heptyl) to RhCttp)Bn via >S-Alkyl Migration

In pathway (ii), Rh(ttp)(c-heptyl) 5a undergoes a /?-alkyl migration to form ((c-
hexyl)mcthyl)rhodium 6¢c complex which gives Rh(ttp)Bn 5b upon further dehydrogenation.
In fact, the conversion of c-heptane to methylcyclohexane was achieved by a Ta—H catalyst
(eq 3.17).10 Besides, the WO02-catalyzed dehydrogenation of methylcyclohexane was well-

documented (eq 3.18) '™

Ta-H complex Other alkanes (3.17)
160 °C, 48 h

10%

woz (3.18)

38012
95%
Therefore, ((c'-hexyl)methyl)rhodium 6c¢ was independently synthesized by reductive
alkylation (cq 3.19)." However, when ((c-hexyl)methyl)rhodium 6c was heated at 1201 @or
5 days in the presence of K2CO3, only 5% vyield of Rh(ttp)Bn 5b and 60% vyield of Rh(ttp)H

Id were observed (eq 3.20). Therefore, pathway (ii) is only a minor pathway based on the

yield and very slow rate.

NaBHVNaOH, EtOH,

70 2h, N2
Rh(ttp)Cl Rh(ttp) (3.19)
6¢ 86%
be[]zonec'G
2Rh(ttpK>~ K2C03(10equiv), RhOtpArrVA Rh(ttp)H (3.20)
120 °C. 5d
6c 5b 500 1d60%

3.5.3 Conversion of Rh(ttp)(c-heptyl) to Rh(ttp)Bn via fi-H" Elimination
As Rh(ttp)(c-heptyl) 5a gave Rh(ttp)H Id and oheptene via J3-H and fi-H"

elimination in the absence and presence of K2CO3 (eqs 3.10 and 3.1c-heptene formed
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can be dehydrogenated further to give cycloheptatriene (CHT) which can then produce
Rh(ttp)Bn 5b. Scheme 3.5 illustrates the detailed proposed mechanism of the Rh2(ttp)2-
catalyzed dehydrogenation of c-heptane to give cycloheptatriene. 5a initially undergoes the
reversibleelimination/addition'" to give Rh(ttp)H Id and c-heptene which is then rapidly
trapped by Rh2(ttp)2 le to yield Successive P-W elimination and addition reactions of 7a
with Rh2(ttp)2 le finally gives CHT. Rh(tlp)H Id or Rh2(ttp)2 le then reacts with CHT to give

Rh(ltp)(cycloheptatrienyl) 8.

Rh2(tt;22 — R h _ H + 0 Rh_A ] w
a 7a
Rh(ttp)
7b Q@ Rhtpy— R h  §HH + Qut | ~ RKtty)-~"

Scheme 3.5 Proposed Mechanism of c-Heptanc Dehydrogenation

Supporting lines of evidence came the following experiments. Rh2(Up)2 le reacted at
room temperature with c-heptene rapidly to give the 1,2-addition product 7 quantitatively (eq

3.21).

Rh2(ttp)2 Bg_pzene—de Rh(ttp) (3.2

rt 5 min Rh(ttp)'

2 equiv o
7a quantitative

7a was also found to be reactive and thermally unstable even at ambient conditions
(Figure 3.6). The freshly prepared 7a (t = 0 h) gave a clean '"H NMR spectrum. After standing

at ambient conditions for 12 hours, 7a decomposed to give Rh2(ttp)2 le, c-heptene and

Rh(ttp)(c-heptyl) 5a in 5%, 2% and 42% yields, respectively, while 48% of 7a remained (eq

3.22).
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Rh(ttp) benzene-d
g Rh2(ttp)2 Rh(ttp)(c-heptyl)(3.22)

Rh(ttp). 12h
7a 48% recovered 1e5% 2% 5a 42%
(@)
RyjKchent) =
(@) O O @) O n O
° J,
M
A t= 12 h
o 0 O 9)
- %
A
J J L A"t =0h
0 -0.2 -0.4 -0.6 -0.8 6 -1.8 -2 -2.2 -24 -2.6 -3.2 -3.4 -3.6 -3.8 -4 -4.2
. N (ppm)

Figure 3.6 'H NMR Spectra of 7aat 0 h and 12 h at Ambient Conditions (Upfield Region)

Thus, the freshly prepared 7a was heated at 120 °C for 21 hours to give Rh(ttp)H Id,
Rh(ttp)(c-heplyl) 5a and Rh(Itp)Bn 5b in 20%, 58% and 19% yields, respectively (eq 3.23,

Figure 3.7, Table 3.6).™ Therefore, 7a is a viable intermediate for the formation of Rh(ttp)Bn.

benzene-de
7a 5a 58% 5b 19% 1d20%

Rh(ttp)(c-heptyl) + Rh(ttp)Bn  Rh(itp)H (3.23)
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Rh(ttp)H
- A - Rh(ttp)(c-heptyl)
Rh(ttp)Bn
< -Total Rh Yield

>=0=T 0= \ O\

10 20 30 40 50 60 70
Time / h

Figure 3.7 Time Profile of Conversion from 7a

Table 3.6 Time profile of conversion from 7a

Yield %
Time/h 7a 5a 5b Id Total Rh pdt
0 100 0 0 0 100
21 0 58 19 20 97
42 0 45 25 21 91
66 0 40 29 21 90

As Rh(ltp)(cycloheptatrienyl) 8a is proposed to be formed from the CHA of CHT
with Rh2(ttp)2 or Rh(ttp)H (Scheme 3.6), the reactivity of Rh2(ttp)2 and Rh(ttp)H towards

CHT were examined separately. Indeed, both Rh2(ttp)2 and Rh(ttp)H reacted with CHT
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quickly at room temperature to give Rh(ttp)(cycloheptatrienyl) 8 quantitatively (eq 3.24).™

The structure of Rh(Up)(cycloheptatrienyl) 8 was eluciated by X-ray crystallography (Figure

benzene-de
Rh(ttp)X Rh(ttp)- ,.hV. (3.24)

8
X = Rh(ttp) 5 min quantitative
X=H 15 min quantitative

3.8).

C3H

Figure 3.8 ORTEP Presentation of Rh(ttp)(cyclpheptatrienyl) 8 (30% Probability

Displacement Ellipsoids). Rh-C =2.10 A, R = 0.0364

Therefore , Rh2(ttp)2 is shown to promote the formation of Rh(ttp)(cycloheptatrienyl)
8 by rapidly trapping c-heptene, c-hepta-l,3-diene and CHT from the y9-hydride elimination
of 5a, 7aand 7b.

To account for the formation of Rh(ttp)Bn 5b, scheme 3.6 shows the proposed

mechanism of the Rh"-catalyzed transformation of 8 to 5b. Rh"(ttp), dissociated from
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Rh2(ttp)2 through its weak Rh-Rh bond (16 kcal mol™),A"* reacts with 8 to give the carbon
center radical 9a which then isomerizes to give a cyclopropylmethyl radical 9b and
subsequently upon ring opening produces 9c (Scheme 3.7) 9c can undergo a /?-H
elimination to give the Rh-subslituted benzyl radical 9d. Hydrogen atom transfer from

Rh(ttp)H to 9d yields Rh(ttp)Bn 5b and regenerates Rh"(ttp).

Rh"(ttp) I
Rh(ttp:'N I Rh(tp)- _ Q . Nl ttp KA A
8 9a Rh(ttp) % Rntp)
- Rh(ttp)H . FE)H
o o Rh"(ttp) 5h
Rh(ttp)

Scheme 3.6 Proposed Mechanism for Rh" Catalyzed CCA

Scheme 3.7 Conversion of Cyclopropylmethyl Radical to 3-Butenyl Radical
3.6 Mechanistic Studies of Conversion of Rh(ttp)(cycloheptatricnyl) to Rh(ttp)Bn
3.6.1 'HNMR Kinetics -

In order to gain a deeper mechanistic understanding of the conversion of
Rh(Itp)(cyclohcptatrienyl) 8 to Rh(ttp)Bn 5b, the kinetics of the conversion of 8 to 5b were
monitored by 'H NMR spectroscopy (eq 3.25). The kinetic runs were monitored with the
disappearance of Rh(ttp)(cycloheptatrienyl) 8 for at least three half-lives by 'Il NMR

spectroscopy. The NMR tube was thermostatted in a GC-oven within £ 0.2

O

120 oc Rh(ttp)Bn (3.25)
o] 5b quantitative
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The kinetic data taken were then fitted by first-order exponential decay with the

software OriginPro 7.3,

3.6.2 Determination of Reaction Order and Rate Constant
The rate equation can be expressed as eq 3.26, where "obs was the observed rate
constant of the reaction.
Rale ="as [8m  (3.26)
Firstly, the value of m was evaluated. Typical conditions were [8]o = 6.95 x 10" M to
1390 X103 Mand T = 120  The results were fitted well by a first-order exponential decay

function (Figures 3.9 and 3.10). The kinetic order of 8 is therefore one.

7 Equation: y = A1*exp(-x/t1) +yO
6 RA2 = 0.99455
PAR k = 4.75439 X 10-6 s™
=
L

|

N W
—

RAVODO 08 GRHTA-0E -

[% s

o

00 20x10® 40x10® 6.0x10"' 8.0x1 ox10® 12x10®
Time/s

Figure 3.9 Time Profile of Rh(Up)(cycloheptatrienyl) (6.95 mM) at 120
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Equation: y = A1*exp(-x/t1) + yO
RA2 = 0.9958

k = 4.69852 X 10-6 s-

NN OO 0N

“ROVERAVOPY0=TORA b\ T
0

2.0x10' 4.0x10® 6.0x10' 8.0x10' .0x10"'
Time /s

Figure 3.10 Time Profile of.Rh(ttp)(cycloheptatricnyl) (13.90 mM)at 12001 C

Table 3.7 (entries 1and 2) show that ~ds did not change with the initial concentration
of Rh(ttp)(cycloheptatrienyl) 8. The kinetic order of Rh(ttp)(cycloheptatrienyl) 8 was
confirmed to be one. According to the above results, the rate law can be expressed as rate = k

[8], where k=4.75x 10”~s" at 120  The conversion of 8 to 5b was a first order reaction.
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Table 3.7 "obs at different conditions

Entry [8JoxI0*  TEMP/OC 1/T(x 10- “obsXIO" k.| ErrorxIO'/s kx 107

IM D) L " mor |

s |
1 6.95 < 120 5.545 4.75439 3.97540 6.84892
2 13.90 120 2.545 4.69852 3.45935 6.76046
3 6.95 130 248-1 8.76127 8.45695 12.6043
4 6.95 140 2.421 15.4640 34.0559 22.3022
5 6.95 150 2.364 41.0845 57.0695 59.1367

The thermal conversion of CUT to toluene has been reported by Gaynor et al. (eq

800-1130 K
0
0

According to the data obtained from literature, ™ log (Aays") was 13.6 and Exo was

3.27).

217.7 kJ mol". The thermal conversion rate of CHT to toluene at 120 °C is extrapolated by
applying Arrhenius equation.
Ink =-Ea/RT + In A
At 120 Ink =-217.7 x 1000/ (8.314 x 393) + In (10" 6)
Ink =-35.3
O k=4.61 X10-'S-'
The rate of the thermal conversion of CHT to toluene at 120  is evaluated to be 4.61

X 1016 s-1,23 Therefore, the conversion of 8 to 5b is faster than the organic transformation.
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3:6.3 Activation Parameters

The rates were measured at different temperatures. Typical experimental conditions
were [Rh(ttp)(cycloheptatrienyi] = 6.95 x 10" M, T = 120 - 150, (: (eq 3.28). The results
are shown in Table 3.7 (entries 1, 3-5) and Figures 3.8 > 3.11-3.13. These data were used in
the estimation of activation parameters.

benzene-c/g
Rh(ttp)- 120-150 °C Rh(ttp)Bn (3.28)
8

5b quantitative

Equation: y = Arexp(-x/t1) + yO
RA2 =0.9989

k =8.76127 X 10-6 s-1

|- -
N WA L ON

1= =00y

N
H\
V
3

c[% v LAVOPOROAT

0.0 4.0x10' 8.0x10' 2x105 1.6x10'
Time /s

Figure 3.11 Time Profile of Rh(ttp)(cycloheptatrienyl) (6.95 mM) at 130 C
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N

Equation: y = A1 *exp(-x/t1) + yO
RA2 = 0.99471

k = 1.5464 X10-5 s-1

)
—

b

W

N

00 “=0CPHA N\ A=
ol

[%ovsaﬁvo>vo>~

o

0.0 2.0x10' 4.0x10' 6.0x10"' 8.0x10'

Time /s

Figure 3.12 Time Profile of Rh(ttp)(cycloheptatrienyl) (6.95 mM) at 140

Equation: y = A1*exp(-x/t1) + yO
RA2 = 0.99898

k = 4.10845x 10-5 s-

A0

- [TjH/\»-'

]

0 h=Uprn
N

e

\

[%Avcaﬁvo>

0.0 5.0x10' .0x10' 1.5x10' 2.0x10'
Time /s

Figure 3.13 Time Profile of Rh(ttp)(cycloheptalrienyl) (6.95 mM) at 150 T



The Eyring equation describes the temperature dependence of reaction rate (eq

3,29).3a ‘

\nik/T) = -AIIV(RT) + In(K/h) + ASVr  (3.29)
(k is the Boltzmann constant, R is the ideal gas constant and h is the Planck's constant.)
Therefore, a plot of In(/r/T) against 1/T gives a linear Eyring plot with a slope of -A"VR and
a y-intercepl of In(K/h) + AS'/R (Figure 3.13, Table 3.8).™
Table 3:8 In(/U/r) at different (1/T)

Entry © Temp/"C 1/ r (x 10 K") "obsXIO' 4|  Error xIOVs-'  In (WT)

1 120 2.545 4.75439 3.97540 -18.2303
2 130 2.481 8.76127 8.45695 -17.6441
3 140 2.421 15.4640 34.0559 -17.1004

4 150 2.364 41.0845 57.0695 -16.1473



Y =A+ B*X

Parameter Value Error

0.01222

HOV=| N\

0.00235 0.00255

Figure 3.14 Eyring Plot of the Conversion of 8 to 5b over the Temperature Range 120-150 °C

Since  y-intercept ==In(K/h) + ASVR
10.39025  ==In(1.3807x 10-"6.6261
AS' =-26.5 + 6.0 cal mol" K"
And slope ==-A//VR
-11280 ==-A//V1.9859
AH* =22.4 -+ 2.4 kcal mol. |
Then .AG' =

AG* =32.8 1 2.4 kcal mol™



The Eyring plot of conversion of 8 to 5b over the temperature range 120°C - 150 C
(Figure 3.14, Table 3.8) yielded A/ = 22.4 +- 2.4 kcal moV\ AS* = -26.5 4= 6.0 cal mol ' K],

and AG' = 32.8 +: 2.4 kcal mol" (Figure 3.15).

Rhfip>—
=
Hdp)

RUE » Rl

Reaction Coordinate
Figure 3.15 Energy Level Diagram of the Conversion of Rh(ttp)(cycloheptatrienyl) to
Rh(ttp)Bn
3.6.4 Promoting Effects of Additives
Since K2CO3 (10 equiv) promoted the reaction of Rh(ttp)Cl and c-heptane to give
Rh(ttp)Bn via the promoted generation of Rh2(ttp)2 from Rh(ttp)H co-product (eq 36), te
promoting effects of both K2CO3 and Rh2(ttp)2 were examined separately (eq 3.30, Figures
3.16-3.18)..
additives

1200c Rh(ttp)Bn (3.30)
5b quantitative
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Figure 3.16 Time profile of RJi(ttp)(cycloheptatrienyl) (6.95 mM) with K2CO3 at 120 X
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Figure 3.17 Time profile of Rh(ttp)(cycloheptatrienyl) (6.95 mM) with Rh2(ttp)2 (3.48 x 10'

M, 1mol%)



Equation: y = A1 exp(-x/t1) +yO
RA2= 0.99939

k =2.15318x10-5 s"
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Figure 3.18 Time profile of Rh(ttp)(cycloheptatrienyl) (6.95 mM) with Rh2(ttp)2 (3.48 x 107

M, 10mol%)

Table 3.9 "dos with different additive conditions (120

Entry [8]oxIO'/M Additive ytobsXI0A /5" Error X107/s- |
| 6.95 4.75439 3.97540
2 6.95 ‘KzCOsClOequiv) 4.98425 2.36672

3 6.95 Rh2(ttp)2 (3.48 X 10-5 M)a 7.33611 2.04693
4 6.95 Rh2(ttp)2 (3.48 X 104 M)b 21.5318' 12.6614

mol. /0;6 10mol%

With or without the addition of K2CO3, the reaction rates of the transformation of 8 to
5b are identical within experimental errors (Table 3.9, entries 1 and 2). Therefore, the

conversion of 8 to 5b is independent of K2CO3.



On the other hand, a small amount of Rh2(ttp)2 (1 mol% - 6.49 x 10" M) significantly
enhanced the conversion rate from 4.75 x s“ to 7.34 x 10" s" (Table 3.9 > entry 3 vs 1). A
further increase in the amount of Rh2(ttp)2 to 10 mol% enhanced the rate by 3 times to 2.15 x
105s] (Table 3.9, entry 4 vs 3).

The equilibrium concentration of Rh"(ttp) catalyst in solution is governed by the
equilibrium constant K (eq 3.31). The equilibrium constant K is approximated according to
cqs 3.32-3.33.14 The bond dissociation energy of (ttp)Rh-Rh(tlp) bond is reported to be
around 16 kcal mol".» As two more molar of Rh"(ttp) radicals are generated from one molar

of Rh2(itp)2 > the estimated -TAS298K term is -10 kcal mol"“"* Therefore, the equilibrium

constant Kat 298 K is 3.95 x 1 .
K
Rh2(ttp)2 2Rh(ttp). (3.31)
“AG = RTInK (3.32)
AG = AH-TAS (3.33)
Therefore, -(AH-TAS) = RTInA®
-(16 kcal mor'-10kcal mol™) 1.9859 X 10" kcal mol" K" x 298 K x InK
K 3.95 X 105

06
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Figure 3.19 A Plot of[Rh"(ttp)] at Various [Rh2(ttp)2]iL]
Table 3.10 [Rh"(ttp)] at Various [Rh2(Up)2]iiBase on Calculation

Entry[Rh2(ttp)2] /M [ W g ™ /M'™[Rh"(ttp)] /M

3.0000 X 10- 5.4772 X 10} 3.4424 X 10™
6.0000 X 10' 7.7460 X 10 4.8683 X 105
1.0000 X 10’ 1.0000 X 10 6.2849 X 105
2.0000 X 10™ 1.4142 X 10° 8.8882 X 105

3.0000 X 16 1.7321 X 10 1.0886 X 10"

4.0000 X 10 2.0000 X 10° 1.2570 X 104



At 298 K, the [Rh"(ttp)] at Rh2(ttp)2 added in 1 mol% (3.48 x 10"™*M) arid 10
mol% (3.48 X 10" M) are estimated to be 4.16 x 10™ M and 1.17 x 10" M, respectively.
Therefore, even 10-fold change of [Rh2(ttp)2] results in a 3.3-fold change of [Rh"(Up)]
(Table 3.10 entry 4 vs 3, Figure 3.19). The kobs increased from 7.34 x 10" s" with 3.48 x
105 M of Rh2(ttp)2 added (entry 3) to 2.15 x 10" s" with 3.48 x 10" M of Rh2(ttp)2
added (entry 4). The rate equation of Rh"(ttp)-catalyzed conversion of 8 to 5b is

therefore |~ order in [Rh"(tlp)]. So, rate = k [8][Rh"(ttp)].

3.7 Overall Proposed Mcchanism
Scheme 3.8 summarizes the overall proposed mechanism for the transformation of

Rh(Itp)(c--heptyl) 5a to Rh(tlp)Bn 5b.

Rh2(tp)2 Rh(ttp)Y ~ - 2Rh(ttp)H O
Rh(ttp)- Rh(ttp)H fast Rh(ttp)

54 1d
Rh(ttp)
Rh2(tp)2 RioH 4 () Rh(tp> t O
b QRh(ttp) 1d CHT
Rh"(t
) Rh(ttp)-A 1 Rh(tp)- O
9 HAAA
Rh(ttp)H . Rh(ttp)H
Kit) ./ Rh(ttp)Bn
9d 5b

Scheme 3.8 Overall Proposed Mechanism for the Conversion of 5a to 5b



3.8 Conclusion

The mild, selective conversion of c-heptane to rhodium porphyrin benzyl via CHA
and CCA has been reported. Rh(ttp)(c-heptyl) which formed from the base-promoted CHA of
Rh(Up)CI and c-heptane is the intermediate leading to the CCA product Rh(ttp)Bn. Rh2(ttp)2
Is generated from base-promoted dehydrogenative dimerization of Rh(ttp)H and facilitates
the functionalization as follow: i) undergoing a facile CHA process; ii) trapping the alkene
intermediate formed for further dehydrogcnation and iii) catalyzing the rearrangement of

Rh(ttp)(cycloheptatricnyl) 8 to I;{h(Up)Bn 5b.
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Chapter 4 Metalloradical-Catalyzed Aliphatic Carbon-Carbon Bond

Activation of Cyclbbctane

41  Introduction
4.1.1Properties of Cyclooctane

c-Octane is a colourless combustible liquid at ambient conditions. It is readily
miscibic with cthanol and ether but insoluble in water.c-Octanc is the conformationally
most complex cycloalkane as it has so many forms of comparable energy. Computational
studies suggest that the boat-chair conformation is the most stable one while the crown form
is slightly less stable (fluxional energy = 7-8 kcal mol™) (Figure 4.1).™" Some other properties

concerning the reactivity of c-octane are summarized in Table 4.1.

-Crown Forrfi Boat-Chair Form

Figure 4.1 Crown Form and Boat-Chair Form of c-Octanc (Hydrogen Hidden)

Table 4.1 Properties Concerning the Reactivity of c-Octane™”

Properties Corresponding Value

BDE ofC-H 95.7 kcal mor’

BDE ofC-C 79.6 kcal mol"

Ring Strain 9.6 kcal mol-i
Diamagnetic Susceptibility 853X 1 mor |
Dielectric Constant 2.116 at 20.00J C
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1.2 CHA of c-Octanc

Alkane functionalization in a homogenous medium is an important and challenging

process which involves either carbon-hydrogen bond activation (CHA) or carbon-carbon

bond activation (CCA)™ with organic, inorganic and organometallics reagents. Although

aliphatic C-C bonds are weaker than aliphatic C-H bonds, CCA of alkanes is much less

reported due to the steric hindrance of the C-C bond by the attack of a transition metal

complex.7

c-Octane is a relatively unstrained cycloalkane and therefore serves as a commonly

investigated substrate in alkane functionalization, mostly involving CHA. Some examples of

CHA of c-octane are the i(Eidium(I) pincer dihydride-catalyzed dehydrogenation to c-octene

(eq 4.1), the FeCb-catalyzed - aerobic oxidation to c-octanol and c-octanone (eq 42), as

well as the Mn02-cgtalyzed bromination to c-octyl bromide (eq 4.3)™"

/Bu cat. (-®"PCP)IrH; /Bu
/ 4.1
55 °C (1)

TOF =0.0094 min-

[NBu4N][0s(N)(0)3] (1.25 x 10" M)
FeCla (1.0x10-2 M)

V-OH

Clzpy (0.1 M) Vo

CICH2CH2CI/CH3CO2H (5:2, VIv)

60 30 min n
(1.2 M) 19%

Mn02 V-Br
Br2 _ HBr (4.3)
80 10 min
97000

41, CCA ofc-Octane

Examples of CCA of c-octane are rarely reported. A CCA of c-octane in a

heterogenous medium requires a very high reaction temperature of 530 and consequently

results in both CHA and CCA (egs 4.4-4.6)7® An oxidative CCA of c-octane catalyzed by N-
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hydroxyphthalides/Co(I1)/Mn(Il) at 100 Gn 14 h gives co-dicarboxylic acids in 2% yield

only (eq 4.7)7"

Ru(001)
530 °C
*C8Hi6(qg) C-C8HI6(P) (4.4)
Ru(001)
530, C _ .
-CaHieCp) C8Hi6(C) (4.5)
—.cC
Ru(001)
530, C - .
-C8HI6(P) Cen C-C8Hi5(C) + H(c) (4.6)
c

(9): gaseous state:
(p): physically adsorbed state;

(c): chemisorbed product

cat, hydroxyphthalides/Co( 11 )/Mn( 17 V o V-OH

co™H
100 °C. 14 h y COH @.7)

2%

4.2  Objectives of the Work

The objectives of this work are to (i) broaden the synthetic scope; (ii) to gain further
mechanistic understanding of the aliphatic CCA of c-octane with rhodium porphyrin
complexes and (iii) identifying the unique role of Rh(Il) porphyrin (Scheme 4.1).

CC/4

c-octane
M-H M—(n-octyl)

cat. M. selective

Scheme 4.1. CCA Pathway ofc-Octane with MH

4.3  Discovery of CCA of c-Octane

Initially, c-octane was found to react poorly with Rh(ttp)Cl la to give Rh(ttp)(c-octyl]l
10a and Rh(ttp)(w-octyl) 10b in 5% and 8% yields, respectively (eq 4.8, Table 4.2, entry 1).

A 72% yield of Rh(ttp)Cl la was recovered, and a trace amount of Rh(ttp)H Id was observed.
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Both CHA and CCA products formed but the reaction was inefficient. The addition of KOH
(10 equiv) to the reaction mixture, Rh(ttp)(c-octyl), Rh(ttp)(n-octyl) and Rh(ttp)H were
obtained in 6%, 25% and 62% yields, respectively in 7.5 h (Table 4.2, entry 2). When K2CO3
(10 equiv) was added, Rh(Up)Cl was consumed in 7.5 h and Rh(ttp)(w-octyl) 10b and
Rh(ttp)H 1d were obtained ip 33% and 58% yields, respectively (Table 4.2, entry 3). The
CCA product 10b is the formal 1,2-addition product of Rh(ttp)H Id into c-octane. The
substrate c-octane was found to be free of w-octane and 1-octene by GC-MS analysis
(Appendix). Therefore, Rh(ttp)(«-octyl) was indeed the CCA product of c-octane. The
structures of 10a and 10b were confirmed by independent syntheses (eq 4.9)."° 10b was

further characterized by X-ray crystallography (Figure 4.2).

N 120 °C
Rh(ttp)Cl + (>octa|jeI ATTA tp)(c~octyl) + Rh(ttp)(n-octyl) + Rh(ttp)H (4.8)

Recovered  Time 10a 10b 1d

Table 4.2 Reaction of c-Octane with Rh(ttp)Cl in the Absence and Presence of Base
ft Yield (%)

Entry  Additive" Time Rh(ttp)Cl  Rh(ttp)(c- Rh(ttp)(«- Rh(ttp)H Total

recovered octyl) octyl)
| : 2d 72 5 8 0 85
2 KOH 7.5h 0 6 25 62 93
3 K2CO3 7.5 h 0 0 33 58 01

10 equiv

1. NaBH*NaOH, EtOH,

70, C, 2h, N2
Rh(ttp)CI Rh(ttp)R (4.9
(ttp) 2. R-Br, 0 15min (PR (4.9)
R = c-octyl 10a 86%
R = n-octyl 10b 88%
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S

Figure 4.2 ORTEP Presentation of Rh(ttp)(«-octyl) 10b (30% Probability Displacement

Ellipsoids). Rh-C = 2.03 A, R = 0.0522

44  Mechanistic Investigation
44.1 Conversion of CHA Product Rh(ttp)(c-octyl) to CCA Product Rh(ttp)(/i-octyl)

In some CCA of hydrocarbons, transition metal complexes reacted with hydrocarbons
to give CHA and CCA products in parallel and consecutive pathways." Milstein et al.
discovered that diphosphine 1,3-bis[(di-/er/-butylphosphino)methyl]-2,4,6-trimethylbenzene
reacted with [Rh(alkene)Cl]2 with parallel CHA and CCA pathways (Scheme 4.2)."” The
CHA product was eventually converted to the thermodynamically favorable CCA product in

t

prolonged reaction.
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w R>
/ D=
CHA b
a
=1.25:1
i
benzene r.t, 24 h
)% ||v| [Rh(alkene)=Cl]2 , 24
}:jl: . quantitative
PR:
CCA

R =€u, Ph, Me
alkene = ethylene, c-octene, 'butylethylene

thermodynamic product
Scheme 4.2 Proposed Mechanism of Parallel CHA and CCA in PCP System
Jones and co-workers discovered that Cp*Rh(PMe3)(Ph)(H) activated the aromatic C-
H bond of biphenylene to give Rh-aryl complex. “E, The Rh-aryl complex was found to be an

intermediate to the final CCA product (Scheme 4.3).

c-hexane-di2 Rh
* Rh, 85°C 1d . o/R" Merp W
3 Ph
7K - 1
85°C MeaP | 'H
5d

Scheme 4.3 Proposed Mechanism of the CCA of Biphenylene with Cp*Rh(PMe3)(Ph)(H) via

CHA Intermediate
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To investigate whether the CHA product is an intermediate for CCA," Rh(ttp)(c-octyl)
10a was heated in benzene-<i6 in both neutral and basic conditions separately. Without K2CO3,

Rh(ttp)(c-octyl) 10a gave Rh(ttp)(«-octyl) 10b, Rh(ttp)H Id and c-octene in 10%, 76%, and

36% vyields, respectively after 21 h (eq 4.10, Figure 4.3 > Table 4.3).

Rh(ttp)(c-octy!) fzegzenez-ieh Rh(ttp)(n-octyl) + Rh(ttp)H + c-octene (4.10)
10a 11% 10b 10% 1d 76% 36%
recovered
Rh(Itp)(c-octyl)
Rh(ttp)(rvoctyl)
Rh(ttp)H
c-octene
Total Rh
60
o
P
s
A ‘o
10 20 30
Time / h

Figure 4.3 Time Profile of Thermal Reaction of Rh(ttp)(c-octyl) 10a



Table 4.3 Time Profile of Thermal Reaction of Rh(ttp)(c-octyl) 10a
Yield %

Time/h , Rh(ttp)(c- Rh(ttp)(«-  Rh(ttp)H c-octene Total Rh  Total Org

octyl) octyl) pdt pdt
0 100 0 0 0 100 0
1 87 0 11 9 98 96
21 11 10 76 36 97 57
42 10 10 76 38 96 59

In the presence of K2CO3 (10 equiv), 'Rh(ttp)(«-octyl) 10b was isolated in a higher
yield of 21% in 16 h (eq 4.11 > Figure 4.4 > Table 4.4). However, both reactions were low

yielding and incomplete. Therefore, the CHA product is not a major intermediate leading to

the CCA product.
b6[]716-dg
K2C03(10equi
Rh(tp)(c-octyl) éQ igu“r?_' Rh(ttp)(n-octyl) + Rh(ttp)H + c-octene (4.11)
10a 30% 10b 21% 1d40%  42%

recovered
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Rh(ttp)(c-octyl)
Rh(ttp)(n-octyl)
Rh(ttp)H
c-octene

Total Rh

Total c-octyl

20 40 60 80
Time /h

Figure 4.4 Time Profile of Basic Reaction of Rh(ttp)(f-octyl) 10a
Table 4.4 Time Profile of Basic Reaction of Rh(llp)(c-octyl) 10a
Yield %

Time/h Rh(ttp)(c-  Rh(ttp)(«- Rh(ttp)H c-octene Total Rh Total Org

oclyl) octyl) pdt pdt

0 100 0 0 0 100 100
0.5 97 00 0 0 97 97

15 80 100 18 20 98 100
2.5 73 100 24 25 97 98
10 36 16 41 40 93 92
16 30 21 40 42 91 93
60 19 41 32 34 92 94

84 16 40 32 32 88 88



44.2 Reaction Time Profile

To enhance the CCA reaction of Rh(ttp)Cl la with c-octane based on mechanistic

understandings, the reaction was monitored by '"H NMR spectroscopy in a sealed NMR tube

(eq 4.12 > Figure 4.5, Table 4.5).

benzene-dg

K2CO3 (10 equiv)

Rh{ttp)CI + c-octane

20 equiv 120

00
K
80
2
5
[ 60
d
S
T
440
™
P
I
A
0

62

Rh(ttp)(r7-octyl) + Rh(ttp)H + c-octene (4.12)
10b 29% Id 54% 50%

- » - Rh(ttp)ClI

"ARNA il
Rh(ttp)H

—Cyclooctene
Rh(ttp)(r?-octyl)
Total Rh

1 fA ‘ 1 ‘ 1 ‘ | ‘ | ‘ |
220 225 230 235 240 245
Time / h

Figure 4.5 Time Profile of Reaction of Rh(ttp)CIl with c-Octane in the Presence of Potassium

Carbonate

121



Table 4.5 Time Profile of Reaction of Rh(ttp)Cl with c-Octane in the Presence of Potassium

Carbonate
Yield %

Time/h  Rh(ttp)Cl Rnh(ttp)(/7- Rh(ttp)H c-octene  Rh2(ttp)2 Total Rh Total

octyl) Org
0 100 0 0 0 0 100 0
0.5 100 0 0 0 0 100 0
1 100 0 0 0 0 100 0
4.5 82 0 0 0 13 95 0
17 0 0 21 18 62 83 18
62 0 29 94 50 0 . 83 79
76 0 26 .56 52 0 ‘82. 78
240 0 26 53 48 0 79 74

Initially, Rh(ttp)Cl was first converted to Rh2(ttp)2 le in the presence of 1C2CO3.12 At
4.5 h, 82% yield of Rh(ttp)Cl remained while Rh2(ttp)2 le was formed in 13% yield. After 17
h, Rh(ttp)CI completely reacted. Rh2(ttp)2 le, Rh(ttp)H Id and c-octene were formed in 62%,
21% and 18% vyields, respectively. After 62 h, Rh2(ttp)2 le completely reacted. The yields of
Rh(ttp)H Id and c-octene increased to 54% and 50%, respectively and only 29% vyield of
Rh(ttp)(/i-octyl) 10b, the CCA product, was obtained. Finally, Rh(ttp)(«-octyl) was generated
in prolonged heating and still, Rh(ttp)H-was consumed slowly and mostly remained
unreacted even after 10 days. Therefore, both Rh2(ttp)2 and Rh(ttp)H are possible
intermediates. The observed NMR upfield signals at 5 = -5 to 1 ppm (Figure 4.6) were
assigned to Rh(ttp)-incorporated c-octene oligomers (about 15% NMR vyield), which indicate

the occurrence of Rh"(ttp)-initiated oligomerization of c-octene."
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Figure 4.6  NMR Spectrum of Rh(ttp)(«-octyl) and Suspected Oligomer in Benzene-c/e

Olefin is well known to undergo polymerization.”® For example, ethene polymerized
readily in the presence of BzO-OBz, which produces BzO* radical by homolysis (eq 4.13,
scheme 4.4).'"" c-Octene underwent polymerization to produce a vinyl polymer in the

presence of appropriate transition metal catalyst (eq 4.14)."™
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cat. BzO-OBz
HoC—CH' CH2—<CH; (eq 4.13)

100-250 °C

Free Radical Chain Mechanism

Initiation
BzO-0OBz 2Bz0O
Propagation
BzO BZO-CH2-CH2
BZO-CH2—CH2 + n BZO- CH2-CH2 -CH2-CH2
Termination
2 BzO CHZ-CHZ—CHZ-CH]- BzO CH2-CH2: -OBz

2nH2

Scheme 4.4 Free Radical Chain Mechanism of Ethylene

CpzTiClz (0.5 mol%)
EtjAlzCla (3.0 mol%)

CH2CI2. 25

(eq 4.14)
73%

The formation of c-octene, which forms from the elimination of Rh(ttp)(c-octyl)

10a, indicated the CHA of c-octane. When c-octene accumulates, it serves as a trap for

Rh2(ttp)2 and therefore stops the CCA (Scheme 4.5). .
Rh(ttp)A Rh(ttp)H
1d
Rh2(ttp)2
Rh(ttp)~r“\ Rh(ttp)>"
1
12

Scheme 4.5 Formation of c-Octene and Trap for Rh2(itp)2
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In fact, in the reaction of eq 4.12 - a small piece of gum-like substance was observed in

the red reaction mixture which was more viscous than c-octane solution. Rh"(ttp) radical

likely polymerizes the c-octene formed in the reaction mixture as shown in scheme 4.6.

Chain initiation

Rh2(ttp)2 2Rh(ttp)’
Chain propagation
Rh(ttp) Rh{ttp)~*“\
Rh(ttp)>~ Rh(ttp)
X
Chain termination
Rh(ttp)TA Rh(ttp)-//
—_— Rh(ttp)H _ - Rh(ttp)
J )
I" H
12

Scheme 4:6 Rh"(ttp)-Initiated Oligomerization of c-Octene

‘ Indeed, Rh2(ttp)2 reacted with c-octene to give a suspected di-rhodium alkyl 11 (6 =
4.70 ppm) (eq 4.15). However, 11 was thermally unstable even at room temperature and

decomposed possibly via Rh-C hpmolysis." The Rh-alkyl radical then reacts with excess c-

octene to give 12.

benzene-de Rh(ttp)-»
(4.15)

Rh2(tp)2 r.t” 5 min r ) M rt.12 h

(5 equiv) 11 90%
12
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4.4.3 Reactivity of Intermediates Rh(ttp)H and Rh2(ttp)2 towards c-Octane

To investigate the intermediacy of Rh(ttp)H and Rh2(ttp)2 > Rh(ttp)H Id and Rh2(ttp)2
Ic were then separately reacted with c-octane. Rh(ttp)H 1d indeed reacted with c-ociane at
120 °C in 15 h to give Rh(ttp)(«-octyl) 10b selectively, though in only 21% yield, and was
also recovered in 73% vyield (eq 4.16). Prolonged heating of Rh(ttp)H in c-octane to 12 d
yielded RIi(ttp)(«-octyl) and Rh2(ttp)2 in 94% and 2% vyields’ respectively (eq 4.17). As
Rh(ttp)H underwent slow dehydrogenative dimerization to give 6% yield of Rh2(ttp)2 at 120
°C in 1day (eq 4.18), similar to the report by Wayland and co-workers (eq 4.19),"* the small

amount of Rh2(ttp)2 formed in eq 4.16 likely facilitates the 1,2-addition of Rh(ttp)H into c-

octane.'”®
-ion Op
Rh(itp)H + c-octane % 1 No Rh(itp)(n-octyl) (4.16)
73% recovered ’ 10b 21%
12
Rh(ttp)H + C'OCtane 0 Rh(itp)(/7-octyl) + Rh2(ttp)2 (4.17)
‘2 10b 94% 2%
benzene-do
2Rh(ttp)H 1200c id Rh2(itp)2 + "H/ @41q)
91 % recovered ) O b
b6nz6]7]
2Rh(tpp)H 80, ¢’ <05 h_ Rh2(tpp)2 + "H2’ (4.19)

w

The alternative a-bond metathesis is possible but less favored based on the discussion
in below: (i) Tlie addition of PPha to Rh(ttp)H gave quantitative Rh(ttp)H(PPh3) (eq 4.20).

Rh(ttp)H(PPh3) does not undergo further dimerization to give Rh2(ttp)2(PPh3) and therefore

no CCA occurs.

*lorj op
Rh(ttp)H + PPh3 + c-octane 1:5 4N Rh(ttp)H(PPh3) (4.20)

quantitative

(i1) In order to form Rh(ttp)(«-octyl) via a-bond metathesis, the Rh(ttp)-H and the C-
C bonds of c-octahe are required to force on the same side of a porphyrin plane to form a

very crowded 4-centered transition state (Scheme 4.7). 0
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H’ Rh(ttp)(n-octyl)
o =t

Scheme 4.7 4-Centered Transition State via a-Bond Metathesis

The other possible intermediate 1"2(ttp)2 le was also reacted with c-octane. Rh(ttp)(c-
octyl) 10a, Rh(ttp)(/7-octyl) 10b and Rh(ttp)H Id were formed in 41%, 4% and 46% vyields,
respectively (eq 4.21) with a very |O\{V yield of CCA product.liiT_herefore, both Rh(ttp)H Id
and Rh2(ttp)2 le gave low yielding reactions and are likely only minor reaction intermediates
by themselves.

12
Rh2(itp)2 + c-octane 1.5% N_tt p)(c-octyl) + Rh(ttp)(*-octyl) + Rh(ttp)H (4.21)
102 41% 10b 4% Id 46%

45  Proposed Mechanism of Rh*'(ttp)-Catalyzed CCA of c-Octane

Even though both Rh(ttp)H and Rh2(ttp)2 are intermediates, independent experiments
showed that they separately -reacted with c-octanc to give poor CCA vyields. Therefore,
Rh"(ttp)/Rh2(ttp)2 may act as a catalyst to facilitate the 1,2-addition of c-octane with Rh(ttp)H.
Indeed, a Rh' (oep)-catalyzed (oep = octylethylporphyrin dianion) 1,2-addition of styrene
was réported by Haplem et al.. Styrene underwent facile 1,2-addition reaction with
Rh(o.gp)H to give Rh(oep)CH2CH2Ph (eq 4.22)." Rh"(oep), which fomis from homolysis of
Rh2(oep)2 > inserts into the C=C bond to give a Rh-alkyl radical (Scheme 4.8). The Rh-alkyl

radical formed then abstracts a hydrogen atom from Rh(oep)H to yield the 1,2-addition

. ft
product Rh(oep)CH2CH2Ph and regenerates Rh (oep).
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cat. “ Rh"(oep)“

iviecnanism Rh(oE[J)H + PhCH=CH2 ""*: (oEJ)RhCHzCHzPh (4.22)
30"42 °C guantitative
S “ ‘ i
Chain initiation * Rh2(oep)2 ‘ - 2(oep)Rh
Chain propagation (oep)Rh e + PhCH=CH2 - _ - {oep)RhCH2CHPh
A < (oep)RhCH2CHPh + Rh(oep)H A (oEM) RhCHACHjPh + Rh(cEl) -
tt\ %

29

Scheme 4.8 Proposed Radical Chain Mechanism of Rh (oep)-catalyzccl 1,2-addition of

Slyrene with Rh(ocp)H

7
Based on the mechanism of the Rh"-catalyzefsk. insertion of Rh(oep)H into slyrene
reported by Halpem et al.,.» the CCA of c-oCtane, being a 1,2-addition reaction, is proposed
to be catalyzed by Rh" (Scheme 4.9)..°

CCA catalyzed by [Rh']

JRhI —H + ' =+ [Rh2 + H2 (4.23)
Rh2 _ [© *  2Rh  (4.24)
z =\ CHA  FUi<soctyl + [RWH (4.25)
[Rhl « +
Kcchrhz V [Rh]H
[Rh] = RhAttp). [Rhjn-octyl + — ~  [Rh]n«octyl (4.26)
13 - 10b

Scheme 4.9 Proposed Mechanism of Rh"-Catalyzed 1,2-Addition of c-Octane with RhH

Rh2(t"p)2 le formed from thermolysis of Rh(ttp)H, initially undergoes hemolysis to
give Rh"(ttp) (egs 4.23 and 4.24).'"» Rh"(ttp) then reacts with c-octane in parallel CHA
(pathway iii > eq 4.25) and CCA (pathway iv, eq 4.26). Rh"(por) has been shown to undergo

CHA with alkane to give Rh(por)R and Rh(por)H with a termolecular rate law (eqs 4.27-
. X

4.28).i2, 19
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353 K. K = 7300
vV — Qgo I12|yjq-2 g1
‘" (tmp)RhH + (tmp)RhCH3 (4.27)

2(tmp)Rh. + CH4 .
Rate = k [Rh(tmp)] [CH4]
AAA benzene-dg /—\
RAR + r J  “nor « ' Rh(ttp)~( ) " Rh(ttp)H (4.28)
non 120 C,8h 200 ~~f 82%
50 equiv

For the CCA pathway, Rh"(tlp) can cleave the C-C bond of c-octane to generate the
alky | radical 13 (pathway iv, eq 4.26) which can also reverse back rapidly (Figure 4.7) 20 13
can then abstract a hydrogen atom from the weak (ttp)Rh-H bond ([ 6 &cal mol")*" to form

a strong alkyl C-H bond,M” providing the driving force of the reaction (pathway v).

(rhlfvoctyl--

~[eegreagov

(Rh)n.octyl + (Rh)-

Reaction Coordinate

Figure 4.7 Energy Profile of Rh"(Itp)-Catalyzed 1,2-Addition of Rh(ttp)H with c-octane (eq

4.26)

129



Indeed, the cleavage of C-C bond via bimolecular homolytic substitution (SH2) has
been reported (eq 4.29) .t Schcme 4.10 shows a ring opening reaction of cyclopropane via

Sh2. The CI atom formed from photolysis of CI2 attacks the a-carbon to give an alkyl radical.

@&

=]

Finally, the chlorine-substituted alkyl radical abstracts a Cl atom from CI2 to yield the

product.
Reaction ‘A
W Cl hv, CCl4 ‘
+ Cl2 r- CICH2CH2CCI3 + CI2CHCH2CCI3 (4 29)
pP- 0-5"C, 35 mm
) 36% 450/0
Mechanism hv
2ClI-
2 0°C. CCl4
Cl
Cl o+ [>( CICH2CH2CCI2
Cl ‘
CICH2CH2CCI2 + Cl2 CICH2CH2CCI3 + CI-
CICH2CH2CCI3 + CI2 A CI2CHCH2€CI3 + HCI

Scheme 4.10 CCA of Cyclopropane with Chlorine Radical via S||2

Furthermore, Co" radical was reported to attack an sp® carbon to give Co-alkyl

complex via Sh2 (eq 4.30) ™ Therefore, the C-C bond of c-octane is proposed to be cleavcd

by Rh"(ttp) radical via Sh2.

0°C. 30s
L(dmgH)2Co + RCo(chgH)2L -4t~ - L(dmgH)2CoR + Co(chgH)2L (4.30)
c.2

ff2=/f2 =4400Lmor” s.i

R = Me; L = py; dmgH = dimethylglyoximato ligand
chgH = conjugate base of cyclohexanedione dioxime



45.1 Synergetic Effect of Rh(ttp)H/Rh2(ttp>2 in CCA of c-Octane
Therefore, the proposed mechanism can be validated qualitatively by increasing the

ratio of Rh(ttp)H/Rhz(ttp)2 for more efficient trapping of 11 to 10b (eq 4.31 > Table 4.6).

120
Rh(ttp)H + Rh2(itp)2 + c-octane — — _ Rh(ttp)(c-octyl) + Rh(ttp)(n-octyl) (4 31)
1d le 150NN 100 10b

Table 4.6 Rh"(ttp)-Catalyzed CCA of c-Octane wih Rh(ttp)H

Entry” Rh(ttp)H:Rh2(ttp)2 Yield 10a (%) Yield 10b (%) Total yield (%)

1.0 0 21 * 21
2 2:1 60 18 1 78
3 SHA 53 26 79
4 10:1 0 73 73

ITie results are the average of at least duplicate. 73% Rh(ttp)H recovered

Indeed, mixtures of Rh(ttp)H and Rh2(ttp)2 were more efficient reagents and enhanced
the total yields up to 79% (Table 4.6 > entries 2-4 vs 1). The selectivity towards CCA was
further enhanced by an increase of the Rh(ttp)H:Rh2(ttp)2 ratio. The CCA of c-octane with
the mixture of Rh(ttp)H:Rh2(ttp)2 in 2:1 ratio gave Rh(ttp)(c-octyl) and Rh(ttp)(A7-octyl) in
60% and 18% yields - respectively (Table 4.6, entry 2). When the Rh(ttp)H/Rh2z(ttp)2 ratio
increased to 5:1, the yield of Rh(ttp)(«-octyl) increased to 26% vyield but that of Rh(ttp)(c-
octyl) decreased to 53% vyield (entry 3). Rh(ttp)(«-octyl) was selectively obtained in 73%
yield from the reaction with the 10:1 ratio of Rh(ttp)H:Rh2(Up)2 (entry 4). The aliphatic CCA

of c-octane was thus achieved successfully with the Rh"-catalyzed 1,2-addition of Rh(ttp)H.
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45.2 Steric of Porphyrin

The sterically more hindered Rh(tmp) was not effective for CCA (tmp = 5,10,15,20-
tetramesitylporphyrinato dianion) (Scheme 4.11). When the mixture of Rh(tmp)H 14a and
Rh"(tmp) 14b (10:1) was reacted with c-octane at 1201 @r 15 h, no reaction occurred and
90% yield of Rh(tmp)H 14a was recovered (eq 4.32). Rh"(tmp) 14b only underwent CHA
with c-octane to give Rh(tmp)H 14a and c-octene in 86% and 40% vyields, respectively (eq

4.33).

Scheme 4.11 Sterically Hindered Transition State for Rh"(tmp)

120 4.32
Rh(tmp)H + Rh"(tmp) + c-octane 415, N2 ¢ Rh(tmp)H (4.32)

10

Rh| | ¢mp + c-octane AR Rh(tmp)H + c-octene  (4.33)
1 86% 40%

The formation of c-octene likely results from the CHA product Rh(tmp)(c-octyl) 14c
which rapidly undergoes facile y~hydride elimination to give c-octene and Rh(tmp)H
(Scheme 4.12). Indeed, the attempted synthesis of Rh(tmp)(c-octyl) 14c by reductive

alkylation (NaBFVooctyl bromide) gave Rh(tmp)H 14a and c-octene in 89 and 77% yields,

respectively.
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Rh"(tmp) c-ffitane + Rh(tmp)(c-octyl) + Rh(tmp)H
14b 14c 14a

-c-octene

Scheme 4.12 Formation of Rh(tmp)H from CHA of Rh"(tmp) and c-Octane

4.6 Conclusion

The CCA of c-octane was achieved by Rh(ttp)CI in the presence of K2CO3 to give
Rh(ltp)(rt-octyl). Even though Rh(ttp)H and Rh2(ttp)2 were found to be intermediates, they
gave poor CCA yields when reacted with c-octane separately and therefore are minor CCA
pathways. The 1,2-addition of Rh(ttp)H into the C-C bond of c-octane was significantly
improved by catalytic amount of Rh2(ttp)2. Mechanistic investigation suggested that Rh"(tlp)
radical which forms from homolysis of Rh2(Up)2 cleaves the C-C bond of c-octane and
generates a Rh-alkyl radical 13 possibly via Sh2. The Rh-alkyl radical 13 then abstracts a
hydrogen atom from Rh(ttp)l | to give Rh(ttp)(/7-octyl). The steric of porphyrin inhibited the

CCA of c-octane.
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Chapter 5 Comparison of CHA and CCA of Various Cycloalkanes

The reactivity patterns of cycloalkanes with rhodium porphyrin complexes are
analyzed by the C-H and C-C bond strengths as well as the ring closing rate of cycloalkanes.
The previous findings in Chapters 2> 3 and 4 show that c-pentane and c-hexane reacted with
rhodium porphyrin complexes via CHA to yield only the corresponding CHA products while
c-heptane arid c-octane gave the corresponding CHA and CCA products. c-Octane underwent
the Rh"(ttp)-catalyzed 1,2-addition with Rh(ttp)H to give Rh(ttp)(«-octyl) selectively. To
account for the different reactivity of cycloalkanes with rhodium porphyrin complexes, the
C-H and C-C bond dissociation energies, ring strains and ring closure rates of various

cycloalkanes listed in Table 5.1 are used as the physical base.

Table 5.1 Bond Dissociation Energies and Ring Strains of Various Cycloalkanes"”

BDE
Alkane C-H C-C ABDE" Ring Strain
(kcal mol™) (kcal mol™) (kcal mol") (kcal mol™)
AT-pentane 100.2 88.8 114 Not Applicable
«-hexane 99.0 88.1 10.9 Not Applicable
«-heptane 98.0 88.0 10.0 Not Applicable
c-pentane 95.6 86.92d 12.7 6.5
c-hexane 99.5 87.3 16.8 0
c-heplane 94.0 86.6 7.4 6.3
c-octane 95.7 79.6 16.1 9.6

ABDE is the BDE difference of C-H and C-C.

137



51  Thermodynamics Consideration of CHA and CCA of Cycloalkanes

The estimation of the thermodynamics of CHA and CCA with Rh(ttp)H allows the
quantitative understandings of these processes. Scheme 5.1 outlines the computation of the
thermodynamics of CHA and CCA of c-pentane as a general example.

CHA Rh(ttp)(c-pentyl) + Hj

PR L o

CCA
Rh(ttp)(n-pentyl)

Scheme 5.1 CHA and CCA ofc-Pentane with Rh(ttp)H

The BDEs of Rh-H, Rh-C and H-H are taken to be 60 kcal mol", 48 kcal mol™ and
105 kcal mol", respectively.*
For CHA,
AH(cha. 298y = BDE of (Rh-H + C-H of c-pentane) - BDE of (Rh-C + H-H)
=(60 +95.6)- (48 + 105) kcal mol™
= 2.6 kcal mol]
Assuming the molar entropies of Rh(ttp)H ~ Rh(ttp)(c-pentyl), the molar entropy of H2 and c-
pentane at 298 K are 31.0 and 48.9 cal mol™ K™, rcspectiverymae
AS(cha.298) = -(489)+@31.0)cal mor' K"
=-17.9 cal mor' K"
AG(cha. 298) = AH(cha. 298) " TAS(cha. 298)
=(2.6)-298(-17.9/1000) kcal moK
=2.6 +53cal mor K"

7.9 kcal mol"
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For CCA,

AH(cca, 298) B D E of (R—H + C-C of c-pentane) - BDE of (Rh-C + C-H of «.pentyl)

-ring strain

(60 +86.9)- (48 + 100) - (6.5) kcal mol.r!

-7.6 kcal mor'

The molar entropies of Rh(ttp)H is assumed to be similar to that of Rh(ttp)(w-pentyl). The

molar entropy of 112 and c-penlane at 298 K are 31.0 and 48.9 cal mol" K'” respectively\®"

AS(cca, 298) -48.88 cal mol. | K; |

AG(cca. 298) AH(cha, 298) — TAS(cha, 298)
(-7.6) — 298(-48.88/1000) kcal mol"
(-7.6)-(-14.56) kcal mol-'

7.0 kcal mol-i

The estimated AH, AS and AG of CHA and CCA of various cycloalkanes and

Rh(ttp)H are listed (Table 5.2).
Table 5.2 AH, AS and AG of CHA and CCA of Various Cycloalkanes and Rh(ttp)H

kcal mol

AH(CHA.298) TAS(CHA,298) AG(CHA,298) AH(CCA,298) TAS(CCA,298) AG(CCA,298)

-penlane 2.6 -5.3 7.9 7.6 -14.6 7.0
-hexane 6.5 --5.3 11.8 -4.3 -14.6 10.3
-heptane 1.0 -5.3 6.3 -5.7 -14.6 5.9
>octane 2.7 -5.3 8.0 -16.0 -14.6 -1.4
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Based on the above estimation, the CHA of c-pentane, c-hexane, c-heptane and c-
octane with Rh(ttp)H are slightly unfavorable at 298 K (Table 5.2). However, at 393 K (120
°C), the formation of co-product, gaseous hydrogen (AS393 = 33.1978 cal mol"™ K™)," provides

the extra driving force to make the CHA spontaneous (Table 5.3).

Table 5.3 Entropy of H2 in Different Temperature”
Temp AS TAS

(K) (cal mol-i K")  (kcal mor")

298 31.2679 9.3178
93 33.1938 13.0452
433 33.8780 14.6692

3 34.1962 15.4909

"AS(T2, G) = AS(298 K, G) + (Cpm)(In(T2/298)), where T2 is the temperature interested,

Cpm(H2) at 298 K is 6.88038 cal mol" K “, S2®) ofHj is 31.2679 cal mor' K". See ref 3.

The CCA of c-pentane, c-hexane, c-heptane and c-octane with Rh(ttp)H are
thermodynamical 1y more favorable than the CHA (Table 5.2). The CCA of c-octane is
thermodynamically favorable (AG < 0) while c-pentane, c-hexane and c-heptane are slightly
unfavorable (AG > 0). Therefore, the ring opening product was only observed in c-octane
case. AS AH(cca) IS negative and -TAs(cca) IS positive, the cca of cycloalkane is more

probable at lower temperature.



52  Kinetic Consideration of CHA and CCA of Cycloalkanes

As the CCA of c-octane is shown to be Rh"-catalyzed, the kinetics of the key

Rh"(ttp)-catalyzed 1,2-addition of cycloalkane with Rh(ttp)H is considered (Scheme 5.2).

/ N , £ 2 Rh(ttp)H Dk*.
Rh"(ttp). + Q , A - r r Rhihve -Rhii(ttp)._  Rhi) ><+4

n=1.2. 3,4

Scheme 5.2 Mechanistic Scheme of Rh"(ttp)-Catalyzed 1,2-Addition of Cycloalkane with
Rh(ttp)H

Rate of CCA = ki[Rh"(Itp)] [cycloalkane]

Rate of Backward CCA =#[Rh(ttp)alkyl.]

Rate of I I Abstraction = 72[Rh{ttp)alkyl-][Rh(ttp)M]

At steady state, d[Rh(ttp)alkyl*]/dt =0

A [Rh"(ttp)] [cycloalkane] = yt.[Rh(ttp)alkyl*] + )yRh(ttp)alkyl.][Rh(ttp)H]

In order to achieve a successful CCA, the ring closure rate of cycloalkane should be

slow enough so that the Rh- alkyl radical has sufficient time to abstract the H atom from

Rh(ttp)Il {k\ is comparable to /:2[Rh(ttp)H]). Since the ring closure rates of bi-alkyi radical
are not reported > the ring closure rate of olefin radical cyclization (Scheme 5.37%. and

anionic cyclization of (m-brom-oalkyl)malonates (Scheme 5.4/" are listed for reference

(Table 5.4).



Table 5.4 Ring Closing Rates of Various Cycloalkane"

~ Olefin Radical Cyclization" Anionic Cyclization
Ring Size exo rate (s') endo rate (s' Rate (s.i)
2.7 X 10: 10 6.0 x 10'
54 X 10 4.0 x 10 7.2 X 10"
+2x 10' 9.0 X 10’ 6.3 x 10-
0 1.2 X 10, 1.1 X 10-"

at 25 "C, see refda-c. "at 25 ()C » see ref 4d

25 °C
(CH2)n fl2)n
exo =2.7x105 s-  c-pentylmethyl radical
=2 Z 5.4x103 s- c-hexylmethyl radical

=3 k. =1.2x102s- c-heptylmethyl radical

dos not cyclized c-octylmethyl radical

25°C
(CH2)r \(CH2)n
endo N=0  jendo-4x10®@ s~  C-pentyl radical

n= kendo= 4.0 X 10—  C-hexyl radical

kendo = 9.0x102S-  C-heptyl radical

k'iHn = 1.2 X 100 s" c-octyl radical

Scheme 5.3 Olefin Radical Cyclization
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COjEt C COOoEt ., COOoEt
Br(CH2),-CH - . base ¢« Br(CH2)n-CO * =+, ¢+ (CH"CO
COoEt CO,Et -Br® COsEt

<8 Scheme 5.4 Cyclization of (m-brom-oalkyl)malonates

The rate closure rates of various cycloalkanes follow the order:

c-octane < c-heplane « c-hexane « c-pentane

As c-oclane has the slowest ring closure rate among the four cycloalkanes, the CCA

product Rh(ttp)(/7-octyl) was obtained. \Ijurthermore, the higher ring strain of c-oclane (9.6

kcal mol.i) favors the ring opening and disfavors the ring closure.* The ring closure rate of c-
pentane, c-hcxane and (.-heptane are much faster and their ring strains are smaller. So, no
corresponding Rh(ttp)(/2-alkyl) was obtained. Therefore, the ring opening CCA of c-octane is
favored by both thermodynamic and kinetic factors.

On the other side, the rate closure rates of c-pentane and c-hexane are very fast. So
» -J
even the corresponding Rli-alkyl radicals form, the lifetimes of the Rh-alkyl radicals arc too

short to abstract 1l atom from Rh(ttp)H due to rapid ring closure. Therefore, the CCA of c-
¢ >

»

pentane, c-hexane and c-heptane with Rh(ttp)H are both theimodynamically and kinetically

less unfavorable.
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53  Consideration of Rh(ttp)Bn Formation

For c-heptane, the formation of Rh(ttp)Bn is a consequence of Rh"-calalyzed
successive dchydrogenation of c-heptane, c-heplene and c-hepta-1,3-diene which then gives
cyclohcptalriene. Cycloheptatriene further reacted with Rh(ttp)H/Rh2(ttp)2 to generate
Rh(ttp)(cycloheplatrienyl) and eventually form Rh(ttp)Bn via Rh"-catalyzed CCA.

Therefore, the thermodynamic of Rh(ttp)Bn formation is considered below (Scheroe

5.5).

(ttp)Rh—H O

Schcme 5.5 CHA and CCA ofc-Heptane with Rh(ttp)H

CHA  Rh(ttp)(c-heptyl) + H2  Ac(cha 298 = -1 0 kcal mol

CCA" Rh(ttp)Bn + 4H: AG(Bn.298)

The difference of AG/ of c-heptane and toluene is estimated to be the same as the

difference of AG(cha.298) and AG([BN'298) (Schcme 5.6).

7C(s) + 7K2(g) c-Heptane(i) =-37.78 kcal mol
S° =57.97 cat mol-i K-
AGrvn a(3,0 =12.92 kcal mol'i

AH,° — 2 87 kcal mol" O 3H2(g)
S, =52.81 cal mol-i K"
AG"o = 27.19 kcal mol "

Scheme 5.6 Conversion of c-Heptane to Toluene"

AGn = (27.19-12.92) kcal mol.

=14.27 kcal mol"
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Therefore, ac(en,208) is estimated to be 13.3 kcal mol”. Since 3 moles of H2 are
generated from the conversion of Rh(ttp)(c-heptyl) to Rh(ttp)Bn, they are likely to provide
the driving force of the reaction at 120 °C. The AG(Bn3%) is estimated as below.

AG(Bn,393) AG(BNn298) - T(AAS)
AAS AS393 - AS298
= 3 X (1.3875 X 10" 1.3070 X 100
24.15 J mo|-" K™ or 5.78 cal mol" K"

So,

AG(Bn.393) =AG(Bn.298) - TAAS
=13.3 - 393(5.78/1000) kcal mol"

=11.0 kcal mor'

54  Thermodynamic Consideration of CHA and CCA of /i-Alkanes

The extension of the above analysis raises an interesting question whether a straight
chain alkane can undergo CCA. The thermodynamics of CHA and CCA of /7-pentane are
estimated as an example (Scheme 5.7).

CHA Rh(ttp){A7-pentyl) + hydrogen

(tp)Rh—H + n-pentane

CCA  Rn(ttp)(n-butyl) + methane

Scheme 5.7 CHA and CCA ofw-Pentane with Rh(Up)H

For CHA,

AH(CIIA. 298y = BDE Of (Rh-H + C-H ofw-pentane) - spe of(Rh-C + H-H)

(60+ 100.2)-(50+105) kcal mol™

5.2 kcal mol"

145



Assuming the molar entropies of Rh(ttp)H Rh(ttp)(«-pentyl), the molar entropies of H2,

CH4 and /7-pentane at 298 K are 31.0 cal mor' K", 44.5 cal mor* K™ and 62.5 cal mol™ K" »

respectively.2®*2e
AS(cha,298) = - (S of ”-pentane) + (S of H2)
-(62.5)-H (31.0) cal mol+ | k- |
-31.5 cal mol-i IC |
AG(cha. 298) AH(cna, 298) - 1 AS(cha, 298)
(5.2) - 298(-31.5/1000) kcal mol'
(5.2) + (9.4) kcal mol™
14.6 kcal mol"
For CCA,
ah(cca’ 298) BDE of (Rh-H + C-C of«-pentane) - BDE of (R—C + C-H of methane)
(60 + 88.8) - (50 + 105) kcal mol"*
-6.2 kcal mol"
AS(cca. 298) )
"(Molar entropy of w-pentane) + ( Molar entropy of methane)
-(62.5) + (44.5) cal mol" K*
-18.0 cal mol" K. |
ag(cca. 298) AH(cca. 298) —TAS(cca, 298)

(-6.2)-298(-18.0/1000) kcal mol"
-(6.2)-(-5.4) kcal mol"

-0.8 kcal mol"

The above analysis show that the CCA of «-pentane with Rh(ttp)H is

thermodynamically more favorable than the CHA. However, n-pentane only undergoes CHA.
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The Kinetic barrier of a Rh"(por) attack at the carbon center is sterically more hindered to
allow this reaction channel. Moreover, the C-H bonds of «-pentane are kinetically more

accessible than C-C bonds,

55  Kinetic Consideration of CHA and CCA of /i-Alkanes
Since ethane is the simplest molecule with only one C-C bond, the Kinetics of CHA
and CCA consideration of ethane are estimated as well (Scheme 5.8). Rh"(ttp) may either
react with ethane to give Rh(ttp)Me and a methyl radical via CHA or generate Rh(ttp)Et and
Rh(ttp)H via CHA.
CHA CCA

ko .
Rh(ttp)—CH2CH3 + Rh(ttp)H e « Rh"(ttp) + H3C-CH3 - *  Rh(ttp)—CH3 + CH3

Scheme 5.8 Proposed Mechanistic Scheme of Rh"(ttp)-Catalyzed CCA of w-Alkane with

Rh(rtp)H

For the CCA, Rh"(ttp) likely cleaves the C-C bond of ethane via Sn2. However, as
shown in scheme 5.8 - the methyl radical can undergo reverse reaction with Rh(ttp)Me to
regenerate the Rh"(ttp) and C2H6. Neither the forward reaction rate {k\) nor the backward
reaction rale (#xl) are reported. Therefore, the rate of Sh2 can only be estimated from other
Sn2 examples. The rate of alkyl exchange of (chgH)2Co~Me to (dmgH)2Co-Me via Sh2 was

reported to be 4400 NT'| s" (eq 5.1).»

0°C.30s

L(dmgH)2Co + MeCo(chgH)2L - *  L(dmgH)2CoMe + Co(chgH)2L (5.1)
k-3
k2 =k-2- 4400 L mol-i s"

L = py; dmgH = dimethylglyoximato ligand
chgH = conjugate base of cyclohexanedione dioxime
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For the CHA channel, Rh"(ttp) reacts with ethane to give Rh(ttp)Et and Rh(ttp)H. In
fact, Wayland et al. reported that Rh2(DPB) (DPB = 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramelhylporphyrinyl)]biphenylene) reacted with ethane to give the CHA product

exclusively (eq 5.2)/®

296 K H

CoH 5.2
6 £t (5.2)

guantitative

Even the CCA is thermodynamically more favorable than the CHA by 10 kcal mol™,
no CCA occurs. Therefore, Wayland et al. proposed that the absence of observed C-C
cleavage is kinetic in origin. The interaction of Rh" center with the C-H unit is kinetically
more favorable for the near concerted cleavage than the C-C bond (Figures 5.1a and 5.1b).
The rate of reaction follows: rate = k [Rh"(tmp)]* [C2H6]. Indeed, Wayland reported that the
CHA of methane with Rh"(tmp) with rate = k [Rh"(tmp)]* [CH4], where ka96 k) = 0.132 M" s'

7b

CHA

CH3

Rh--H--C--Rh
)\
H H

kinectically more favorable

Figure 5.1a 4-Ccntered Transition State of CHA

CCA
H H
R C

S

kinectically less favorable

[@lgnias)

Rl

Figure 5.1b 4-Centered Transition State of CCA



Rate of CCA

A, [Rh"(Itp)][C2H8]

Rate of backward CCA

A i[Rh"(tlp)Me][-CH3]

Rate of CHA

)t2[Rh"(ttp)][C2H6]

So, the CCA of ethane is possible when ~,[Rh"(ttp)][C2H6] > A:.,[Rh"(ttp)Me]['CH3]

and it2[Rh"(ttp)]2[C2H6] (Scheme 5.8).

56  Conclusion

The thermodynamics and kinetics of the CHA and CCA of alkanes with Rh(ttp)H
were considered. The CHA of cycloalkane is usually thermodynamically less favorable but
Kineticaily more favorable while the CCA is thermodynamically more favorable but
kinetically less favorable. The cca of c-octane is spontaneous (AG(CCA,298) < o). The ring
opening CCA of c-octane is accounted by the relatively slow ring closure rate. The CCA of

[7-alkane with Rh(ttp)H is spontaneous, but is not observed, possibly due to kinetic reasons.

12
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Chapter 6 Experimental Section

6.1  General Procedure

All materials were obtained from commercial suppliers and used without further
purification unless otherwise specified. Benzene was distilled from sodium. Benzcne-c/g was
vacuum distilled from sodium, degrassed thrice by freeze-thaw-pump cycle and store in a
Teflon scrawhead stoppered flask. Hexanes for chromatography were distilled from
anhydrous calcium chloride. A" AN-Dimethylformamide (DMF) was distilled from magnesium
sulfate under reduced pressure. Tetrahyrofuran (THF) was distilled from sodium
benzophenone #ictyl prior to use. Ethers were distilled from sodium. Benzonitrile was
distilled from anhydrous P20s. Thin layer chromatography was performed on Merck pre-
coaled silica gel 60 F2A4 plates. Silica gel (Merck, 70-230 and 230-400 mesh) was used for
column chromatography.
6.2  Experimental Instrumentation

NMR spectra were recorded on a Bruker DPX 300 (300 MHz) spectrometer and a

Brukcr Avancelll 400 (400 MHz). Spectra were referenced internally to the residual proton
resonance in C6D6 (S 7.15 ppm) or CDCI3 (S 7.26 ppm) or with tetramcthylsilane (IMS, S
0.00 ppm) as the internal standard. Chemical shifts (S) are reported in parts per million (ppm).
13c NMR spectra were recorded on a Bruker DPX 300 (75 MHz) and a Bruker Avancelll 400
(100 MHz).spectrometer and referenced to CDCI3 {S 77.10 ppm) spectra. CoupHng constants
(J) are reported in hertz (Hz). Mass spectra (HRMS) were performed on a Thermofmnigan

MAT 95 XL instrument (FABMS).

GC-MS analysis was conducted on a GCMS-QP2010 Plus system using a Rtx-5MS

column (30 m x 0.25 mm). The details of GC program are as follow:
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The column oven temperature and injection temperature are 50.0 and 250.0
Helium is used as carrier gas. Flow control mode is chosen as linear velocity (36.3 cm s™)
with pressure 53.5 kPa. The total flow, column flow and purge flow are 24.0, 1.0 and 3.0 mL
min™, respectively. Split mode injection with split ratio 20.0 is applied. After injection, the
column oven temperature is kept at 50 for 5 minutes and then temperature is elevated at a
rate of 20 °C min" for 10 minutes until 250 °C. The temperature of 250 "C is kept for 5
minutes.

6.3  Experimental Procedure

Chapter 2

Preparation of 5,10,15,20-Tetratolylporphyrin [HzttplO Pyrrole (24 mL, 340 mmol) was
added dropwise to a refluxing solution of tolylaldehyde (35 mL, 340 mmol) in propionic acid
(1.25 L). The resulting mixture was refluxed in air for 30 minutes. The resulting black
solution was cooled to room temperature, and MeOH (1.5 L) was added to obtain the solid
purple porphyrin. The mixture was filtered and washed with MeOH. Purple powder (10.3 g,
15 mmol, 18 %) were obtained. R/= 0.87 (CH2CL2). 'H NMR (CDCI3, 300 MHz) 6 -2.78 (s, 2
H), 271 (s, 12 H), 7.54 (d, 8 H, ./=8.0 Hz), 8.08 (d, 8 H,J= 8.0 Hz), 8.85 (s, 8 H).
Preparation of 5,10,15,20-Tetraphenylporphyrin [Hztpp”, [ Pyrrole (24 mL, 340 mmol)
was added dropwise to a refluxing solution of benzaldehyde (35 mL, 344 mmol) in propionic
acid (1.25 L). The resulting mixture was refluxed in air for 30 minutes. The resulting black
solution was cooled to room temperature, and MeOH (1.5 L) was added to obtain the solid
purple porphyrin. The mixture was filtered and washed with MeOH. Purple powder (8.3 g, 14
mmol, 16 %) were obtained. R/= 0.87 (CH2CI2). '"H NMR (CDCI3, 400 MHz) 8 -2.77 (s, 2
H), 7.74 (d, 12 H,.7=8.0 Hz), 8.23 (d, 8H, J= 8.0 Hz), 8.85 (s, 8 H).

Preparation of 5,10,15,20-Tetra(4-/er/-butylphenyl)porphyrin [H2(btpp)l* Pyrrole (24

mL, 340 mmol) was added dropwise to a refluxing solution of 4-/er/-benzaldehyde (55 g, 340
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mmol) in propionic acid (1.25 L). The resulting mixture was refluxed in air for 30 minutes.
The resulting black solution was cooled to room temperature, and MeOH (1.5 L) was added
to obtain the solid purple porphyrin. The mixture was filtered and washed with MeOH.
Purple powder (9.6 g, 11 mmol, 13 %) were obtained. R/= 0.71 (hexane/CHaCb = 1:1). 'H

NMR (CDCb, 300 MHz) 6 -2.76 (s, 2 H), 1.60 (s, 36 H), 7.75 (d, 8 H, J - 8.2 Hz), 8.14 (d, 8

H,+7=8.2 Hz), 8.86 (s, 8 H).
Preparation of 23781213 > 17 > 180ctachioro5 > 1015 > 204ctrakis- (p-tert-
butylphehyl)porphyrin [Hzbocp” a suspension of H2(btpp) (2.00 @, 2.39 mmol) and
Ni(0Ac)2.4H20 (2.41 g, 4.80 mmol) in DMF (200 mL) was refluxed for 1.5 h. The color of
the suspension changed from purple to reddish purple. The reaction mixture was cooled to
room temperature and was worked up by extraction with CHCI3/H20. The combined organic
extract was rotary evaporated and the reddish purple residue obtained was purified by
recrystallization with CHCb/MeOH to give reddish purple crystalline solids of 5,10,15,20-
tetrakis(p-tert-butylphenyl)porphyrinato nickel(Il) Ni(btpp) (1.91 g, 2.11 mmol, 89 %).

Ni(btpp) (1.91 g- 2.11 mmol) and NCS (2.88 g, 21.6 mmol) were dissolved in o-
dichlorobenzene (200 mL) and the mixture was heated at 140 °C for 3 h to give a red
mixture. The solvent was then removed under high vacuum. The dark red residue was
purified by flash column chromatography over neutral alumina using CHCI3 as the eluent.
The second major red band was collected. Ni(bocp) (1.96 g, 1.68 mmol, 80 %) was obtained
after removal of solvent by rotary evaporation.

Concentrated sulfuric acid (200 mL) was then added to a solution of Ni(bocp) (1.96 g,

1.68 mmol) in CH2CI2 (300 mL). The mixture was stirred at room temperature for 30 min.
The resulting green suspension was then poured onto ice cubes and the mixture was extracted
with CH2CI2/H20. The combined green organic extract was neutralized with NazCO]’ washed

with saturated NaCl solution, dried with MgSO-, and filtered. The solvent was then removed
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by rotary evaporation. The greenish blue crude product obtained was purified by column

chromatography over silica gel using a solvent mixture of hexane/CH”Ch (2:1) as the eluent.

J

The fast moving brown fraction was discarded. The column was then eluted with CH2CI2 and
the major green band was collected. After removal of solvent by rotary evaporation, greenish
blue solids (1.02 g, 0.94 mmol, 56 %) were obtained. R/= 0.26 (hexane/CHaCbh = 2:1). 'H
NMR (CDCI3, 300 MHz) 8 1.52 (s, 36 H), 7.74 (d, 8 H,7=7.8 Hz), 8.06 (d, 8 H, J= 7.8 Hz).
Preparation of 5,10,15,20-Tetratolyporphyrinatorhodium(l1l) Chloride > Rh(ttp)CI»
Ibttp (350 mg, 0.51 mmol) and RhCbh xHzO (206 mg > 1.00 mmol) were refluxed in PhCN
(30 mL) in air for 3 h. The solvent was then removed under high vacuum and the crude
product was purified by column chromatography over silica gel (70-230 mesh) eluting with a
solvent mixture of hexane/CFhCh (1:1) then by pure CH2Cl2. The major red band was
collected. After removal of solvent by rotary evaporation, red solids (373 mg, 0.39 mmol, 72
%) were obtained and were further purified by recrystallization from CH2CI2/CH30H. R/ =
0.30 (CIbCb). 'H NMR (CDCI3, 300 MHz) 5 2.70 (s, 12 H), 7.50-7.56 (m, 8 H), 8.07 (d, 4 H,
J= 75Hz),820(d, 4H, 7.5Hz) 894 -8 H).

Preparation of 5,10,15,20-Tetraphenylporphynnatorhodiuiii(l11) Chloride, Rh(tpp)CIA
H2tpp (350 mg, 0.51 mmol) and RhCb.xHzO (206 mg, 1.00 mmol) were refluxed in PhCN
(30 mL) in air for 3 h. The solvent was then removed under high vacuum and the crude
product was purified by column chromatography over silica gel (70-230 mesh) eluting with a
solvent mixture of hexane/CFbCb (1:1) then by pure CH2Cl2. The major red band was
collected. After removal of solvent by rotary evaporation, red solids (373 mg, 0.39 mmol, 72
o/o) were obtained and were further purified by recrystallization from CH2CI2/CH30H. R/ =
0.30 (CH2CI2). NMR (CDCI3 > 300 MHz) 57.75 (m> 12 H), 8.22 (d, 4 H » 7.5 Hz), 8.28

(d,4H,J = 7.5 Hz) 8.94 (s, 8 H).
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Rreparation of 23,7,8,12,13,17,18-0ctachloro-5,10,15,20-tetrakis- (p-tert-
butylphenyl)porphyrinato](benzonitrile) ~ rhodium(lil)  Chloride  [Rh(bocp)CI].»~
Rh(bocp)Cl was synthesized from Habocp (500 mg, 0.45 mmol) and RhCIlj.xHaO (142 mg,
0.54 mmol) by the same procedure as described for la. The crude product was purified by
column chromatography over silica gel using a solvent mixture of hexane/CHzCb (2:3) as the
eluent. The fast moving green fraction was discarded and the major red fraction that eluled
off with CH2CI2 was collected. After rotary evaporated to dryness, reddish brown solids (460
mg, 0.37 mmol, 82 %) were obtained. R/= 0.62 (hexane/CHaCh = 2:3); 'h nmRr (CDCI3,
300 MHz) 8 1.55 (s> 36 H), 5.69 (d*2 H, 7.7 Hz), 6.77 - 6.83 (m, 2 H), 7.12 (t, 1 H,J =
7.3 Hz), 7.61 - 7.76 (m, 8 H), 8.01 m- .8 H). S

Preparation of 5- 10 > 15, 20-Tetratolylporphyrinatorhodium(l1l) Hydride [Rh(ttp)H|
(1d).3,4A suspension of Rh(ttp)Cl 3a (100 mg, 0.11 mmol) in MeOH (50 mL) and a solution
of NaBH4 (17 mg, 0.45 mmol) in ag. NaOH (0.1 M>2 mL) were purged with N2 for 15 min
separately. The solution of NaBH4 was added slowly to the suspension of Rh(ltp)CI via a
cannula. The mixture was heated at 50 °C under N2 for 1 h to give a brown solution. The
solution was then cooled to 0 °C under N2 and degassed 0.1 M HCI (40 mL) was added via a
cannula. A brick red suspension was formed. After stirred at room temperature for another 15
min under N2, the brick red precipitate was collected after filtration and washing with water
(2x10 mL) under N2. The brick red residues (80 mg, 0.10 mmol, 92 %) were obtained after
vacuum dried. '"H NMR (CeDe, 300 MHz) 5 -40.12 (d, 1 H, «/rh-h = 43.5 Hz), 2.42 (s, 12 H),
7.16 (d, 4 11’ = 8.2 Hz), 7.35 (d, 4 H,J = 8.2 H2), 795 (d,4H, J=8.1 Hz), 8.22 (d, 4H,y =
8.1 Hz), 9.03 (s * 8H).

Preparation of Rh2(ttp)2* Rh(ttp)H (10.0 mg, 0.013 mmol) was dissolved in degassed
benzene (4.0 mL). The reaction mixture was then degassed by three freeze-pump-thaw

method and refilled with N2. The solution was irradiated under a 400 W Hg-lamp at 6-11 "C
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until all the starting material was consumed as indicated by /TLC analysis (1 1®) to give
Rh2(ttp)2 in quantitative yield.

Preparation of Rh (ttp)"'Na™ Rh(ttp)Ca (10.0 mg, 0.013 mmol) was dissolved in degassed
benzene (4.0 mL). The reaction mixture was then degassed by three freeze-pump-tliBw
method and refilled with N2. Na/Hg was added into the reaction mixture. The reaction
mixture was stirred at room temperature for 15 min. The resultant deep reddish brown
solution was transferred via cannular under nitrogen atmosphere for subsequent reaction.
Rh(ttp)"Na+ was formed quantitatively.

Reaction of Alkanes with Rh(ttp)ClI (la).

(5> 10 > 15 > 20-Tetratolyporphyrmato)(cyclohexyl) rhodium(lll) - |Rh(ttp)(c-hexvl)| (2a).
L.

Rh(tlp)CI (la) (20.1 mg, 0.025 mmol) was added into f-hexane (3.0 mL). The red suspension
was degassed for three freeze-thaw-pump cycles and was then heated at 120 ~C under N2 in
the dark for 24 hours. After 24 hours, the mixture turned into dark red. Excess c-hexane was
removed by vacuum distillation. The dark red residue was then purified by column
chromatography on silica gel eluting with a solvent mixture of hexane/CHzCb (4:1) to give
Rh(ttp»)(f-hexyl) (2a) as a red solid (6.6 mg, 0.007 mmol, 31%) which was further
recrystallized from CHjCbh/MeOH. R/= 0.84 (hexane/CHsCb = 1:1). | H NMR (CDCI3, 300
MHz) 8 -4.25 (m, 5 H, Ha, Hb and Ho, )’ -1.23 (q, 2 H,J = 12.3 Hz, He’ ), -095 (tq, 1 H, =
33> 12.9 Hz, Hd), -0.58 (d, 2H, J= 12.6 Mz, HJ > -0.08 (d, 1H, J= 12.6 Hz, Hj'), 2.69 (s, 12
H, p-methyl), 7.52 (d, 8 H, 7.5 Hz, m-phenyl)’ 8.01 (d’ 4 H, J= 8.4 Hz, ()'-phenyl), 8.06
(d” 4 H, 7 = 7.8 Hz, o-phenyl), 8.68 (s’ 8 H, pyrrole). "C NMR (CDCI3, 75 MHz) 8 21.69,
25.17, 26.95, 33.36 » 39.37 (d> Vrh-¢ = 27.6 Hz), 122.81, 127.40, 127.55, 130.88" 131.52
131.71, 134.25, 137.23, 139.53, 143.40. Calcd. for (C54H46N4Rhf: m/z 854.2850. Found: m/z
854.2859. Anal. Calcd. for Csal*sHiRh: C > 75.87; H, 5.54; N, 6.55. Found C, 75.41; H, 5.57,

N, 6.50. Single crystal for X-ray diffraction analysis was grown from CFbCh/methanol.
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(tp)Rh S
Reaction of Rh(ttp)Cl with c-Hcxane at 80 "C. Rh(ttp)CI (la) (20.2 mg, 0.025 mmol) was
added into c-hexane (3.0 mL). The red suspension was degassed for three freeze-thaw-pump
cyclcs and was then heated at 80 "C under N2 in the dark for 24 hours. 'After 24 hours, the
mixture turned into dark red. Excess c-hexane was removed by vacuum distillation. The dark
red residue was then purified by column chromatography on silica gel eluting with a solvent
mixture of hexanc/CH2CI2 (4:1) to give Rh(ttp)(c'-hexyl) (2a) as a red solid (0.2 mg, 0.00023
mmol, 1%). -
Reaction of Rh(ttp)Cl with c-Hexanc at 100 Rh(ttp)Cl (la) (19.9 mg, 0.025 mmol) was
added into c-hexane (3.0 mL). The red suspension was degassed for three treezc-thaw-pump
cycles and was then heated at 100 "C under N2 in the dark for 24 hours. After 24 hours, the
mixture turned into dark red. Excess c-hexane was removed by vacuum distillation. The dark
red residue was then purified by column chromatography on silica gel eluting with a solvent
mixture of hexane/CHzCl: (4:1) to give Rh(ttp)(c-hexyl) (2a) as a red solid (0.6 mg, 0.00070
mmol, 3%).
Reaction of Rh(ttp)Cl with c-Hexanc at 150 CRh(ttp)Cl (la) (20.0 mg, 0.025 mmol) was
added into c-hexane (3.0 mL). The red suspension was degassed for three freeze-thaw-pump
cycles and was then heated at 150 under N2 in the dark for 24 hours. After 24 hours > the
mixture turned into dark red. Excess c-hexane was removed by vacuum distillation. The dark
red residue was then purified by column chromatography on silica gel eluting with a solvent
mixture of hexane/CHzCI(4:1) to give Rh(tlp)(c-hexyl) (2a) as a red solid (3.4 mg, 0.0040
mmol, 16%).
Reaction of Rh(ttp)Cl with c-Hexanc at 2001 CRh(Itp)ClI (la) (20.0 mg, 0.025 mmol) was

added into c-hexane (3.0 mL). The red suspension was degassed for three freeze-thaw-pump
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cycles and was then heated at 200 "C under N2 in the dark for 24 hours. After 24 hours, the
mixture turned into dark red. Excess c-hexane was removed by vacuum distillation. The dark
red residue was then purified by column chromatography on silica gel eluting with a solvent
mixture of hexanc/OhCh (4:1) to give Rh(ttp)(c-hexyl) (2a) as a red solid (3.8 mg, 0.0045
mmol, 18%).

Thermal Stability of Rh(ttp)(c-hexyl) (2a) at 120 Rh(ttp)(c-hexyl) (2a) (10.9 mg,
ti

0.013 mmol) was added in c-hexane (3.0 mL). The red solution was degassed for three
Ireeze-thaw-puiTip cycles and was healed at 120 "C under N2 in the dark for 24 hours. Excess
c-hcxane was removed by vacuum distillation. The dark red residue was purified by column
chromatography on silica gel with solvent mixture of hexane/CHsCI(4:1). Rh(tlp)(t-hcxyl)
(2a) as a red solid (8.7 mg, 0.010 mmol, 80%).

Thermal Stability of. Rh(ttp)(c-hexyl) (2a) at 150 "C. Rh(tlp)(c--hexyl) (2a) (10.4 mg,

0.012 mmol) was added in c-hexane (3.0 niL). The red s”ulion was degassed for three
Irec/.c-lhaw-pump cycles and was heated at 150 "C under N: in the dark for 24 hours. Excess
c-hexane was removed by vacuum distillation. The dark red residue was puri/ied by column
chromatography on silica gel with solvent mixture of hexane/CH2CI2 (4:1). Rh(ttp)(t.-hexyl)
(2a) as a red solid (4.3 mg, 0.005 mmol, 41%).

Reaction of Rh(ttp)Cl and c-Hexane with K2COs3. Rh(ttp)Cl (la) (20.4 mg, 0.025 mmol)
and anhydrous potassium carbonate (34.9 mg, 0.252 mmol) were added in c-hexane (3.0 mL).
The red reaction mixture was degassed for three freeze-thaw-pump cycles and was heated at
120 "C under N2 for 6 hours. Excess c-hexane was removed by vacuum distillation, the dark
red crude product was extracted with CH2CI2/H20. The organic layer was collected, dried and
evaporated to dryness and the residue was purified'by column chromatography on silica gel
eluting with a solvent mixture of hexane/CHzClI! (4:1). Red solid, Rh(tlp)(c-hexyl) (2a) (12.7

mg, 0.015 mmol, 59%) was collected.
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The c-hexane fraction removed by vacuum distillation was extracted with water (3.0 mL).
The colourless organic layer was diluted by dichloromethane (3.0 mL) and then was injected
for GC-MS analysis.

Reaction of Rh(ttp)Cl and c-Hexane with NaOH. Rh(ttp)CI (la) (20.4 mg, 0.025 mmol)
and sodium hydroxide (10.1 mg, 0.252 mmol) were added in c-hexane (3.0 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles and was heated at 120 °C
under N2 for 6 hours. Excess c-hexane was removed by vacuum distillation, the dark red
crude product was extracted with CH2CI2/H20. The organic layer was collected, dried and
evaporated to dryness and the residue was purified by column chromatography on silica gel
eluting with a solvent mixture of hexane/CFhCb (4:1). Red solid, Rh(ttp)(c-hexyl) (2a) was
collected as ihe only product (10.2 mg, 0.012 mmol - 47%). The c-hexane fraction removed
by vacuum distillation was extracted with water (3.0 mL). The colourless organic layer was
diluted by dichloromethane (3.0 mL) and then was injected for GC-MS analysis.

Reaction of Rh(ttp)Cl and c-Hexane with NaOAc. Rh(ttp)Cl (la) (20.1 mg, 0.025 mmol)
and sodium acetate (20.4 mg, 0.249 mmol) were added in c-hexane (3.0 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles and was heated at 120 °C
under N2 for 6 hours. Excess c-hexane was removed by vacuum distillation, the dark red
crude product was extracted with CH2CI2/H20. The organic layer was collected; dried and
evaporated lo dryness and the residue was purified by column chromatography on silica gel
eluting with a solvent mixture of hexane/CHaCb (4:1) to give the red solid RJi(llp)(c-hexyl)
(2a) (10.9 mg, 0.013 mmol, 51%).

Reaction of Rh(ttp)Cl and c-Hexane with 2,2'-Bipyridine. Rh(ttp)Cl (la) (20.6 mg, 0.026
mmol) and 2 > 2’-bipyridine (39.9 mg, 0.255 mmol) were added in c-hexane (3.0 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles and was heated at 120 "C

under N2 for 48 hours. Excess c-hexane was removed by vacuum distillation, the residue was
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purified by column chromatography on silica gel eluting with a solvent mixture of

hexane/Cl-12Cl2 (4:1) to give the red solid, Rh(ttp)(c-hexyl) (2a) (11.0 mg, 0.013 mmol, 50%).
i

Reaction of Rh(ttp)Cl and c-Hexane with 2,6-Diphenylpyridine. Rh(ttp)CI (la) (19.8 mg,
0.025 mmol) and 2,6-diphenylpyridine (57.2 mg, 0.245 mmol) were added in c-hexane (3.0
mL). The red reaction mixture was degassed for three frccze-thaw-pump cycles and was
heated at 120 "C under N2 for 24 hours. Excess c-hexane was removed by vacuum distillation,
the residue was purified by column chromatography on silica gel eluting with a solvent
mixture of hexane/CHsCh (4:1) to give the red solid, Rh(ttp)(c-hexyl) (2a) (12.2 mg, 0.014
mmol, 58%).

Reaction of Rh(ttp)Cl and c-Hcxane with 2,6-di-tert-But>lpyridine. Rh(itp)Cl (1a) (19.7
mg, 0.024 mmol) and 2,6-di-tert-butylpyridine (46.4 mg, 54.5 /L, 0.243 mmol) were added
in c-hexanc (3.0 mL). The red reaction mixture was degassed for three treeze-thaw-pump
cycles'and was heated at 120 °C under N2 for 24 hours after excess c-hexane was removed by
vacuum distillation, the residue was then purified by column chromatography on silica gel
eluting with a solvent mixture of hexane/CHzCI{4:1) to give the red solid, Rh(ttp)(c-hexyl)
(2a) (10.3 mg > 0.012 mmol, 50%).

Reaction of Rh(ttp)Cl and c-Hexane with K2€O3 for 24 h. Rh(tlp)ClI (la) (20.1 mg » 0.025
mmol) and anhydrous potassium carbonate (34.7 mg, 0.252 mmol) were added in c-hexane
(3.0 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles and was
heated at 120 "C under N2 for 24 hours. Excess c-hexane was removed by vacuum
distillation, the dark red crude product was extracted with CH2CI2/H20. The organic layer
was collccted, dried and evaporated to dryness and the residue was purified by column
chromatography on silica gel eluting with a solvent mixture of hexane/CHaCb (4:1). Red

solid, Rh(ttp)(c-hexyl) (2a) (8.6 mg, 0.010 mmol, 40%) was collected
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Reaction of Rh(ttp)CI and c-Hexane with 2,6-di-tert-Butylpyridine for 6 h. Rh(Up)CI (la)

(20.3 mg, 0.025 mmol) and 2,6-diphenylpyridine (57.0 mg, 0.245 mmol) were added in c-
hexane (3.0 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles
and was heated at 120 under N2 for 6 hours. Excess c-hexane was removed by vacuum
distillation, the residue was purified by column chromatography on silica gel eluting with a
solvent mixture of hexane/CHsCb (4:1) to give the red solid, Rh(ttp)(c-hexyl) (2a) (4.9 mg,
0.0057 mmol > 23%).

Chloro(5, 10> 15,  20-Tctratolyporphyrinato)(triphenylphosphinc)rhodiuni(lll),
|[Rh(ttp)CI(PPh3)l (2f). Rh(ttp)CI (la) (19.9 mg, 0.025 mmol) and triphenylphosphine (64.7
mg, 0.247 mmol) were added in c-hexane (3.0 mL). The red reaction mixture was degassed
for three freeze-thaw-pump cycles and was heated at 120 "C under N2 for 24 hours. Excess c-
hexane was removed by vacuum distillation, the residue was purified by column
chromatography on silica gel eluting with ethyl acetate to give Rh(ttp)CI(PPh3) (2f) (21.9 mg,
0.021 mmol, 83%). R/= 0.65 (ethyl acetate).'H NMR (CDCI3, 300 MHz) 5 2.68 (s, 12 H’p-
mcthyl), 3.84 (dd, 6 HJ= 7.6, 10.7 Hz, m-phenyl of PPhj), 6.51 (td, 6 H,y=2.2, 7.8 Hz, o-
phenyl of PPh3), 6.90 (td, 3 H, ./= 5.3, 11.2 Hz, /7-phenyl of PPh;), 749 (d, 8 H, J= 8.0 Hz,
w-phenyl), 7.66 (d, 4 H>J = 7.6 Hz, o -phenyl), 8.04 (d>4 H,J= 7.49 Hz, o-phenyl), 8.72 (s,
8 I I, pyrrole). "C NMR (CDCI3 - 75 MHz) 6 21.63, 121.63, 126.79, 126.92, 127.00 - 127.66,
129.36 > 13).02, 131.14 > 132.15 > 132.65, 134.16, 135.05, 137.05 > 139.31, 142.75. Calcd. for
(C66H5IN4PRh)™ m/z 1033.290[Found: m/z 1033.2885.

Investigation of Base Loading in CHA of c-Hexanc (5 equiv of K2C03). Rh(ttp)Cl (la)
(20.3 mg, 0.025 mmol) and anhydrous potassium carbonate (34.9 mg, 0.126 mmol) were
added in c-hexane (3.0 mL). The red reaction mixture was degassed for three freeze-thaw-
pump cycles and was heated at 120 °C under N2 for 24 hours. Excess c-hexane was removed

by vacuum distillation, the dark red crude product was extracted with CH2Cl2/H20. The

161



organic layer was collected, dried and evaporated to dryness and the residue was purified by
column chromatography on silica gel eluting with a solvent mixture of hexane/CHzCI(4:1).
Red solid, Rh(ttp)(c-hexyl) (2a) (7.5 mg, 0.0088 mmol, 35%) was collected.

Investigation of Base Loading in CHA of c-Hexane (20 equiv of K2CO3). Rh(ttp)Cl (la)
(20.1 mg, 0.025 mmol) and anhydrous potassium carbonate (68.8 mg, 0.498 mmol) were
added in c-hexane (3.0 mL). The red reaction mixture was degassed for three frecze-thaw-
pump cyclcs and was heated at 120 under N2 for 6 hours. Excess c-hcxane was removed
by vacuum distillation, the dark red crude product was extracted with CH2CI2/H20. The
organic layer was collected, dried and evaporated to dryness and the residue was purified by
column chromatography on silica gel eluting with a solvent mixture of hexane/CHsCh (4:1).
Red solid, Rh(ttp)(c-hexyl) (2a) (11.9 mg, 0.014 mmol, 56%) was collected.

(5’ 10, 15, 20-Tetraphenylporphyrinato)(cyclohexyl)rhodiuin(in), |Rh(tpp)(c-hcxyl)]
(4a). Rh(tpp)Cl (Ib) ™™ (20.2 mg, 0.027 mmol) and anhydrous potassium carbonate (37.2
mg, 0.269 mmol) were added in c-hexane (3.0 mL) and formed a bright red reaction mixture.
The bright red reaction mixture was degassed for three freeze-thaw-pump cycles and was
heated at 120 °C under N2 in the dark for 5 hours. After 5 hours, the mixture turned into dark

red. Excess c-hexane was removed by vacuum distillation. The dark red residue was

extracted with CH2CI2/H20. The organic layer was collected, dried and evaporated to dryness

>

and then purified by column chromatography on silica gel eluting with a solvent mixture of
hexane/CHzCb (4:1). Rh(tpp)(c-hexyl) (4a) was collected as a red solid was collected (11.2
mg, 0.014 mmol, 52%), R/= 0.83 (hexane/CHzClz = 1:1). 'H NMR (CDCI3, 300 MHz) 6 -
4.26 (m, 5 H, Ha, Hb and Hb'), -1.21 (q, 2 H, J = 12.3 Hz, He"), -0.94 (tq, 1 H, J= 3.3, 12.9
Hz, Hd), -0.56 (d/2 H, J= 11.4 Hz, He), -0.07 (d, 1 H,J= 12.9 Hz, Hd")’ 7.50 (m, 8 H, m-
phenyl), 8.13 (d, 4 H,V= 4.5 Hz, o -phenyl), 8.19 (d’ 4H, J= 6.6 Hz, o-phenyl), 8.67 (s, 8 H,

pyrrole). '\C NMR (CDCI3, 75 MHz) 6 25.14, 26.95, 33.39 > 39.65 (d, 'Jrh® = 29.5 Hz),
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122.87, 126.70 > 126.84, 127.69, 131.61, 133.78 - 134.34, 142.39, 143.30. Calcd. for
(C50H39N4Rh)+: m/z 798.2224 Found: m/z 798.2171. Anal. Calcd. for QoHjyNiRh: C, 75.18;

H, 4.92; N, 7.01; Found C, 74.68; H, 4.89; N, 6.70.

12,3,7,8,12,13,17,18-0ctachloro-5,10,15,20-tetrakis(p-tert-butylphenyl)porphyrinato|

(cyclohexylrhodium(l11), Rh(bocp)(c-hexyl) (4b). Rh(bocp)Cl (Ic) (21.7 mg, 0.017
mmol) and anhydrous potassium carbonate (24.0 mg, 0.174 mmol) were added in c-hexane
(3.0 mL) and formed a bright red reaction mixture. The bright red reaction mixture was
degassed for three freeze-thaw-pump cycles and was heated at 120 under N2 in the dark
for 1 hour. After 1 hour, the mixture turned into dark red. Excess c-hexane was removed by
vacuum distillation. The dark red residue was extracted with CH2CI2/H20. The organic layer
was collected, dried and evaporated to dryness and then purified by column chromatography
on silica gel eluting with a solvent mixture of hexane/CHaCl{4:1) to give the red solid,
Rli(bocp)(c-hexyl) (4b) (13.8 mg, 0.011 mmol, 61%). R, = 0.86, (hexane/CHzCb = 1:1). 'H
NMR (CDCI3, 300 MHz) 6 -3.63 (q" 2 H, J = 9.6 Hz, Hb), -3.46 (q, 2 H, J = 9.3 Hz, Hb)’ -
3.17 (td, 1H,J=3.0, 9.0 Mz, Ha), -0.85 (g, 2H,J= 12.3 Hz, He'), -0.71 (t, 1 12.9 Hz,
I1d), -0.25 (d, 2 H, J= 12.0 Hz, He), 1.36 (d, 1 H, 12.0 Hz, Hd ), 155 (s, 36 H, 'Bu), 7.70
(d, 8 u- 1/=8.7 Hz, m-phenyl), 854 (d, 4 H,J= 7.2 Hz, o -phenyl), 7.95’(d” 4H, 7.2 Hz,
o-phenyl). "¢ NMR (CDCI3, 75 MHz) 5 25.18 » 27.61, 29.86, 31.85 » 35.11, 35.78, 122.56,
124.71, 133.02 > 134.05, 134.73, 138.11 » 152.76. Calcd. for (C66H63NACIXRh)+: m/z 1298.1551
Found: m/z 1298.1519. Anal. Calcd. for C66H63N4CI8Rh: C, 61.04; H, 4.89; N, 4.31; Found

C, 61.11;H, 5.05; N, 4.19.
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(bocp)Ra

(> 10, 15, 20-Tetratolyporphyrinato)(cyclopentyl)rhodium(ll), |Rh(ttp)(c-pentyl)| (2b).
Rh(ttp)Cl (la) (20.0 mg, 0.025 mmol) and anhydrous potassium carbonate (34.2 mg > 0.248
mmol) were added in c-pentane (3.0 mL). The red reaction mixture was degassed tor three
freeze-thaw-pump cycles and was healed at 120 "C under N2 in the dark for 6 hours. Excess
c-pentane was removed by vacuum distillation. The dark red crude product was extracted
with CH2CI2/H20. The organic layer was collected, dried and evaporated to dryness and then
residue was purified by column chromatography on silica gel eluting with a solvent mixture
ofhexane/CHjCb (4:1). The red solid of Rh(ttp)(c-pentyl) (2b) was collected (16.0 mg, 0.017
mmol, 75%). R/= 0.85 (hexane/CH2CI2 : 1:1). '"H NMR (CDCI3, 300 MHz) 5 -4.90 (m, 2 II,
lib), 4.37 (m, 111, Ha), —3.46 (m, 2 H, FV), -1.03 (m, 4 H, He), 2.69 (s, 12 H,p-mcthyi), 7.52
(t, 8 11,./= 6.2 Hz, w-phcnyl), 8.00 (d,4 H, 8.5 Hz, (/-phenyl), 8.09 (d, 4 H, J = 8.6 Hz,
o-phenyl), 8.69 (s, 8 H > pyrrole). "C NMR (CDCI3, 75 MHz) 6 18.87° 22.14, 29.52, 34.53,
123.20, 127.86, 127.92, 131.91, 134.19, 134.61, 137.69, 139.94 - 143.93. Calcd. for
(C53H45N4Rh)": m/z 840.2694. Found: m/z 840.2694. Anal. Calcd. for Cs*"I*NiRh: C, 75.71;
H, 5.39; N, 6.66. Found C, 75.29; H, 5.37; N, 6.53. Single crystal for X-ray diffraction

analysis was grown from Ch”Cb/ethanol.

(ttp)Rh

(5, 10, 15, 20-Tetratolyporphyrinato)(/i-pentyl)rhodium(lll), |Rh(ttp)(/i-pentyl)| (2c).
Rh(ttp)CI (la) (20.4 mg > 0.025 mmol) and anhydrous potassium carbonate (34.9 mg, 0.252
mmol) were added in w-pentane (3.0 mL) and formed a bright red reaction mixture. The

bright red reaction mixture was degassed for three freeze-thaw-pump cycles and was heated
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at 120 °C under N2 in the dark for 24 hours. After 24 hours, the mixture turned into dark red.
Excess «-pentane was removed by vacuum distillation. The dark red residue was extracted
with CH2CI2/H20. The organic layer was collected, dried and evaporated to dryness and then
purified by column chromatography on silica gel eluting with a solvent mixture of
hexane/CHsCb (4:1). Rh(ttp)(/7-pentyl) (2c) was collected as the major product. Red solid,

Rh(ttp)(rt-pentyl)(2c), was collected (6.5 mg, O.Oji* mmol, 31%). R/= 0.78 (hexane/CHsCb

1:1). 'H NMR (CDCI3, 300 MHz) 6 -4.97 (td, 2 H, J=2.4, 7.5 Hz, Ha), -4.50 (qu, 2 H, J
7.2 Hz, Hb), -1.59 (qu, 2 H, 2.1 Hz, He), -0.49 (g, 2 H, J = 6.9 Hz, Hd), -025 (t' 3 H,./-
7.2 Hz, He), 2.69 (s, 12 H, p-methyl), 7.53 (t, 8 U,J= 6.0 Hz, m-phenyl), 7.98 (d - 4H, 8.6
I 1z,0-phenyl), 8.08 (d>4 H,./ = 8.3 Hz, o-phenyl), 8.70 (s, 8 I I, pyrrole) "C NMR (CD(CI3 -
75 MHz) 5 12.81, 15.66 (d - 'jRh-c = 27.2 Hz), 20.72" 21.69, 26.86, 28.50, 122.51, 127.47,
127.52, 131.49 > 133.81, 134.10 > 137.25, 139.50, 143.37 Calcd. for (C53H47N4Rh)+: m/z
840.2694. Found: m/z 840.2682. Anal. Calcd. for C53H47N4Rh: C, 75.52; H, 5.62; N - 6.64;
Found C, 75.43; H, 5.67; N, 6.36. (qu = quintet)

H3  HQ

(tp)RhrYS He

H  H

(5°10> 15, 20-Tetratolyporphyrinato)(/i-hexyl)rhodium(I11), |Rh(ttp)(/f-hexyl)| (2d).
Rh(ttp)CI (la) (20.6 mg, 0.026 mmol) and anhydrous potassium carbonate (35.3 mg, 0.255
mmol) were added in «-hexane (3.0 mL) and formed a bright red reaction mixture. The bright
red reaction mixture was degassed for three freeze-thaw-pump cycles and was heated at 120
"C under N2 in the dark for 24 hours. After 24 hours, the mixture turned into dark red. Excess
[7-hexane was removed by vacuum distillation. The dark red residue was extracted with
CH2(CI2/H20. The organic layer was collected, dried and evaporated to dryness and then

purified by column chromatography on silica gel with a solvent mixture of hexane/CHzCh
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(4:1). Rh(ttp)(«-hcxyl) (2d) was collected as the major product. The red solid of Rh(ttp)(w-
hexyl)(2d), was collected (10.6 mg, 0.012 mmol, 49%). R/= 0.84 (hexane/CHaCh = 1:1). 'H
NMR (CDCbh, 300 MHz) 6 -4.96 (td’ 2 H, 7 = 3.0° 9.0 Hz, Ha), -4.51 (qu, 2 U, J = 7.8 Hz,
Hb),-1.58 (qu, 2 H,J=7.5 Hz, He), -0.57 (qu, 2 H, 7.5 Hz, Hd), 0.10 (m, 2 H, He), 0.17 (t°
3 H,J =7.2 Hz, Hf), 2.68 (s, 12 H > p-melhyl), 7.52 (d, 4 H,J=5.7 Hz, m -phenyl), 7.54 (d, 4
H,J = 5.7 Hz, m-phenyl), 7.97 (d>4 H, 7= 7.2 Hz, o -phenyl), 8.06 (d, 4 H,./ = 8.3 Hz, o-
phenyl), 8.69 (s> 8 H, pyrrole) 'AC NMR (CDCI3, 75 MHz) 5 13.53, 15.69 (d, 'Jrh-c = 27.2
Hz), 21.40, 21.69° 26.06 - 27.13, 29.84 > 122.53, 127.47° 130.89, 131.51 » 131.85, 133.83,
134.11, 137.25, 139.52, 143.39 Calcd. for (CsiH’gNURh)+: m/z 856.3007. Found: m/z
856.3017. Anal. Calcd. for C54H49N4Rh: C, 75.69; H, 5.76; N, 6.54; Found C, 75.61; H, 5.72;
N, 6.53.

Ha KRy R

(tp)Rhr™
Hh  H,

(5, 10 - 15, 20-Tctratolyporphyrinato)(/i-heptyl)rhodiuiii(l11), |Rh(ttp)(/i-heptyl)| (2e).
Rh(Itp)CI (la) (20.9 mg > 0.026 mmol) and anhydrous potassium carbonate (35.3 mg, 0.255
mmol) were added in w-heptane (3.0 mL) and formed a bright red reaction mixture. The
bright red reaction mixture was degassed for three freeze-thaw-pump cycles and was heated
at 120  under N2 in the dark for 24 hours. After 24 hours, the mixture turned into dark red.
Excess A7-heptane was removed by vacuum distillation. The dark red residue was extracted
with CH2CI2/H20. The organic layer was collected, dried and evaporated to dryness and then
purified by column chromatography on silica gel with a solvent mixture of hexane/CH2CI2
(4:1). Rh(ttp)(«-hcptyl) (2e) was collected as the major product. Red solid, Rh(ttp)(rt-heptyl)
(2e), was collected (13.2 mg, 0.015 mmol, 59%). RF 0.83 (hexane/CfhCb = 1:1). 'H NMR

(CDCI3, 300 MHz) 5 -4.97 (td, 2H, J= 3.0 » 8.7 Hz, Ha), -4.53 (qu, 2 H,y=7.2Hz, Hb), -1.63
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(qu, 2 H,J= 7.2 Hz, He), -0.55 (qu, 2 H, J= 7.2 Hz, Hj), -0.04 (d, 2 H, 9.0 Hz, He), 0.45
(9’ 3 H, 6.0 Hz, Hg), 0.52 (qu, 2 H, 7.2 Hz, H), 2.69 (s, 12 H, p-methyl), 7.51 (d, 4 H,
J = 6.6 Hz, w'-phenyl), 7.53 (d, 4 H, J = 6.3 Hz, w-phenyl), 7.98 (d, 4 H, J = 6.9 Hz, o'-
phenyl), 8.08 (d>4 Il, J = 7.2 Hz, o-phenyl), 8.70 (s, 8 H, pyrrole) "C NMR (CDCh, 75
MHz) 6 13.89 > 15.71 (d > Vrh-¢® 27.5 Hz), 21.69 > 22.10, 26.25, 27.06, 27.24, 30.57, 122.52,
126.22, 127.45, 127.52, 131.49, 133.80 - 134.11, 137.23 > 139.51, 143.38 Calcd. for
(C55H5iN4RN)+: m/z 870.3163 Found: m/z 870.3167. Anal. Calcd. for CwHsiNdRh: C, 75.85;
H, 5.90; N, 6.43; Found C, 75.77; H, 5.96; N - 6.31. Single crystal for X-ray diffraction

analysis was grown from CHsCh/methanol.

Ha Hr H.

(ttp)RI *

Decomposition of Rh(ttp)(c-pentyl) (2b) with K2CO3 in Benzene-fL, Rh(ttp)(c-pentyl) (6.7
mg, 0.0080 mmol) and potassium carbonate (1 1.0 mg, 0.080 mmol) were added into benzene-
ch (520 |iL) in a NMR tube. The red reaction mixture was degassed for three freeze-thaw-
pump cycles and the NMR tube was sealed under vacuum. It was heated to 120 "C and the
reaction mixture was monitored with '"H NMR spectroscopy and NMR yields were taken.

For the observation of Rh(ltp)H, dilute HCI solution was added into the NMR tube with
shaking. It was brought to take a '"H NMR spcctrum immediately after the addition of dilute
HCI.

Decomposition of Rh(ttp)(c-hexyl) (za) with K2CO3 in Benzene-/*. Rh(ttp)(c-hexyl) (6.9
mg, 0.0081 mmol) and potassium carbonate (11.0 mg, 0.080 mmol) were added into benzene-
do (520 fiL) in a NMR tube. The red reaction mixture was"degassed for three freeze-thaw-
pump cycles and the NMR tube was sealed under vacuum. It was heated to 120 and the

/
reaction mixture was monitored with '"H NMR spectroscopy and NMR yields were taken.
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Decomposition of Rh(ttp)(/i-hexyl) (2d) with K2CO3 in Benzenc-</6. Rh(ttp)(w-hexyl) (6.9
mg, 0.0081 mmol) and potassium carbonate (11.0 mg - 0.080 mmol) were added into benzene-
dt (520 [iL) in a NMR tube. The red reaction mixture was degassed for three freeze-thaw-
pump cycles and the NMR tube was sealed under vacuum. It was heated to 120  and the
reaction mixture was monitored with 'H NMR spectroscopy and NMR vyields were taken.
Sealed NMR Tube Experiment of Rh(ttp)Cl and c-hexane in Benzene-<4. Rh(ttp)Cl (la)
(5.1 mg, 0.0066 mmol) and t-hexane (34 jiL > 0.316 mmol) were added into benzene-*/g (520
fiL) in a NMR tube. The red mixture was degassed for three freeze-thaw-pump cycles and the
NMR tube was sealed under vacuum. It was heated at 120 °C in the dark. It was monitored
with 'H NMR spectroscopy at particular time intervals and the NMR vyields were taken.
Sealed NMR Tube Experiment of Rh(ttp)Cl and c-hexane with K2CO3 in Benzene-"'(i.
Rh(ttp)CI (la) (5.1 mg, 0.0066 mmol), c-hexane (34 |iL, 0.316 mmol) and K2CO3 (8.7 mg,
0.063 mmol) were added into bcnzene-c4 (520 jiL) in a NMR tube. The red mixture was
degassed for three freeze-thaw-pump cycles and the NMR tube was sealed under vacuum. It
was heated al 120 in the dark. It was monitored with 'H NMR spectroscopy at particular

lime intervals and the NMR yields were taken.

Reaction of Rh(ttp)H with KOH. Rh(ttp)H (Id) (8.0 mg, 0.010 mmol) and potassium
hydroxide (14.3 mg, 0.104 mmol) were added into degassed benzene-*/a (520 |iL) in NMR
tube. The reaction mixture was degassed for three freeze-thaw-pump cycles and the NMR
tube was scaled under vacuum. The reaction mixture was then warmed to 23 "C in a water
bath for 15 minutes. It was brought to 'H NMR spectroscopy. Rh2(ttp)2 was obtained (55%
NMR vyield).

Thermal Stability of Rh(ttp)H. Rh(ttp)H (1d) (7.9 mg > 0.010 mmol) and was added into
degassed benzene-~/(520 fiL) in NMR tube. The reaction mixture was degassed for three

freeze-thaw-pump cycles and the NMR tube was sealed under vacuum. The reaction mixture
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was then heated to 120 for 6 days. It was brought to NMR spectroscopy. The NMR
yield of Rh(ttp)H was found to be 90%.
Reaction of Alkanes with Rh(ttp)H (Id). Rh(itp)H (Id) (10.0 mg, 0.013 mmol) was added
into c-hexane (3.0 mL). The red suspension was degassed for three freeze-lhaw-pump cycles
and was then heated al 120 "C under N2 in the dark for 3 hours. After 3 hours, the mixture
turned into red. Excess c-hexane was removed by vacuum distillation. The dark red residue
was then purified by column chromatography on silica gel eluting with a solvent mixture of
hexanc/CH2CI2 (4:1) to give Rh(ttp)(c-hexyl) (2a) as a red solid (4.0 mg, 0.0047 mmol,
36%).
Competition Reaction of c-hexanc and c-hexanc-£/i2 with Rh(ttp)Cl (la) with KzCOs.
Rh(Itp)CI (la) (19.6 mg, 0.021 mmol) and potassium carbonate (33.6 mg, 0.243 mmol) were
added into mixture of c-hexane (1.50 ml, 14.000 mmol) and c-hexane-t/i2 (1.49 ml, 14.000
mmol). The red mixture was degassed for three frecze-thaw-pump cycles and was heated at
120 "C under N2 in the dark for 6 hours. Then excess c-hexane/c-hexane-Ji2 mixture was
removed by vacuum distillation. Part of the red residue (0.2 mg) was taken to the mass
spectroscopy to obtain the ratio of the two products. The remaining crude product was
brought to '"H NMR spectroscopy for product ratio. It was then extracted with CH2CI2/H20
and purified by column chromatography on silica gel eluting with a solvent mixture of
hexane/CHzCh (4:1). The red fraction was collected. After rotary evaporation > product
mixture of Rh(ttp)(c-hexyl) (2a) and Rh(ttp)(c-hexyl)-<”// was obtained as a red solid (6.7 mg,
0.0078 nimol, 32%).

The product raticMvas calculated as follow:
(i) 'HNMR
Integration of alkyl proton of Rh(ttp)(c-hexyl) at 5 = -4.26 (observed = 5.193) and integration

of alkyl proton of the R3i(ttp)(c-hexyl)/Rh(ttp)(c-hexyl)-("i 1 5 = -4.26 (observed = 4.680) were
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used to calculated the ratio with the integration of pyrrole signal of 2a (6 = 8.63) was taken as
8. Let the integration of that alkyl deuterium to be Y. Y is equal to the integration of that
alkyl proton without deuterium incorporation (5.193) minus the observed integration of that
alkyl proton with deuterium incorpation (4.680). kn/kn is equal to the integration of alkyl
proton (4.680) over the integration of alkyl deuterium (5.193-4.680). | he calculated kHk [) &
9.1(+£0.3)..

(i1) MS method:

The product raiio is calculated to be the molecular peak intensity of Rh(ttp)(c'-hcxyl)
(observed to be 60.0) over the molcciilar peak intensity of Rh(ttp)(c'-hcxyl)-tyi i (observed to
be 6.1). The product ratio is calculated to be 9.7(+0.2).

Alkyl exchange of Rh(ttp)(c-hcxyl) (2a) with c-hcxane-A/iz at 120 "C. Rh(ttp)(c-hexyl) (2a)
(5.4 mg, 0.0063 minol) was added with cyclohexane-t/i2 (0.5 mL) in a Telfon screw capped
NMR lube. The red solution was degassed for three Ireeze-thaw-pump cycles. The NMR tube
was sealed under vacuum. It was heated at 120 "C in the dark and the reaction was monitored
by 'H NMR. The product ratio was calculatcd as follow:

For the case of 3 hours, the integration of alkyl proton at S — -4.171 (observed = 5.370) was
used to calculated the ratio with the integration of pyrrole signal of 2a (6 =8.63) was taken as
8. Lcl the integration of that alkyl deuterilim to be Y. Y is equal to the integration of that
alkyl proton .without deuterium incorporation (5.370) minus the observed integration of that
alkyl proton with deuterium incorpation (s.144). kn/kD is equal to the integration of alkyl
profon over the integration of alkyl deuterium. kH/kois calculated to be 22.8.

For the case of 42 hours, kn/ko is equal to the integration of alkyl proton (5.191) over the
integration of alkyl deuterium (5.370-5.191). The calculated kn/kn is 22.9.

Competition Reaction of c-hexane and c-hexane-Jn with Rh(ttp)H (Id). Rh(ttp)H (1d)

(10.1 mg, 0.013 mmol) was added into mixture of c-hcxanc (1.50 ml, 14.000 mmol) and t.-
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hexane-t/i2 (1.49 ml, 14.000 mmol). The red mixture was degassed for three tVeeze-lhaw-
pump cycles and was heated at 120 "C under N2 in the dark for 3 hours. Then excess c-
hexane/f-hexanc-2 mixture was removed by vacuum distillation. Dark red residue was
brought to '"H NMR spectroscopy. It was then purified by column chromatography on silica
gel eluling with a solvent mixture of hexane/CIhCl; ? (4:1). The red fraction was collected.
After rotary evaporation, product mixture of Rh(ttp)(c--hexyl) (2a) and Rh(ttp)(c'-hexyl)-Ji 1
was obtained as a red solid (6.0 mg, 0.0070 mmol, 54%). Integration of alkyl proton of the
Rii(ttp)(c--hexyl)/Ii(ttp)(c-hexyl)-Jii 6 = -4.26 was found lo be 4.668. The calculated kn/k”
vvas8.9 (t().3).

Competition Reaction of c-hexaiie and c-hcxane-r/i:  with Rh(ttp)Il (Id) with K2CO3.
Rh(ttp)Il (Id) (10.0 mg, 0.013 mmol) and potassium carbonate (17.9 mg, 0.130 mmol) were
added into mixture of t-hcxanc (1.50 ml, 14.000 mmol) and f-hexanc-c/|2 (1.49 ml, 14.000
mmol). The red mixture was degassed for three freezc-lhaw-pump cycles and was heated at
120 ”C under N: in the dark for 3 hours. Then excess c-hexane/c-hcxane-Ji2 mixture was
removed by vacuum distillation. Dark red residue was brought lo '"H NMR spectroscopy for
product ratio. It was then extracted with CH2CI2/H2Q and purified by column
chromatography on silica gel eluling with a solvent mixture of hexane/CIhCI{4:1). The red
fraction was collected. After rotary evaporation, product mixture of Rh(ttp)(c-hexyl) (2a) and
Rh(ttp)(t-hexyl)-i/| 1 was obtained as a red solid (6.2 mg, 0.0073 mmol, 56%). Integration of
alkyl proton ol( the Rh(ttp)(c--hexyl)/Rh(ttp)(c-hexyl)-6/i 1 6 = -4.26 was found to be 4.647. The

calculated kn/kp was 8.5(+0.4).

Competition Reaction of c-hcxane and c-hexanc</iz with Rh2(ttp)2 (le). Rh2(tp)2 (Ic)
(20.3 mg, 0.0067 mmol) was added into mixture of c-hexane (1.50 ml, 14.000 mmol) and c-
hcxanc-i/i2 (1.49 ml, 14.000 mmol). The red mixture was degassed for three frcezc-thaw-

punip cycles and was heated at 120 "C under N2 in the dark for 6 hours. Then excess c-
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hexane/c-hexane-"/i2 mixture was removed by vacuum distillation. Dark red residue was
brought to '"H NMR spectroscopy. It was then purified by column chromatography on silica
gel eluting with a solvent mixture of hexane/CH2CI2 (4:1). The red fraction was collected.
After rotary evaporation, product mixture of Rh(ttp)(c-hcxyl) (2a) and Rh(Up)(ohexyl)-(i| |
was obtained as a red solid (4.3 mg, 0.0050 inmol, 38%). Integration of alkyl proton of the
Rh(Up)((.---hexy 1 )/Rh(ttp)(c-hexyl)-(/| 1 6 : -4.26 was found to be 4.659. The calculated kn/ko
was8.7(x0.3).

Competition Kcaction of c-hcxane and c-hexanc-""" with Rh2(ttp)2 (le) with K2CQO3,

@

Rh2(Up)2 (le) (10.1 mg, 0.0065 mmol) and potassium carbonate (9.0 mg, 0.065 mmol) were
added into mixture of c-liexane (1.50 ml, 14.000 mmol) and c'-hcxajie-6/|2 (1.49 ml, 14.000
mmol). The red mixture was degassed for three freeze-lhaw-punip cycles and was healed at
120 ([0 C, undeN2 in the dark for 6 hours. Then excess c-hcxanc/c-hcxanc-Jii mixture was
removed by vacuum distillation. Dark red residue was brought to '"H NMR spectroscopy. It
was then purified by column chromatography on silica gel cluling with a solvent mixture of

hexanc/CH2CI2 (4:1). The red fraction was collected. After rotary evaporation, product
X ~

mixture of Rh(ltp)(c-hexyl) (2a) and Rh(llp)(c'-hexyl)-c/i 1 was obtained as a red solid (4:7 mg,
0.0055 mmol, 42%). Integration of alkyl proton of the Rh(tlp)(c--hexyl)/Rh(Up)(c-hexyl)-J| 1 8
. -4.26 was found to be 4.673. The calculated ku/kp was 9.0(#:0.3).

Sealed NMR Tube Experiment of Rh2(ttp>2 (le) and c>he\ane in Bcnzentw/6. Rh2Up2
(le) (5.1 mg, 0.0033 mmol) and c-hexane (34 |.iL, 0.316 mmol) were added into benzene-c4
(520 |iL) in a NMR lube. The red mixture was degassed for three Irceze-thaw-pump cycles
and the NMR tube was sealed under vacuum. It was healed at 120 "C in the dark. It was
monitored with 'Il NMR spectroscopy at particular time intervals and the NMR yields were

taken.
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/;-Hydride Elimination of Rh(ttp)(c-hexyl) (2a). Rh(ttp)(c-hexyl) (6.8 mg, 0.0081 mmol)
was added into benzene"4 (520 FIL) in a NMR lube. The red reaction mixture was degassed
for three frceze-lhaw-pump cycles and the NMR tube was sealed under vacuum. It was
heated to 120 (71 @nd the reaction mixture was monitored with '"H NMR spectroscopy and

NMR vyields were taken.

Chapter 3

Reaction of Cycloheptane with Rh(ttp)CI.

(5, 10, 15 20-Tetratolyporphyrinato)(cycloheptyl) rhodium(JI]) > |[Rh(ttp)(c-heptyl)l
(5a). Rh(llp)CI' (20.4 mg, 0.025 mmol) was added in c-heptane (3.0 niL). The red reaction
mixture was degassed for three freezc-lhaw-pump cycles, purged with N2 and healed at 120
"C under N2 for 24 hours. Excess c-heplane was removed by vacuum distillation. The residue
was purified by column chromatography on silica gel eluling with a solvent mixture of
hcxane/CH2CI2 (1:1). Red solid. Rh(ttp)(c--heplyl) (5a) (4.0 mg, 0.0046 mmol, 18%) was
collecicd and was further recrystallizcd from CHACh/MeOH. R, = 0.84 (hexane/CU”Cb =
1:1). 'H NMR (CDCI3, 300 MHz) 6 -4.53 (m, 2), -4.05 (m, 3 H), -1.26 (m, 4 H), -0 22 (m, 2
11), -0.06 (m, 2 11), 2.69 (s, 12 H,/,-methyl), 7.54 (d, 8 H, .7=5.4 Hz, m-phenyl), 8.00 (d, 4 H,
J = 7.5 Hz, “'"phenyl), 8.08 (d>4 H>J= 7.8 Hz, o-phenyl), 8.69 (s, 8 Il, pyrrole). "C NMR
(CDCI3, 75 MHz) 6 21.69, 22.09, 27.85, 33.24, 39.37 (d > "/k"c = 27.6 Hz), 122.87, 127.42,
127.55, 131.52, 133.63, 134.25 > 137.23, 137.23, 139.53, 143.50. Calcd. for (CssHaoNaRIi)
m/z 868.3007. Found: m/z 868.3016. Single crystal for X-ray diffraction analysis was grown
from CH2Cl2/melhanol.

Reaction of Cycloheptane and Rh(ttp)Cl with Potassium Carbonate. Rh(ttp)CI (20.4 mg,
0.025 mmol) and anhydrous potassium carbonate (34.9 mg, 0.252 mmol) was added in c-

heplanc (3.0 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles,
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purged with N2 and heated at 120 °C under N2 for 6 hours. Excess c-heplane was removed by
vacuum distillation. The dark red crude product was extracted with CH2CI2/H20. The organic
layer was collected - dried and evaporated lo dryness and the residue was purified by column
chromatography on silica gel eluling with a solvent mixture of hexane/CHzCI! (1:1). Red
solids. Rh(ttp)(c-heptyl) (5a) (6.6 mg, 0.0076 mmol, 30%) and Rh(ttp)Bn (5b) (5.5 mg,
0.0064 mmol, 25%) were collected.

Sealed NMR Tube Experiment of Rh(ttp)Cl and Cycloheptane with Potassium
Carbonate in Bcnzene-*c- Rh(ttp)Cl (3.5 mg, 0.0043 mmol), cycloheptane (11 ~L, 0.091
mmol) and potassium carbonalc (5.9 mg, 0.0427 mmol) were added into benzene-i™ (500 f.iL)
in a NMR tube. The red mixture was degassed for three freeze-thaw-pump cycles and the
NMR lube was flame-sealed under vacuum. It was heated at 120 in the dark. It was
monitored with 'H NMR spectroscopy at particular time intervals and the NMR yields were
taken.

Reaction of Cycioheptanc with Rh2(ttp)2. Rh2(ttp)2 (9.5 mg, 0.0062 mmol) was added in c-
heptane (1.5 mL). The red reaction mixture was degassed for three frccze-thaw-pump cycles,
purged with N2 and heated at 120  under N2 for 5 minutes. Excess c-heplanc was removed
by vacuum distillation. The residue was purified by column chromatography on silica gel
eluting with a solvent mixture of hexane/CHsCh (1:1). Red solid, Rh(ttp)(c--heptyl) (1) (8.2
mg, 0.0093 mmol, 76%) was collected and was further recrystallized from CH”Cb/MeOllI.
Reaction of Cycloheptane with Rh(ttp)H. Rh(ttp)M (9.5 mg, 0.012 mmol) was added in c-
heplane (1.5 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles,
purged with N2 and healed at 120 "C under N2 for 15 minutes. Excess c-heptane was removed
by vacuum distillation. The residue was purified by column chromatography on silica gel
eluting with a solvent mixture”of'hexane/CHiCb (1:1). Red solid, Rh(Up)((-heptyl) (5a) (7.8

mg, 0.090 mmol, 73%) was collected and was further recrystallized from CHaCb/MeOH.
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Scaled NMR Tudox Experiment of Rh(ttp)(c-heptyl) in BcnzeneYe- Rh(ttp)(c-heptyl) (5a)
(3.8 mg, 0.0044 mmo!) was added into benzene-"~ (500 faL) in a NMR lube. The red solution
was degassed for three freeze-thaw-pump cycles and the NMR tube was flame-sealed under
vacuum. It was heated at 120 in the dark. It was monitored with 'H NMR spectroscopy at
particular time intervals and the NMR yields were taken.

Sealed NMR Tube Experiment of Rh(ttp)(c-heptyl) with Potassium Carbonate in
Benzene"/JRIi(ttp)(c-hcptyl) (5a) (3.8 mg, 0.0044 mmol) and potassium carbonate (6.0 mg,
0.044 mmol) were added into bcnzene-"6 (500 |iL) in a NMR lube. The red solution was
degassed for three freeze-thaw-pump cycles and the NMR tube was flame-scaled under
vacuum. It was heated at 120 "C in the dark. It was ifionitored with 'H NMR spectroscopy at
particular lime intervals and the NMR yields were taken.

Sealed NMR Tube Experiment of Rh(ttp)(c-hcptyl) with 1 mol% of Rh2(tp)2 in
Benzene-~- Rh(ttp)(c-heptyl) (5a) (3.8 mg, 0.0044 mmol) and 1 mol% of Rh2(ttp)2 (0.034
mg, 4.4 X 10-5 mmol) which was previously dissolved in 500 |iL degassed benzene-"[] were
added together in a NMR tube. The red solution was degassed for three freeze-thaw-pump
cycles and the NMR tube was flame-sealed under vacuum. It was heated at 120 "C in the dark.
It was monitored with 'H NMR spectroscopy at particular time intervals and the NMR yields

were taken.

Independent Synthesis of Rh(ttp)(/f-heptyl)/* A suspension of Rh(Up)Cl (100 mg, 0.11
mmol) in EtOH (50 mL) and a solution of NaBH* (17 mg, 0.45 mmol) in ag. NaOH (0.1 M, 2
mL) were purged with N: for 15 minutes separately. The solution of NaBH” was added
slowly to the suspension of Rh(ttp)Cl via a cannula. The mixture was heated at 50 under
N2 for 1 hour. The solution was then cooled to 30 under N2 and 7-heptenyl bromide (23
mg > 1.20 mmol) was added. A reddish orange suspension was formed. After stirred at room

temperature for another 15 minutes under N2, the reaction mixture was worked up by
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extraction with CH2CI2/H20. The combined organic extract was dried (MgSQj), filtered and
rotatory evaporated. The reddish orange residue was purified by column chromatography
over silica gel (250 - 400 mesh) using a solvent mixture of hexane/CHzCI(1:1) as the eluent.
The major orange fraction was collected and gave a reddish orange solid of
Rh(ttp)(CIIZMCHZ=CH2) 6a (96.0 mg, 0.11 mmol, 86%) as the product after rotary
evaporation.

Sealed NMR Tube Experiment of Rh(ttp)(CH2)5(CH=CH2) 6a with Potassium
Carbonate in Benzene-f¥. Rh(ttp)(CH2)5(CH—CH) ) 6a (3.8 mg, 0.0044 mmol) and
potassium carbonate (6.0 mg, 0.044 mmol) were added into benzene-6/ (500 |.iL) in a NMR
tube. The red solution was degassed for three freezc-thaw-pump cycles and the NMR lube
was flame-sealed under vacuum. It was heated at 120 in the dark. It was monitored with
'H NMR spectroscopy at particular time intervals and the NMR yields were taken.
Independent Synthesis of Rh(ttp)(cyclohexylniethyl).™ A suspension of Rli(ttp)Cl (100 mg,
O.l Tmmol) in EIOH (50 mL) and a solution of NaBHi (17 mg, 0.45 mmol) in ag. NaOH (0.1
M, 2 mL) were purged with N2 for 15 minutes separately. The solution of NaBH4 was added
slowly to the suspension of Rh(ttp)Cl via a cannula. The mixture was heated at 50 °C under
N2 for 1 hour. The solution was then cooled to 30 °C under N2 and c-hexylmcthyl bromide
(23 mg, 1.20 mmol) was added. A reddish orange suspension was formed. After stirred at
room temperature for another 15 minutes under N2, the reaction mixture was worked up by
extraction with CH2CI2/H20. The combined organic extract was dried (MgSO. ) ’ filtered and
rotatory evaporated. The reddish orange residue was purified by column chromatography
over silica gel (250 - 400 mesh) using a solvent mixture of hexane/ChhCh (1:1) as the eluent.
The major orange fraction was collected and gave a reddish orange solid of Rh(Up)CH2(c-

CeHii) 6¢ (92.5 mg, 0.11 mmol, 86%) as the product after rotary evaporation.
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Sealed NMR Tube Experiment of Rh(ttp)CH2(c-C6Hii) 6¢ with Potassium Carbonate in
Benzenc</6. Rh(ttp)CH2(c-C6Hii) 6¢ (3.8 mg, 0.0044 mmol) and potassium carbonate (6.0
mg, 0.044 mmol) were added into bcnzene-c/g (500 faL) in a NMR tube. The red solution was
degassed for three freezc-thaw-pump cycles and the NMR tube was Illame-sealed under
vacuum. It was healed at 120 "C in the dark. It was monitored with NMR spectroscopy at
particular time intervals and the NMR vyields were taken.

Sealed NMR Tube Experiment of Rh2(ttp)2 and Cycloheptene in Benzene-(4. c-Heptcne
(2 ML, 0.021 mmol) was added into a solution otl] Rh2(Up)&3.4 mg, 0.0022 mmol) in 500
degassed benzene in a NMR tube. The solvent was removed by vacuum distillation after 5
minutes. 500 fiL degassed benzenc-c4 was then added. The red solution was degassed for
three freeze-thaw-pump cycles and the NMR tube was flame-sealed under vacuum. It was
brought to 'l  NMR analysis after sealed. The '"H NMR signal of Rh2(ttp)2 was not observed.
Instead, a clean NMR spectrum was obtained. The newly formed Rh(ttp) compound was
proposed to be the 1,2-addilion product 5. 'H NMR (CbD", 400 MHz) 5 -4.24 (m, 1), -3.39
(m, 1H), -2.70 (m, 1 H),-1.60 (m, 1H),-1.20 (ni, 1H), ~.68 (m, 1H), -0.18 (m, 1 H), 0.13
(m, 2 H)’ 2.41 (s, 24 H, " -methyl)’ 4.01 (m, 2 H), 7.30 (d, 8 H,J = 6.4 Hz, w-phenyl), 7.33 (d,
8 H,J= 8.0 Hz, m -phenyl), 8.13 (d’ 8 H,J = 7.6 Hz > o -phenyl), 8.19 (d, 8 H,./= 7.5 Hz,()-
phenyl), 8.97 (s, 16 H, pyrrole).

Scaled NMR Tube Experiment of Rh2(ttp)2 and Cycloheptene Benzene-¥L at 120  c-
Heptene (2 jiL, 0.021 mmol) was added into a solution of Rh2(ttp)2 (3.4 mg, 0.0022 mmol) in
500 |iL degassed benzene in a NMR tube. The solvent was removed by vacuum distillation
after 5 minutes. 500 )iL degassed benzene-c4 was then added. The red solution was degassed
for three freezc-thaw-pump cycles and the NMR tube was flame-sealed under vacuum. It was

brought to 'H NMR analysis after sealed. The '"H NMR signal of Rh2(ttp)2 was not observed.

Instead, a clean NMR spectrum was obtained. The newly formed Rh(ttp) compound was
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proposed to be the 1,2-addition product 5. The reaction tube was heated to 120 It was
monitored with 'H NMR spectroscopy at particular time intervals and the NMR yields were
taken.
Sealed NMR Tube Experiment of Rh2(ttp)2 and Cycloheptafrienc in Berzene/™\
Rh2(ttp)2 (3.6 mg, 0.0047 mmol), cycloheptatriene (5 L) and degassed benzene-t* (500 |iL)
were added in a NMR tube. The red solution was degassed for three frecze-thaw-pump cycles
and the NMR tube was tlame-sealed under vacuum. It was kept at room temperature,
monitored with '"H NMR spectroscopy at particular lime intervals and the NMR vyields were
taken. 8 was obtained quantitatively. 'H NMR (CftDf., 400 MHz) 5 2.44 (s, 19), 7.32 (d, 8 H,J
=7.4 Hz, m-phenyl), 7.35 (d, 4 H, J = 7.8 Hz, f;-phenyl), 8.13 (d, 4 H, 7 = 5.4 Hz, m -
phenyl), 8.14 (d, 4 H, ./ = 5.4 Hz, r, -phenyl), 8.93 (s, 8 H, pyrrole). ' NMR (C"D?, 100
MHz) 6 21.50, 123.47, 131.82, 132.80, 134.22° 134.28, 134.92, 137.11, 140.43, 144.24.
Calcd. for (CssHtiNMRh)": m/z 862.2537. Found: m/z 862.2549.
Sealed NMR Tube Experiment of Rh(ttp)H and Cyclohcptatriene in Benzene/Mf.
Rh(ttp)H (3.6 mg, 0.0047 mmol), cycloheptatriene (5 jaL) and degassed benzene-"(500
were added in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles
and the NMR tube was flame-sealed under vacuum. It was kept at room temperature,
monitored with '"H NMR spectroscopy at particular time intervals and the NMR yields were
taken.
Synthesis of Rh(ttp)(cyclohcptatrienyl) 8. Rh(itp)H (3.6 mg, 0.0047 mmol) and
cyclohcptatriene (5 |j.L) were added into degassed benzene (500 }IL). The red solution was
degassed for three freeze-thaw-pump cycles, purged with N2 and put into a water bath at 25
for 15 minutes. Excess solvent was removed by vacuum distillation. 500 |iL degassed

benzene-d4 was then added. The product was found to be air-sensitive and decomposed
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during column chromatography. As the 'H NMR spectrum was clean, no further purification
step was required.

Rearrangement  reaction of  Rh(ttp)(cycloheptatricnyl) at 695 mM.
Rh(Up)(cycloheptatricnyl) (3.0 mg, 0.0035 mmol) was added into degassed beiizene-c® (500
fiL) in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles and the
NMR lube was flame-sealed under vacuum. It was heated at 120 °C in the dark. It was
monitored with '"H NMR spectroscopy at particular time intervals and the NMR vyields were
taken. For this and the following reactions, the collected kinetic data were fitted by first-order
exponential dccay using OriginPro 7.5 solware.

Rearrangement  reaction  of  Rh(ttp)(cyclohcptatrienyl) at 1390 mM.
Rh(ttp)(cyclohcplatrienyl) (6.0 mg, 0.0070 mmol) was added into degassed benzene-t* (500
JiL) in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles and the
NMR tube was flame-sealed under vacuum. It was heated at 120 "C in the dark. It was
monitored with 'H NMR spectroscopy at particular time intervals and the NMR vyields were
taken.

Rearrangement reaction of Rh(ttp)(cyclohcptatrienyl) at 6.95 mM at 130 "C.
Rh(ttp)(cycloheptatrienyl) (3.0 mg, 0.0035 mmol) was added into degassed benzene-"{500
liL) in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles and the
NMR tube was flame-sealed under vacuum. It was heated at 130 "C in the dark, li was
monitored with 'H NMR spectroscopy at particular time intervals and the NMR yields were
taken.

Rearrangement reaction of Rh(ttp)(cycloheptatrienyl) at 6.95 mM at 140 "C.
Rh(ttp)(cycloheptatrienyl) (3.0 mg, 0.0035 mmol) was added into degassed benzenc-c/6 (500
[iL) in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles and the

NMR tube was flame-sealed under vacuum. It was heated at 140 °C in the dark. It was
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monitored with H NMR spectroscopy at particular time intervals and the NMR yields were

taken.
Rearrangement reaction of Rh(ttp)(cycloheptatricnyl) at 6.95 mM at 150
Rh(ttp)(cycloheptatrienyl) (3.0 mg > 0.0035 mmol) was added into degassed benzene-*/g (500
)iL) in a NMR tube. The red solution was degassed for three freeze-thaw-pump cycles and the
NMR tube was flame-sealed under vacuum. It was heated at 150 "C in the dark. It was
monitored with 'H NMR spectroscopy at particular time intervals and the NMR yields were
taken.
Rate extrapolation of CHT to toluene at 120 "'C. Accoding to the data obtained from
literature/ log (A/Vs™) was 13.6 and was 217.7 kJmol". By Arrhenius equation.
Ink- -Ea/RT + In A
At 120"C, Ink = -217.7 x 1000/ (8.314 x 393) + In
Ink = -35.3
k=461 X 0] V
Rearrangement reaction of Rh(ttp)(cyclohcptatnenyl) at 6.95 miM with Potassium
Carbonate. Rh(Up)(cycloheplatricny 1) (3.0 mg, 0.0035 mmol) and potassium carbonate (4.8
mg, 0.035 mmol) were added into degassed bcnzene-c/* (500 fiL) in a NMR tube. The red
reaction mixture was degassed for three freeze-thaw-pump cycles and the NMR tube was
flame-sealed under vacuum. It was heated at 120 (C in the dark. It was monitored with 'H
NMR spectroscopy at particular lime intervals and the NMR yields were taken.
Rearrangement reaction of Rh(ttp)(cycloheptatrienyl) at 6.95 mM with 1 iiiol%
Rh2(«p)2. Rli(ttp)(cycloheptatrienyl) (3.0 mg, 0.0035 mmol) and 1 mol% Rh2(ttp)2 (0.027 mg,
1.7 X 105 mmol) were added into degassed benzene-c/g (500 }iL) in a NMR tube. The red

reaction mixture was degassed for three freeze-thaw-pump cycles and the NMR tube was



flame-sealed under vacuum. It was heated at 120 "C in the dark. It was monitored with 'H
NMR spectroscopy at particular lime intervals and the NMR vyields were taken.

Rearrangement reaction of Rh(ttp)(cycloheptatnenyl) at 6.95 mM with 10 mol%
Rh2(ttp>2. Rh(tlp)(cycloheplatrienyl) (3.0 mg, 0.0035 mmol) and 10 mol% Rh2(ttp)2 (0.27 mg,
1.7 X 10™ mmol) were added into degassed benzene-c/* (500 |aL) in a NMR tube. The red
reaction mixture was degassed for three freeze-thaw-pump cycles and the NMR tube was
flame-sealed under vacuum. It was heated at 120 "C in the dark. It was monitored with 'H

NMR spectroscopy at particular time intervals and the NMR yields were taken.

Chapter 4

Reaction of c-octane with Rh(ttp)Cl. Rh(tlp)Cl (20.6 mg, 0.026 mmol) was added in c-
octane (3.0 mL). The red reaction mixture was degassed for three freezc-thaw-pump cycles,
purged with N2 and heated at 120  under N2 for 48 hours. Excess c-octane was removed by
vacuum distillation. The residue was purified by column chromatography on silica gel eluting
with a solvent mixture of hexane/CFbCb (1:1). Red solid, Rh(ttp)(c-oclyl) 10a (1.0 mg,
0.0011 mmol, 5%) and Rh(ttp)(/7-octyl) 10b (1.9 mg, 0.0021 mmol, 8%) were collected, and
further recrystallized from CHaCb/MeOH. The product ratio was calculated by 'H NMR
integration. Rh(ttp)Cl was recovered (14.8 mg) after column chromatography.
Characterization of Rh(ttp)(c-oclyl) I: R/= 0.84 (hcxane/CFhCh = 1:1). '"H NMR (CeDo, 400
MHz) 6 -4.25 (m, 2), -3.66 (m, 3 H),-1.13 (m, 4 H), -0.32 (m, 2 H), 0.90 (m, 4 H), 2.41 (s, 12
H, /7-methyl), 7.30 (d, 4 H,./ = 7.3 Hz, /w-phenyl), 7.33 (d, 4 H, J = 7.2 Hz, m -phenyl), 8.18
d>4H,J- 7.7 Hz, o -phenyl), 8.97 (s, 8 H > pyrrole). '"C NMR (CDCI3, 75 MHz) 8 21.70 »
22.54, 25.23, 25.85, 30.40 > 40.62 (d, 'Jrh-c = 26.4 Hz), 122.86, 127.42, 127.54, 13148
133.62, 134.25* 137.22 » 139.52, 143.52. HRMS: calcd. for (C56H5iN4Rh+H)+: m/z 883.3242.

Found: m/z 883.3214. Characterization of Rh(tlp)(/z-octyl) 2: R/= 0.84 (hexane/CHiCb =



1:1). 'HNMR (CsDc, 400 MHz) 6-4.55 (td, 2H,J= 2.8 > 8.7 Hz), -4.11 (qu, 2 H, J = 8.2 Hz),
-1.55 (qu, 2 H, J = 7.8 Hz), -0.50 (qu> 2 H,J = 8.0 Hz), 0.02 (qu, 2 H, J = 7.5 Hz), 0.44 (qu, 2
H,J= 7.4 Hz), 0.59 (t, 3 H,J =7.2 Hz), 0.80 (qu, 2 H, 7.6 Hz), 2.41 (s, 12 H, p-methyl),
7.27 (d, 4 H, J= 8.1 Hz, m-phenyl), 7.35 (d, 4 H, J = 6.4 Hz, m '-phenyl), 8.12 (dd, 4 H, J =
1.7 7.6 Hz, o-phenyl) » 8.22 (dd, 4 H,J= 1.6 7.6 Hz, o-phenyl), 8.99 (s, 8 H, pyrrole). '*C
NMR (CDCI3, 100 MHz) 5 14.00" 15.69 (d, '/Rh-c = 26.8 Hz), 21.68, 22.41, 26.28, 27.04,
27.52, 27.96, 31.31, 122.49, 127.43, 127.51, 131.47-133.78" 134.09, 137.23, 139.48" 143.35.
URMS: calcd. for (QftHssNgRh)': m/z 884.3320. Found: m/z 884.3336. Single crystal for X-

ray diffraction analysis was grown from Cl I2CI2/CH30H.

Reaction of c-Octanc and Rh(ttp)Cl with Potassium Hydroxide. Rh(tlp)Cl (20.4 mg,
0.025 mmol) and potassium hydroxide (14.2 mg, 0.254 mmol) was added in c-octane (3.0
mL). The red reaction mixture was degassed for three freeze-thaw-pump cyclcs, purged with
N2 and heated at 120 "C under N2 for 7.5 hours. Excess c-octane was removed by vacuum
distillation. The red residue was added with benzene-t4 (500 |aL) under N2 for 'H NMR
spectroscopy and the NMR vyield of Rh(ttp)H (62%) was estimated. The crude mixture was
then extracted with CH2CI2/H20. The organic layer was collected, dried and evaporated to
dryness and the residue was purified by column chromatography on silica gel eluling with a
solvent mixture of hcxane/CPhCI? (1:1). Red solids, Rh(Up)(c-octyr) 10a (1.3 mg > 0.0015

mmol, 6%)and Rh(ttp)(/7-octyl) 10b (5.6 mg, 0.0063 mmol, 25%) were collected.

Reaction of c-Octanc and Rh(ttp)Cl with Potassium Carbonate. Rh(ltp)Cl (20.4 mg,
0.025 mmol) and anhydrous potassium carbonate (34.9 mg, 0.252 mmol) was added in c-
octane (3.0 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles >

purged with N2 and healed at 120 ~C under N2 for 7.5 hours. Excess c-octane was removed by
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vacuum distillation. The red residue was added with benzene-c/6 (500 j.iL) under N2 for 'H

NMR spectroscopy and the NMR yield of Rh(ttp)H (58%) was estimated. The crude mixture

was then extracted with CH2CI2/H20. The organic layer was collected, dried and evaporated

to dryness and the residue was purified by column chromatography on silica gel eluting with

a solvent mixture of hexane/CFbCI] (1:1). Red solids, Rh(ttp)(/7-octyl) 10b (7.5 mg, 0.0085
mmol, 33%) were collected.

Independent Synthesis of Rh(ttp)(c-octyl).”™ A suspension of Rh(ttp)Cl (100 mg, 0.11 mmol)
in EtOH (50 mL) and a solution of NaBlii (17 mg, 0.45 mmol) in ag. NaOH (0.1 M, 2 mL)
were purged with N2 for 15 minutes separately. The solution of NaBHj was added slowly to
the suspension of Rh(tlp)Cl via a cannula. The mixture was heated at 50 under N2 for 1

hour. The solution was then cooled to 30 "C under N2 and c-oclyl bromide (23 mg, 1.20
mmol) was added. A reddish orange suspension was formed. After stirred at room

temperature for another 15 minutes under Ni, the reaction mixture was worked up by
extraction with CH2CI2/H20. The combined organic extract was dried (MgSOi), filtered and

rotatory evaporated. The reddish orange residue was purified by column chromatography
over silica gel (250 - 400 mesh) using a solvent mixture of hexane/CF~ACh (1:1) as the eiuenl.

The major orange fraction was collected and gave a reddish orange solid of Rh(Up)(c.-octyl)
10a (94.1 mg, 0.11 mmol, 86%) as the product after rotary evaporation.

Independent Synthesis of Rh(ttp)(/i-octyl).”™ A suspension of Rh(Itp)Cl (100 mg, 0.11 mmol)
in EtOH.(50 mL) and a solution of NaBH4 (17 mg, 0.45 mmol) in ag. NaOH (0.1 M, 2 mL)
were purged with N2 for 15 minutes separately. The solution of NaBFU was added slowly to
the suspension of Rh(Up)CI via a cannula. The mixture was heated at 50 under N2 for 1

hour. The solution was then cooled to 30 under N2 and /?-octyl bromide (23 mg, 1.20
mmol) was added. A reddish orange suspension was formed. After stirred at room

temperature for another 15 minutes under N2, the reaction mixture was worked up by

183



extraction with CH2CI2/H20. The combined organic extract was dried (MgS04), filtered and
rotatory evaporated. The reddish orange residue was purified by column chromatography
over silica gel (250 - 400 mesh) using a solvent mixture of hexane/CHsCh (1:1) as the cluent.
The major orange fraction was collected and gave a reddish orange solid of Rh(ttp)(«-octyl)

10b (96.5 mg, 0.11 mmol, 88%) as the product after rotary evaporation.

1. NaBhVNaOH, EtOH,

70 2h, N2
Rh(ttp)CI _ Rh(ttp)R
2. R-Br, 0 °C. 15min
R = c-octyl 10a 86%
R =n-octyl 10b 8811 /1

Thermal Stability of Rh(ttp)(c-octyl) in Bcnzene-de. Rh(ttp)(c-octyl) 10a (3.9 mg, 0.0044
mmol) was added into bcnzene-t/b (500 [iL) in a NMR tube. The red solution was degassed
for three freeze-lhaw-pump cycles and the NMR tube was flame-sealed under vacuum. It was
heated at 120 in the dark. It was monitored with '"H NMR spectroscopy at particular time

intervals and the NMR yields were taken.

@r

=]

Stability of Rh(ttp)(c-octyl) with Potassium Carbonate in Benzenc-"'6. Rh(ttp)(c-octyl)
10a (3.9 mg, 0.0044 mmol) and potassium carbonate (6.0 mg, 0.044 mmol) were added into
benzene-i/6 (500 |iL) jn a NMR tube. The red solution was degassed for three freeze-thaw-
pump cycles and the NMR lube was flame-sealed under vacuum. It was heated at 120  in
the dark. It was monitored with '"H NMR spectroscopy at particular time intervals and the
NMR vyields were taken.

Reaction of Rh(ttp)Cl and c-Octane with Potassium Carbonate in Belizene-*6. Rh(ttp)Cl
(3.5 mg, 0.0043 mmol), c-octane (11 [|iL, 0.087 mmol) and potassium carbonate (5.9 mg,
0.0427 mmol) were added into benzene-"/6 (500 |iL) in a NMR tube. The red mixture was
degassed for three freeze-thaw-pump cycles and the NMR tube was flame-sealed under
vacuum. It was heated at 120 °C in the dark. It was monitored with '"H NMR spectroscopy at

particular time intervals and the NMR yields were taken.

184



Sealed NMR Tube Experiment of Rh2(ttp)i and Cycloocterie }enzene</6 at Room

O o o,

] . . . , L= L ]
Temperature. c-Octene (2 )aL, 0.021 mmol)‘was added into a solution c>fRh2(ttp)2 (3.4 mg,

vacuum distillation after 5 minutes. 500 fiL degased bcnzcne-d(, was then added. The red
&

solution was degassed for three frecze-lhaw-pump cycles and the NMR tube was flame-

sealed under vacuum. It was brought to ~ NMR analysis after sealed. The NMR signal of

4

Rh2(Itp)2 was not observed. Instead, a clean NMR spectrum was obtained. The newly formed
Rh(Up) compound wa« proposed to be the 1,2-addition product. The reaction tube was kept at

room temperature. Il was monitored with '"H NMR spectroscopy at particular time intervals

and the NMR vyields were taken.

Reaction of c-Octane with Rh(ttp)H. Rh(ttp)H (9.6 mg, 0.012 mmol) was added in c-octane
(1.5 mL). The red reaction mixture was degassed for three frceze-thaw-pump cycles, purged
with N2 and heated at 120 under N2 for 15 hours. Excess c-octanc was removed by
vacuum distillation. The residue was added with benzene-%(500 \iL) under N2 protection for
'H NMR spectroscopy and the recovered yield of Rh(ttp)H (73%) was estimated. The residue
was purified by column chromatography on silica gel eluting with a solvent mixture of
hexane/ahCh (1:1). Red solid, Rh(ttp)(«-octyl) 10b (2.3 mg, o.002s mmol, 1%, was
collected and was further recrystallized from CHsCb/MeOH.

Reaction of c-Octane with Rh(ttp)H and PPha. Rh(tlp)H (9.6 mg, 0.012 mmol) and PPh3
(3.2 mg’ 0.012 mmol) were added in c-octane (1.5 mL). The red reaction mixture was
degassed for three freeze-lhaw-pump cycles, purged with N2 and heated at 120 "C under N2
for 15 hours. Excess c-octane was removed by vacuum distillation. The residue was added
with benzene-i/6 (500 )IiL) under N2 protection for 'H NMR spectroscopy. Rh(ttp)H(PPh3)

was obtained in quantitative NMR yield. '"H NMR (CsDfi, 400 MHz) 6 -33.42 (b, 1 H), 2.39
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(s\. 12 H,/?:methyl) ; 47J6 (t,.2 H, 9.2 Hz), 6.28 (td, 2 7.6 Hz, m-phenyl), 6:52 (I,
1 HyJ* 6:8 Hz), 7.35 (d,J ,BI, 7.2 Hz, m,-phenyl), 7.84 (d, 4 H,.J =1.6 Hz, t"-phenyi),

7.89(d, 4H,/= .76 th>-phenyI),1 8.98 (s :*8 H; pyrrole). ' ‘o - e

Xlicrmal _DeTinngenatiyg Dimeriza.tion of Rh(ttp)H. Rh(Up)H (3.2 'rl)g,,.o.0041 mmol)
Coe e «, ® . »

\vas added in benzenef*Yb (5v00 jiL). Th_e red reaction mi_xture was degassed for three freeze-

thqwi-"p'gm.p cycles, and the NMR tiibe was flamve-sealéd under vacuum. It was heated at 120

inl] thdark:[] Mvas monitored with H NMR spectroscopy at particular time, intervals and
nhe NM‘R yieluds were taken. | e
Reac';ion ;of c-OActavnc with Rh2(ttp)2. RﬁZ(ttp)Z (9.6 mg, 0.012 mmol) was added in‘ c-oclane
(1.5 mL). The red reaction ‘mixture was degassed for three fréeze-thévQ-bump cycles, purged
with Nj and heated at 120 'C under-N2 ‘for 15. hours.. Excess c-octane was removed by
vacuum 'distillkion. The red residye was[ardded with benzene-c™ (500 uL) under N2 protection
for 'H NMR spé(‘:tros-cop‘y and the yield of R}f(tlp)H (46%) was est;mated. The r”esidue was

purified by column chromatograj®hy(] orsilica gel eluting with a solvent mixture of

hcxane/CH2CI2 (1:1).. Red solids, Rh(Up)(ooctyl) 10a (4.5 mg, 0.0051 mmol, 41%) and

Rh(ttp)(A7-octyl) 10b (0.4 mg, 0.GO045 mmol, 4%). were collected and the product ratio was
calculated by 'H NMR integration.

Reaction of c-Octane with 2:1 Mixture of Rh(ttp)H and Rh2(ttp)2. Rh(ttp)H (9.6 Mg’
0.012 mmol) and Rh2(ttp)2 (4.8 mg, 0.0031 mmol) were added in c-octane (1.5 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles, purged with N2 and heated
at 120 "C under N2 for 15 hours. Excess c-octane was removed by vacuum distillation. The
residue was purified by column chromatography on silica gel eluting with a solvent mixture
of hexane/CHzCb (1:1). Red solid, Rh(ttp)(c-octyl) 10a (9.8 mg, 0.011 mmol, 60%) and
Rh(ttp)(/7-octyl) 10b (3.0 mg, 0.0034 mmol, 18%) were collected and the product ratio was

calculated by = NMR integration.
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Reaction of c-Octane with 5:1 Mixture of Rh(ttp)H and Rh2(ttp)2. Rh(tip)H (9.6 mg,
0.012 mmol) and RIi2(ttp)2 (1.9 mg, 0.0012 mmol) were added in c-octane (1.5 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles, purged with N2 and heated
at 120 "C under N2 for 15 hours. Excess c-octanc was removed by vacuum distillation. The
residue was purified by column chromatography on silica gel eluting with a solvent mixture
of hexane/CFhCh (1:1). Red solid, Rh(ttp)(6--octyl) 10a (6.9 mg, 0.0078 mmol, 53%) and
Rh(ttp)(/7-oclyl) 10b (3.4 mg, 0.0038 mmol, 26%) were collected and the product ratio was
calculated by 'l NMR integration.

Reaction of ¢c-Octane with 10:1 Mixture of Rh(ttp)H and Rh2(ttp)2. Rh(ttp)H (9.6 mg,
0.012 mmol) and Rh2(Up)2 (1.0 mg, 0.00065 mmol) were added in c-octane (1.5 mL). The red
reaction mixture was degassed for three freeze-thaw-pump cycles, purged with N2 and heated
at 120 "C under N2 for 15 hours. Exccss c-octane was removed by vacuum distillation. The
residue was purified by column chromatography on silica gel eluting with a solvent mixture
of hexane/CH2CI2 (1:1). Red solid Rh(ttp)(~-octyl) 10b (8.9 mg, 0.010 mmol, 73%) was
collected and was further recrystallized from CHzClIz/IVIeOH.

Reaction of c-Octanc with 10:1 Mixture of Rh(tmp)H and Rh"(tmp). Rh(tmp)H7(10.6
mg, 0.012 mmol) and Rh"(tmp)* (1.1 mg, 0.0012 mmol) were added in c-octane (1.5 mL).
The red reaction mixture was degassed for three freeze-thaw-pump cycles, purged with N2
and heated at 120 "C under N2 for 24 hours. Excess c-octane was removed by vacuum
distillation. The colourless organic distillate was added with benzene-*4 for 'H NMR
spectroscopy and c-octene was not observed. Degassed benzene-"[1 wasdded N2 for 'H
NMR spectroscopy. Red solution of Rh(tmp)H (90% vyield, estimated by “H NMR
spectroscopy) was obtained.

Reaction of c-octanc with Rh*'(tinp). Rh"(tmp) (10.6 mg, 0.0012 mmol) were added in c-

octane (1.5 mL). The red reaction mixture was degassed for three freeze-thaw-pump cycles,
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purged with N2 and heated at 120 °C under N2 for 24 hours. Excess c-octane was removed by
vacuum distillation. The colourless organic distillate was added with benzene-* for 'H NMR
spectroscopy and c-octene (40% vyield, estimated by 'H NMR) was observed. Degassed
benzcne-Jft was added N2 for 'n NMR spectroscopy. Red solution of Rh(tmp)H (86% yield,
estimated by 'H NMR spectroscopy) was obtained.

Attempt Synthesis of Rh(tnip)(c-octyl). A suspension of] Rh(tmp)QR0.0 mg, 0.022 mrnol)
in EtOH (5 mL) and a solution of NaBRi (3 mg, 0.087 mmol) in ag. NaOH (0.1 M, 0.4 mL)
were purged with N2 for 15 minutes separately. The solution of NaBFU was added slowly to
the suspension of Rh(tmp)CI via a cannula. The mixture was heated at 50 "C under N2 for 1
hour. The solution was then cooled to 30 "C under Nj and c-octyl bromide was added. A
reddish orange suspension was formed. After stirred at room temperature for another 15
minutes under N2, the reaction mixture was vacuum-distillated and the distillate was brought
to ”] NMR spectroscopy after extraction with C6D6/H20. c-Octene (77% yield, estimated by
'H NMR) was observed. The reddish orange residue was washed with degassed H20 (2x10
ml). The residue was dried by vacuum in the reaction tube, which was then protected with N2
and brought to analytical balance. Rh(tmp)H was obtained (17.1 mg, 0.19 mmol, 89%).
Degassed benzene-t4 was added to the reddish orange residue for 'H NMR spectroscopy in a

sealed NMR tube.

1 NaBhVNaOH, EtOH.
70, C, 2h, N2
Rh(tmp)CI ~ "Rh(tmp)(c-octyl)"- Rh(tmp)H + c-octene
2 c-octyl-Br, 0 °C. 15 min 89% 77%

1. NaBH*NaOH. EtOH.

70, C' 2h, N2

Rh(ttp)ClI Rh(ttp)(c-octyl

) 2. c-octyl-Br. 0 °C. 15 min (ttp)(c-octyl)
86%



The sterically less hindered Rh(ttp)Cl gave 86% yield of Rh(ttp)(c-octyl) via reductive
alkylation while more hindered Rh(tmp)Cl resulted in 89% yield of Rh(tmp)H but not
Rh(Imp)(c-oclyl).

Reaction of Rh(tinp)Cl and c-Octane with Potassium Carbonate in Benzene-</6.
Rh(tmp)CI* (4.0 mg, 0.0043 mmol), c-octane (11 jiL, 0.087 mmol) and potassium carbonate
(5.8 mg, 0.0420 mmol) were added into benzene-~4 (500 }iL) in a NMR tube. The red
mixture was degassed for three freezc-thaw-pump cycles and the NMR tube was flame-sealed
under vacuum. It was healed at 120 <C in the dark. It was monitored with 'H NMR

spectroscopy at particular lime intervals and the NMR vyields were taken.

benzene-de
K2CO3 (I0equiv)
Rh(ttp)Cl + c-octane Rh{ttp){/?-octyl) + Rh(ttp)H + c-octene (4)
20 equiv. 120 °C. 62 h 229% 54% 4 50%
benzene-de
K2CO3 (10 equnQ\ "
Rh{tmp)CI + c-octane - — — — - Rh"(tmp) + Rh(tmp)H + c-octene (15)
20 equiv 120, C,3d 46% 51% 28%

Rh(tmp)CI reacted with c-octane in henzene-de in the presence of K2CO3 and gave Rh"(tmp),
Rh(tmp)H and c-octene in 46%, 51% and 50% yields, respectively at 120 "C in 3 days.
Compared to Rh(ttp)Cl, Rh(tmp)CI is likely too bulky to react with the C-C bond of c-octane

to give Rh(tmp)(/7-octyl).
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Figure 1. The conformations of porphyrins showing the displacement of the core atoms and
of Rh from the 24-atom least squares plane of porphyrin core (in pm; negative values
correspond to displacement towards the alkyl group). Absolute values of the angles between
pyrrole rings and the least-squares plane, and angles between pyrrole rings and the least-
squares plane, and angles between phenyl substituents and the least-squares plane, are shown

in bold.
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Figure 2. Wireframe presentation of the molecular structures for 2a, 2b, 2e and S5a,

respectively.
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Figure 3. The conformations of porphyrins in 10b showing the displacement of the core
atoms and of Rh from the 24-atom least squares plane of porphyrin core (in pm; positive

values correspond to displacement towards the alkyi group). Absolute values of the angles
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between pyrrole rings and the least-squares plane, and angles between pyrrole rings and the
least-squares plane, and angles between phenyl substituents and the least-squares plane, are

shown in bold.

1/

Figure 4. Wireframe presentation of the molecular structures for 8 and 10b.

Table 2. Bond lengths [A] and angles [deg] for Rh(ttp)(c-hexyl) 2a.

Rh(1)-N(2) 2.012(3) C(12)-C(13) 1.345(7)
Rh(1)-N(4) 2.016(3) C(13)-C(14) 1.442(6)
Rh(1)-N(1) 2.021(3) C(14)-C(15) 1.390(6)
Rh(1)-N(3) 2.026(3) C(15)-C(16) 1.393(6)
Rh(1)-C(61) 2.093(5) C(15)-C(41) 1.506(6)
N(1)-C(l) 1.376(5) C(16)-C(17) 1.431(6)
N(1)-C(4) 1.381(5) C(17)-C(18) 1.346(6)
N(2)-C(6) 1.380(5) C(18)-C(19) 1.434(6)
N(2)-C(9) 1.383(5) C(19)-C(20) 1.401(6)
N(3)-C(Il) 1.377(5) C(20)-C(51) 1.493(6)
N(3)-C(14) 1.378(5) C(21)-C(22) 1.376(6)
N(4)-C(19) 1.371(5) : C(21)-C(26) 1.381(7)
N(4)-C(16) 1.388(5) C(22)-C(23) 1.387(7)
C(1)-C(20) 1.404(6) _ C(23)-C(24) 1.368(8)
c()-c{2) 1.433(6) A C(24)-C(25) 1.370(9)
C(2)-C(3) 1.336(6) C(24)-C(27) 1.523(7)
C(3)-C(4) 1.436(6) C(25)-C(26) 1.387(7)
C(4)-C(5) 1.395(6) C(31)-C(36) 1.379(7)
C(5)-C(6) 1.390(6) C(31)-C(32) 1.389(7)
C(5)-C(21) 1.496(6) C(32)-C(33) 1.382(7)
C(6).C(7) 1.445(6) C(33)-C(34) 1.371(8)
C(7)-C(8) 1.333(7) C(34)-C(35) 1.381(8)
C{8)-C(9) ' 1.445(6) C(34)-C(37) 1.520(7)
C(9)-C(10) 1.389(6) C(35)-C(36) 1.377(7)
C(10)-C(I) 1.392(6) C(41)-C(42) 1.365(6)
C(10)-C(31) 1.507(6) C(41)-C(46) 1.381(6)
C(11)-C(12) 1.447(6) C(42)-C(43) 1.383(6)
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C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(56)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54).C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(62)
C(61)-C(66)
C(62)-C(63).
C(63)-C(64)
C(64)-C(65)
C(65)-C(66)
CI(D-C(71)
CI(2)-C(71)

N(2)-Rh(1)-N(4)
N(2)-Rh(1)-N(1)
N(4)-Rh(1)-N(1)
N(2)-Rh(1)-N(3)
N(4)-Rh(1)-N(3)
N(1)-Rh(1)-N(3)
N(2)-Rh(1)-C(61)
N(4)-Rh(1)-C(61)
N(1)-Rh(1)-C(61)
N(3)-Rh(1)-C(61)
C(1)-M(1)-C(4)
C()-N {1)-Rh(1)
C(4)-N(1)-Rh(1)
C(6)-N(2)-C(9)
C(6)-N(2)-Rh(1)
C(9)-N(2)-Rh(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Rh(1)
C(14)-N(3)-Rh(1)
C(19)-N(4)-C(16)
C(19)-N(4)-Rh(])
C(16)-N(4)-Rh(])
N(1)-C(1)-C(20)
N()-C(1)-C(2)
C(20)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
N(1)-C(4)-C(5)
N C =C(3)
C(5)-C(4)-C(3)

1.363(7)
1.390(8)
1.509(7)
1.384(7)
1.371(6)
1.385(6)
1.378(6)
1.382(7)
1.371(8)
1.515(7)
1.406(7)
1.466(7)
1.479(8)
1.528(8)
1.489(9)
1.462(10)
1.531(8)
1.776(8)
1.713(9)

171.59(14)
89.93(14)
90.00(14)
90.33(14)
89.64(14)
179.25(14)
91.63(18)
96.77(18)
92.14(17)
88.56(18)
106.5(3)
126.0(3)
126.3(3)
106.7(4)
126.8(3)
126.5(3)
107.0(3)
126.1(3)
126.1(3)
106.4(3)
126.5(3)
127.0(3)
125.0(4)
109.3(4)
125.6(4)
107.5(4)
107.9(4)
125.4(4)
108.7(4)
125.8(4)

C(6)-C(5)-C(4)
C(6)-C(5)-C(21)
C(4)-C(5)-C(21)
N(2)-C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8).C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(Il)
C(9)-C(10)-C(31)

“C(I11)-C(10)-C(31)

N(3)-C(11)-C(10)
N(3)-C(11)-C(12)
C(10)-C(I-C(12)
C(13)-C(12)-C(IN)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(14)-C(15)-C(41)
C(16)-C(15)-C(41)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(4)-C(19)-C(20)
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(19)-C(20)-C(51)
C(1)-C(20)-C(51)
C(22)-C(21)-C(26)
C(22)-C(21)-C(5)
C(26)-C(21)-C(5)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(23)-C(24)-C(25)
C(23)-C(24)-C(27)
C(25)-C(24)-C(27)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)
C(36)-C(31)-C(32)
C(36)-C(31)-C(10)
C(32)-C(31)-C(10)
C(33)-C(32)-C(31)

124.2(4)
117.5(4)
118.3(4)
125.9(4)
109.2(4)
124.7(4)
107.3(4)
108.3(4)
125.9(4)
108.5(4)
125.6(4)
124.8(4)
117.3(4)
117.9(4)
125.7(4)
109.0(4)
«125.3(4)
107.2(4)
107.8(4)
125.1(4)
108.8(4)
125.8(4)
125.0(4)
117.4(4)
117.5(4)
124.3(4)
108.9(4)
126.5(4)
107.5(4)
107.6(4)
125.5(4)
109.3(4)
125.0(4)
124.0(4)
118.4(4)
>117.6(4)
117.9(4)
121.5(4)
120.5(4)
121.0(5)
121.2(5)
117.9(5)
121.0(6)
121.1(6)
121.6(6)
120.4(5)
117.5(5)
121.4(4)
121.0(4)
120.7(5)
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C(34)-C(33)-C(32)  121.7(5) C(52)-C(51)-C(20)  120.1(4)

C(33)-C(34)-C(35) 117.5(5) C(53)-C(52)-C(51) 120.8(5)
C(33)-C(34)-C(37) 122.1(5) C(52)-C(53)-C(54) 121.5(5)
C(35)-C(34)-C(37) 120.4(5) C(55)-C(54)-C(53) 117.5(5)
C(36)-C(35)-C(34) 121.4(5) C(55)-C(54)-C(57) 121.1(5)
C(35)-C(36)-C(31) 121.1(5) C(53)-C(54)-C(57) | 21.4(5)
C@42)-C41)-C46) 117.54) C(54)-C(55)-C(56) 121.6(5)
C(42)-C(41)-C(15) 121.9(4) C(51)-C(56)-C(55) 120.0(5)
C(46)-C(41)-C(15) 120.5(4) C(62)-C(61)-C(66) 114.6(5)
C(41)-C(42)-C(43) 121.3(5) C(62)-C(61)-Rh(1) 114.5(4)
C(44)-C(43)-C(42) 121.7(5) C(66)-C(61)-Rh(I) 114.5(4)
C(43)-C(44)-C(45) 117.2(4) C(61)-C(62)-C{63) 113.3(5)
C(43)-C(44)-C47) 121.7(5) C(64)-C(63)-C(62) 114.2(5)
C(45)-C(44)-C47) 121.1(5) C(65)-C(64)-C(63) 112.1(6)
C(46)-C(45)-C(44) 120.9(5) C(64)-C(65)-C(66) 114.3(6)
C(41)-C(46)-C(45) 121.0(5) C(61)-C(66)-C(65) 112.5(5)
C(56)-C(51)-C(52) 118.5(4) C1(2)-C(71)-C1(1) 114.9(6)

C(56)-C(51)-C(20)  121.4(4)

Table 3. Bond lengths [A] and angles [deg] for Rh(ttp)(c-penlyl) 2b.

Rh(1)-N(4) 2.014(6) C(9)-C(10) 395(9)
Rh(1)-N(1) 2.015(5) C(10)-C(Il) 393(9)
Rh(1)-N(3) 2.018(5) C(10)-C(31) 502(9)
Rh(1)-N(2) 2.019(5) C(11)-C(12) 442(9)
Rh(1)-C(61) 2.073(7) C(12)-C(13) .325(10
N(1)-C(1) 1.388(8) C(13)-C(14) . 446 (10
N EC(4) 1.394(8) C(14)-C(15) 401(10
N(2)-C(6) 1.364(8) C(15)-C(16) .392(10
N(2)-C(9) 1.376(8) C(15)-C(41) 503(10
N(3)-C(11) 1.375(8) C(16)-C(17) 453(10
N(3)-C(14) 1.384(8) C(17)-C(18) 347 (11
N(4)-C(16) 1.366(9) C(18)-C(19) *426(10
N(4)-C(19)- 1.380(9) C(19)-C(20) .402(10
C =IC(20) 1.386(9) C(20)-C(51) .491(9)
C(1)-C(2) 1.438(9) C(21)-C(22) 372(10
C(2)-C(3) 1.351(10) C(21)-C(26) 1397(10
C(3)-C(4) 1.435(9) C(22)-C(23) 397 (11
C(4)-C(5) 1.385(9) C(23)-C(24) 394(12
C(5)-C(6) 1.405(10) C(24)-C(25) 377 (11
C(5)-C(21) 1.488(9) C(24)-C(27) 517(10
C(6)-C(7) 1.432(10) C(25)-C(26) 376(10
C(7)-C(8) 1.344(10) C(31)-C(32) .372(10

C(8)-C(9) 1.435(9) C(31)-C(36) :385(10



C(32)-C(33)
C(33)-C(34)
C(34)-C(,35)
C(34)-C(37)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(52)
C(51).C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(62)
C(61)-C(65)
C(62)-C(63)
C(63)-C(64)
C(64)-C(65)
0(1)-C(71)

C(71)-C(72)

N(4)-Rh(1)-N(1)
N(4)-Rh(1)-N(3)
N(1)-RIi(1)-N(3)
NI rRh(1)-N(2)
N(1)-Rh(1)-N(2)
N(3)-Rh(1)-N(2)
N(4)-Rh(1)-C(61)
N(1)-Rh(1)-C(61)
N(3)-Rh(1)-C(61)
N(2)-Rh(1)-C(61)
C(1)-N(1).C(4)
C(1)-N(1)-Rh(1)
,C(4)-N(1)-Rh(1).
C(6)-N(2)-C(9)
C(6)-N(2).Rh(1)
C(9)-N(2)-Rh(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Rh(1)
C(14).N(3)-Rh(])
C(16)-N(4)-C(19)
C(16)-N(4)-Rh(10
C(19)-N(4)-Rh(])-
C(20)-C(1)-N(1)

1.405(11)
1.362(13)
1.366(12)
1.529(12)
1.382(11)
1.373(11)
1.384(11)
1.370(11)
1.372(12)
1.387(13)
1.514(11)
1.368(11)
1.371(11)
1.382(10)
1.425(12)
1.362(13)
1.381(12)
1.515(11)
1.383(10)
1.453(12)
1.479(12)
1.512(13)
1.518(14)
1.533(13)
1.481(9)

1.587(9)

89.8(2)
90.3(2)
179.8(2)
172.2(2)
90.3(2)
89.6(2)
91.6(3)
92.5(3).
87.7(3)
96.1(3)
106.3(5)
127.2(4)
125.6(4)
106.9(5)
126.3(4)
126.7(4)
106.4(5)
126.1(4)
126.4(5)
106.6(6)
126.5(5)
126.9(5)
124.7(6)

C(20)-C(1)-C(2)
N(1)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(5).C(4)-N(1)
C(5)-C(4)-C(3)
NEC(4)-C(3)
C(4)-C(5)-CX6)
C(4)-C(5)-C(21)
C(6)-C(5)-C(21)
N(2)-C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-C(31)
C(9)-C(10)-C(31)
N(3)-C(11)-C(10)
N(3)-C(11)-C(12)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(16)-C(15)-C(41)
C(14)-C(15)-C(41)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(4)-C(19)-C(20)
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(1)-C(20)-C(19)
C(1)-C(20)-C(51)
C(19)-C(20)-C(51)
C(22)-C(21)-C(26)
C(22)-C(21)-C(5)
C(26)-C(21)-C(5)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-C(27)

125.8(6)
109.5(6)
107.2(6)
108.3(6)
125.2(6)
126.0(6)
108.7(6)
124.4(6)
117.5(6)
118.1(6)
125.5(6)
109.4(6)
125.0(6)
107.2(6)
107.5(6)
124.8(6)
108.7(6)
126.0(6)
124.3(6)
117.4(6)
118.3(6)
125.2(6)
109.1(6)
125.6(6)
108.0(6)
107.7(6)
125.2(6)
108.8(6)
126.1(6)
124.2(7)
118.6(6)
117.2(6)
126.6(7)
109.3(6)
124.1(7)
106.7(6)
107.8(7)
125.6(6)
109.6(6)
124.8(7)
124.6(6)
118.5(6)
116.9(6)

117.8(7)
121.7(6)
120.5(6)
120.9(7)
121.0(8)
117.6(7)
121.5(8)
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C(23)-C(24)-C(27)  120.9(8) C(46)-C(45)-C(44)  120.8(8)

C(26)-C{25)-C(24)  121.4(8) C(45)-C(46)-C(41)  121.7(8)
C(25)-C(26)-C(21)  121.3(7) C(52)-C(51)-C(56)  118.4(7)
C(32)-C(31)-C(36)  117.3(7) C(52)-C(51)-C(20)  120.4(7)
C(32)-C(31)-C(10)  121.0(6) C(56)-C(51)-C(20)  121.2(6)
C(36)-C(31)-C(10)  121.7(6) C(51)-C(52)-C(53)  120.2(8)
C(31)-C(32)-C(33)  120.9(7)

C(34)-C(33)-C(32)  120.9(8) C(54)-C(53)-C(52)  120.9(8)
C(33)-C(34)-C(35)  118.5(8) C(53)-C(54)-C(55)  118.3(7)
C(33)-C(34)-C(37)  120.4(9) C(53)-C(54)-C(57)  119.8(9)
C(35)-C(34)-C(37)  121.2(9) C(55)-C(54)-C(57)  121.8(9)
C(34)-C(35)-C(36)  121.1(8) C(54)-C(55)-C(56)  121.3(8)
C(35)-C(36)-C(31)  121.3¢7) C(51)-C(56)-C(55)  121.0(7)
C(42)-C(41)-C(46)  117.1(7) C(62)-C(61)-C(65)  104.9(8)
C(42)-C(41)-C(15)  122.0(7) C(62)-C(61)-Rh(l)  117.5(6)
C(46)-C(41)-C(15)  120.8(7) C(65)-C(61)-Rh(l)  118.1(6)
C(43)-C(42)-C(41)  121.4(8) C(61)-C(62)-C(63)  105.5(8)
C(42)-C(43)-C(44)  121.7(8) C(62)-C(63)-C(64)  104.7(8)
C(43)-C(44)-C(45)  117.4(7) C(63)-C(64)-C(65)  105.9(8)
C(43)-C(44)-C(47)  122.009) C(61)-C(65)-C(64)  104.3(8)
C(45)-C(44)-C(47)  120.6(9) 0(1)-C(71)-C(72)  144.7(14)

Table 4. Bond lengths [A] and angles [deg] for Rh(ttp)(w-heptyl) 2e.

Rh(1)-N(3) 2.013(2) “C(10)-C(I) 1.394(4)
Rh(1)-N(1) 2.015(2) C(10)-C(31) 1.503(4)
Rh(1)-N(4) 2.021(2) C(11)-C(12) 1.432(4)"
Rh(1)-N(2) 2.026(2) C(12)-C(13) 1.340(4)
Rh(1)-C(61) 2.048(3) C(13)-C(14) 1.435(4)
N *C[ 1.371(3) C(14)-C(15) 1.393(4)
N EC(4) 1.381(3) C(15)-C(16) 1.393(4)
N EC(6) 1.377(3) C(15)-C(41) 1.503(4)
N(2KX9) 1.377(3) C(16)-C(17) 1.431(4)
N(3)-C(14) 1.378(3) C(17)-C(18) 1.341(4)
N(3)-C(11) 1.380(3) C(18)-C(19) 1.433(4)
N(4)-C(19) 1.374(3) C(19)-C(20) 1.388(4)
N(4)-C(16) 1.379(3) C(20)-C(51) 1.505(4)
C(1)-C(20) 1.393(4) »C(21)-C(26) 1.346(5)
C(1)-C(2) 1.439(4) C(21)-C(22) 1.353(5)
C(2)-C(3) 1.340(4) C(22)-C(23) 1.389(5)
C(3)-C(4) 1.437(4) C(23)-C(24) 1.358(6)
C(4)-C(5)° * 1.388(4)  ° C(24)-C(25) 1.329(5)
C(5)-C(6). 1.399(4) C(24)-C(27) 1.514(4)
C(5)-C(21) 1.506(4) C(25)-C(26) 1.399(5)
C(6)-C(7) 1,432(4) C(31)-C(36) 1.383(5)
C(7).C(8) 1.341(4) C(31)-C(32) 1.384(4)
C(8)-C(9) 1.440(4) C(32)-C(33) 1.387(5)

C(9)-C(10) 1.400(4) C(33).C(34) 1.364(7)



C(34)-C(35)
C(34)-C(37)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(56)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(62)
C(62)-C(63)
C{63)-C(64)
C(64)-C(65)
C(65)-C(66)
C(66)-C(67)

N(3)-Rh(1)-N(1)
N(3)-Rh(1)-N(4)
N(1)-Rh(1)-N(4)
N(3)-Rh(1)-N(2)
N(1)-Rh(1)-N(2)
N(4)-Rh(1)-N(2)
N(3)-Rh(1)-C(61)

N(1)-Rh(I)-C(61)-

N(4).Rh(1)-C(61)
N(2)-Rh(1)-C(61)
C(1)-N(1)-C(4)
c(1)-N()-Rh(1)
C(4)-N(I)-Rh(l)
C(6)-N(2)-C(9)
C(6)-N(2)-Rh(I)
C(9)-N(2)-Rh(I)
C(14)-N(3)-C(I1)
£(14)-N(3)-Rh(1)
C(11)-N(3)-Rh(l)
C(19)-N(4)-C(16)
C(19)-N(4)-Rh(l)
C(1i6)-N(4)-Rh(1)
N(1)-C(I)-C(20)
N(1)-C(1)-C(2)
C(20)-C(1)-C(2)
C(3)-C(2)-C(l)

1.375(6)
1.526(5)
1.393(5)
1.365(4)
1.379(4)
1.393(4)
1.373(5)
1.357(5)
1.518(4)
1.387(4)
1.355(5)
1.365(5)
1.390(5)
1.353(6)
1.352(5)
1.518(5)
1.388(5)
1.329(6)
1.519(6)
1.383(10)
1.396(10)
1.367(12)
1.384(11)

173.93(9)
90.31(8)
89.88(9)
89.49(9)
90.49(9)
178.36(9)
91.73(12)
94.34(12)
89,76(11)
88.62(11)
106.8(2)
126.96(18)
126.16(18)
107.0(2)
125.64(18)
125.97(18)
106.8(2)
126.06(17)
127.01(18)
106.6(2)
126.37(17)
125.61(17)
125.5(2)-
109.4(2)
125.0(3)
107.0(3)

C(2)-C(3)-C(4)
N(1>C(4)-C(5)
N(1)-C(4)-C(3)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-C(21)
C(6)-C(5)-C(21)
N(2)-C(6)-C(5)
N(2).C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C<8)
C(11)-C(10)-C(9)
C(I)-C(10)-C(31)
C(9)-C(10)-C(31)
N(3)-C(11)-C(10)
N(3)-C(11)-C(12)
C(10)-C(I1)-C(12)
C(13)-C(12)-C(Il)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(16)-C(15)-C(41)
C(14)-C(15)-C(41)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(4)-C(19)-C(20)-
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(19)-C(20)-C(51)
C()-C(20)-C(51)
C(26)-C(21)-C(22)
C(26)-C(21)-C(5)
C(22)-C(21)-C(5)
C(21)-C(22).C(23)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-C(27)
C(23)-C(24)-C(27)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)

108.2(3)
125.6(2)
108.5(2)
125.6(3)
125.0(2)
116.7(3)
118.3(2)
124.9(2)
108.9(2)
126.2(3)
107.8(2)
107.7(2)
125.1(2)
108.5(2)
126.2(2)
123.9(2)
118.2(2)
117.8(2)
124.9(2)
108.6(2)
126.2(2)
107.8(2)
107.7(2)
125.3(2)
108.7(2)
125.9(2)
124.7(2)
117.6(2)
117.6(2)
124.9(2)
109.3(2)
125.7(3)
107.3(2)
107.9(2)
125.5(2)
108.9(2)
125.5(2)
124.7(2)
117.8(2)
117.4(2)

117.2(3)

120.6(3)
122.3(3)
121.5(4)
121.4(4)
116.7(3)
122.5(4)
120.9(4)
122.6(4)
120.6(4)



C(36)-C(31)-C(32)
C(36)-C(31)-C(10)
C(32)-C(31)-C(10)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(33)-C(34)-C(37)
C(35)-C(34)-C(37)
C(34)-C(35)-C(36)
C(31)-C(36)-C(35)
C(42)-C(41)-C(46)
C(42)-C(41)-C(15)
C(46)-C(41)-C(15)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(45)-C(44)-C(43)
C(45)-C(44)-C(47)
C(43)-C(44)-C(47)

Rh(1)-N(2).
Rh(1)-N(1)
Rh(I)-N(3)
Rh(1)-N(4)
Rh(l)-C(61)
N(1)-C(1)
N{1)-C(4)
N(2)-C(6)
N(2)-C(9)
N(3)-C(I1)
N(3)-C(14)
N(4)-C(16)
N(4)-C(19)
C(1)-C(20)
C HC(2)
C(2)-C(3)
C(3)-C(4)
C(4H-C(5)
C(5)-C(6)
C(5)-C(21)
C(6)-C(7)
C(7).C(8)
C(8)-C(9)
C(9)-C(10)

117.8(3)
121.3(3)
120.9(3)
120.7(4)
121.6(4)
118.2(3)
121.6(5)
120.1(5)
120.9(4)
120.8(4)
118.1(3)
121.7(3)
120.2(3)
120.6(3)
121.5(3)
117.3(3)
121.7(3)
121.0(3)

Table 5. Bond lengths [A] and angles [deg] for Rh(ttp)(c-

2.021(8)

2.023(8)

2.029(8)

2.032(8)

2.125(14)
1.376(12)
1.406(12)
1.377(12)
1.403(12)
1.361(12)
1.379(12)
1.370(13)
1.377(13)
1.392(14)
1.431(14)
1.308(14)
1.413(14)
1.378(14)
1.411(14)
1.479(13)
1.427(13)
1.335(14)
1.415(13)
1.402(13)

C(44)-C(45)-C(46)
C(41)-C(46)-C(45)
C(56)-C(51)-C(52)
C(56)-C(51)-C(20)
C(52)-C(51)-C(20)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(55)-C(54)-C(53)
C(55)-C(54)-C(57)
C(53)-C(54)-C(57)
C(54)-C(55)-C(56)
C(51>C(56)-C(55)
C(62)-C(61)-Rh(l)
C(61)-C(62)-C(63)
C(64)-C(63)-C(62)
C(63)-C(64)-C(65)
C(66)-C(65)-C(64)
C(65)-C(66)-C(67)

heptyl) 5a.

C(10)-C(I)
C(10)-C(31)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(15)-C(41)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(51)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(27)
C(25)-C(26)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)

122.1(3)
120.4(3)
117.5(3)
121.8(3)
120.7(3)
120.8(3)
121.8(4)
116.9(3)
121.4(4)
121.7(4)
122.1(4)
120.8(3)
123.3(3)
120.9(5)
115.2(6)
130.4(10)
132.0(12)
122.5(11)

1.372(14)
1.508(13)
1.458(13)
1.324(15)

.1.458(15)

1.387(14)
1.413(15)
1.518(14)
1.425(14)
1.343(15)
1.447(14)
1.391(14)
1.517(14)
1.373(15)
1.396(15)
1.39906)
1.362(17)
1.359(17)
1.549(16)
1.384(15)
1.364(16)
1.385(15)
1.408(15)
1.372(19)



C(34>C(35)
C(34)-C(37)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(56)
C(51)-C(52)
C(52)-C(53)
C(53)-G(54)
C(54).C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(67)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(64)-C(65)
C(65)-C(66)
C(66)-C(67)
CI(1)-C(68)

CI(2)-C(68)

N(2)-Rh(1)-N(1)
N(2)-Rh(1)-N(3)
N(1)-Rh(1)-N(3)
N(2)-Rh(1)-N(4)
N(1)-Rh(1)-N(4)
N(3)-Rh(1)-N(4)
N(2)-Rh(1)-C(61)
N(1)-Rh(1)-C(61)
N(3)-Rh(1)-C(61)
N(4)-Rh(1)-C(61)
C(1>N(1).C(4)
C(1)-N(1)-Rh(1)
C(4)-N(1)-Rh(1)
C(6)-N(2).C(9)
BI-N(2)-Rh [
C(9)-N(2)-Rh(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Rh(1)
C(14)-N(3)-Rh(1)
C(16)-N(4)-C(19)
C(16)-N(4)-RJi(1)
C(19)-N(4)-Rh(1)
N(1)-C(1)-C(20)

1.34(2)
1.471(18)
1.446(17)
1.363(16)
1.368(16)
1.398(17)
1.381(19)
1.343(18)
1.513(16)
1.403(16)
1.354(15)
1.368(17)
1.373(19)
1.38(2)

1.342(19)
1.526(16)
1.385(16)
1.385(19)
1.459(19)
1.32(3)

1.32(3)

1.40(3)

1.42(2)

1.47(2)

1.784(10)
1.786(10)

90.0(3)
90.1(3)
171.0(3)
179.4(4)
89.6(3)
90.2(3)
91.6(5)
96.0(5)
93.0(5)
88.8(5)
106.5(8)
127.4(7)
126.0(6)
106.0(8)
126.8(6)
126.0(7)
108.1(8)
126.2(6)
125.7(7)
106.9(9)
126.9(7)
125.3(7)
123.9(10)

N(D-C(D)-C(2)
C(20)-C()-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(5)-C(4)-N(1)
C(5)-C(4)-C(3)

N £C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-C(21)
C(6)-C(5)-C(21)
N(2)-C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
C(10)-C(9)-N(2)
C(10)-C(9)-C(8)
N(2)-C(9)-C(8)
C(11)-C(10)-C(9)
C(11)-C(10)-C(31)
C(9)-C(10)-C(31)
N(3)-C(n)-C(10)
N(3)-C(I1)-C(12)
C(10)-C(11)-C(12)
C(13)-C(12)-C(Il)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(14)-C(15)-C(41)
C(16)-C(15)-C(41)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(4)-C(19)-C(20)
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(19)-C(20)-C(1)
C(19)-C(20)-C(51)
C(1)-C(20)-C(51)
C(22)-C(21)-C(26)
C(22)-C(21)-C(5)
C(26)-C(21)-C(5)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-C(27)

108.3(9)
127.4(10)
107.8(9)
110.0(10)
124.9(9)
127.9(9)
107.0(8)
125.6(9)
117.8(9)
116.6(9).
123.8(9).
109.4(8),
126.4(9)"
107.3(9)
109.0(9)
123.8(9)
127.8(9)
108.2(8)
125.3(9)
117.9(9)
116.8(9)
126.7(9)
108.0(9)
125.0(9)
108.4(9)
107.2(9)
126.8(9)
108.2(9)
125.0(9)
124.7(9)
117.9(9)
117.4(9)
124.809). 11
109.3(9)“
125.9(9)
108.1(9)
106.8(9)
125.6(9)
108.7(9)
125.5(9)
125.2(9)
118.3(9)
116.4(9)
117.2(10)
122.8(10)
120.0(10)
120.5(11)
121.3(11)
118.9(11)
120.8(12)
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C(23)-C(24)-C(27)
C(24)-C(25)-C(26)
C(25)-C(26)-C(21)
C(36)-C(31)-C(32)
C(36)-C(31)-C(10)
C(32)-C(31)-C(10)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(35)-C(34)-C(33)
C(35)-C(34)-C(37)
C(33)-C(34)-C(37)
C(34)-C{35)-C(36)
C(31)-C(36)-C(35)
C(42)-C(41)-C(46)
C(42)-C(41)-C(15)
C(46)-C(41)-C(15)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(45)-C(44)-C(43)
C(45)-C(44)-C(47)
C(43)-C(44)-C(47)
C(44)-C(45)-C(46)

Rh(1)-N(2)
Rh(1)-N(4)
Rh(1)-N(3)
Rh(D)-N(I)
Rh(1)-C(61)
N(D-C(I)
N(1)-C(4)
N(2)-C(6)
NZC(9).
N(3)-C(11)
N(3)-C(14)
N(4)-C(16)
N(4)-C(19)

C =C(20)

C LIC(2)
C(2)-C(3)
C(3)-C(4),
C(4)-C(5)
C(5)-C(6)
C(5)-C(21)

120.3(12)
120.6(12)
121.4(11)
118.7(10)
119.7(10)
121.6(9)

120.3(11)
121.8(12)
117.5(11)
121.5(15)
121.0(15)
122.7(13)
118.9(13)
119.1(11)
119.6(11)
121.3(11)
119.6(13)
121.9(13)
117.4(12)
122.9(14)
119.7(14)

121.8(13)

2.013(2)
2.016(2)
2.019(2)
2.021(2)
2.104(3)
1.373(3)
1.382(3)
1.374(3)
1.386(4)
1.373(3)
1.381(3)
1.374(3)
1.382(3)
1.391(4)
1.439(4)
1.352(4)
1.434(4)
1:391(4)
1.387(4)
1.501(4)

C(41)-C(46)-C(45)
C(56)-C(51)-C(52)
C(56)-C(51)-C(20)
C(52)-C(51)-C(20)
C(51)-C(52)-C(53)
C(52)-C(53)-C(54)
C(55)-C(54)-C(53)
C(55)-C(54)-C(57)
C(53)-C(54)-C(57)
C(54)-C(55)-C(56)
C(51)-C(56)-C(55)
C(67)-C(61)-C(62)
C(67)-C(61)-Rh(l)
C(62)-C(61)-Rh(l)
C(63)-C(62)-C(61)
C(64)-C(63)-C(62)
C(63)-C(64)-C(65)
C(64)-C(65)-C(66)
C(65)-C(66)-C(67)
C(61)-C(67)-C(66)
C1(1)-C(68)-C1(2)

Table 6. Bond lengths [A] and angles [deg] for Rh{ttp)(cycloheptatrieny1) 8.

C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(tl)
C(10)-C(31)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(15)-C(41)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(51)
C(21)-C(26)
C(21)-C(22)
C{22)-C(23)

120.3(12)
116.1(M)
122.4(10)
121.4(10)
121.4(14)
121.4(15)
116.6(12)
122.1(14)
121.3(15)
121.1(12)
122.4(12)
124.0(14)
116.5(10)
115.4(9)
124.6(17)
140(3)
121(2)
117(2)
123.8(16)
123.8(14)
111.2(14)

1.448(4)
1.343(4)
1.436(4)
1.396(4)
1.3Q9(4)
1.500(4)
1.432(4)
1.342(4)
1.435(4)
1.394(4)
1.396(4)
1.496(3)
1.439(4)
1.342(4)
1.433(4)
1.401(4)
1.502(3)
1.372(4)
1.385(4)
1.387(4)
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C(23)-C(24)
C(24)-C(25)
C(24)-C(27)
C(25)-C(26)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(34)-C(37)
C(35)-C(36)
C(41)-C(46)
C(41)-C(42)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(56)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(67)
C(61)-C(62)
C(62)-C(63)
C(62)-C(63")
C(63)-C(64)
C(63>C(64)
C(64)-C(65)
C(65)-C{66)
C(66)-C(67)

N(2)-Rh(1)-N(4)
N{2)-Rh(1)-N(3)
N(4)-Rh(I)-N(3)
N(2)-Rh(D)-N(I)
N(4)-Rh(D)-N(1)
N(3)-Rh(1)-N(I)
N(2)-Rh(I)-C(61)
N(4)-Rh(1)-C(61)
N(3)-Rh(i).C(61)
N(1)-Rh(1)-C(61)
C(I)-N =IC (4)
C(1)-N(1)-Rh(1)
C(4)-N(1)-Rh(1)
C(6)-N(2)-C(9)
C(6)-N(2)-Rh(1)

1.366(5)
1.375(5)
1.511(4)
1.389(4)
1.377(4)
1.380(4)
1.381(4)
1.366(5)
1.374(6)
1.517(5)
1.380(5)
1.363(4)
1.381(4)
1.391(4)
1.376(5)
1.374(5)
1.510(4)
1.397(4)
1.371(4)
1.381(4)
1.394(5)
1.381(5)
1.349(5)
1.522(4)
1.384(4)
1.444(4)
1.458(4)
1.425(6)
1.447(7)
1.492(8)
1.533(8)
1.442(6)
1.459(6)
1.449(5)

170.62(9)
90.18(9)
90.05(8)
89.94(9)
89.74(9)
179.39(9)
92.42(12)
96.94(12)
91.85(15)
88.75(15)
106.8(2)
125.87(17)
126.26(17)
107.0(2)
126.70(18)

C(9)-N(2)-Rh(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Rh(1)
C(14)-N(3)-Rh(1)
C(16)-N(4)-C(19)
C(16)-N(4)-Rh(1)
C(19)-N(4)-Rh(1)
N(1)-C(1)-C(20)
N(1)-C HC(2)
C(20)-C(1)-C(2)
C(3)-C(2)-C(l)
C(2)-C(3)-C(4)

N CC(4)-C(5)
N(1)-C(4)-C(3)
C(5)-C(4)-C(3)
C(6)-C(5)-C(4)
C(6)-C(5)-C(21)
C(4)-C(5)-C(21)
N=C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(l1)
C(9)-C(10)-C(31)

C(11)-C(10)-C(31)
N(3)-C(11)-C(10)
N(3)-C(I)-C(12)
C(10>C(11)-C(12)
C(13)-C(12)-C(Il)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)
N(3)-C(14)-C(13)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(14)-C(15)-C(41)
C(16)-C(15)-C(41)
N(4)-C(16)-C(15)
N(4)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17>C(18)-C(19)
N(4)-C(19)-C(20)
N(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(1)-C(20)-C(19)

126.29(18)
106.5(2)
126.91(17)
125.72(16)
106.5(2)
126.56(17)
126.86(17)
125.6(2)0
109.2(2) *
125.1(2)
107.4(2)
107.3(2)
125.5(2)
109.2(2)
125.2(2)
124.3(2)
117.42)
118.2(2)
126.3(2)
108.8(2)
125.0(3)
107.6(3)
107.8(3)
125.9(2)
108.8(2)
125.0(3)
124.4(2)
117.3(2)

118.3(2)
125.0(2)
109.4(2)
125.6(2)
107.6(2)
107.5(2)
125.2(2)
109.0(2)
125.6(2)
124.4(2)
118.0(2)
117.6(2)
125.2(2)
108.9(2)
125.6(2)
107.6(2)
107.5(2)
124.42)
109.1(2)
126.0(2)
124.3(2)



C()-C(20)-C(51)  117.7(2) C(45)-C 4)-C(47)  120.4(3)

C(19)-C(20)-C(51)  117.9(2) C(43)-C 4)-C(47)  121.7(3)
C(26)-C(2D)-C(22)  118.0(3) C(44)-C 5)-C(46)  120.9(3)
¢ C(26)-C(21)-C(5)  121.4(3) C(41)-C 6)-C(45)  121.2(3)
C(22)-C(21)-C(5)  120.5(3) C(56)-C 1)-C(52)  118.2(3)
C(21)-C(22)-C(23)  120.1(3) C(56)-C 1)-C(20)  121.6(3)
C(24)-C(23)-C(22)  122.1(3) C(52)-C 1)-C(20)  120.2(3)
C(23)-C(24)-C(25)  117.4(3) C(51)-C 2>C(53)  119.7(3)
C(23)-C(24)-C(27)  120.9(3) C(54)-C 3)-C(52) 121.7(3)
C(25)-C(24)-C(27)  121.7(3) C(55)-C 4)-C(53)  117.1(3)
C(24)-C(25)-C(26)  121.3(3) C(55)-C 4)-C(57)  121.4(4)
C(21)-C(26)-C(25)  121.0(3) C(53)-C 4)-C(57)  121.4(4)
C(36)-C(31)-C(32)  118.1(3) C(54)-C 5)-C(56)  122.2(3)
C(36)-C(31)-C(10)  119.9(3) C(51)-C 6)-C(55)  120.7(3)
C(32)-C(31)-C(10)  122.0(2) C(67)-C 61)-C(62)  123.8(3)
C(31)-C(32)-C(33)  120.7(3) C(67)-C 61)-Rh(l)  115.0(2)
C(34)-C(33)-C(32)  121.5(3) C(62)-C 61)-Rh(l)  116.6(2)
C(33)-C(34)-C(35)  117.6(3) C(63)-C 62)-C(63")  52.1(6)
C(33)-C(34)-C(37)  121.4(4) C(63)-C 62)-C(61)  126.5(5)
C(35)-C(34)-C(37)  121.0(4) C(63>C 62)-C(61)  118.9(6)
C(34)-C(35)-C(36)  121.8(3) C(62)-C 63)-C(64)  118.5(6)
C(31)-C(36)-C(35)  120.4(3) C(62)-C 63)-C(64)  114.5(6)
C(46)-C(41)-C(42)  118.1(3) C(65)-C 64)-C(63)  122.2(6)
C(46)-C(41)-C(15)  121.9(2) C(65)-C 64)-C(63") -114.1(6)
C(42)-C(41)-C(15)  120.0(2) C(63)-C 4)-C(63)  49.3(6)
C(41)-C(42)-C(43)  120.9(3) C(64)-C 65)-C(66)  120.9(5)
C(44)-C(43)-C(42)  121.0(3) C(67)-C 6)-C(65)  124.7(4)
C(45)-C(44)-C(43)  117.9(3) C(61)-C 7)-C(66)  123.8(4)

Table 7. Bond lengths [A] and angles [deg] for Rh(tlp)(«-octyl) 10b.

Rh(1)-N(1) 2.017(3) C(2)-C(3) 1.341(5)
Rh(1)-N(3) 2.019(3) C(3)-C(4) 1.436(5)
Rh(1)-N(2) 2.024(3) C(4)-C(5) 1.395(5)
Rh(1)-N(4) 2.030(3) C(5)-C(6) 1.397(5)
Rh(1)-C(61) 2.031(4) C(5)-C(21) 1.504(5)
N(1)-C(4) 1.373(4) C(6)-C(7) 1.429(5)
N(-C(l) ¢ 1.383(4) C(7)-C(8) 1.342(5)
N(2)-C(6) 1.374(4) C(8)-C(9) 1.435(5)
N(2)-C(9) 1.382(4) C(9)-C(10) 1.383(5)
N(3).C(11) 1.377(4) .C(10)-C(Il) 1.396(5)
N(3)-C(14) 1.383(4) C(10)-C(31) 1.508(5)
N(4)-C(16) 1.378(4) C(11)-C(12) 1.439(5)
N(4)-C(19) 1.382(4) C(12)-C(13) 1.336(5)
C(1)-C(20) 1.388(5) C(13)-C(14) 1.439(5)

C(1)-C(2) 1.433(5) C(14)-C(15) 1.386(5)



C(15)-C(16)
C(15)-C(41)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19>C(20)
C(20)-C(51)
C(21)-C(22)
C(21)-C(26)
C(22).C(23)
C(23)-C(24)
C(24)-C(25)
C(24)-C(27)
C(25)-C(26)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(34)-C(37)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(44)-C(47)
C(45)-C(46)
C(51)-C(56)
C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(54)-C(57)
C(55)-C(56)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)
C(63)-C(64")
C(64)-C(65)
C(64")-'C(65"
C(64')-C(66)
C(65)-C(66)
C(65')-C(66)
C(66)-C(67)
C(67)-C(68)

1H(1)-Rh(1)-N(3)
N{1)-Rh(1)-N(2)
N(3)-Rh(1)-N(2)

1.403(5)
1.502(5)
1.443(5)
1.347(5)
1.435(5)
1.395(5)
1.502(5)
1.359(6)
1.367(6)
1.397(6)
1.359(7)
1.361(7)
1.523(6)
1.386(6)
1.369(5)
1.383(5)
1.401(6)
1.368(6) 0
1.368(6)
1.527(6)
1.385(6)
1.379(6)
1.381(6)
1.399(6)
1.373(8)
1.370(8)
1.529(7)
1.381(6)
1.356(6)
1.364(6)
1.398(6)
1.357(7)
1.345(7)
1.513(6)
1.405(6)"
1.5272(11)
1.506(7)
1.498(10)
1.525(10)
1.526(10)
1.521(10)
2.03(3)
1.501(10)
1.514(10)
1.534(10)
1.490(9)

173.83(11)
89.97(11)
90.24(11)

N(I>Rh(1)-N(4)
N(3)-Rh(1)-N(4)
N(2)-Rh(1)-N(4)
N(1)-Rh(1)-C(61)
N(3)-Rh(1)-C(61)
N(2)-Rh(1)-C(61)
N(4)-Rh(1)-C(61)
C(4)-N(1)-C(1)
C(4)-N(D)-Rh(1)
C(1)-N(1)-Rh(1)
C(6)-N(2)-C(9)
C(6)-N(2)-Rh(1)
C(9)-N(2)-Rh(1)
C(11)-N(3)-C(14)
C(11)-N(3)-Rh(1)
C(14)-N(3)-Rh(1)
C(16)-N(4)-C(19)
C(16)-N(4)-Rh(1)
C(19)-N(4)-Rh(1)
N(1)-C(1)-C(20)
N(1)-C(1)-C(2)
C(20)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
N()-C(4)-C1{5)
N(1)-C(4)-C(3)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-C(21)
C(6)-C(5)-C(21)
N(2)-C(6)-C(5)
N(2)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(7)-C(6)
C(7)-C(8)-C(9)
N(2)-C(9)-C(10)
N(2)-C(9)-C(8)
C(10)-C(9)-C(8)
C(9)-C(10)-C(Il)
C(9)-C(10)-C(31)
C(ir)-C(10)-C(31)
N(3)-C(11)-C(10)
N(3)-C(I)-C(12)
C(10)-C(I1)-C(12)
C(13)-C(12)-C(IN)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)

‘N(3)-C(14)-C(13)

C(15)-C(14)-C(13)
C(14)-C(15)-C(16)

90.42(11)
89.54(11)
178.47(11
94.91(16)
91.25(16)
90.78(13"
87.71(15)
107.0(3)
126.8(2)
126.1(2)
106.6(3)
126.7(2)
125.4(2)
107.2(3)
125.9(2)
126.7(2)
107.2(3)
126.0(2)
125.5(2)
125.9(3)
108.4(3)
125.5(3)
108.1(3)
107.4(3)
125.6(3)
109.0(3)
125.3(3)
124.7(3)
117.5(3)
117.7(3)
125.2(3)
109.3(3)
125.5(3)
107.7(3)
107.6(3)
125.4(3)
108.8(3)
125.7(3)
124.6(3)
117.6(3)
117.7(3)
125.3(3)
108.4(3)
126.2(3)
108.0(3)
107.8(3)
125.1(3)
108.2(3)
126.4(3)
124.3(3)
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C(14)-C(15)-C(41)
C(16)-C(15)-C(4l]
N(4)-C(16)-C(15)

N(4)-C(16)-C(17)

C(15)-C(16>C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(4)-C(19)-C(20)

N(4)-C(19)-C(18)

C(20)-C(19)-C(18)
C(1)-C(20)-C(19)

C()-C(20)-C(51)

C(19)-C(20)-C(51)
C(22)-C(21)-C(26)
C(22)-C(21)-C(5)

C(26)-C(21)-C(5)

C(21)-C(22)-C(23)
G(24)-C(23)-C(22)
C(23)-C(24)-C(25)
C(23)-C(24)-C(27)
C(25)-C(24)-C(27)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)
C(32)-C(31)-C(36)
C(32)-C(31)-C(10)
C(36)-C(31)-C(10)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(35)-C(34)-C(33)
C(35)-C(34)-C(37)
C(33)-C(34)-C(37)
C(34)-C(35>C(36)
C(31)-C(36)-C(35)
C(42)-C(41)-C(46)
C(42)-C(41)-C(15)
C(46)-C(41)-C(15)
C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(45)-C(44)-C(43)
C(45)-C(44)-C(47)
C(43)-C(44)-C(47)
C(44)-C(45)-C(46)
C(45)-C(46)-C(41)
C(56)-C(51)-C(52)
C(56)-C(51)-C(20)
C(52)-C(51)-C(20)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(55)-C(54)-C(53)
C(55)-C(54)-C(57)

118.5(3)
117.2(3)
125.0(3)
108.5(3)
126.5(3)
107.7(3)
107.7(3)
125.1(3)
108.8(3)
126.1(3)
124.8(3)
117.0(3)
118.2(3)
117.9(4)
121.1(4)
121.0(3)
121.0(4)
121.6(4)
116.7(4)
121.8(5)
121.5(5)
122.6(4)
120.3(4)
118.2(3)
121.6(3)
120.1(3)
120.5(4)
121.5(4)
117.3(4)
121.5(4)
121.2(4)
122.2(4)
120.3(4)
117.5(4)
121.4(4)
121.1(4)
120.7(5)
121.1(5)
117.9(4)
122.4(6)
119.7(7)
121.4(5)
121.3(5)
117.6(4)
120.5(3)
122.0(4)
120.6(4)
121.9(4)
117.0(4)
121.8(5)

C(53)-C(54)-C(57)
C(54)-C(55)-C(56)
C(51)-C(56)-C(55)
C(62)-C(61)-Rh(l)
C(63)-C(62)-C(61)
C(64)-C(63)-C(62)
C(64)-C(63)-C(64')
C(62)-C(63)'-C(64")
G(63)-C(64)-C(65)
C(65')-C(64')-C(63)
C(65')-C(64')-C(66)
C(63)-C(64>C(66)
C(66)-C(65)-C(64)
C(66)-C(65')-C(64')
C(65)-C(66)-C(65"
C(65)-C(66)-C(67)
C(65>C(66)-C(67)
C(65)-C(66)-C(64")
C(65')-C(66)-C(64")
C(67)-C(66)-C(64")
C(68)-C(67)-C(66)

121.1(5)
121.9(5)
120.9(4)
120.3(3)
110.8(5)
110.6(11)
58.2(13)
108.4(9)
121.8(18)
97.5(13)
47.8(8)
138.0(13)
112(2)
84.2(16)
25.7(14)
87.2(15)
101.2(16)
67.1(13)
48.1(8)
148.2(16)
119.7(18)



GC-MS Spectra

c-Octane and benzene-c™e had been found to be free of w-octane and 1 -octene.

The GC-MS reports are attached as'follow:
) Sample c-octane spiked with /7-octane and 1 -octene
i) ™ Sample c-octane
iii) Solvent benzene-t/e

Details of Chemicals Used for GC-MS Analysis

Enrty Chemical Supplier Grade

e 1 _ c-octane Aldrich 99+%
2 ...octane Fluka >99%(GC)

3 1 -octene 1% Fluka 99%

4 bcnzene-t/6  Cambridge Isotope 99.5%



1) GC-MS report of sample c-octane spiked with «-octane and 1 -octene

Sample Cyclooctane spiked with 1-Octene & n-Octane
Sk nierinkei

Chromniogram Y\VC _oct spike C:['1 GCMSsoluUcem\Data\ProjecWWC—ext spike 1 ggd

iniensuv
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i) GC-MS report of sample c-octane

Sample Cyclooctane
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iii) GC-MS report of solvent benzene-"/6
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Rh(ttp)(c-pentyl) (2b)
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Rh(ttp)(n-pentyl) (2¢)
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Rh(ttp)(M-hexyl) (2d)
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Rh(ttp)(n-heptyl) (2e)
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Rh(ttp)CI(Ph3) (2f)
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Rh(tpp)(c-hexyl) (4a)
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Rh(bocp)(c-hexyl)(4b)
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Rh(ttp)(c-heptyl) 5a "NMR
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Rh2(ttp)2(C7Hi2) 7a 'H NMR
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Rh(ttp)(cycloheptatrienyl) 8 '*C NMR
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Rh(ttp)(c-octyl) 10a "¢ NMR
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Rh(ttp)(n-octyl) 10b NMR
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