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Abstract

The objective of this thesis focuses on studies of selective, base-promoted
aliphatic carbon(a)-carbon(p) bond activation (CCA) of ethers with rhodiiim(ll) and
rhodium(l1l) meso-tetramesitylporphyrin complexes (Rh"(tmp) and Rh(tmp)l). The
roles of potassium hydroxide in promoting the interconversions of rhodium porphyrin
species (Rh"(tmp), Rh(tmp)Il, Rh(tmp)OH and Rh(tmp)H) will also be discussed.

Part 1 describes the selective C(a)-C(P) bonds cleavage of a series of aliphatic
ethers (RCH20CHZ2R : R = Et, Pr, Bu, 'Bu and pentyl) by Rh"(tmp) using PPhs as the
promoting ligand to give Rh(tmp)-alkyls bearing the C(P)-substituent in 13-40%
yields at 24 The rate and the yields of Rh(tmp)-alkyls decreased with increasing
steric hindrance of ethers. Addition of bases such as KO"Bu, CSOH.H20 and KOH as
well as H20 further promoted the product yields of the reactions with «-butyl ether to
56-62%. The reaction between Rii"(tmp) and the cyclic ether, oxepane, at 24  for 1
day gave Rh(tmp)(CH2)50CHO0 in 17% yield suggesting that Rh(trQp)OH is the key
intermediate in the C-C cleavage step and presumably generated via the PPh)-, H20-,
and OH'-assisted disproportionation of Rh"(tmp).

PPh3, Base, HgO

Rh"(tmp) + RCH20CH2R Rh(tmp)R
N2, 1d, 24 °C N

13-62%

R = Et, Pr, Bu, 'Bu and pentyl

Base = KOH, KO”Bu and CsOH.HaO

VI



Part 2 describes the in-situ  preparation of highly reactive Rh(tinp)OH directly

from Rh(tmp)l and KOH at 100 [(far subsequent CCA with ethers. Rh(tmp)l was

reacted with a series of aliphatic ethers (RCH20CHZ2R: R = Et, Pr, Bu, pentyl and

hexyl) in the presence of KOH (10 equiv) at 100 (far 1 day to give Rh(tmp)alkyls in

30-88% vyields. Rh"(tmp) and Rh(tmp)H were observed throughout the course of

reaction but reactivity studies suggested that they are the non-productive

intermediates. Rather Rh(tmp)OH is the most probable species for the C-C bond

cleavage.

KOH (10 equiv)
Rh(tmp)! + RCH20CH2R A Rh(tmp)R
N2, Id, 100 °C

30-88%
R = Et, Pr, Bu, pentyl and hexyl

Mechanistic investigation also revealed the promoting roles of KOH in the

interconversions of Rh(tmp)-species. Firstly, the reduction of Rh(tmp)l to Rh"(tmp)

was observed. Rh(tmp)l reacted with KOH in benzene-~? at 100  for 1 day to give

the reduction product of Rh'Atmp) in 20% yield. Rh(tmp)OH intermediate is proposed

to form via ligand substitution between Rh(tmp)l and KOH. Rh(tmp)OH can undergo

bimolecular reductive elimination to give Rh"(tmp) and H202. The formation of

Rh(tmp)OH and H202 were supported by the observation of Rh(tmp)-00-Rh(tmp) in

5% yield which is formed via the reaction between Rh"(tmp) and trace amount of O2,

generated from the KI-, KOH- and Rh(tmp)-catalyzed decomposition of H202.



Secondly, the reductive dehydrogenation of Rh(tmp)H to Rh"(tmp) was also observed.
Rh(tmp)H reacted with KOH in benzene-c/* at 100 "C for 1 hour to give Rh"(tmp) in
30% vyield. [Rh'(tmp)]' is proposed to form initially via the deprotonation of
Rh(tmp)H with KOH and then reacts with the unreacted Rh(tmp)H to give Rh"(tmp)
via electron transfer. Thirdly > the hydroxide-induced disproportionation of Rh"(tmp)

to RhJI[(tmp)OH and [Rh*tmp)]" has also been proposed.

Reduction of Rh"(tmp)] to Rh"(tmp)

KOH{10equiv)

Benzene-dg
Rh(tmp)l : Rh(tmp)OH Rh"(tmp) + Rh(tmp)-00-Rh(tmp)
1001 d
75% 20% 5%
Y t
2Rh(tmp)OH Rh(tmp)- -O -6 -Rh(tmp) - 2Rh"(tmp) + H202
H

Reductive  Dehydrogenation of Rh"(tmp)H fo Rh"(tmp)

KOH(10equiv)
Benze[Je-ofe "
2Rh(tmp)H  » * 2Rh*{tmp) H
1001 h
30%

Hydroxide-induced disproportionation of Rh'"(tmp) to Rh"(tmp)OH

2Rh"(tmp) + OH" Rh"{tmp)(OH) + [Rh'(tmp)]-
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Chapter 1 Introduction to Carbon-Carbon Bond Activation
1.1 Carbon-Carbon Bond Cleavage By Organic Reagent

Chemical transformations that involve either the intramolecular or intermolecular
cleavage of carbon-carbon bond are important and mechanistically interesting.
Development and mechanistic understanding of the carbon-carbon bond cleavage of

hydrocarbons can usher a new era in organic synthesis and hydrocarbon refinery.

1.1.2 Intramolecular Carbon-Carbon Bond Cleavage

Examples of intramolecular carbon-carbon bond cleavage were reported in a
variety of classic organic chemical transformations, reactive species such as
carbocation and carbon center radical are usually proposed as the reaction
intermediates. Those reactive intermediates are known to undergo skeletal
rearrangement through hydride shift or alkyl shift (C-C bond cleavage) to generate a

more stable intermediate (Scheme 1.1)/4

Alkyl ~ Shift

Alkyl  Shift

Scheme 1.1 Intramolecular Carbocation/Radical Rearrangement



1.1.2.1 Radical Rearrangement

1,2-alkyl shift in radicals is found to be less common than the analogous

rearrangement in carbocations which is due to its less stable three electrons transition

state in radical rearrangement (Scheme 1.2) « because electrons in excess of two can

be accommodated only in anti-bonding molecular orbital of much higher energy.

R
/'
R-C-CH2 R-C--CH2 R-C-CH”AR
R R R
radical T.S.
(3e)

Scheme 1.2 1,2-Alkyl shift involving 3e Transition State

Specifically, the facile 1,2-vinyl and 1,2-aryl shifts are known to occur in the
system of cyclopropylcarbinyl radical (Scheme 1.3) - cyclohexadienyl radical (Scheme

+4) and benzylic radical (Scheme 1.5), respectively.

A

Scheme 1.3 Rearrangement of Cyclopropylcarbinyl Radical to Butenyl Radical

C R
cH=
‘H SH®
H3Ce & huc

Scheme 1.4 1,2-Aryl Shifts Involving Cyclohexadienyl Radical Intermediate



Ph

Ph Ph Ph-  -0-Ph
Ph-C-0-0-C-Ph Ph -0-Ph

o bn ph

Ph
Ph Ph-C
Ph-C-0'

Ph hﬂ ¢

Ph
Ph-C-O-Ph

Scheme 1.5 Conversion of M(triphenylmethylperoxide to Tetraphenylethane via
Radical Rearrangement

1.1.2.2 Carbocation Rearrangement

The most common carbocation rearrangement involving carbon-carbon bond

clipping is the SNI reaction between the alcohol and acid. For example, in the

bromination of neopentyl alcohol, a primary carbocation formed initially would

undergo Wagner-Meerwein shift({(172-methyl shift), in which the methyl group is

rapidly migrated to the adjacent carbon, to generate a more stable tertiary carbocation

before bromination takes place (Scheme 1.6).

HBr \ .® A 7= ® Br.
OH & H=

Scheme 1.6 Carbocation Rearrangement in Bromination of Primary Alcohol

This type of carbocation rearrangement is also driven by the relief of ring strain

such as cyclobutane (Scheme 1.7).



Scheme 1.7 Expansions of Cyclobutane to Cyclopentane via Carbocation

Rearrangement

Similar carbocation rearrangement is also found in the conversion of glycol to

aldehyde/ketone under acidic conditions via the Pinacol rearrangement’'~(Scheme

1.8).
R2 R3 H+ R R3 R R3 + R3
RI-C—C-R4 R1-C-C-R4 A R1-C-C-R4 A RI-C—C-R4
OH OH OHpHg OH R2

-H+ R3
Rh-C-C-R"
e 11

O R2

Scheme 1.8 Pinacol Rearrangement of Glycols

1.1.3 Intermolecular Carbon-Carbon Bond Cleavage

The non-polar bond nature of hydrocarbons makes the direct intermolecular
cleavage of C-C bond more difficult and challenging. Traditionally, C-C bond is
thermally cracked in very harsh conditions at high temperature (>500 and high
pressure in the presence of acid catalysts.”
1.1.3.1 Carbon-Carbon Bond Cleavage by Halogen Radical

Intermolecular carbon-carbon cleavage by radical is rarely reported. Special

examples include free-radical halogenation of ring strained hydrocarbons such as



cyclopropane (Scheme 1.9), cubane (Scheme 1.10), and propellane (Scheme 1.11)

under illuminating conditions.

A ct: cl cl
hv [ >Cl + D X a
C-H Cleavage C-C Cleavage
gas phase v
CClg 40/0 34%
PhH 48% 42%

Scheme 1.9 C-H and C-C Chlorination of Cyclopropane in Different Solvents

Br2, hv Br

-Br’

Scheme 1.10 Ring-Opening Bromination of Cubane

hv
BrCCU Br cc\,

Scheme 1.11 Radical Cleavage of [1.1.1]Propellane

1.1.3.2 Electrophilic Cleavage of Hydrocarbon by Strong Acids

Strong Lewis and Bronsted acid can sufficiently protonate alkane to give a
pentacoordinated carbonium ion, [RACH]+, followed by the scission of the C-C bond
into a lower alkane and another carbocations (Scheme 1.12)" Olah reported a series

of remarkable hydrocarbon activation in superacidic media.

Br



H

R-R" + H+ S R'-H + "R+
R~—R'

R: alkyi

R': alkyl, H (3c-2e) TS

Scheme 1.12 A three-center two-electron transition state of protolysis of alkane

Superacid such as HF/BF3, HF/SbFj, HF/TaFs, FSOsH/SbFs were firstly reported
to catalyze C-C bond cleavage in the liquid phase. For example, neopentane reacts
with the extremely strong acid FSOg-SBFs to give methane and r-butyl cation. 10 Solid
acid catalyst systems, such as those based on Nafion H, longer-chain perfluorinated
alkanesulfonic acids, and fluorinated graphite intercalates, were subsequently
developed and utilized for heterogeneous reactions/[] Furthermoreg broad range of
reactions with varied electrophiles were also found to be feasible when superacidic,

low-nucleophilic reaction conditions were used (Scheme 1.13)®

E
R3C-CR3 + " R-CE + RUC
R3C——CRc

E+ = Dt > H+ Rt > NO2+, HCO+, etc.
Scheme 1.13 Electrophilic C-C Bond Cleavage
Wiberg et al. also reported the examples of electrophilic cleavage of
cycloalkanes or bicycloalkanes with acetic acid (Scheme 1.14). The especially high
reactivity of those cycioalkanes over other hydrocarbons is most likely due to their

high strain energy that making it more reactive.



Scheme 1.14 Acetolysis of Alkylcyclopropane
However, the C-C bond activation of hydrocarbon by super acids is usually not
selective and practical as the rearrangement of the reactive carbocation intermediate

commonly occurs in an uncontrollable manner.

1.2 Carbon-Carbon Bond Activation (CCA) by Transition Metal Complexes

1.2.1 Electrophilic Activation by Transition Metal Complexes

Besides strong acids, the high valent transition metals, species that have multiple
vacant lobe-shaped d orbitals, are also strong electrophiles and Lewis acids.” Due to
their strong Lewis acidities, it is reasonable that the highly electrophilic transition
metal can also activate a C-C bond via a 3-center-2-electron transition state in a

similar manner (Scheme 1.15)

R-R"' + M+ N R'-M +

Scheme 1.15 Electrophilic clipping of alkane by a transition metal complex



Metal Insertion

SN C-M-C/M-C  (11)

Selective carbon-carbon bond activation (CCA) of unreactive hydrocarbon by a
transition metal complex in mild conditions is one of the most important subjects in
the field of organometallic chemistry due to its basic chemistry and potential
industrial applications (eq However, selective cleavage of a non-polar single
C-C a-bond in organic substrates is usually less competitive than the facile
carbon-hydrogen bond activation (CHA) as a C-H bond is sterically more accessible
and statistically more abundant over a C-C bond. The energy barrier for the C-C

insertion is found to be 14 - 20 kcal/mol™ higher than that for the C-H clipping

although C-C bonds have lower bond dissociation energies (Table 1.1).

Table 1.1 Bond Dissociation Energies of C-C Bond and C-H Bond of Selected
Organic Compounds™

Organic Compound C-C Bond (kcal/mol) C(a)-H Bond (kcal/mol)

1 CH3-CH3 90 100
2 CH3-CH20H 87 95
3 C2H5-CH20CH3 83 93

4 CH3C(0)CHS3 84 96



1.2.2 Thermodynamic and Kinetic Considerations in CCA and CHA

In fact, CCA reaction of hydrocarbon by transition metal complexes is

thermodynamic feasible, especially for and row transition metal. The normal

C-C bond strength is 85-90 kcal/mol™ while the M-C bond strength is around 30-40

kcal/mol for row transition metal®™ and 50-70 kcal/mol for and row

transition metaland therefore C-C bond activation is much more exothermic and

thermodynamic feasible for and row transition metal complexes (Table 1.2).

Furthermore, formation of two bonds (-120 kcal/mol) can compensate the

energy required for cleavage of one C-C bond (1 9Rcal/mol) cleavage (2M + C-C ->

2M-C orM + C-C + C-M-C).
Type A Type B

C-C + 2M 2M-C or C-C + M C-M-C

Table 1.2 Thermodynamic Estimation of CCA with Transition Metal

AH/ kcal/mof TASIPSKV AG/ kcal/mol
kcal/mol
C-C+ 2M-C/C-M-C
For istrow TM (-35) + (-35) + (90) -10 30
=20
For and TM (-55) + (-55) + (90) -10 —10
=-20

a Using BDE of CH3-CH3 (90 kcal/mol) as an example.



Where AH = (M-C) + (M-C) — (C-C)

AG = AH - TAS

TAS2BK = (298K)(-35eu)/1000

=10 kcal/mol

Successful examples of CCA by transition metal complexes with various

approaches will be reviewed in the following section (Section 1.2.3).

1.2.3 Protocols of CCA by Transition Metal Complexes

Although C-C bond cleavage is kinetically unfavorable and more challenging

over C-H bond - different strategies and protocols have been developed in promoting

CCA with transition metal complexes by the means of (i) ring strain relief and (ii)

aromatization, (iii) chelation assistance of substrates, (iv) intramolecular y”-carbon

elimination and (v) formal alkane metathesis of simple alkanes.

1.2.3.1 CCA in Strained System

Carbon-carbon bond in severely strained hydrocarbons can be easily cleaved by

the release of strain energy. The ring strain energy of cyclopropane and cyclobutane

are around 25 kcal/mol to provide the thermodynamic driving force and therefore

CCA is dominated in this class of substrates. Halpem, Tipper and Eisch reported early

examples of CCA of highly ring strained systems with the activation of cubane (eq

10



1.2)/* cyclopropane™ (eq 1.3) and biphenylene®’ (eq 1.4), respectively.

C(sp3)-C(sp3) activation of cubane

ITTI CHCI3
+ [RhCI(CO)2]2 (1.2)
40, C, 10h Rp-
oC ¢,
C(sp3)-C(sp3) activation of Cyclopropane
[PC2HACIZ2 N EtO cl, » py CkPK
A reflux, 3 h or ™ Z (1.3)
90%
C(sp2)-C(sp ) activation of biphenylene
B .¢&=
EtoO [ “ A
ni | Ni(PEt3
p (PER)4 ooc 1sn X y 2PEt3  (1.4)
A

Other examples of strain released CCA include the use of low valent transition

metal complexes such as Cp*Co(CH2CH2)2™ Cp*Rh(CH2CH2)2," Pt(PPh3)2(C2H4)/™

and Cr(CO)6/™[Ir(cod)Cl]2.M



1.2.3.2 CCA Driven by Aromatization

C-C bond cleavage can also be driven from the aromatization of the pre-aromatic

compounds. The stailization energy gained from aromatization is around 5 kcal/mol.A™

26 Examples of CCA driven by aromatization mainly include the activation of the

cyclopentadiene compounds with transition metals complexes to give the

corresponding aromatic cyclopentadienyl metal complexes. Eilbracht and Benfleld

reported the activation of substituted cyclopentadiene derivatives to the corresponding

cyclopentadienyl-iron complex™ (eq 15) and cyclopentadienyl-molybdenum

complex™ (eq 1.6), respectively.

C(sp )-C(sp ) activation of cyclopentadienes

Fe2(CO)9, CsHs Ciis
0 O 80 15h 80 °C, 3 h (1.5)
(0C)2Fe-
Fe
(C0)3
90%
Et
Cl TIBF4, acetone

oCp(PPhMe2) 12 h MoCp(PPhMe2) (1.6)

30%

Besides, Takahashi reported the C-C bond activation of substituted

zirconcyclopentene derivative in the presence of carbon monoxide to give

1,2,3,5-tetrasubstituted benzenes in moderate yields™ (eq 1.7)



CCA of zirconcyclopentene

R R
NAAR 23, C,3h . r"wnrR
2 J . co 'J"|29\ . Cp2Zr=0  (1.7)
R = Et, 74%
R = Pr, 68%

1.2.3.3 Chelation-Assisted CCA

Carbon-carbon bond activation of unstrained molecules could be achieved by
utilizing the coordinating functionalities of the target molecules such as phosphine,
carbonyl and imine containing substrates. The presences of chelating functionalities
Kinetically facilitate insertion of a transition metal to C-C bond in the close proximity.
Besides, the C-C single bond between a carbonyl carbon and the a-carbon is
relatively weaker than other aliphatic C-C bonds by around 5 kcal/mol. M

Suggs et al. reported the early examples of activation of C-C bond adjacent to a
carbonyl group by low valent rhodium complexes™ [(CH2=CH2)2RhCI]2 activates

8-quinoly alkyl ketones by oxidative addition between the carbonyl carbon and the
a-carbon to form a five-membered cyclometalated complex (eq 1.8).

C(sp3)-C(sp2} activation of 8-quinolinyl alkyl ketones

1. benzene, I N NN

N' (1.8)
T + [(C2H4)2RhCI]2 2. pyridine , . X T
R py
R = CH2Ph, CDsPh,
CH(OMe)Ph, Et
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The C-C bond activation of cyclic ketone has been reported by Ito et al. using
RhCI(PPh3)3.3i This reaction involves the oxidative addition of C-C bond of cyclic
ketone into rhodium centre followed by decarbonylation and reductive elimination to
generate cycloalkane (eq 1.9).

C(sp )-C(sp ) activation of cyclopentanone

toluene

reflux, 8 d Y

Ph

O + RhCI(PPh3)3 (1.9)

57%

Milstein et al reported the sp™-sp” intramolecular CCA reaction by using the

diphosphine pincer-type chelating ligand with [Rh(C2H4)CI]2 in which the rhodium

metal is brought into the close promixity of the C(alkyl)-C(aryl) bond. This chemical

transformation involves the parallel C-H activation of tolyl group to give the stable

rhodium(ni) complex followed by intramoleclar aryl-methyl cleavage to give

rhodium-aryl complexes (eq 1.10).

C(sp)-C(sp ) activation ofpincer ligand

| B2 rod
ARh-c| P
( J7tBuj
ptBu;
\ T+ RoehyeCR |, + QHy (10
ptBu,
U CHA product
' PR

At 15 mins, CHA;CCA = 1.25:1

14



Another competitive CCA and CHA example of allyl cyanide with nickel

complex has been reported by Jones et al?* Interconversion of

(dippe)Ni(77~-CH2=CHCHZ2CN) gives a mixture of (dippe)Ni(;7"-allyl)(CN), the CCA

product, and the olefm-isomerization products cisand /ra«5-(dippe)Ni( ; 7”-crotonitrile)

via CHA (eq 1.11). The kinetically more favorable CCA reaction is reversible in

which is formed rapidly but then decreases with the

concomitant increase of the crotonitrile complexes as the thermodynamic products.

C(sp )-C(sp) activation of Ni-olefin complex

P H
Ni- ,\/CN Ni*CN
. P p
jpr2 Pr2
THF CHA THF, 40, C, 200 min
40, C, 10 min CCA
| P2 Pr2 (1.11)
iPrs P\ _ P
-\ .CN Ni-3( A
P CN I
p [ Pr2
Pr2 c trans
CCA Product 38% 58% CHA Product 42%

Jun et al. developed the remarkable catalytic C-C bond activation of unstrained
ketones with Rh(PPh3)3CI utilizing chelation-assisted protocol through the use of a
temporary chelating auxiliary such as 2-amino-2-picoline which can be easily

removed from the product by hydrolysis (eq 1.12 & Scheme 1.9) A

15



Catalytic C(sp”™)-C(sp ) activation of ketone

(Ph3P)3RNCI (10 mol%)

9 2-amino-3-picoline (20 mol%) \Y,
f-Bu-AMACHs 1.12)
3 toluene, 150, C,48 h n
ph-#
Bull

Scheme 1,16 Proposed Mechanism for Catalytic CCA of Unstrained Ketones

This strategy has been extended to the catalytic C-C bond activation of a variety
of substrate scopes such as secondary alcohol (eq 1.13), primary amines (eq 1.14),

allylamine, cycloalkanone imine and alkyne.34

Catalytic C(sp”™)-C(sp”) activation of secondary alcohol

OH (Ph3P)3RhCI (10 mol%) n I
Y J 2-amino-3-picoline (30 mol%) \' V.
+ AfBiTACHs + PIOACHs (3)
05mol9%)
toluene, 170 °C, 24 h 970/0 2%

Catalytic C(sp”™)-C(sp”) activation ofprimary amine

(Ph3P)3RhCI (10mol%) Q
t  2-amino-3-picoline (100 mol%) \' u
+ A 'Bu-A-AAA'By + PhAAMAAA'BY (.14)

AICI3(5mol%). H20
toluene, 170 °C, 48 h

97% (1:1)
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1.2.3.4 CCA through /?-Carbon Elimination

Besides direct intermolecular insertion of transition metal complex into a C-C
single bond, CCA could also be achieved through intramolecular y0-carbon elimination

of transition-metal alkyls, alkoxides and amide (eq 1.15).

/?-carbon

elimination
M. ~cC M-C + X=C  (1.15)

migratory insertion

M= transition metal
X ZC. O, N

Examples include the y*-methyl elimination of Lu(77"-C5Me5)2CH2CH(CH3)2 (eq
16),35 [Me2Si(;7)-C5Me4)2]Sc-'Bu complex (eq 1.17), and the y5-alkyl and y™-aryl

elimination of palladium cyclobutanolate complexes (eq 1.18) 3

["methyl elimination of Lu-alkyl complex

Cp*2Ur~ —hefk,cpJ Lu-Me (1.16)

22 °C. 1d
20-40%

p-methyl elimination of Sc-alkyl complex

cyclohexane

OpSc A OpSc (1.17)
\pMe3 25 0C’1d PMe3
Op = {(Ti®-C5Me4)2SiMe2} 85%

17



P-carbon elimination of palladium cyclobutanolate

R 10 moP/oPd(OAc)2 ©
OH pyridine, tolune R = Ph, 97%
80  20-38 h \ Bu, 71%
vinyl, 56%
(1.18)
R y~-carbon ©
elimination
uzuaO-Pd{OAc)Z R
P Pd(0Ac)2

Murakami et al. applied this protocol in developing the C-C bond activation with
various synthetic perspectives such as arylation of cyclobutanones via ring opening

and ring expansion of alkyne-substituted cyclobutanone catalyzed by rhodium(l)

complexes. In those chemical transformations, rhodium(l) cyclobutanolate was

proposed as the reaction intermediate before /~-carbon elimination step occurred, (eq

1.19-1.21) 5 mol% [Rh(acac)(C2H4)]
Ph. 10 mol% P(-Bu)3 Ph.

1 equiv CS2CO3 Y 0(1.19)
dioxane, 100 °C. 24 h 0 H

1%

Ph, 5 mot% [Rh(acac)(C2H4)] Ph
10 mo!% P(t-Bu)3

J (1.20)
O 1 equiv CS2C03 V Y
0

oH
dioxane, 100 °C. 48 h

5 mol% [Rh(OH)(cod)]2
fvn~O (PhBOY + 3H20 20 mol% P(t-Bu)3 = A
+

dioxane, 100 °C (1.21)

Et Et-
Ph

73%
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1.2.3.5 CCA through Formal Alkane Metathesis

Activation of a carbon-carbon bond of the simplest and unreactive hydrocarbon,

such as alkane, is the most challenging research area in the field of bond activation

chemistry. The lacks of ring strain relief, chelation assistance and aromatization

protocol of simplest hydrocarbon such as ethane lead to the difficulties in selective

C-C bond activation of those substrates. In fact, direct C-C single bond alkane

metathesis as the elementary step has not been reported. Two formal examples of

alkane metathesis have been reported. Basset et al earlier reported the first example

of heterogeneous C-C bond activation of simple alkanes such as ethane, propane and

butane etc. via a formal alkane metathesis to yield next higher and lower

hydrocarbons catalyzed by silica-supported tantalum metal hydrides. ™

Table 1.3 Selected results of metathesis reaction of acyclic alkanes catalyzed by the
[Ta]-H at 150

Selectivity of alkanes produced (%)

Alkane TON Methane Ethane Propane Butane Isobutane Pentane Hexane

Ethane 46 53 : 44 2 <1

Propane 47 16 38 : 27 7 7 2

Butane 66 2 13 36 : 4 27 10
Isobutane 17 12 22 21 <1

Pentane 12 <1 4 17 32 <1 - 25
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The C-C bonds of alkane were cleaved into the lower and higher hydrocarbons

such as conversion of ethane to methane and propane with 53% and 44% selectivity

respectively. However, for a higher alkane such as butane - the selectivity is relatively

poor with only 36% propane and 27% pentane selectivity were obtained with

cogeneration of other alkanes such as methane, ethane and hexane etc. Scheme 1.17

illustrates the proposed mechanism of the alkane metathesis of propane involving (1)

C-H bond cleavage of alkane, (2) the a-H elimination to generate

hydrido-tantallacarbenes, (3) olefin metathesis between hydrido-tantallacarbenes and

another olefin to produce the next lower and higher hydrocarbons

Formal alkane metathesis of propane

olefin metathesis [

elimination H-Ta -Ta
-Ta
V S X .-V
- A i
Ta|/.\l A F_Z A H-Tla /| + H-Ta
/
a-H H-Ta ~ -
Ta elimination olefin metathesis

Ta-H

cH4 + Gt

four possible tanallacarbenes
intermediate during olefin metathesis

Scheme 1.17 Proposed Formal Alkane Metathesis with Silica-Suported Tantalum
Hydride
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Recently, Goldman and Brookhart et al/** reported the catalytic alkane

metathesis via (i) tandem alkane dehydrogenation, (ii) olefin metathesis and (iii)

olefin hydrogenation process with the combination of dehydrogenation iridium-based

pincer complexes and molybdenum metathesis catalyst (Scheme 1.18).

Formal alkane metathesis of n-hexane

dehydrogenation

2MH.
metathesis
isomerization isomerization
alkene alkene
metathesis metathesis
C3H7
C.H11
+ 2
-2M

Scheme 1.18 Possible Pathways for the Metathesis of «-Hexane to «-Pentane and
«-Heptane
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1.2.4 CCA by High Valent Transition Metal Complexes

Carbon-carbon bond activation of hydrocarbons, including the ring strain relief,

aromatization and chelation-assisted protocols, are mainly reported by using the low

valent transition metal complexes as discussed in the previous section. The reaction

mechanism usually involves the oxidative addition of C-C bond into the low valent

transition metal complexes as the cleavage step. Examples of CCA by high valent

transition metal complexes are still rare probably due to relatively unfavored

formation of high valent transition metal complexes with oxidation state > +5. There

are only a few examples of CCA with high valent transition metal complexes: (1)

benzylic CCA of bibenzyl hydrocarbons by Zr(IV) complex,' (2) CCA of nitrile by

Rh(111) complex42 and (3) CCA of cylcopropane by Ir(ni) complex/?

In 2005, Eisch et al. reported the benzylic CCA of tetraphenylethane with

zirconium(lV) complex in a donor solvent such as THF with moderate yields (eq

1.22).41 The ease of this reaction is probably due to the weaker benzylic C-C bond

strength (63 kcal/mol)™ than the normal aliphatic hydrocarbons ([ 9Kcal/mol).

Benzylic CCA by zirconium(1V) complex

THF H H H20 A
+ Bu2Zr(OEt)2 R-C-Zr-C-R R-C-H (1.22)
R, R_=KPh RR_ = H,Ph
20 - 80%
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The proposed reaction mechanism involves the single electron transfer (SET) of
Li2ZrBu2(OEt)2E2 to the bibenzyl substrates under illumination of laboratory roof

light with the concomitant butyl radical loss to yield the zirconated cleavage product

as shown in Scheme 1.19

e- from Li2ZrBu2(OEt)2E2 =\
PhCHJ "CH2Ph . # L' PhCHACHf ¢ §2

-Bu*

-LiZrBu(OEt)2E2
Bu .

e - from Li2ZrBu2(OEt)2E2
ZrBu(OEf)2E2
Zr(OEt)2E2 2-
2L" (PhCH2)2Zr(OE)2E2 2U+

C-C
bond Cleavage

Scheme 1.19 Proposed SET Pathway for C-C Bond Cleavage of Bibenzyl

Hydrocarbon

Besides, Bergman et al. published the results of two remarkable CCA by high
valent group 9 transition metal complexes including the facile CCA of aryl- and
alkyl-nitrile bond with cationic Rh(I1) silyl complex*™ and the CCA of cyclopropane
with Ir(I1l) complexes.In the activation of C-CN bond with Rh(Ill) silyl complexes,
the proposed mechanism involves the migration of aryl or alkyl group of nitrile to
Rh-center via the «*-iminoacyl intermediate and constitutes the key CCA step rather

than oxidative addition as in most of the case with low valent rhodium complexes

(Scheme 1.20).
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CCA of nitrile with Rh(I11) silyl complex

s Cp*
CP” sipn R-CN P
Me3Pe(] Me3P ] ¢
CQCHCI CNSiPha
R-CN
CP” siph, X sipha
\ MeMPZCL
NC-R F R

(R = Me, 'Pr, ABu, Bn, 4-CF3Bn

Scheme 1.20 Proposed CCA of Nitrile by Rh(111)-Silyl Complex

More recently, high valent Ir(1l1) complex was found to activate cyclopropane.

Cp*Ir(PMe3)Ir(CH3)OTf cleaves the carbon-carbon bond of both the alkoxy and

siloxy cyclopropanes via oxidative addition to generate Ir(V) alkyl complex as the

proposed intermediate. (Scheme 1.21)43

CCA of cyclopropane with Ir(111) complex
llT af

Ve
18N
fiT-Jf n+ OF
an Pioposedlc. ) 0o ivA
Of ~HOTT
3 b [-9
R

Scheme 1.21 Proposed CCA of Cyclopropane by Ir(111) Complex
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13 Classification of CCA of Organic Substrates

Carbon-carbon bond cleavage of a variety of substrate scopes with both organic

reactions and transition metal assisted methods are summarized in Table 1.4

Table 1.4 Classification of CCA of Organic Substrates

Type of Carbon-Carbon Bond Cleavage

Organic Organic Type Transition Metal Type
Substrate
Alkane Halogenation of Strained Oxidative Addition of Strained
Hydrocarbon Hydrocarbons
Roberts/ 1945 Halpem,i9 1970
@ c c
A ﬁ + D)(S ! + Rm _CHCI3

C-C Cleavage

i

Tipper, 1955
A-
Protolysis of Alkane
Olah, 1967
Cleavage Driven by Aromatization
e Eilbracht,271980
"Ry NG/ HES;
AN 8G th ®X3h \J
Wiberg,ii 1986
Benfield » 281974
B3 B a

B
H-VA 9 TIHR
Yy | Gomy
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Bibenzyl
Eisch/i 2005
BeZCHp

Formal Alkane Metathesis
Bassets, 3 1997

Yooy
Goldman: 2006
[irl, Mo]
Alkyl- Chelation-Assisted Oxidative

aromatics Addition Pincer Type Ligand
Milstein,32 1993

/ c

HjC

Bipenylene Oxidative Addition of Strained
C-C bond
Eish » 2i 1985

Ether Cleavage of Homobenzylic Ether ~ Oxidative Cleavage of Cyclic
via Electron Transfer Ether
Floreancig/*2001 Lippard/~ 2004

OR OR /L m
A OHCHOHAOHOGHO
B++r~"OH _tion.Jj)

Chan, 46 2006

RIKtpKV-OH + A
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Nitrile

Ketone

Photolytic Cleavage
Suginome,*’1990

0 HOP

\ hu«hr* IHOHOR Ir03O

31
o

Reductive Decyanation
Black, 48 1978

(l)péort 2h

Acidic Decyanation
Suresh/~2000
N

quantitative

Base Promoted Decyanation
Berkoff,50 1980

KM @ ey
yi‘[ﬁ"m((:wxcﬁ\l X

Schmidt Reaction

Smith » 1950
0 H
AM N YMC )\ "Vb
%5
Haloform Reaction ™
0 @)
R o CHXG

Rzg i

Ar-CN + R-M gl *

Oxidative Addition
Miller, 51 2001

Ar-R + R-CN

Deinsertion of silyl isocyanide
Bergman/2 2002

1
MijDSHKN M

CNSiPha

Hemolytic Cleavage by Rhii(tmp)
Chan,51 2007

PR3 baere
Ripr + BON
130°C,60h, N2

Oxidative Addition

Suggs, 1984
CCS\)A EHRQ 2 pise  QRN-
FEEN
Jun?4 1994
Wy v
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Ester

Carboxylic
Acid

Alcohol

Amide

Amine

Krapcho decarboxylation
Krapcho,54 1967

NaCN, DMSO

CH3CH(CO2E)2
160 °C, 4 h

CHOHOOR

75%

Schmidt reaction
Datta?6 1970

NNy HSO4 CHB
40°G 1h
COoH  NH

70%

Hunsdiecker reaction
Meyers, “ 1979

ci3groooH ARRAR cg-proooH

91%
Schmidt Reaction
Pearson, 58 1995
O"NOH 2.5 TfOH
2. NaBH. r r
B
95%
Pinacol Rearrangement
Bunton,1958
HB8  HZO! CH3
H3C-C-C-CH3 3C-C-C-CH3
OH OH 73°C,55h 6 B
70%
Hofmann Rearrangement
Huang’ 60 1997
,& NaOM
al e
NH, MeOH, reflux, 1Omin Y0

91%

Homolytic Cleavage by Rh"(tmp)
Chan - ® 2006

Rhimp) + Phro A 1XFC2ND Rtma8

y/alkyl elimination of
metal-alkoxide
Kondo > 6i 1998

»h Me &%ﬁ )\

CCA of secondary alcohol
Jim, 34

Homolytic Cleavage by Rh"(tmp)
Chen > 55 2006

ROD . p A/\

| ROTOS

41%

CCA of Primary Amine
Jim, #

ik
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Chapter 2 Introduction to Metalloporphyrin

2.1 Porphyrin ligands and Metalloporphyrins

Porphyrin is a planar, tetradentate, dianionic and heterocyclic marcocycle
assembled from four pyrroles and interconnected on opposite sides via four methine
bridges. It contains an extensively 18 Ti-conjugated system in the inner 16-membered
ring 6366 Porphyrins in which the physical and chemical properties can be modified by
peripheral substituents at meso or beta positions can serve as versatile robust

ligands.67

porphyrin metalloporphyrin
Figure 2.1 Structures of Porphyrin and Metalloporphyrin

Porphyrins can form very stable tetradentate metal complexes by metalation with
the replacement of two inner pyrrole protons by metal ions. Metalloporphyrins are
characterized by an intense color of Soret band at around 400 nm. Metalloporphyrins
are important model complexes for understanding the chemical and biological

reactivities of important macromolecules such as cytochrome P450, coenzyme B]2

71 . .
and heme. ° Early successful examples of -catalytic reaction systems by
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metalloporphyrins  have been developed by Groves and Collman.

Metalloporphyrins have also been found to catalyze various reactions such as

cyclopropanation of alkene/* epoxidation aziridination "~  hydroxylation,™

77 - . 78

amidation of alkanes and oxidation of aikene.

2.2 Chemsitry Rhodium(I11) Porphyrins

Group 9 diamagnetic rhodium(lll) porphyrins play an important role in

organometallic chemistry. The common five or six coordinate d* sigma-bonded alkyl -

aryl and halides complexes of Rh(lIl) porphyrin are usually kinetically inert and air

stable. Various chemical reactivities of Rh(Ill) porphyrin derivatives are reported such

as (i) aerobic oxidation of rhodium porphyrin alkyls™ (ii) ligand substitution of

rhodium porphyrin halide with alkoxide,™ (iii) photolytic cleavage of Rh(por)-alkyls""

and (iv) thermal 1, 2-rearrangement of Rh(por)-alkyls.

Oxidation of rhodium porphyrin alkyls

130 °C
Rh{oep)CH2Ph A PhCHO + [Rh(oep)OH] (2.1)
Air, 22 h

40%
Ligand substitution of Rh(tpp)l to Rh(tpp)OMe with NaOMe

AgPFe, Toluene NaOMe, MeOH

Rh(tpp)! Rh{tpp)PF6 N Rh(tpp)OMe (2.2)
rt. 2 hrs o r.t, 10 mins o
guantitative quantitative
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Photolytic cleavage of Rh(por)~alkyls

h
Rh(tmp)CH3 Y Rh"(tmp) (2.3)
-CH3
-80%
Alkyl If2-rearrangements
benzene
Rh(bocp)CH2CH2Ph 6010h Rh{bocp)CH(CH3)Ph (2.4)

87%
Rhodium(I11) poprhyrin complexes are also efficient catalysts in various type of
reactions such as the cyclopropanation of alkene/~ the aldol condensation of cyclic

ketone,84 and the cyclotrimerization of arylethylnes. M

2.2.1 Bond Activation Reaction by Rodium(l11) Porphyrins

The unusual strong Rh-H (-60 kcal/mol) and Rh-C (-57 kcal/mol) bonds of
rhodium porphyrin complexes (Table 2.1) provide the thermodynamic driving force in
bond activation reactions of a variety of substrate scopes involving the breaking of the

C-H bond and the C-C bond.

Table 2.1 Selected BDEs of Rliodium(l1l) Porphyrin Complexes®

(por)Rh-C BDE (kcal/mol) (por)Rh-H BDE (kcal/mol)
(tmp)Rh-CH3 57 (tmp)Rh-H 60
(ttp)Rh-CH3 57 (tpp)Rh-H 520
(oep)Rh-CH3 57 (oep)Rh-H 62

(0ep)Rh-CH2CH3 47
(oep)Rh-CHO 58

‘BDFE (change in free energy for dissociation of Rh-H bond)

31



Ogoshi et al reported the aromatic carbon-hydrogen bond activation (CHA) of

arenes by Rh(oep)Cl in the presence of AgC104™ More recently, Chan et al reported

the bond activation of a series of substrate scopes by rhodium(l11) porphyrins such as

the silicon-hydrogen bond activation of silane™ the CHA of aldehyde™ and more

recently the base promoted CHA of toluene™® and alkane™b by Rh(ttp)CL

Aromatic C~H activation of arenes

Rh(oep)CI + PhH

Activation of silicon-hydrogen bond

Rh(ttp)X HSIEts

X =ClI
=Me

Aldehydic C-H activation

Rh(ttp)X + PhCHO

X = ClI
=Me

Base-promoted C-H activation

Rh(ttp)Cl + PhCHs

Rh(ttp)Cl

AgCICU
gQ™C 2h Rh(oep)Ph
40%
N2, 200, C
Rh(ttp)SIEt3
1.5 h, 81%
1h, 86%
N2, Dark
Rh(ttp)COPh
200 1d (ttp)
1d, 79%

30 mins, 82%

K2CO3 (10 equiv)
Rh{ttp)CH2Ph
120 30 min

97%
K2CO3 (10 equiv)

Rh(ttp)-
120 6h

(2.3)

(2.6)

(2.7)

(2.8)

(2.9)
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2.3 Chemistry of Rhodium(ll) Porphyrins

Rhodium(Il) porphyrins with an odd d" electron configuration play important

roles in organometallic chemistry. Rhodium(ll) porphyrin species are usually

generated from the photolysis of the corresponding rhodium porphyrin alkyl or

rhodium porphyrin hydride. Rhodiuin(Il) porphyrins can exist in the form of dimer or

monomer. For the sterically hindered porphyrin such as tetramesitylporphyrin (tmp),

its rhodium(I1) porphyrin exists in the form of monomer, [Rh"(tmp)]. [Rh"(tmp)] is

paramagnetic due to one unpaired in dz* orbital which shows a broad peak signal in

“H NMR8i and [Rh"(tmp)] reacts like a radical and is very reactive. While for less

hindered porphyrins such as tetraphenylporphyrin (tppy™ and octaethylporphyrin

©e) > 9 the rhodium(ll) porphyrins exist as dimers, [Rh(por)]2. The Rh-Rh bond

strength of [Rh(por)]2 is around 12-16 kcal/moL™ Therefore, rhodium(ll) porphyrin

dimer becomes less reactive than those monomeric rhodium(ll) porphyrin.

Table 2.2 Selected BDEs of Rh-Rh Bond of Rhodium(ll) Porphyrins

Rh"(por), d' AH kcal/mol

[Rh(OH[ )P 155

[Rh(txp)]/™ 12
[Rh(tmp)] Exists as monomer
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Rhodium(ll) porphyrins show various radical reactions with a wide variety of

organic substrates. Wayland et al reported a series of rhodium(ll) porphyrin

chemistry such as dimerization™ and disproportionation™ of Rh""(por) complexes, the

activation of dihydrogen, ™ oxygen, ™ carbon monoxide, % methane™" and toluene.\?-0j[J

Table 2.3 Reactivity of Rhodium(Il) Porphyrins

2Py Rh(oEl)(py)2+ + Rh{oep)- (2.10)
Disproportionation
H2C=CHX
[Rh(oep)]2 Rh{oep)—CH2CHX-Rh(oep) (2.11)

Olefin  Metathesis

2 Rh(oep) (2.12)
Dimerization
00
—Rh(tmp) ([ ! -(!!-Rh(tmp) (2.13)
CO Activation
H
D 2Rh(tmp)H (2.14)
HZ2 Activation
CH4
Rh{tmp)H + Rh(tmp)CH3 (2.15)
2Rh(tmp) Methane Activation
CH3CaH
. Rh(tmp)H + Rh(tmp)CH3C6H5 (2.16)
Benzylic

C-H Activation

(tmp)Rh-O-O-Rh(tmp) (2.17)
O2 Activation
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2.3.1 Carbon-Carbon Bond Activation by Rhodium(ll) Porphyrin

Monomeric Rh(Il) porphyrin, Rh"(tmp), is also known to activate the
carbon-carbon bond of a variety of substrates. Chan et al. reported a series of aliphatic
sp-spN carbon-carbon bond activation by using Rh"(tmp) in benzene solvent
including nitroxide,™ nitrile,™ ketone,™ ester™ and amide™ from moderate to good
yields (eq 2.18 - 2.22). Mechansitc investigation showed that homolytic bimolecular
substitution (Sh2) is the probable pathway in the C-C bond cleavage of nitroxide by

Rh"(tmp) (Scheme 2.1)5

C(sp”™)-C(sp”) bond activation of nitroxide

benzene
Rh(tmp) 0-N Rh(tmp)CH3 (2.18)
70 °C ,4 h, N2

C(sp )-C(sp ) bond activation of nitrile

PPh-i, benzene
Rh(tmp) ABUCN Rh(tmp)CH3  (2.19)
130, C > 60h > N2

C(sp )-C(sp ) bond activation of ketone

0]
L I[ PPhg, benzene
Rh(tmp). + Rh(tmp)CH3  (2.20)
130 °C » 60 h, N2
30%

C(sp )-C(sp ) bond activation of ester

O PPhs, benzene
Rh(tmp). + Rh(tmp)CH3  (2.21)
130, C'24h, N2
30%

C(sp3)-C(sp3) bond activation of amide

O

PPhg, benzene
Rh(tmp). + Rh(tmp)CH3 (2.22)
130, C,6h’" N2

41%
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R_p). + Il n X Rh(tmp)CH3

CCA
0 major 0-
Rh(tmp)- + Rh(tmp)H
| CHA N
0] minor
OH 6

Scheme 2.1 Proposed Parallel CCA and CHA of TEMPO by Rh"(tmp)

2.4 Carbon-Carbon Bond Activation of Ethers by Rh(por)CH2CH20H

The activation ofsp™-sp” hydribridized C-C bond of ether by Rh(por)CH2CH20H
was discovered by Dr. S. K. Yeung in Professor. K. S. Chan's group in 2005 *°
Rh(por)OH has been proposed as the key intermediate in the C-C bond cleavage step

(Scheme 2.2, eq 2.23).

(@)

o[ o

Rh(ttpKAOH + G 89°C3d i) A H @)
38%
C

P-OH *

Rh(por)CH2CH20H (por)Rh- lo X:! ? Rh(por)(OH) Q
elimination
CCA Rh(por)OH
HoO X
H H

p-hydride
elimination”
Rh(por)H

rds H

Scheme 2.2 Proposed Mechanism for the CCA of Ethers with Rh(ttp) CH2CH20H
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2.5 Chemistry of Transition Metal Hydroxide, (L),,M-OH

With the proposed Rh(por)OH as the key intermediate in the carbon-carbon bond

activation of ethers with Rh(ttp)CH2CH20H, the chemistry of transition metal

hydroxide is then briefly reviewed. Complexes with metal-hydroxde single bonds

have been implicated in a wide range of biologically and synthetically important

catalytic transformations.A Late transition metal hydroxides have generated much

interest because the reactivity of this combination of soft metal and hard ligand which

is not well documented. Transition metal hydroxide bond is presumably very weak

and reactive due to the p-Tcd-Tr repulsion between the oxygen atom lone pair electrons

and electrons in filled d shells on the metal center, resulting in a higher energy

Ti-orbtial (Figure 2.2).'®

RI

Figure 2.2 Interaction between a p-symmetry lone pair orbital on 0-atom and
the filled d-orbitals of a transition metal

Specifically, Bergman et al}' reported that iridium hydroxo complex

Cp* (PMe3)Ir(Ph)OH undergoes insertion into both dimethyl acetylenedicarboxylate

and ethylene. This iridium hydroxo complex also undergoes metathesis reaction with

phenol to afford the corresponding phenoxide complex (Scheme 2.3).

37



oTf

Mey \
Ph
COplve , OPh
lr AN
MeP  \ MeP A
Ph PhOH
6% 25 °C, 96%
DMAD OH
Mey \
Ph PhOAc
. ) /OAC
N .
; IN—OH MeP \
\ Ph
Ph 60 C36 h;
120 2 day; quantitative

65%
Scheme 2.3 Reactivity of Cp*(PMe3)Ir(Ph)OH

Periana et al. discovered the catalytic, heterolytic carbon-hydrogen bond

activation of benzene with an air- and heat-stable iridium-hydroxo complex,

(acac-0,0)2lieJI[(OH)(Py) to afford iridum-phenyl complexes with the cogeneration of

H20 inoleculeill 3(eq2.24)

0a

CeHe
JoNizo 180 °C l V HpERE
HzO (2.24)
10h

74%

Later, Goldberg et al}*" described another example of aromatic C-H bond

activation of benzene with a rhodium hydroxo complex, (PNP)Rh(OH) to afford

(PNP)Rh(phenyl) in moderate yield at mild conditions (eq 2.25).
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P*BL2 | ptBu;

fr\ Berzenedp ffn =\

¢ N-Rh-OR A { N-Rh~<\ (2 25,

W/ I 60 9h W/ | Vv>d5 ...)
60%

R = H, CH2CF3

2.6 Chemistry of Metalloporphyrin Hydroxide

Transition metalloporphyrin hydroxide has rich chemistries because of their
redox properties, the reported examples of M(por)OH mainly include the Fe™(por)OH
and Mn"”(por)OH.
2.6.1 Examples of Metalloporphyrin Hydroxide

2.6.1.2 Iron Porphyrin Hydroxide

Iron(I11) porphyrin hydroxide, Fe(por)OH, prepared from the metathesis reaction
between toluene solution of Fe(por)Cl and excess aqueous NaOH in which the
sterically less hindered porphyrins, such as tpp (tpp = tetraphenylporphyrin), further
dimerize to afford the //-oxo-bridged complexes with the elimination of water
molecule. While for the sterically more hindered porphyrin such as
tetramesitylporphyrin, Fe(tmp)OH was obtained solely without further dimerization

(eq 2.26, Figure 2.2).01

excess NaOH (aq)
Fe(por)Cl N Fe(por)OH - ' Fe(por)-0-Fe(por)+ H20 (2.26)
toluene, 25 1d

por = ftp, tmp
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——

Figure 2.2 Structural features ofFe(tmp)OH and [Fe(tpp)]20
On the other hand, iron(ll) porphyrin hydroxide, [Fe"(por)OH]" was proposed to
be generated from the base-promoted reduction between iron(lll) porphyrin
complexes and excess tetrabutylammonium hydroxide in more polar solvents such as

methanol and DMSO (Scheme 2.4) >

2 equiv TBA(OH)

Fe''(t cl, = . "
( pp) X2 25 ¢ [Fe"{tpp)OHr

Scheme 2.4 Reduction of Fe"(tpp)Cl to [Fe"(tpp)OH]- with TBA(OH)
2.6.1.2 Manganese Porphyrin Hydroxide
Similarily - Groves et al. describe the preparation of manganese(lll) porphyrin
hydroxide, Mn"\tmp)OH, from the benzene solution of Mn"\tmp)Cl and NaOH

under refluxing conditions (Scheme 2.5)?

excess NaOH (aq)
Mn(tmp)Cl -T Mn(tmp)OH
benzene, reflux A
86%

Scheme 2.5 Preparation of Mn(tmp)OH from Mn(tmp)CI
In contrast, Bruice et al described an example of the autoreduction of

manganese(l1l1) porphyrin hydroxide in the presence of hydroxide and alkoxide in
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DMSO or acetonitrile via the proposed inner sphere electron transfer or nucleophilic

attack on coordinated hydroxide by free OH'to give manganese(ll) complex (Scheme

Mn"(tmp)(L)(OH) A Mn"{tmp){L) + .OH

Mn™(tmp)(L)(OH) + OH" Mn"(tmp)(L) + 6~ + H20

L = DMSO, CH3CN

Scheme 2.6 Reduction of Mn™(por) to Mn"(por) via inner sphere electron transfer or
nucleophilic attack

2.6.1.3 Rhodium Porphyrin Hydroxide

However, the chemistry of hydroxo rhodium porphyrin is less commonly

reported. Wayland et al. proposed the first proposed example of [Rh(oep)OH] in the

studies of the formation and thermal reactions of Rh-C bonds derived from the

reactions of [Rh(oep)]2 (oep — octaethylporphyrin) with alkyl C-H bonds in

alkylaromatics. [Rh(oep)OH] was proposed as the coproduct together with

benzaidehyde in the aerobic, thermal decomposition ofRh(oep)Bn (Scheme 2.7).¢

air (200 torr)

Rh(0gp)(CH2CEHD). > [1° = *  Rh"(0ep)- CH2C6HS — Rh"(0ep)" O2CH2C6HS
Rh"(0ep)" O2CH2C6HS Rh"(0ep)02CH2C6HS A CeH5C(0)H + IRh(0ep)OH]
40%

Scheme 2.7 Proposed generation of [Rh(oep)OH] from thermal decomposition of
Rh(oep)Bn in the presence of O2.
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Later » in 2004, Wayland described a remarkable example of a water soluble

hydroxo rhodium(l1l) porphyrin, [Rh(tspp)(0D)(D20)]™ (tspp

tetra(p-sulfonato-phenyl) porphyrin dianion) and its regioselectivity and equilibrium

thermodynamics of addition into olefins in aqueous media have been established

(Scheme 2.8). The bond dissociation free energies of Rh-OD bond for

[(tspp)Rh-0D(D20)]-4 in water is estimated be around 62 kcal/mol.uo

-D+
[(tspp)Rh(D20)2r3 — [(tspp)Rh(0OD)(D20)r"

[(tspp)Rh-0D(D20)r" + CH2=CH2 “ [(tspp)Rh-CH2CH2(0D)(D20)I™*

(tspp) = tetra(p-sulfonato phenyl) porphyrin

Scheme 2.8 Addition of Rh-OH to Olefin in Water
2.6.2 Redox of Metalloporphyrin Hydroxide
2.6.2.1 Redox of  row (Fe, Co, Mn) Metalloporphyrin Hydroxide
In addition, metalloporphyrin hydroxides show various redox properties
especially under basic conditions, which will be discussed in the following section.
Sawyer et al}* reported a series of remarkable oxidation of hydroxide ion with
metalloporphyrin hydroxide including iron > manganese and cobalt. The selected redox
reactions for the oxidation of HO" with metalloporphyrin hydroxide in acetonitrile are

shown in Table 2.4.
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Table 2.4 Redox potentials for oxidation of OH" of metalloporphyrin hydroxide

Electrode reaction El/24/V VS (SCE)

20H- O + H20 + e +0.35
H20 OH + H+ + ¢" +2.43
(tpp)Zn"(OHT + OH- A (tpp)Zn(Cr)- + H20 + € +0.49
(top)Fe" | (OH-) toFel | | (OH + ¢ +0.95
{tpp)Fe™(0H-)2- + OH * (tpp)Fe"(a~)(OH-)- + H20 + e. -0.89
{tpp)Mn™"(0H-)2- + OH (tpp)Mn'"(0'-)(OHT + H20+ e" -0.69
(tpp)Mn'"{0-)(OH-)- + 20H A {tpp)MN™(OH-)- + 02 + H20 + Se" +Q19
Rh™(tpp)(PF3){0H) Rh"(tpp)(PF3)(0H) 24"

"in CH3CN unless stated. ~ in THF

2.6,2.2 Redox Potential of Rhodium Porphyrin Hydroxide

Furthermore, the electrochemistry of (L)Rh(por)OH  was studied by Kadish et
alp\ (PFB)Rhlf"(tpp)(OH) was reported to undergo slow conversion of the
electrogenerated % anion radical to dimeric [Rh"(tpp)]2. The first reduction potential
of (PF3)Rh"i(tpp)(0H) in THF was estimated as -1.24 V (Scheme 2.9).

Rh" [ (tpp)(PF3)(0H) Rh"{tpp){PF3){0H) [Rh"(tpp)I2
-PPh3,

E12: - 1.24V -OH-

Scheme 2.9 Proposed electron-transfer scheme for reduction of [Rh(tpp)(PF3)(0H)]
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2.7 Scope of the Thesis
The objectives of the research focus on the studies of the selective aliphatic
carbon(a)-carbon(P) bond activation (CCA) of ether with rhodium porphyrin
complexes and the promoting roles of bases in the interconversions of rhodium
porphyrin species under different conditions. The thesis is outlined in the following
sections:
(i) ligand promoted, aliphatic carbon(a)-carbon(p) bond activation of ethers
by rhodium(l1) porphyrin radical under mild reaction conditions
(i) base-promoted, aliphatic carbon(a)-carbon(P) bond activation of ether by
in-situ prepared rhodium porphyrin hydroxide from rhodium porphyrin
iodide
(iii)  mechanistic investigation of the base-promoted interconversions of

rhodium porphyrin species
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Chapter 3 Carbon-Carbon Bond Activation of Ethers
by Rhodium(I1) Porphyrin

3.1 Introduction

Monomeric Rh(Il) porphyrin, Rh"(tmp), has been reported to activate the
carbon-carbon bond of a variety of substrates. Chan et al documented a series of
aliphatic sp™-sp™ carbon-carbon bond activation by using Rh"(tmp) in benzene solvent
including nitroxide,™ nitrile,™ ketone, M ester™" and amide™" from moderate to good
yields (see Chapter 2’ Section 2.3). In exploring the substrate scopes in CCA with
Rh"(tmp), we discovered that the unstrained, aliphatic C(a)-C(P) bonds of ethers
were cleaved to yield Rh(tmp)-alkyls bearing the C(P)-substituent in neat ethers.
Mechanistic studies suggested that Rh(tmp)OH is more likely the active intermediate
in the C-C bond cleavage step rather than the C-C bond cleavage with Rh"(tmp) via

SH2 pathway.

3.2 Preparation of Starting Materials

3.2,1 Synthesis of Porphyrins

The free base porphyrins, H2por were synthesized from the co-tetramerization
between pyrrole and substituted benzaldehydes according to the literature methods”

(eg3‘l &3.2).
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1. BFs EtsO, CHCI3, N2
FG.

: r, 1h
«CHDO H2Por 31
2. tetrachiorobenzoquinone
reflux, 1 h Hztmp la, 34%
FG = 1,3 5-CH3, 4-CF3 H2u-CF3PP 2a, 11%
N propanoic acid
cHo + Hsttp (3.2)

reflux, 30 min
3a, 17%

3.2.2 Synthesis of Rhodium Porphyrins

Rhodium porphyrin chlorides, Rh(por)Cl, were synthesized by refluxing H2por

and RhCls in benzonitrile™" (eq 3.3)

PhCN

H2Por + RhCI3 Rh(por)Cl (3.3)
Reflux, air
4h-1d por = tmp 1b, 78%
por = t4-cF3PP 2b, 72%
por = ttp 3b, 68%

por = tdbpp 4a, 60%
Rh(tmp)l, was prepared by the reaction between H2tmp, [Rh(CO)2CI]2 and

NaOAc in dichloroethane followed by oxidation with I2 to yield Rh(tmp)lOI (eq 3.4)

[Rh(CO)2C1]2, C2HACI2, NaOAc
N2, reflux, overnight
H2tmp R_p)l (3.4

2.12,rt, 3 h, N2 ic, 36 %

On the other hand, Rh(por)l was also prepared by reductive iodination of the

Rh(por)CI (eq 3.5).

1. NaBH4 in NaOH, EtOH

N2. overnight, 70°C

Rh(por)CI
(por) 2. excess HCI, 0, C 5 min Rh(por)l (3.5)

3. excess 1225 °C, 30 min por =tmp 1c, 82%
por = 4-CF3PP 2c, 70%
por = ttp 3¢, 81%
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Rhodium porphyrin methyls, Rh(por)Me were prepared from the reductive

methylation of Rh(por)Cl with excess NaBH~Mel.”" (eq 3.6)

1. NaBH4in NaOH, EtOH

N2, overnight, 70 °C
Rh(por)ClI A Rh(por)Me (3.6)
2. excess Mel, 25

L‘ﬂﬂ‘n%ﬂ% B8F = %gwplpddc?%o/so%
Rhodium(ll) porphyrins, Rh™(por), were prepared from the photolysis of

Rh(por)Me in benzene according to the literature procedure (eq 3.7).Ol

hu, be[]Z6n6, N2 v
Rh(por)Me Rh"(por) (3.7)
6-10, C, 10 h
por = tmp 1e, 80%
por = tdbpp 46, 81%

3.3.1 Ligand Effects

Previously, the reactivity of Rh"(tmp) towards the C-C bond cleavage was
found to be enhanced with the addition of the promoter ligand such as
triphenylphosphine.5i’8ib  Rh"(tmp) is a square-planar, low-spin d? complex with
(dxy)2(dxy,yz)4(dz2)i configuration in which the HOMO of Rh"(tmp) is dzl Rh(Il)
reacts with various ligands (L = a donor and n acceptor) to form adducts™ (Figure
3.1). After coordination with a a donor ligand, such as phosphine ligand, to form a
five-coordinated (L)Rh"(tmp) (L = ArsP), the complex becomes more electron-rich

and higher in energy and therefore, more reactive.
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Energy

dxV dx2-y2 Vi
a* HOMO
a2 0.2
yz 'y
4 »
Rhii(por) Rh"(por) Rh"(por)(PAr3) PArg

Figure 3.1 Energy diagram of molecular orbital for (par3)Rh"(por)

Initially, Rh"(tmp) reacted with neat «-butyl ether at room temperature for 1
day to give Rh(tmp)Pr in 15% yield only (Table 3.1, entry 1, eq 3.10). We then added
one equivalent of various phosphine ligands such as P('Pr)3, P(Cy)3, P(4-MeOPh)3,
P(4-toly)3 and PPhs as the promoter ligands in order to enhance the reactivity (Table
3.1, entries 2-7). Generally, phosphine ligands, except P('Pr)3 (Table 3.1, entry 2),
promoted the reactivity of CCA in which PPhs ligand gave the best enhancement to
40% product yield (Table 3.1, entry 6). A higher loading of PPhs (2 equiv) did not
enhance the CCA product yield (Table 3.1, entry 7). Most likely one equivalent of
PPhs already converts most Rh"(tmp) to Rh"(tmp)(PPh3) as the binding constant has

been measured to be 2.34 x 100 at 25 Therefore, Rh™tmp) exists in
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approximately 80% in the form of Rh"(tmp)(PPh3).

PR3 (EQUV)
RH'(TMP) + PRCHSOCHAPR ¢ RH(TMP)PR  (3.10)
1e N>1D, 2408 C
Table 3.1 Ligand Effects
Entry PR3/ (equiv) Rh(tmp)Pr 5al/yield %

1 Nil 15

P('Pr)3(l) 5
3 P(Cy)3(1) 18
4 P(4-MeOPh)3(l) 16
5 P(4-toly)3(l) 20
6 PPh3(l) 40
7 PPh3(2) 40

a 5% of Rh(tmp)CH3 was isolated, and was likely from the CCA of the isopropy group
of P('Pr)3.

3.3.2 Porphyrin Effects

The porphyrin effects on CCA were examined with monomeric Rh"(tmp)
and Rh"(tdbpp) as well as [Rh"(ttp)]2 dimer (Table 3.2, eq 3.11). The Rh"(por)
monomers gave the higher CCA yields than [Rh(ttp)]2 (Table 3.2 entries 1-2 vs entry
3), Rh"(tmp) gave the highest yield in 40% (Table 3.2 > entry 1) while Rh"(tdbpp)
gave slightly lower yield of 28% (Table 3.2, entry 2). Likely Rh"(tdbpp) still exists in
some extent as dimer. [Rh(ttp)]2 gave the lowest yield in only 7% (Table 3,2, entry 3).

The low concentration of Rh"(ttp) radical strongly reduces the product yield.
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| equiv PPhs

Rh"(por) + PrCH20CH2Pr Rh{por)Pr  (3.11)
N2, 1d, 24 °C

Table 3.2 Porphyrin Effects

Entry Rh"(por) Rh(por)Pr/Yield %
Rh"(tmp) le Rh(tmp)Pr 5a (40)
Rh"(tdbpp) 4d Rh(tdbpp)Pr4e(28)
[Rh"(ttp)]2 3e Rh(ttp)Pr3f(7)

3.3.3 Scope of Reaction

To explore the substrate scope, various ethers were then investigated using the
optimal conditions at room temperature with the addition of PPI13 (1 equiv) (Table 3.3,
eq 3.12). Generally, higher yields were obtained for the straight chain aliphatic ethers
than the branched one (Table 3.3, entries 1, 3 and 4 vs entries 5-6) probably due to
steric reasons. The CCA reaction also took place even at 0 to 3 °C though requiring 5
days long (Table 3.3, entry 2). While for 2-ethoxylethyl ether, both the internal and
terminal C(a)-C(p) bond were cleaved to give Rh(tmp)Me and Rh(tmp)CH20Et in
around 1:1 ratio (Table 3.3, entries 7-8). Phenyl ethyl ether gave Rh(tmp)Et in 10%
yield for 3 days as the carbon-oxygen activation (COA) product (Table 3.3, entry 9)

probably due to the weaker PhO-Et bond (BDE ofC-0 bond ofPhO-Et —64 kcal/mol

vs atypical BDE of the C(a)-C({} bond of ether —83 kcal/mol) ¥
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equiv PPha

Rh"(tmp) + RCH20CH2R Rh(tmp)R (3.12)
- N2 > Time, 24, C

Table 3.3 Scopes of Ether

Entry Ether Time Products/Yield%

1 EtCH20CH2Et Id Rh(tmp)Et 5b (41)

PrCHsOCHzPr 5d Rh(tinp)Pr 5a (38)
3 PrCH20CH2Pr Id Rh(tmp)Pr 5a (40)
4 BUCH20CH2BU 5d Rli(tmp)Bu 5¢ (30)
5 'BUCH20CH2'BU 5d Rh(tmpyBu 5d(13)
6 (CH20)2CHPr Id Rh(tmp)Pr 5a (22)
7 (MeCH20CH2)2 4d Rh(tmp)Me Id (13)

Rh(tmp)CH20Et5f(12)

) (MeCH20CH2)2 2d Rh(tmp)Me Id (16)

Rh(tmp)CH20Et 5f (17)

9 PhOEt 3d Rh(tmp)Et 5b (10)

a. reactionat0-3 b. reaction at 50 "C.

3.4 Mechanistic Investigation of CCA of Ether by Rh"'(tmp)

3.4.1 Possible Mechanism for the CCA of Ether with Rh*(tmp) radical

Previously, the mechanism of the parallel CCA and CHA of nitroxide with

Rh"(tmp) radical has been proposed to operate via the homolytic bimolecular

substitution pathway (sH2) (Chapter 2, Section 2.2).~~ Therefore, CCA and CHA of

ethers by Rh"(tmp) may concurrently occur (Schemes 3.1-3.2).
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(mpRh [ [+ + A (tmp)Rh-R + +—O /R

(tmp)Rh". + o— “ Rh(tmpr"~cr*R

Scheme 3.1 Possible Sh2 pathway for the CCA of ether with Rh"(tmp)

Rh(tmp)R + Rh(tmp)CH20CH2R
(RCH2)20 r
Rh"(tmp)

Rh(tmp)H + Rh(tmp)'"0'"R
CHA

Scheme 3.2 Possible parallel CCA and CHA of ether with Rh"(tmp)

To gain further insight into the reaction mechanism, we monitored the reaction

by 'H NMR spectroscopy and attempted to identify the fate of organic coproducts.

3.4.2 NMR Monitoring of CCA Reaction

The progress of the reaction of Rh"(tmp) with «-butyl ether (50 equiv)

benzene-c4 was monitored by '"HNMR spectroscopy. Initally, Rh"(tmp) reacted with

BU20O (50 equiv) to give the both Rh(tmp)Pr (24%) and Rh(tmp)H (18%) within 10

minutes at 24 Prolonged reaction to 5 days did not change the amount of

Rh(tmp)Pr (30%) and Rh(tmp)H (20%) significantly with 10% of Rh"(tmp) still

remained (eq 3.13).

B R S benzene-dg
Rh"(tmp) + (PrCH2)20 A Rh(tmp)Pr + Rh(tmp)H  (3.13)

1e 10% (50 equiv) r.t.,5d 53 3000 if20%
CCA CHA

The observation of Rh(tmp)H suggests that the CHA of ether concurrently occurs

(Scheme 3.2). While Rh"(por) species are known to activate C-Hbonds,the CHA



most probably occurs at the weakest C(a)-H bond of the ether to give Rh(tmp)H. (The

strength of C(a)-H and CO”-H bonds in the dietheyl ether are 93 and 100 kcal/mol,

respectively)”

3.4.3 Fate of Organic Coproducts

To verify whether the C-C bond cleavage of ether via Sh2 pathway by Rh"(tmp),

we attempted to find out the possible structure of the organic coproduct, we analyzed

the reaction mixture of «-butyl ether by GC-MS. However, the expected organic

coproduct, PrCHIOCHs, presumably generated from hydrogen transfer between

Rh(tmp)H (formed from the CHA of ether) and the resultant alkoxyl methyl radical

PrCH20CH2- (formed from the metalloradical cleavage of C(a)-C(p) bond of ether),

was not observed even the theoretical yield should be above the detection limit of the

GC-MS spectrometer used (Scheme 3.3). The detection limit of PrCHsSOCHSs in

rt-butyl ether solvent was found to be 0.046 ppm (approximately up to 1% of

PrCHiOCHs in the reaction mixture of ...butyl ether). Therefore PrCHIOCHSs is less

likely generated.

Rh"(tmp) + R-CH20OR CCA. Rh(tmp)R + -CHaOR

«CH20R + Rh(tmp)H Rh"(tmp) + CH3O0R
Scheme 3.3 Possible hydrogen atom transfer ofRh(tmp)H to «CH20R
Another possible coproduct of Rh(tmp)CH20R, most likely generated from the

coupling reaction between Rh™(tmp) and alkoxyl methyl radical, was also not
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observed (Scheme 3.1). Alternatively, the alkoxyl methyl radical if generated is

presumably very reactive and may undergo rapid rearrangement to give HCHO and an

alkyl radical and then alkane after hydrogen atom abstraction (Scheme This

rearrangement can provide further driving force of the reaction by around -15

kcal/mol.i5 However, alkyl radical, alkane and formaldehyde were unable to be

detected.
9 /cf25, Q)—6.5 X 104 s-1 Rh"(tmD)
Bu- + H A PrCHsOCHz- ~A—~ Rh(tmp)CH20CH2Pr
(C-0O 7t-bond) ~ 90 kcal/mol"® (C-0)~—85 kcal/mol
TAS -10
AG - (85-90) -10 kcal/mol
—-15 kcal/mol

Scheme 3.4 Possible reaction pathways of the resultant alkoxyl methyl radical

Since the detection of low molecular weight molecules proves to be difficult. We
tested the proposed pathway by examing the stability of Rh(tmp)CH20CH2CH3 5h in
neat «-butyl ether. Rh(tmp)CH20CH2CH3 5h did not react with neat «-butyl at 24 "C
for 1 day with the recovery yield of Rh(tmp)CH20CH2CH3 in 91% (eq. 3.14). It
suggests that Rh(tmp)CH20R is stable and most likely does not form. Therefore, the
C-C bond cleavage of ether via Sh2 pathway by Rh"(tmp) is doubtful and it would be
discussed in later section.

PPhg (1 equiv)

Rh(tmp)CH20CH2CH3 + PrCHzOCHzPr * no reaction (3.14)

r.t., id, N2
5h recovery: 91%
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3.4.3.1 Phosphine Effect - Observation of Suspected (PPh3)Rh(tmp)OR

On the other hand, upon addition of PPhs, the CCA reaction of (RCH2)20 (R = Et
and Pr) with Rh"(tmp) gave Rh(tmp)R and new products that were sufficiently stable
for "H NMR analysis in benzene-"*? (eq 3.15-3.16). Though the crude reaction
mixtures were not completely soluble in benzene-**, other than the CCA products of
Rh(tmp)Et (Figure 3.2) and Rh(tmp)Pr (Figure 3.3), the Rh(tmp)-containing
coproducts with upfield signals were also present which are assignable as
(PPh3)Rh(tmp)OEt 5h (Figure 3.2, eq 3.15) and (PPh3)Rh(tmp)OPr 5i (Figure 3.3, eq
3.16) respectively. The formation of the (PPh3)Rh(tmp)OR is not clearly understood.
We attempted to isolate the suspected (PPh3)Rh(tmp)OR through flash column
chromatography but without success. Instead approximately 50% vyield of
(PPh3)Rh(tmp)Cl was isolated after flash column chromatography eluting with hexane
and CH2CI2. It could be due to the conversion of (PPh3)Rh(tmp)OR to Rh"(tmp) and
Rh(tmp)H which further react with CH2CI2 to give (PPh3)Rh(tmp)CI.

PPho (1 efquiv)

Rh"{tmp) + EtCHsSOCHSEt —~~-~~A Rh(tmp)Et + (PPh3)Rh(tmp)OEt (3.15)
1e rt,1d N2 i 5h

40% "-4:6 (crude NMR ratio)

Rh"(tmp) + PrCHsOCHaPr PPh. (1 equiv. Rh(tmp)Pr + (PPh3)Rh(tmp)OPr (3.16)

1e r.t.’1d’N2 5a 5i
40% ~ 4 :6 (crude NMR ratio)
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Figure 3.2 Crude "H NMR of eq 3.15

b (PPh3)Rh(tmp)OCH2CH2CH3
' Rh(tmp)CH2H2CH3
| 1 AJL
8,50
ppm(f1) 40
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0.0 -5.0
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Figure 3.3 Crude ] H NMR of eq 3.16
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3.4.3.2 Intramolecular Trapping with Cyclic Ether

To assist the identification of organic coproduct, we designed intramolecular

trapping experiments with cyclic ethers (eq 3.17 - 3.18). Initially, Rh"(tmp) was

reacted with THF, no corresponding CCA product was observed (eq 3.17-3.18).

Indeed, only a trace amount of Rh(tmp)H was observed with mainly Rh"(tmp)

remained unreacted (eq 3.18)

0] PPh3 (1 equiv)
Rh"(tmp) + \ / No Rh(tmp)alkys (3.17)
\ Ht.°3d. N8 Sreeaxyed
le
.0
Rh"{tmp) + \ / A Rh(tmp)H (3.18)
N~ r.t, 1d, N2
le If trace amount observed

RhH(tmp) was then reacted with the more strained, 7-membered oxepane (ring

strain energy —6 kcal/mol)"~ at 24 ~C in 1 day. The unexpected formate product,

Rh(tmp)(CH2)50CHO were isolated in 13% and 17% vyields in both the presence and

absence of PPhs respectively (eq 3.19 - 3.20). Additionally, Rh"(tinp) reacted with

neat «-butyl ether in the presence of PPhs to give 40% yield of Rh(tmp)Pr (eq 3.12,

entry 3) with approximately 1% yield of «-butyl formate was also detected from the

GC-MS analysis. Although formates were detected in low yields, it still provides

some important mechanistic insight on what the key rhodium porphyrin species

responsible for the C-C bond cleavage step. The detail will be discussed in the Section

3.4.5 > Alternative CCA Mechanism.
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Rh-tnp) + /-~ PPh3(le )] (*.19)

\ r.t, 1d N2 #1300
y 0 A Y ?
Rh"(tmp)-+ () v M ‘ A H (3.20)
le A rt.,1d,N2 N

Although C-C bond cleavage of a variety of substrates by Rh"(tmp) have been
proposed via the SH2 pathway (Scheme 3.1),62 the expected coproduct of ch3och2r
(Scheme 3.3) and Rh(tmp)CH20CH2R (Scheme 3.4) were not detected. Moreover, the
formation of formate product from the oxepane is inconsistent with Rh"(tmp)
chemistry (eq 3.19-3.20). Therefore, Rh"(tmp) alone is less likely the direct
intermediate in the C-C bond cleavage step.

3.4.4 Energetic Consideration of C-C Bond Cleavage by Rh*(tmp)

Furthermore, cleavage of a saturated C-C bond of ether via a SH2 pathway is
improbable because it has an overwhelmingly disfavored energetical barrier by
around +33 kcal/mol even though the subsequent fragmentation of the alkoxyl methyl
radical can provide extra driving force by around -15 kcal/mol (Schemes 3.4-3.5,
Figure 3.4). An activation energy of +33 kcal/mol would require a long half life to be
5.7 X 10" years at 25 “C which is inconsistent with the observed reaction rate.

Therefore, the C-C bond cleavage step is less likely occurred via SH2 pathawy.
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Rh"(tmp) + R-CH20CH2R Rh(tmp)R + -CHsSOCHgR

AH (R-C) -83 kcal/moli5 AH (Rh-R)~—50 kcal/mol®®
TAS~0
AG - 83 - 50 kcal/mol

—+33 kcal/mol

Scheme 3.5 Proposed mechanism of CCA of ether by Rh"(tmp)

Energy
~ Rh(tmp)R
CH2OCHZ2R AG--15 kcal/mol
Rh(tmp)R + .CH2R
AG - +33 kcal/mol HCHO
Rh(tmp)
RCH2OCHZ2R

Reaction Coordinate
Figure 3.4 Energetic consideration of C-C bond cleavage with Rh"(tmp)

3.4.5 Alternative CCA Mechanism

We then considered other possible Rh(tmp) intermediates that are responsible for
the C-C bond cleavage. Since the formate product bears one more 0-atom - likely, it is

the result of an oxidation process probably from Rh(tmp)OX (Scheme 3.7).

—9]
Rh(tmp)@X é

Scheme 3.7 Proposed mechanism for the formation of formate product with
Rh(tmp)OX
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3.4.5.1 Disproportionation of Rh"(tmp)

Previously, disproportionation of Rh(ll) porphyrin complexes with CH3O0OH

(Scheme 3.8)1” A"~ H20 (Scheme have been reported by Wayland et al

[{CH30H)2Rhii(tmp)r

2Rh"(tmp) + 2CH30H - L + - A {CH30H)Rh(tmp)OCH3 + Rh(tmp)H
[Rh'(tmp}r

[CH30OH] > 0.1 M - 5M in benzene

Scheme 3.8 Proposed mechanism for the disproportionation of Rh"(tmp) by methanol

[Rh"(tmps)(D20)]2-8 + D20 - . [Rh™(tmps)-0D(D20)]-* + [Rh™(tmps)-D{D20)]-"
AG = -2.4 kcal/molii8

Scheme 3.9 Proposed mechanim for the disproportionation of water-soluble Rh"(tmps)

complexes in D20

Since a small residue of H20 > estimated to be about 1-2 equiv with respect to

Rh"(tmp) in benzene-J* (eq 3.7), is present even after distillation from sodium. We

reasoned that both the H20 and PPhs ligand can cause Rh"(tmp) to disproportionate

into Rh(tmp)OH and Rh(tmp)H in ethers (Scheme 3.10). The disproportionation

reaction of Rh"(tmp) induced by H20 to give Rh(tmp)OH and Rh(tmp)H is estimated

to be thermodynamically favorable by around -4 kcal/mol (Scheme 3.10).

2Rh"(tmp)(L) + H20 , ‘ [{L)Rh"(tmp)(H20)r + [{L)Rh'(tmp)r
[(LYRh™{tmp)(H20)r + [(L)Rh'(tmp)]- . [((L)Rh™(tnnp)(OH)I + (L)Rh{tmp)H
2Rh"(tmp)(L) + H20 - ‘" (L)Rhi"(tmp)(OH) + (L)Rh(tmp)H

AGo (H-OH) 116 kcal/mol”s  AG°(Rh-OH) 60 kcal/mol”s AG°{Rh-H) 60 kcal/mol”,

AG® = 116 - (60 + 60) kcal/mol = -4 kcal/mol

Scheme 3.10 Plausible mechanism for the generation of Rh(tmp)OH
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Therefore, Rh(tmp)OH is proposed to form from the disproportionation between
Rh"(tinp) with H20 and reacts rapidly with oxepane to give the corresponding
formate product. Scheme 3.11 illustrates the proposed mechanism for the formation of
Rh(tmp)(CH2)50CHO 5j, Initally, Rh(tmp)OH Ig reacts with oxepane to give the
acetal 5m. Then, b5m reacts with Rh(tmp)OH to give the ether
Rh(tmp)(CH2)50CH20Rh 5n and H20. 5n undergoes a /*hydride elimination to give
the formate 5j. Rh(tmp)H recycles back to Rh"(tmp) and then Rh(tmp)OH by
dehydrogenation either thermally or assisted by hydroxide (see Chapter 4, Section

4.5A3).

Rh(tmp)OH + [ 1
1g \ 5m

+ Rh(tmp)OH * A + H20
5m 5n
; Ahydride 0
J0-Rh H [ —5 +  Rh(tmp)H
5n 5

Scheme 3.11 Proposed mechanism for the formation of formate product with
Rh(tmp)OH

3.4.5.2 Energetic Consideration of C-C Bond Cleavage with Rh(tmp)OH

In constrast to Rh"(tmp), the C-C bond cleavage step of ether by Rh(tmp)OH is

thermodynamically feasible by approximately -2 kcal/mol (Figure 3.5). Further

conversion of the acetal 5m to formate provides the extra driving force for the overall

reaction system by around -19 kcal/mol (Figures 3.5-3.6).
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Rh"(tmp)OH  + RCH20CHZ2R Rh(tmp)R + HOCH20CH2R

AH(Rh-OH) -60 kcal/mol AH(R-CH2) -83 kcal/mol AH(Rh-R) -50 kcal/mol AH(HO0-CH2) ~95 kcal/mol
TAS ~0 AG ~ AH ~ (60 + 83)- (50 + 95) - kcal/mol --2 kcal/mol

HOCH20CH2R + Rh™(tmp)OH Rh({tmp)-OCH20CH2R + HjO

AH(H-0CH2) 05 kcal/mol AH(Rh-OH) -60 kcal/mol AH(Rh-OR) -46 kcal/mol AH(HO-H) -119 kcal/mol

TAS ~0 AG ~AH ~ (105 + 60) - (46 + 119) kcal/mol ~ 0 kcal/mol

Rh({tmp}OCH20CH2R — RCHOOCHO Rh(tmp)H

AH(Rh-0) -46 kcal/mol AH(C=0) -175 kcal/mol AH(Rh-H) -60 kcal/mol
AH(RhOC-H) -95 kcal/mol
AH(C-0) ~85 kcal/mol

TAS " 10 AG = (46 + 95 + 85) - (175+60) - 10 kcal/mol - -19 kcat/mol
Figure 3.5 Energetic estimation of of the CCA of ether by Rh(tmp)OH

Energy

Rmp)OH
RCH2R0

AG ~ -2 kcal/mol

Rhnp)R
RCHXOCHXCH

frmt%g RCH20C(OH

Reaction Coordinate

Figure 3.6 Energetic consideration of the CCA of ether by Rh(tmp)OH

3.4.5.3 Base Effects

Since Rh(tmp)OH was proposed to be generated from the disproportionation
of Rh"(tmp) with H20O. Furthermore, hydroxide ion has also been reported to cause

the disproportionation of [Rh"(tspp)(D20)]2'* to [Rh"~(tspp)-0D(D20)]"* and

[Rhi(tspp)(D20)]2_5 (Scheme 3.12).'°
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[Rh"(tspp)(D20)]2-8 + OD- - [Rhi"(tspp)-0D(D20)]~ + [Rh'{tspp){D20)]-5

Scheme 3.12 Proposed Proposed Mechanism for OH" induced disproportionation of
[Rh*(tspp)(D20)]2-'

The above proposed pathways were then tested by the based-promoted CCA

reaction of Rh"(tmp) with ethers (Scheme 3.13, Table 34 > eq 3.19).

2Rh"(tmp) + OH- ° A Rh™(tmp)(OH) + [Rh'(tmp)]-
1e 19 1h

Scheme 3.13 Proposed mechanism for hydroxide-induced disproportionation
ofRh"(tmp)

Upon addition of bases, the corresponding (PPh3)Rh(tmp)OPr (Figure 3.3, eq

3.16) was not observed in the crude reaction mixture of the reaction of Rh"(tmp) with

w-butyl ether (eq 3.21). Likely (PPh3)Rh(tmp)OPr is unstable under basic conditions.

The addition of KOH alone did not promote the product yield (Table 3,4, entry 2)

likely due to its poor solubility in «-butyl ether at 24 Further addition of 50 equiv

H20 promoted the product yield to 62% (Table 3.4, entry 3) due to the enhanced

solubility KOH in ? 2-butyl ether/water. Other stronger and more soluble bases such as

KO”Bu and CSOH.H20 gave higher product yields of 56% and 59% respectively

(Table 3.4, entries 4-5). These results further suggest that Rh(tmp)OH intermediate is

likely generated and cleaves the C-C bond rapidly.

1 equiv PPh"
10 equiv base
Rh“(tmp) + PrCH20CH2Pr Rh(tmp)Pr  (3.21)
. N2. 1d. 24 °C A
1e 5a
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Table 3.4 Base and H20 Effect

Entry Base H20/ equiv Rh(tmp)Pr 5a/rield%
1 Nil 40
2 KOH 40
3 KOH 50 62
4 KO'Bu 56
5 CSOH.H20 59

Table 3.5 Solubility of Inorganic Bases in w-Butyl Ether Solvent at 25 ~C

Base Solubility Solubility with H20 Reported solubility in
added (50 equiv) H20(g/9)"9
KOH Sparingly Soluble 12
soluble
KO'Bu Soluble Soluble
CSOH.H20 Soluble Soluble 3.0

3.5 Summary

Mild, selective carbon(a)-carbon((5) bond activation of ethers with rhodium(ll)

porphyrin complexes have been discovered, Triarylphosphines were found to be the

promoter ligands in enhancing the reactivity of CCA with PPhs being the best ligand.

The sterics of porphyrin also affect the reactivity of CCA. The sterically hindered,

monomelic rhodium(ll) porphyrin radical » Rh"(tmp), gave the highest CCA product

yield. Rh(tmp)OH has been proposed as the key intermediate plausibly generated

from the PPha- OH'- and HiO-assisted disproportionation of Rh"(tmp). The CCA

yields were further improved with the addition of strong bases and H20, so as to

promote the more facile generation of the reactive Rh(tmp)OH for further CCA

reaction. Further mechanistic investigation and the preparation of Rh(tmp)OH for

subsequent C-C bond activation of ethers will be discussed in the next chapter.
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Chapter 4 Base-Promoted Carbon-Carbon Bond

Activation of Ethers by Rhodium(I11) Porphyrins

4.1 Introduction

In chapter 3, Rh(tmp)OH has been proposed as the key intermediate in the
carbon-carbon bond activation of ethers. In this chapter, we present the results of the
attempted synthesis, detection of Rh(tmp)OH as well as the systematic investigation
of the CCA of ethers with in-situ prepared Rh(tmp)OH from rhodium(lll) porphyrin
halides with KOH. The promoting roles of KOH in the interconversions of

Rh(tmp)-species will also be presented.
4.2 Attempted Synthesis of Rhodium(I11) Porphyrin Hydroxide, (Rh(tmp)OH).

Initially, we attempted to synthesize and isolate rhodium porphyrin hydroxide by
means of ligand substitution reaction between Rh(tmp)l with KOH in different

solvents (Scheme 4,1 - Table 4.1).

Ligand

Rh(tmp)l + KOH Substitution ~ Rh(tmp)OH + Kl
15 Solvent fg

Scheme 4.1 Attempted synthesis of Rh(tmp)OH
Interestingly, the unexpected chemical transformations in three different solvents
were discovered; (1) the reduction of Rh(Ill) porphyrin with KOH to give Rh(ll)
porphyrin radical in benzene (Table 4.1, entries 1-2), (2) the reduction of Rh(lll)

porphyrin with KOH to give Rh(l) porphyrin anion in THF (Table 4.1, entry 3), and (3)
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the formation of Rh(tmp)Et via carbon(a)-carbon(p) bond cleavage in neat *-propyl

ether solvent (Table 4.1, entry 4).

Table 4.1 Reaction between Rh(tmp)l and KOH in Different Solvents

Entry Solvent Temp/~C Time/d Products/ (Yield/%)
1 Benzene 100 1 Rh(tmp)l Ic (70)
2[1 Benzene-(i<5 100 1 Rh(tmp)! Ic (75)

Rh"(tmp) le (20)
r THF-ds 100 5 [RhA(tmp)]" Th
(quantitative)

4 Propyl ether 80 1 Rh(tmp)Et 5b (34)

"NMR vyield.

In non polar solvent such as benzene, only a small amount of Rh(tmp)I reacted

and 70% vyield of Rh(tmp)l was recovered after 1 day at 100, C (Table 4.1 > entry 1).

The reaction was then carried out at benzene-"/" in a sealed NMR tube and was

monitored by "H NMR spectroscopy. After 1 day,—75% yield of Rh(tmp)l remained

imreacted and —20% vyield of Rh"(tmp) formed (Table 4.1, entry 2). In the polar

solvent, Rh(tmp)l reacted with KOH at 100 for 5 days to give [Rh*(tmp)]-

guantitatively (Table 4.1 > entry 3). The base-promoted reduction of the rhodium(lll)

porphyrin species is strongly dependent on the solvent polarity (Table 4.2) which will

be discussed in the later section (Section 4.5 - Mechanistic Investigation). When neat

A-propyl ether was used as the solvent, Rh(tmp)l and KOH were found to react with

{E-propyl ether at 80 ~C to give Rh(tmp)Et in 34% vyield as the selective
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carbon(a)-carbon(p) bond activation product (Table 4.1, entry 4). As the reactivity

patterns are strongly dependent on solvent polarity, further studies in the reactivity

patterns between rhodium porphyrin halides and KOH in different solvents and ethers

will aid to design the preparation of rhodium porphyrin hydroxide. Since Rh(tmp)OH

proved hard to be synthesized, the objectives of my work are (1) to explore the scope

of carbon-carbon bond activation of ethers with in-situ prepared Rh(tmp)OH; (2) to

investigate the mechanism of carbon-carbon bond activation of ethers; and (3) to

understand the reactivity patterns of rhodium porphyrin complexes in basic media.

Table 4.2 Polarity of Some Common Solvents™*

Solvent Dielectric constant Donor Number (kcal/mol)
Benzene 2.27 0.1
Diethyl ether 4.19 19.2
w-propyl ether 3.38
«-butyl ether 3.08 18.1
«-pentyl ether 2.80
Tetrahydrofiiran 7.52 20.0
Tetrahydropyran 5.66
Oxepane 4.97
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4.3 Carbon-Carbon Bond Activation of Ethers

4.3.1 Base Effects

The base effects for the CCA of ethers were then examined. Initially, the control

experiment was carried out, Rh(tmp)l reacted with neat M-butyl ether at 40 ~C in 1 day

to give a low yield of 4% Rh(tmp)Pr as the selective C(a)-C(P) bond activated

product (Table 4.3, entry 1).

Several inorganic bases were then investigated (Table 4.3, eq 4.1). Weaker

bases of K2CO3 and CS2CO3 (Table 4.3, entries 2-3) were found not to be

advantageous with a little increase of product yields. Stronger bases such as NaOMe,

NaOH, KO”Bu and KOH (Table 4.3, entries 3-10) were much more effective in

promoting the selective C(a)-C(P) bond cleavage with KOH producing the highest

product yield (Table 4.3 > entry 8). A lower loading of KOH (5 equiv) (Table 4.3, entry

7) gave alower yield while a higher loading (20 equiv) (Table 4.3, entry 9) resulted in

little enhancement over the use of 10 equivalents (Table 4.3 > entry 8). KOH gave the

highest reactivity probably due to the more facile formation of reactive rhodium

porphyrin hydroxide. In benzene or THF solvent with the addition of 50 equiv of

"-butyl ether, less than 1% of Rh(tmp)Pr was obstained at 40 *C in 1 day. Therefore,

basic and solvent-free conditions are necessary.
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Table 4.3 CCA of «-Butyl Ether with Rh(tmp)I with Various Inorganic Bases

10 equiv base

Rh(tmp)l + PrCHzOCHsPr Rh(tmp)Pr  (4.1)
1c N2,40 Ba
Entry Bases Time/d 5alYield/%

1 - 1 4
2 k2co3 3 7
3 cs2co3 2 4
4 NaOH 1 18
5 NaOMe 1 20
6 KO'Bu 1 22
r KOH 1 17
8 KOH 1 33

KOH 1 35

KOH 1 53

5 equiv of KOH; 20 equiv ofKOH, ~ 80

4.3.2 Counter Anion Effects

We then investigated the counter anion effects of the rhodium(lll) porphyrin

complexes, Rh(tmp)CI, Rh(ttp)CI, Rh(tmp)l, Rh(ttp)l, and Rh(tmp)BF4. The reactions

were carried out at a slightly higher reaction temperature (80, €) in order to enhance

the CCA reaction (Table 4,4 - eq 4.2). The counter anion of(por)Rh-X (X =1, Cl, BF4)

strongly affected the yield of CCA. In the presence of KOH (10 equiv), Rh(tmp)CI

and Rh(ttp)Cl gave Rh(tmp)Pr and Rh(ttp)Pr in lower yields of only 23% and 19%
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respectively (Table 4.4, entries 1-2) while Rh(tmp)l and Rh(ttp)l gave Rh(tmp)Pr and

Rh(ttp)Pr in higher yields of 53% and 60% respectively (Table 4.4, entries 3-4).

Likely, Rh(por)l undergoes much more facile ligand substitution with KOH for

further CCA reaction. Moreover, Rh(por)Cl being less soluble than Rh(por)l in ether,

gave a lower CCA yield. However, the more electrophilic Rh(tmp)BF4, reacted with

w-butyl ether in the presence of KOH to give Rh(tmp)Pr in only 30% yield (Table 4.4,

entry 5). Therefore, rhodium(lll) porphyrin iodide was chosen for further studies.

I10equiv KOH
Rh{por)X -+ PrCH20CH2Pr Rh(por)Pr (4.2)
N2, 80, C, Id
X=I, Cl and BF4
Table 4.4 Anion Effects of CCA of Ether
Entry Rh(por)X Product/rield%o
Rh(tmp)ClI Rh(tmp)Pr5a/23%
2 Rh(ttp)Cl Rh(ttp)Pr3f/19%
3 Rh(tmp)! Rh(tmp)Pr 5a/ 53%
4 Rh(ttp)! Rh(ttp)Pr 3f/ 60%
ba Rh(tmp)BF4 Rh(tmp)Pr5a/29%

prepared insitu
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4.3.3 Porphyrin Effects

We then examined the steric and electronic effects of various porphyrin ligands

(Table 4.5’ eq 4.3). Generally, Rh(ttp)l and Rh(t4-cF3pp)l reacted poorly with ethers

comparing with Rh(tmp)Il (Table 4.5, entries 1 3, and 5 vs entries 2 and 4). The higher

yields were obtained from Rh(tmp)l can be explained by two reasons. First » Rh(tmp)l

are much more soluble than Rh(ttp)l and Rh(t4.cF3pp)l in ethers. Secondly, the

sterically hindered tmp porphyrin prevents the formation of dimeric Rh2(por)2 and

possibly other ju-oxo rhodium porphyrin M AM

IOequivkOH
Rh(por)l + RCH20CH2R Rh R (4.
Time, 80 °C » Ng (ponR  (4.3)

Table 4.5 Porphyrin Effects in CCA

Entry Rh(pon)l Ether Time Product/Yield%
1 Rh(ttp)l PrCH20CH2Pr 3d Rh(ttp)Pr 3f/65
2 Rh(tmp)l PrCH20CH2Pr 3d Rh(tmp)Pr 5a/ 84
3 Rh(ttp)l buch2och2bu Id Rh(ttp)Bu3i/16
4 Rh(tmp)l buch2och2bu Id Rh(tmp)Bu 5c¢/ 88
5 Rh(t4-CF3PP)l bllch2och2bu Id Rh(tcF3PP)Bu2d/58

4.3.4 Temperature Effects

The reaction temperature for CCA of the straight chain ethers with Rh(tinp)l was

varied from 40 to 100 (Table 4.6, eq 4.4). The lower yields for *-propyl ether

than «-butyl ether (Table 4.6 - entries 1-3 vs 4-5) were due to the poorer solubility of
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Rh(tmp)l in w-propyl ether. The highest product yield was obtained for the more

soluble ? 7-butyl ether in 86% yield at 100, C (Table 4.6, entry 5).

Rh(tmp)! + RCH20OCH2R IQequivKOH__" Rh(tmp)R (4.4)
1c Temp, 1d, N2 5a-5b

Table 4.6 Temperature Effects in CCA

Entry Ethers Templs C Product/Yield/%
1 EtCHSOCHIEt 40 Rh(tmp)Et 5b/ 23
2 EtCHzOCHIEt 80 Rh(tmp)Et 5b/ 34
3 EtCHIOCHSsEt 100 Rh(tmp)Et 5b/ 30
4 PrCH20CH2Pr 80 Rh(tmp)Pr 5a/53
5 PrCHzOCHiIPr 100 Rh(tmp)Pr 5a/ 86

4.3.5 Scope of Symmetrical Ethers

To explore the substrate scope, various ethers were then investigated using the

optimal conditions at 100, C for 1day with KOH (10 equiv) (Table 4.6 > eq 4.5).

The reactions were highly selective in the cleavage of C(a)-C(p) bonds of ethers

to give Rh(tmp)R. In general, linear ethers were more reactive than branched ethers

(Table 4.7 - entries 2-5 vs 1 and 6) likely due to sterics. The steric effect is also evident

in the activation of 2-ethoxylethyl ether (Table 4.7, entry 7). Even though the internal

C(a)-C(J3) bond is weaker than the terminal one by around 10 kcal/mol,' only the

terminal, least hindered C(a)-C(P) bond was cleaved to give Rh(tmp)Me, though in

lower yield of 19% (Table 4.7, entry 7). For dibenzyl ether (Table 4.7, entry 8), no
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corresponding Rh(tmp)Ph was obtained as this much stronger C(a)-C(p) bond is hard

to cleave (BDE —102 kcal/mol).M

I0equivkOH
Rh(tmp)l + RCH20CH2R 1000C 1d N > Rh(tmp)R (4.5)
Table 4.7 CCA of Ethers with Rh(tmp)lI
Entry Ether Product /Yield %

1 (Me)2choch(Me)2 Rh(tmp)Me Id/ 32%
2 EtCHIOCHzEt Rh(tmp)Et 5b/ 30%
3 PrCHzOCHIPr Rh(tmp)Pr 5a/ 86%
4 BUCH20CH2BU Rh(tmp)Bu 5c/ 88%
5 PentCHsOCHiPent Rh(tmp)Pent 5e/ 58%
6 'BUCH20CH2W Rh(tmp)'Bu 5d/ trace
T (MeCH20CH2)2 Rh(tmp)Me 1d/19%
8 PhCH20CH2Ph Nil

reaction temperature was 80 °C

4.3.6 Scope of Unsymmetrical Ethers

Rh(tmp)l reacted poorly with a branched chain ether such as isoamyl ether to
give CCA product in low yield (Table 4.7, entry 7) likely due to the sterically
less-accessible C(a)-C(p) bond of those substrates than that of the linear ethers. A
sterically less hindered rhodium porphyrin complex Rh(ttp)l was then examined
(Table 4.8, eq 4.6). However, Rh(ttp)l did not react with branched chain ethers

efficiently. Therefore, the CCA reactivity is strongly dependent on the sterics of the
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ethers.

, _ 10 equiv KOH
Rh(ttp) | + RICH20CH2R2 A Rh(ttp)R  (4.6)

Time, 80 N2

Table 4.8 CCA of Branched Chain Ethers with Rh(ttp)I

Entry Ether Time Product Yield/%
1 (Me)2CHOCH2Pr Id Rh(ttp)Me 16¢ 19
2a 'BUOCH2Me 3d Rh(ttp)Me 16¢ 5

Rh(ttp)CH20'Bu 16f 5
3 'BUOCHIPr 3d Nil 0
4 'BUCHIOCHs'Bu 3d Rh(ttp)'Bu 16e trace
5 (CH20)2CHBuU 2d Rh(ttp)Bu 16d 21
6 (CH20)2CHPr Id Rh(ttp)Pr 16a 10

NMR vyield of the reaction mixture
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4.4 X-Ray Structures of Selected CCA Products, Rh(tmpyBu 5d, Rh(ttp)'Bu 3k
and Rh(t4.cF3PP)Bu 2d

Figure 4.1 ORTEP drawing of Rh(tmp)'Bu 5d, showing the atomic labeling scheme
and 30% probability displacement ellipsoids.

Table 4.9 Selected Bond Lengths (A) and Angles ( » ) ofRh(tmp)'Bu

Bond length (A)

Rh(I1>N(l) 2.010 (3) Rh(I>N(1)#l 2.010(3)
Rh(1)-N(2) 2.022 (3) Rh(l)-N(2)#l 2.022 (3)
Rh(1)-C(31) 2.158 (9) C(31)-C(32) 1.515(10)
C(32)-C(33) 1.518(10)  C(32)-C(34) 1.517(10)

Bond angle (-)

N(1)-Rh(l)-C(31) 94.1 (3) N(2)-Rh(l)-C(31) 86.8 (3)
N(I)#I-Rh(l)-C(31) 85,9 (3) N(2)#-Rh(l)-C(31) 93.2 (3)
C(32)-C(31)-Rh(l) 121.9 (8) C(31)-C(32)-C(34) 97.1 (14)
C(31)-C(32)-C(33) 81.0(16) C(34)-C(32)-C(33) 97.5(17)
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Figure 4.2 ORTEP drawing of Rli(ttp)'Bu 3k with solvent molecules omitted for
clarity, showing the atomic labeling scheme and 30% probability displacement

ellipsoids.

Table 4.10 Selected Bond Lengths (A) and Angles ( - ) ofRh(ttp)'Bu

Bond length (A)

Rh(l)-N(l) 2.020 (5) Rh(1)-N(2) 2.019(6)
Rh(1)-N(3) 2.027 (5) Rh(1)-N(4) 2.012 (5)
Rh(l)-C(61) 2.061 (8) C(61)-C(62) 1.461 (12)
C(62)-C(64) 1.479 (14) C(62)-C(63) 1.526 (16)

Bond angle (-)

N(l)-Rh(I>C(61)  106.6 (5) N(2)-Rh(l)-C(61)  87.8 (3)
N(3)-Rh(l)-C(61)  90.1 (3) N(4)-Rh(l)-C(61)  99.9 (3)
C(62)-C(61)-Rh(l)  122.4 (6) C(61)-C(62)-C(64)  113.3 (9)

C(61)-(62)-C(63)  109.1 (9) C(64)-C(62)-(63)  104.8(10)



Figure 4.3 ORTEP drawing of Rh(t4-cF3PP)Bu 2d, showing the atomic labeling

scheme and 30% probability displacement ellipsoids.

Table 4.11 Selected Bond Lengths (A) and Angles ( - ) d Rh(t4.cF3PP)Bu 2d

Bond length (A)

Rh(1)-N(l) 2.030 (5) Rh(1)-N(2) 2.004 (5)
Rh(1)-N(3) 2.024 (5) Rh(l)-N(4) 2.019(5)
Rh(l)-C(61) 2.051 (7) C(61)-C(62) 1.474 (9)
C(62)-C(63) 1.461 (11) C(63)-C(64) 1.504(12)

Bond angle C)

N()-RIi()-C(61)  90.9 (2) N(2)-Rh(l)-C(61)  90.8 (2)
N(3)-Rh(l)-C(61)  88.3 (2) N(4)-Rh(1)-C(61)  94.8 (3)
C(62)-C(61)-Rh(l) 1195 (5) C(63)-C(62)-C(61)  116.0 (7)

C(62)-(63)-C(64)  116.6 (8)
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The structures of Rh(tmp)'Bu 5d, Rh(ttp)'Bu 3k, and Rh(4.cF3PP)Bu 2d were

confirmed by single crystal X-ray diffraction studies (Figures 4.1, 4.2 and 4.3, 30%

thermal ellipsoids). Crystals were grown from dichloromethane-methanol solution.

Details of data collection and processing parameters are listed in Appendix.

In Rh(tmp)'Bu 5d, the Rh-C bond length is 2.158 A which is similar to the

reported Rh-C bond length of Rh(tmp)Me Id (2.136 A)” but is longer than that of

analogous Rh-C bond of Rh(ttp)'Bu 3k (2.061 A) likely due to steric bulkiness of the

mesitylporphyrin. The porphyrin ring is nearly planar. The Rh atom is displaced at the

mean plane of porphyrin ring. The individual NC4 pyrrole rings are also nearly planar.

The largest deviation relative to the mean plane of four pyrrole rings is at C13 (0.072

A). The dihedral angles between mesityl plane and the mean porphyrin plane are

84.7.5°, 86.8°, 84.7°, 86.respectively. The dihedral angles between NC4 pyrrroles

and mean plane are 1.58°, 1.75®, 1.58°, 1.75°, respectively.

The Rh-C bond length of Rh(ttp)'Bu 3k is 2.061 A as previously mentioned. The

porphyrin ring deviates slightly from planarity. The Rh atom is displaced 0.061 A

from the mean plane of porphyrin ring. The largest deviation relative to the mean

plane of four pyrrole rings is at Cjs (0.495 A), where as N2 lies approximately above

the mean plane by about 0.075 A. The dihedral angles between toly plane and the

mean porphyrin plane are 639- > 88- > 605- - 808®, respectively. The dihedral angles
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between nc4 pyrrroles and mean plane are 9.77 559®, 11.39°, 11.46°, respectively.

The Rh-C bond length of Rh(t4.cF3pp)Bu 2d is 2.051 A. The porphyrin ring

deviates slightly from planarity. The Rh atom is displaced 0.042 A from the mean

plane of porphyrin ring. The largest deviation relative to the mean plane of four

pyrrole rings is at C18 (0.570 A), where as N2 lies approximately above the mean

plane by about 0.057 A .The dihedral angles between 4-CF3-Ph plane and the mean

porphyrin plane are 764 - >54.0°, 56.8, 61.9 - > respectively. The dihedral angles

between nc4 pyrrroles and mean plane are 1320~ > 907 > 128l- » 1014, , respectively.

4.5 Mechanistic Investigation

4.5.1 NMR Monitoring of CCA of Ether

To gain further details of the reaction mechanism, the progress of the reactions of

Rh(tmp)l with «-butyi ether (50 equiv) and KOH (10 equiv) at 100, C in benzene-t/e

and THF-"/s were monitored separately by "HNMR spectroscopy.

In benzene-t®, after the complete consumption of Rh(tmp)l in 14 hours,

Rh(tmp)H (10%), Rh"(tmp) (8%), Rh(tmp)Pr (10%) and some precipitate were

formed (Figures 4.4a-d). Prolonged heating led to the disappearance of Rh(tmp)H and

Rh"(tmp) with the concomitant increase of Rh(tmp)Pr and Rh(tmp) 00-Rh(tmp)94c to

37% and 7% vyields in 6 days, respectively (Figures 4.4a-d, Table 4.12). Therefore,

Rh(tmp)H and Rh"(tmp) are plausible intermediates. The precipitate could be
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[Rh~tmp)]" which is known to be insoluble in benzene-c®. The formation

Rh(tmp)-00-Rh(tmp) will be discussed in later section (Section 4.5.4.1).

Time = 6d

Time = 14h

jy II

Time =3h

= Time =0
il

-10
ppm (f1)

Figure 4.4a '"H NMR spectra for the progress of reaction between Rh(tmp)l, «-butyl ether(50 equiv)

and KOH(10 equiv) in benzene-dg at 1001 C

b a
Time = 6d
1] Time=14h
Rh(tmp)CH2CH2CH3
Rh"(tmp) Rh(tmp)H
a b c
Time = 3h
Time =0
Figure 4.4b. Selected Figure 4.4c. Selected Figure 4.4d Selected NMR
NMR region for NMR region for region for Rh(tmp)H signal
Rh"(tmp) signal Rh(tmp)CH2CH2CH3

signal

of
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I0equiv KOH,
benzene-cffi

Rh(tmp)l + PrCH20CH2Pr ANANA ANt Rh(tmp)Pr (4.7)

lc (50 equiv)

Table 4.12 Progress of the CCA of «-Butyl Ether with Rh(tmp)l in Benzene-"/g

5a 31%

. Yield/o/o
Entry Time ..., —— ; AN—— 1 A A

Rh(tmp)l Rh(tmp)H Rh'J(tmp) Rh(tmp)Pr Rh(tmp)-00-Rh(tmp)

1 0 100 0 0 0 0

2 3h 82 0 0 0 0

3 14h 0 10 A 10 0

4 2d 0 0 0 31 6

5 6d 0 0 0 37 7
In only [Rh™(tmp)]' was observed as the sole product after heating at 100

OC for 2 days (Figures 3.5a-b, eq 3.14), Most likely - the CHA of both w-butyl ether

and THF occurs to give Rh(tmp)H which then undergoes rapid deprotonation with

KOH in THF to yield [Rh'(tmp)]'. Indeed, Rh(tmp)H was found to be deprotonated

with KOH (10 equiv) at 100 to give [Rh(tmp)]' quantitatively (Also see section

4.5.4, Role of base). Moreover - some other rhodium porphyrins were also observed

and are suspected to be Rh(tmp)-alkyls species (Figure 4.5b, unknown ¢ and unknown

d). However, these species could not be further identified.

10 equiv KOH,
THF-dg

Rh(tmp)l + PrCH20CH2Pr *o o 2d
1c (50 equiv)

Rh[mp}—  (4.8)

1h quantitative
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[RhAtmp)]- Time:

JL k L

Time = 14h

JUUJ wl.

Rh(tmp)l

Time =10

ppm ()

Figure 4.5a "HNMR spectra for the progress of reaction between Rh(tmp)Il, A?-butyl
ether(50 equiv) and KOH(10 equiv) in TRF-ds at 100

Time
Time = 14h
wa
Time:
a
JL

o

Figure 4.5b Expanded region for pyrrolic  Figure 4.5¢c Expanded upfield
signal of rhodium porphyrin species region of the NMR analysis
(a) Rh(tmp)l; (b) [Rh*tmp)]™;

(c) & (d) unidentified rhodium

porphyrins



Table 4.13 Selected Characteristic “H NMR Signals (ppm) of Rhodium Porphyrin
Complexes in the Reaction Between Rh(tmp)l, «-Butyl Ether, and KOH in THF-ck at
100 "C(eq4.7).

Rhodium Complexes  Pyrrole/ 6ppm Phenyl/ 5ppm  Methyl group/ 8ppm

Rh(tmp)l Ic 8.70 7.41,7.37 2.70,2.41, 1.82
[Rhi(tmp)]-1h 8.01 7.29 2.66, 2.15
Unknown ¢ 8.61 unresolved unresolved
Unknown d 8.51 unresolved unresolved

4.5.2 Reaction Intermediates: Rh"(tmp), Rh(tmp)H and [Rh"(tmp)]’

Since Rh(tinp)H and [Rh'(tmp)]", Rh™(tmp) are possible intermediates. Therefore,

we sought to identify the roles of these rhodium porphyrin species in the CCA of ether

by reacting Rh(tmp)H and [Rh*(tmp)]', Rh"(tmp) with «-butyl ether in either presence

or absence of KOH.

4.5.2.1 Rh(tmp)H

Rh(tmp)H was thus reacted with n-butyl ether at 100 V (Table 4.14, eq 4.9). In

the absence of base, only 10% yield of Rh(tmp)Pr was obtained (Table 4.14, entry 1).

In the presence of KOH (10 equiv), Rh(tmp)Pr was obtained in 54% yield (Table 4.14,

entry 2). Therefore Rh(tmp)H is not the direct and major intermediate.
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Rh(tmp)H + PrCHgOCHaPr " i00°C Id ¢ Rh(tmp)Pr (4.9)
1f 2 5a

Table 4.14 Reaction of neat w-Butyl Ether with Rh(tmp)H If

Entry Base (10 equiv) Rh(tmp)Pr 5a/Yield%
1 Nil 10
2 KOH 54

In order to gain a deeper understanding on how Rh(tmp)H reacted in the

presence of KOH, the reaction of Rh(tmp)H and w-butyl ether (50 equiv) in the

presence or absence of KOH in benzene-*4 at 100 were then monitored by

NMR (eq 4.10). Without KOH, no Rli(tmp)Pr was observed from the NMR analysis

and about 85% of Rh(tmp)H remained unreacted even after 3 days. In the presence of

KOH, Rh(tmp)H did react. After 34 hours, Rh"(tmp) (14%), Rh(tmp)Pr (10%) and

23% vyield of Rh(tmp)H were found (Figure 4.6 - Table 4.15). Some insoluble rhodium

porphyrin precipitate was also observed and suspected to be [Rh\tmp)]". These results

further suggested that Rh(tmp)H is not the direct intermediate and is converted to

other rhodium porphyrin species that are responsible for the C-C bond cleavage. Since

Rh™M(tmp) has been observed as the intermediate. Likely, Rh(tmp)H can covert to

Rh™\(tmp) under basic conditions for further reaction.

Rh(tmp)H + PrCHsOCHSsPr Rh(tmp)Pr (4.10)
If (50 equiv) benzene-dg, 53
100 °C, 3d
85% No base 0%
23% KOH (10 equiv) added 18%
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Table 4.15 Progress of CCA of /\Butyl Ether by Rh(tmp)H with KOH in Benzene-f*

_ Yield/%
Entry Time
Rh(tmp)H Rh"(tmp) Rh(tmp)Pr
1 0 100 0 0
2 Ih 58 39 0
3 34h 23 14 10
4 3d 5 5 18
5 10d 0 0 18
-a- Rh(tmpH
- % -Rh"(tmp)
A Rh(tmp)Pr
b4
b

150 250
Time (h)

Figure 4.6 Progress of the reaction between Rh(tmp)H If, KOH (10 equiv) and

«-butyl ether in benzene-N".

4.5.2.2 [Rh*(tmp)]

Since insoluble rhodium porphyrin of [Rh'(tmp)]" was likely formed from the
deprotonation of Rh(tmp)H in the reaction mixture of benzene-(i<j in basic media,"" its
intermediacy was then examined. However, [Rh”(tmp)]" reacted with neat «-butyl

ether to give only 10% yield of Rh(tinp)Pr even in the presence of KOH (10 equiv)
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(eq 4.11). Therefore, [Rh\tmp)]" is unlikely the intermediate.

, I0equivkOH
[Rh'(tmp)]- + PrCH"QCHgPr ~ 10QOcid > Rh(tmp)Pr (4.11)

1h z ‘ 5a 10%

4.5.2.3 Rh"(tmp)

To find out the role of Rh"(tmp) in the CCA reaction, Rh"(tmp) was reacted with
«-butyl ether (Table 4.16 > eq 4.12). Rh(tmp)Pr was isolated in 37% yield (Table 4.16,
entry 1). Furthermore, in the presence ofKOH (10 equiv) in 1day at 100~ ( : » Rh"(tmp)
gave Rh(tmp)Pr in a higher yield of 56% (Table 4.16, entry 2). Most likely, KOH can

promote the reactivity of Rh"(tmp) towards CCA of ethers.

Rh"(tmp) + PrCH20CH2Pr - Rh{tmp)Pr  (4.12)
le N2,100°C,1cl ba

Table 4.16 CCA of neat w-Butyl Ether with Rh"(tmp)

Entry Base (10 equiv) Rh(tmp)Pr 5a/Yield%
1 Nil 37
2 KOH 56

Besides, a NMR tube experiment of the reaction of Rh™\(tmp) with BU20O (50

equiv) in benzene-J* gave both Rh(tmp)Pr (24%) and Rh(tmp)H (18%) within 10

minutes even at 25 with 20% of Rh"(tmp) remained (eq 4.13). Prolonged reaction

at 100, C for 4 days gave Rh(tmp)Pr (25%) and Rh(tmp)H (23%) with 12% of

Rh"(tmp) remained (Table 4.17, eq 4.13). While in the presence of KOH, Rh"(tmp)

reacted with BU20 (50 equiv) in benzene-d* gave both Rh(tmp)Pr (24%) and
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Rh(tmp)H (15%) initially at 25 ~C with 24% of Rh"(tmp) remaining. Prolonged
reaction at 100 for 4 days gave 51% yield of Rh(tmp)Pr with some precipitate

being observed in the bottom of the NMR tube.

Rh"(tmp) + PrCHgOCHgPr N Rh(tmp)Pr (4.13)
le (50 equiv) benzene-dg, 53
100 oc,4d
12% No base %Tg/o
0% KOH (10 equiv) added %o

Table 4.17 Progress of CCA of «-Butyl Ether by Rh"(tmp) with KOH in Benzene-t/*

_ Yield/%
Entry Time
Rh"(tmp) Rh(tmp)H Rh(tmp)Pr
1 0 24 15 24
2 2h 21 23 35
3 14h 0 10 41
4 4d 0 0 51

4.5.3 Rh(tmp)OH
As concluded previously in Chapter 3 > Rh"(tmp) alone is not the active
intermediate. KOH can convert Rh"(tmp) to Rh(tmp)OH that is responsible for the
subsequent CCA reaction (Chapter 3, Section 3.4.4.3). To test the proposal, Rh(tmp)I
was reacted with oexpane in the presence of KOH (10 equiv) at 100 for 1 day and
Rh(tmp)(CH2)50CHO was isolated in 15% yield (eq 4.14).
70, KOH (10 equiv)

Rh(tmp)l + / \" 1000, Id n" Rh(tmp)(CH2)50CHO  (4.14)
1c "15%

This result strongly suggests that Rh(tmp)OH is most likely the intermediate in
the C-C bond cleavage step (see Chapter 3, Scheme 3.10). Additionally, we also

detected «-butyl formate (<1%) from the crude reaction mixture of the reaction
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between Rh(tmp)l and «-butyl ether in the presence of KOH at 100 ~C for 1 day

(Table 4.6, entry 4). The low yield of the formate product is probably due to its

instability in basic media as the formate could be hydrolyzed to alcohol (eq 4.15).

IOequivkOH
A7butv | ether
PrCHsOCHO n A PrCHpOH (4.15)
trace — ™1 d 95%

4.5.4 Promoting Roles of KOH in Interconversion of Rhodium Porphyrin Species

Since Rh(tmp)l, Rh"(tmp) and Rh(tmp)H reacted poorly with ether in the

absence of KOH. Therefore, the promoting roles of bases are important and

mechanistically interesting to study. Further experiments have been done to support

the intermediacy of Rh(tmp)OH.

4.5.4.1 Ligand Substitution

The first role of a hydroxide is probably to undergo ligand substitution with

Rh(tmp)l to give Rh(tmp)OH. We thus monitored the reaction between Rh(tmp)l and

KOH (10 equiv) in benzene-" at 100 °C (Figure 4.7). As the reaction progressed, the

NMR peaks were broadened indicating the presence of paramagnetic species. Indeed,

the paramagnetic diagnostic pyrrole signal at 6 18.1 ppm of Rh"(tmp) was observed

in 1 day in 20% yield together with other upfield-shifted pyrrole signals at around

8.23 ppm assignable to be the known Rh(tmp)-00-Rli(tmp)**' in 5% yield (eq 4.16).

The reaction proceeded much faster at a higher temperature of 120 to give 54%

yield of Rh"(tmp) injust 2 hours (eq 4.16). These results showed that Rh(tmp)OH is
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presumably very reactive and rapidly equilibrate with Rh"(tmp) under basic media

(Scheme 4.3).

KOH{10equiv)
Benzene-ofg

Rh{tmp)I Rh"{tmp) Rh{tmp)-00-Rh(tmp)  (4.16)
1c 5k
7500 t=1datlOO °C 20% 5%
30% t=2 hat 120 54% 5%
Rh"(tmp)

Rh(tmp)-00-Rh(tmp)

AlJJA

Time = 5d
I

Time = Id )\

Jwyv
Time = 14h
Time = Ih Rh(tmp)!
Time =0
ppm (t1)

Figure 4.7 Reaction time profile of the reaction between Rh(tmp)l and KOH (10

equiv) in benzene-h at 100

Rh(tmp)l + kOH Rh(tmp)oh + Kl
Rh(tmp)OH . Rh"(tmp)

Scheme 4.3 Proposed ligand substitution of Rh(tmp)l with KOH
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Table 4.18 The selected characteristc H NMR shifts (ppm) of Rh(tmp)l and
Rh(tmp)OORhO(tmp) 5k

Complexes Pyrrole/6ppm Phenyl/5ppm
Rh(tmp)l 8.81 7.22>7.01
Rh(tinp)-00-Rh(tmp) 8.23 (8.27)a 7.22 (7.21/, 6.93 (6.93)

aWayland's reported result

Analogous result has also been demonstrated by Mr K. S. Choi in Professor K, S.
Chan's group. Rh(ttp)Cl reacted with KOH to give Rh2(ttp)2 via the proposed
Rh(ttp)OH intermediate under similar reaction conditions (Scheme 4.4)}*

IOequivKkOH
benzene-cfg

RhJiHCI i200C,30min [ _ 2
3b 3e 66%

Scheme 4.4 Base-promoted reduction of Rh(ttp)CI

4.5.4.2 Reducing Agent

The mechanism for the reduction of rhodium(l1l) porphyrins to the more reactive
rhodium(Il) porphyrins with KOH is mechanistically interesting and important
because a hydroxide plays the role of a reducing agent. Rh(tmp)OH can undergo
bimolecular reductive elimination via the concerted pathway to give Rh"(tmp) and
hydrogen peroxide (Scheme 4.5).(2) The reduction of Rh(tmp)OH to Rh"(tmp) via the
this pathway is thermodynamically unfavorable by around +60 kcal/mol. However,
further decomposition of H202 can provide extra driving force by around -29 kcal/mol

and shifts the equilibrium to the side of Rh"(tmp).
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2Rh{tmp)OH * 2Rh"(tmp) + H202

J

H
Rh(tmp)" -0 -6 -Rh(tmp)
H

Scheme 4.5 Generation ofRh"(tmp) via concerted pathway

Alternatively, the reduction process can be explained by electron transfer, the
reduction of iron(lll) porphyrin hydroxideffi and manganese(lll) porphyrin
hydroxide™” with hydroxide ion have been reported. Hydroxide ion is a known
efficient one-electron reducing agent in aprotic solvent/*® the hydroxide anion
possibly transfer an electron to rhodium metal center via (1) outer sphere electron
transfer (Scheme 4.6 > pathway 1), (2) inner sphere electron transfer (Scheme 4.6
pathways 2-4), and (3) nucleophilic attack on rhodium-bound hydroxide by free OH"

(Scheme 4.6, pathway

Pathway 1 - Outer Sphere Electron Transfer
Rh(tmp)OH + OH" - » Rh"(tmp) + «OH + OH"

Pathway 2-4-Inner  Sphere Electron Transfer of Rh-bound hydroxide
J~ Rh(tmp)OK"-OH A Rh"(tmp) + « OH + OH"
Rh(tmp)OH + OH- A

[Rh_p)(OH)ZR Rh"(tmp)+_OH + OH"

Rh(tmp)OH Rh"(tmp) + * OH

Pathway 5 - Nucleophilic attack on Rh-bound hydwxide 3%

Rh(tmp)—"H -OH - _“ Rh(tmp]"O— + H20 - A Rh"(tmp) + O + H20
Scheme 4.6 Possible pathways for base reduction of Rh(ll1) to Rh(Il) porphyrin
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An outer-sphere electron-transfer oxidation of a free hydroxide to a hydroxyl

1 rtQ

radical (Scheme 4.6, pathway 1) is kinetically less accessible.  Therefore, the

reduction of the rhodium(lll) porphyrin by OH' likely involves an inner sphere

electron transfer from a rhodium(in)-bound OH" (Scheme 4.6 - pathways 2-4) or by a

nucloephilic attack with afree OH" (Scheme 4.6, pathway 5).

For the inner-sphere electron transfer pathways (Scheme 4.6, pathways 2-4),

[Rh"(tmp)"OH(OH)]7[Rh"(tmp)"OH] presumably formed and then transforms into

Rh"(tmp) and <OH.

The coproduct hydroxide radicals can self-couple to give H202 providing the

extra driving force of a HO-OH bond by around 50 kcal/mol." H202 probably

undergoes catalytic decomposition in the presence of potassium iodide (Scheme

4.7),124a rhodium porphyrin complexes (Scheme 4.8)(#k- - or hydroxide ion (Scheme

4 9)'i24d to give oxygen and H20. Competing reaction of 'OH and 0" with solvent

may also happen, however, no corresponding Ph-OH was observed. ™

H202 + r H2O + 10"
H202 + 10 H2O + 02 + I
H202 A H20 + 02

Scheme 4.7 Catalytic decomposition of HsOsby KI
[Rh]
H2O2 - . 1/202+ H20
Scheme 4.8 Catalase-type reaction with rhodium porphyrin complexes
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H202 + OH" H20 + HCV
H202 + HOZ2' A H20 + 02 + OH"

H202 ~ ~ ~ H20 + O2

Scheme 4.9 Catalytic decomposition of H202 by OH"

The observation of the reported Rh(tmp)-00-Rh(tmp)™ " (Figure 4.8) strongly

supports that a trace amount of dioxygen, generated from the decomposition of H202

and further reacts with Rh"(tmp) to give the known Rh(tmp)-00-Rh(tmp) (eq 4.17)
as reported by Wayland et cd.##

2Rh | [6p + Q2 (tmp)Rh--O—0---Rh(tmp) Rh(tmp)-00-Rh(tmp) (4.17)

4.5.4.3 Base-Promoted Dehydrogenation of Rh(tmp)H

Since Rh(tmp)H also reacted with «-butyl ether to give Rh(tmp)Pr in the

presence of KOH. The thermal and base-promoted dehydrogentation of Rh(tinp)H to

give Rh"(tmp) and then Rh(tmp)OH are also viable. While the dehydrogenation of

Rh(oep)H (oep = octaethylporphyrin) is reported to slowly give [Rh"(oep)]2 at 60-70

"C in toluene,a’d the base-promoted dehydrogenation ofRh(ttp)H to [Rh”ttp)]/* and

Ir(ttp)H to [Ir(ttp)]2. 6 have been reported recently. Initially, Rh(tmp)H did not give

any Rh"(tmp) at 100 in 3 days (Table 4.19, entry 1) while it was converted to

Rh"(tmp) in 10% yield at 180 for 2 hours (Table 4.19, entry 2). When 10 equiv of

KOH was added to Rh(tmp)H in benzene-t*, 30% of Rh"(tmp) was observed in 1

hour (Table 4.19, entry 3).
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To gain some idea on the base strength effect, Rh(tmp)H was then treated with a
variety of inorganic bases to investigate the base-promoted dehydrogenation of

Rh(tmp)H in benzene-t/* (Table 4.19 > eq 4.18)

Base, Temp
2 Rh(tmp)H 2 Rh"(tmp) + "H2 (4.18)
I'f benzene-ofg 1e

Table 4.19 Base-Promoted Dehydrogenation ofRh(tmp)H If to Rh"(tmp) le

Entry Base Equiv Temp/~C Time Rh(tmp)H/yield% Rh"(tmp)/yield%

1 Nil 100 3d guantitative 0
2 Nil 180 2h 85 10
3 KOH 10 100 Ih 60 30
4 KOH 0.05 100 3d guantitative 0
5 KOH 0.5 100 3d guantitative 0
6 KOH 100 100 30 min 40 50
7 KOAc 10 100 I h 85 10
8 KO'Bu 10 24 5 min 71 20

A lower base loading (0.5 or 0.05 equiv of KOH) did not promote the

dehydrogenation process (Table 4.19, entries 4-5) while a higher base loading (100

equiv of KOH) promoted the yield and rate of the dehydrogenation process (Table

4.19 > entry 6). Weak base such as KOAc also worked but gave lower yield (Table 4.19 >

entry 7) while strong base such as KO”Bu induced the dehydrogenation of Rh(tmp)H

even at room temperature to give 20% yield ofRh"(tmp) within 5 minutes (Table 4.19 -

entry 8). However, Rh"(tmp) completely decomposed in 2 days at room temperature

to give an insoluble reaction mixture, likely the [Rh\tmp)]'K~.
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On the other hand, Rh(tmp)H reacted with KOH in TUF-dg at 100, C for 1 day to

give [Rh*"tmp)]" K+ quantitatively (eq 4.19). Solvent strongly affects the reactivity

pattern.

Rh"i(tmp)H + KOH(IOequiv) A [Rh'(tmp)]-K'  + H20 (4.19)
1f 100 0(3 - 1d i h quantitative

The possible pathways for the reduction of Rh(tmp)H in THF is illustrated in

Scheme 4.10. Firstly, Rh(tmp)H can react with KOH to give the deprotonated product

of [Rh~tmp)]' directly. Alternatively, Rh(tmp)H can also react with KOH to give

dehydrogenated product of Rh"(tmp) and then Rh(tmp)OH, Rh(tmp)OH can further

react with THF to give Rh(tmp)H and 6 (Scheme 4.10, pathway 1) or

Rh(tmp)(2-tetrahydrofliranyl) 51 and H20 (Scheme 4.10, pathway 2). Besides,

Rh"(tmp) may also react with THF to give Rh(tmp)H and 51 (Scheme 4.10, pathway

3). Finally, Rh(tmp)H undergoes deprotonation and 51 undergoes E2 elimination with

KOH respectively to give [Rh'(tmp)]' as the final stable product (Scheme 4.10,

pathways 4),

The different reactivity patterns of Rh(tmp)H and KOH in benzene and THF are

mainly due to two reasons: Firstly > the difference in the C-H bond strengths of

benzene and THF (BDE of Ph-H = 112 kcal/mol while C(a)-H bond of THF = 92

kcal/mol)” Therefore, the CHA of THF by Rh(tmp)OH and Rh"(tmp) is more

competitive (Scheme 4.10, pathways 1-3); Secondly, THF (dielectric constant —. 7.52)
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is much more polar than benzene (dielectric constant = 2.27) in which the formation
of anionic [Rh\tmp)]", from the deprotonation of Rh(tmp)H and E2 elimination of 51,
would be more favorable. Therefore, the interconversion of Rh(tmp)H to Rh"(tmp),
Rh(tmp)OH and [Rh'(tmp)]" with OH" is strongly solvent dependent and the

generation of [Rh”(tmp)]" is favored in THR

[Rh'(tmp)]-K~ Rh™(tmp)OH + Rh...(tmp)H
KOht/ MAr Ay \KOH
KOH KOH X
Rh™(tmp)H Rh"(tmp) J Rh™{tmp)OH + [RfAtmp)]-K+
Pathway 1CHA of THF with  Rh(tmp)OH
Rh"™{tmp)OH + r \ A + Rh(tmp)H
. O AO OH
6
Pathway 2 CHA of THF with  Rh(tnip)OH
Rh"'{tmp)OH + > H20 + Rh{tmp)--
@] o-""
Pathway 3 CHA of THF with  Rh"(tmp)

2Rh"(tmp) +

A Rh(tmp)H + Rh{tmp)

O o®
al
Pathway 4 Elimination  of the CHA product with KOH
KOH
Rh(tmp)~~"q.J HO**  [Rn | (tmp)-FC
al
N -0

Scheme 4.10 Possible mechanism for the generation of [Rh\tmp)]~K” Ih from
Rh(tmp)HIfinTHR

Furthermore, the deprotonation of Rh(por)H has been reported to be dependent

on the acidity of Rh(por)H. The pKa of Rh(F28tpp)H (F28tpp =

5,10,15,20-tetrakis-(pentafluorophenyl)-2,3,7,8,12,13,17,18-octafluoroporphyrin) in

DMSO is 2.1 while the p*a ofRh(tpp)H is 11.0J~
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Therefore, for the base-promoted dehydrogenation of Rh(tmp)H to Rh"(tmp) in
benzene, we propose that [Rh™(tmp)]' is initially formed from the deprotonation of
Rh(tmp)H. [Rh*tmp)]' is unstable in benzene and undergoes electron transfer reaction
with  unreacted Rh"*(tmp)H to give Rh"(tmp) and [Rh"(tmp)(H-)]K".
[Rh"(tmp)(H )]K” then further reacts with a water molecule to give another Rh"(tmp),

dihydrogen and KOH (Scheme 4.11).

KOH
Rh...tmp)H —[Rh [ (tmp)]-K+
H20

Electron Transfer from Rh(l) to Rh(lll)

[Rh'(tmp)]-KM + Rh"i(tmp)H . Rh"(tmp) + [IRh"(tmp)HI-K~

[Rh"(tmp)H]-K+ + H20 | . Rh"(tmp) + H2 + KOH

Scheme 4.11 Possible pathways of the base-promoted dehydrogenation of
Rh(tmp)H in benzene-J"

Indeed, the analogous electrochemical generation of rhodium(ll) porphyrin
hydrides and subsequent hydrogen evolution, from the reaction between [Rh'ytpp)H]'
and solvent (ch3cooh in DMSO), has been suggested by Saveant et al}' (Scheme

4.12).

Rh'"{tpp)H + e- - [Rh"{tpp)H]-

[Rh"(tpp)H]- + ah Rh"{tpp) + H2 + A-

Scheme 4.12 Hydrogen evolution from the electroreduction of Rh(tpp)H
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However, no dihydrogen was detected by the “H NMR analysis in the

vacuum-sealed NMR tube experiment. The maximum concentration for 100% vyield

of dihydrogen in benzene-tsfg solution is estimated as 4.52 x 10'*M only. However, the

hydrogen solubility in benzene at 30  was estimated to be only 0.0026 mole fraction

at around 1 MPa and the mole fraction decreases as the pressure decreases.™ The

unsuccessful detection of H2 is likely due to much poorer hydrogen solubility in

benzene under vacuum conditions (5 x 10' mmHg/ 7 x 10" MPa). Therefore, the

concentration of hydrogen in benzene was too low to be observed in NMR.

4,5.4.4 Hydroxide-Induced Oisproportionation of Rh*\tmp)

Finally, hydroxide ion can also act as a ligand to induce the disproportionation of

Rh"(tmp) to give Rh"*(tmp)OH and [Rh*tmp)]- as discussed previously (see Chapter

3, Section 3.4.4.3, Scheme 3.12). The equilibriation between Rh(tmp)OH and

Rh"(tmp) with KOH is still not fully established. Presumably, the rate of

disproportionation of Rh"(trap) to Rh(tmp)OH and the stability of Rh(tmp)OH are

solvent dependent. The higher the polarity and donicity of the solvent, the faster the

rate of disproportionation of Rh™Mtmp). Further works in the relationship between

Rh(tmp)OH and Rh"(tmp) in different solvents and KOH would be fruitfxil.
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4.6 Thermodynamic and Kinetic Consideration of Selective CCA on BuiO

The selective C(a)-C(p) bond cleavage over other C-C bonds and C-O bond can

be explained by the following three considerations. Firstly, the C(a)-C(P) bond is the

weakest C-C bond (-83 kcal/mol) over other C-C bonds (-88-89 kcal/mol) of ether.

Therefore, the cleavage of C(a)-C(P) bond is thermodynamically more favorable

(Figure 4.8).
C(a)-C(P)
Rh(tmp)Pr + HO-CH20CH2R (AH - -2 kcal/mol)
(Rh-R) -50 kecal/mol (HO-CH2R) ~95 keal/mol )
C(a)-C(P)
RhoH + A Rhtmp)Et + HO-CH2CH20CH2R  (AH ~ +3 kcal/mol)
(Rh-OH) (Rh-R) -50 kcal/mol (HO-CH2R) -95 kcal/mol 1))
-60 kcal/mol C(a)-C(ph 83 kcal/mol
C(p)-C(Y) -88 kcal/mol C(a)-C(Z) Rh(tmp)Me + HO-CH2CH2CH20CH2R (AH ~+4 kcal/mol)
C(Y)-C(6) -89 kcal/mol
(Rh-R) -50 keal/mol (HO-CH2R) -95 kcal/mol (3)

Figure 4.8 Thermodynamic estimation of C-C bonds cleavage of ether™
Secondly, the C(a)-C(p) bond cleavage of ether is thermodynamically more
favorable over the C(a)-0 bond as more stable products are formed from the CCA

than that in COA (Figure 4.9, eq 1-2vs 3-4).

C(a)-C(P)
Rh(tmp)R + HO-CH20CH2R  (AH ~ -2 kcal/mol)

(Rh-R) -50 kcal/mol (HO-CH2R) -95 kcai/mol 1)

C(a)-C(P)
Rh(tmp)CH20CH2R + ROH  (AH ~-2 kcal/mol)

(Rh-CHaOCHSsR) -50 kcal/mol ~ (R-OH) -95 kcal/mol @)

Rh-OH + (RCH2)20

(Rh-OH) C(a)-CO) -83 kcal/mol
-60 kcal/mol C(a)-0 -85 kcal/mol
C(a)-0 > Rh(tmp)CH2CH2CH2CH3 + HO-OCH2R (AH ~ +35 kcal/mol)

(Rh-CHjR) -50 kcal/mol (HO-OR)—40 kcal/mol ®3)

Rh(tmp)OCH2CH2CH2CH3 + HO-CH2R  (AH - +4 kcal/mol)
(Rh-OCHaR) -46 cairmoirno  (HO-CH2R) -95 kcal/mol  (4)

Figure 4.9 Thermodynamic estimation of CCA and COAoof ether
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Thirdly, the selective formation of C(p)-substituent of Rh(tmp)R rather than the

C(a)-substituent of Rh(tmp)CH20R can be explained by the sterically less hindered

transition state (Figure 4.10). On the other hand, the O-atom of ether can facilitate the

pre-organization of the C(a)-C(P) bond of ether in close proximity to Rh-OH bond

via hydrogen bonding (Figure 4.11).

Rh(tmp)R + HO-CH20CH2R

Rh(tmp)OH + RCH20CH2R
Rh{tmp)CH20CH2R + ROH

not observed

(tmp)Rh-OH (tmp)Rh-OH
'R-CH20CHZ2R RCH20CH2-R
sterically less hindered sterically more hindered

Figure 4.10 Selective generation ofRh(tmp)R

Based on the previous explanation, a possible mechanism for the selective CCA is

(1) the pre-organization of the ether and Rh(tmp)-OH into a 6-membered-ring-like

structure, with neighboring atoms featuring opposite polarities (Figure 4.11); (2) the

conversion of the pre-organized molecules into a 4-membered-cycle transition state in

which the cleavage of C-C bond occurred. Indeed, the formation of Rh-C(P) bond is

more preferable when comparing with the Rh-C(a) bond due to their electrostatic

interaction (Figure 4.11).
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Rh 57hS RhA |~ H

(with hydrogen-bonding) (without hydrogen-bonding)
More favorable Less favorable
-
R o. R]
5V A A
Rh' /
Hg

more favorable transition state less favorable transition state

Figure 4.11 Pre-organization of ether to Rh-OH bond via hydrogen bonding

4.7 Summary of Reaction Mechanism

Scheme 4.13 illustrates the overall view of the proposed mechanism of CCA of

ethers based on the above data. Initially, Rh(tmp)I reacts with KOH to generate

Rh(tmp)OH via a ligand substitution. The formation of Rh(tmp)OH is supported by

the observation of Rh(tmp)-00-Rli(tmp). Then, Rh(tmp)OH reacts at least in three

pathways, (1) the C(a)-C(P) bond cleavage of ether; (2) the formation of Rh"(tmp)

and H202 ; (3) the C-H bond activation of ether solvent to form Rh(tmp)H. Rh(tmp)H

then undergoes base-promoted dehydrogenation to give Rh"(tinp) and then recycles

back to Rh(tmp)OH. These rhodium porphyrin species probably exist in equilibrium.

The observation of Rh"(tmp) and Rh(tmp)H does not mean that they are the active

intermediates for CCA, they are in fact the non-productive intermediates.
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KOH . RCH20CH2R
Rh(tmp)l Bd - Rh*(tmp)OH ~ cca Rh(tmp)R + HOCH20CH2R
KOH-Hzo;/ RCH20CH2R
PPhk /"H202 CHA
_ . RCH20CHO
H20
Rh"(tmp) Rh™(tmp)H
KOH
KOH/ H20

e O ROHZ (),

[Rh*(tmp)]-r KOH
(B)
KI/OH7[Rh]
H202 « H20 + 1/202
Rh"(tmp) + 0O Rh{tmp)-0-0-Rh(tmp)

Scheme 4.13 Proposed mechanism of CCA of ethers with Rh(tmp)l

4.8 Potential of Catalytic CCA of Ethers

It is important to find out whether the rhodium porphyrin alkyls are stable

not in basic conditions. It was found that several Rh(tinp)R reacted with ethers in

the presence of KOH (Table 4.20, eq 4.20). Rh(tmp)R, with KOH added, was found to

cleave the C(a)-C(P) bond of RICH20CH2RI to give Rh(tmp)R' (Table 4.20, entries 1,

2 and 4). No reaction was observed in the absence of KOH (Table 4.20, entry 3). A

trace amount of Rh"tmp) was identified in the crude reaction mixture of the reaction

between Rh(tmp)Pr with «-pentyl ether (Table 4.20, entry 4) by "H NMR analysis.

Presumably, Rh"(tmp) and the unobserved [Rh”(tmp)]' and Rh(tnip)OH were

generated in the course of reaction for further reaction.
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I0equiv KOH
Rh(tmp)R + RICH20CH2R1 Rh(tmp)Ri (4.20)
100, C, 1d, N2

Table 4.20 CCA of Ethers with Rh(tmp)-alkyls

Entry R = Base RICH2OCHZ2RI Product/Yield/%
(10 equiv)
Recovered Product
Rh(tmp)R Rh(tmp)Ri
1 Me KOH PrCHsOCHSsPr Rh(tmp)Me (30) Rh(tmp)Pr(30)
2 Et KOH PrCH20CH2Pr Rh(tmp)Et (40) Rh(tmp)Pr (40)
3 Pr Nil BUCH20CH2BU Rh(tmp)Pr (95) Rh(tmp)Bu (0)
r Pr KOH BUCH20CH2BU Rh(tmp)Pr (48)  Rh(tmp)Bu (32)

atrace amount ofRh"(tmp) was observed in crude mixture

Groves and Sanford et al reported the conversion of Rh(tpp)R complexes into
[Rh(tpp)]' under basic media at room temperature conditions by nucleophilic

substitution and elimination (Scheme 4.14).

(tpp)RhCH2CH2CH2CH20H «  [(tpp)Rh]-  + <| +
DMSO .
25  1h

100% Subsitution Elimination
Scheme 4.14 Carbon-oxygen bond forming reductive elimination
Chan et al have also recently reported the conversion of Rh(ttp)CH20CH3 by

k2co3 into [Rh(tpp)]' in methanol-J* at 150 a nucleophilic substitution

mechanism was proposed (Scheme 4.15).

KaCOaClOequiv)
CD30D
Rh(ttp) CH20CH3 150 00, 36 h [Rh | _ r + "CH30OCH20H'
Recovery: 10% 84%

Scheme 4.15 Base-promoted elimination of Rh(ttp)CH20CH3
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In the ether substrates, we reason that Rh(tmp)R reacts with KOH to give

[Rh\tmp)]'K”~ and an alcohol. Then [Rh'(tmp)]"K” undergoes rapid proton abstraction

from alcohol to generate Rh(tmp)H followed by base-promoted dehydrogenation to

regenerate Rh"(tmp) and then Rh(tmp)OH for subsequent CCA reaction (Scheme

4.16). Base on these results, a catalytic CCA of ethers can be feasible.

Rh(tmp)R + KOH [Rli(tmp)]-K+ + ROH +
Substitution Elimination
KOH/

ROH KQR . KQH
[Rh(tmp)]-K+ - Rh(tmp)H - * Rh"(tmp) - Rh(tmp)OH

-KOR

CCA

Rh(tmp)OH + RCH20CH2R —  Rh(tmp)R

Scheme 4.16 Plausible mechanism for the base-promoted E2 elimination of Rh(tmp)R

4.9 Conclusion

The selective, aliphatic carbon(a)-carbon(P) bond of a series of ethers have been

successfully activated with Rh(tmp)l to give Rh(tmp)-alkyls from moderate to good

yields under mild and basic reaction conditions. KOH is the best promoter. The

reactivity of CCA of ethers decreases with increasing sterics of ether substrates.

Mechanistic investigation reveals that Rh"(tmp) and Rh(tmp)H are the

observable intermediates but non-productive intermediates. The key intermediate for

the C-C cleavage is consolidated to be Rh(tmp)OH. Also > the hydroxide-promoted

dehydrogenation of Rh(tmp)H to Rh"(tmp), and the reduction of Rh(tmp)l by

hydroxide to Rh"(tinp) have also been discovered.
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Chapter 5 Experimental Section

Physical and Analytical Measurements
and 13c NMR spectra were recorded on a Bruker DPX-300 at 300 and 75
MHz, respectively or on a Bruker Avancelll 400 at 400 and 100 MHz, respectively.
Chemical shifts for "H NMR were referenced with the residual solvent protons in
C6D6 (6 7.15 ppm), cdci3 (5 7.26 ppm) and THV-dg (6 3.74 ppm) while for "C NMR,
chemical shifts were referenced to the residual solvent peak of cdci3 (6 77.15 ppm).
Mass spectra were recorded on a ThermoFinnigan MAT 95 XL in fast atom
bomdardment mode using 3-nitrobenzyl alcohol (NBA) as the matrix and ESI
(MeOH:CH2CI2 = 1:1 as solvent) modes.
GC-MS analysis was conducted on a Shimadzu GCMS-2010Plus using Rtx-5MS

column (30 m x 0.25 mm).

General Procedures

Unless otherwise mentioned, all reagents were purchased from the commercial
suppliers and used without purification. Benzene and tetrahydrofuran (THF) were
distilled from sodium under nitrogen. Hexane was distilled from calcium chloride.

Ethers were distilled from sodium under nitrogen and stored in a Teflon screw-head
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stoppered flask under nitrogen. Triphenylposphine was recrystalized in hexane and

dried under higher vacuum.

All preparative reactions were carried out in a Teflon screw-head stoppered tube

under N2 conditions with the apparatus protected from light by wrapping with

aluminum foil. The reactions were carried out at least in duplicate and the yields were

the average.

Thin layer chromatography was performed on Merck precoated silica gel 60 F245

plates. Column chromatography was performed on silica gel (70-230 mesh).

Preparation of 5,10,15,20-Tetrakismesitylporphyrm (Hztmp) (la)”Toa2 L 3-

necked round-bottomed flask that was connected with N2 inlet, a condenser and

charged with chci3 (distilled over CaCl: under nitrogen, 1 L), mesitylaldehyde (1.5

mL, 10 mmol) and pyrrole (0.7 mL, 10 mmol) were added. After the reaction was

purged with N2 for 15 min, boron trifluoride etherate (0.5 mL, 3.3 mmol) was added.

The reaction mixture gradually turned from colorless to brown in color. After 1 hour,

chlorinil (1.8 g, 7.5 mmol) was added and the reaction was heated to reflux for 1 hour.

The reaction mixture was turned to dark purple in color. Solvent was then removed by

rotary evaporation. The crude product was purified by chromatography on silica gel

by chci3d. The first red band was collected. After removal of solvent by rotary
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evaporation, purple crystalline solids (673 mg > 0.86 mmol, 34%) were obtained after

recrystallization from CHsCVMeOH, R/ : 0.35 (hexane:CH2Cb = 4:2); ~H

NMR(CDCI3) J-2.51 (s, 2 H), 1.85 (s, 24 H), 2.62 (s> 12 H), 7.61 (s, 8 H).

Preparation of 5,1045,20-Tetrakis[4-(trifluoromethyl)phenyl]porphyrin

(H2t4.cf3pp) (2ji)2 34 Jo a2 L 3-necked round-bottomed flask that was connected with

N2 inlet, a condenser and charged with CHCI3 (distilled over CaClj under nitrogen, 1

L) » 4-(trifluoromethyl)benzaldehyde (1.74 g, 10 mmol) and pyrrole (0.7 mL > 10 mmol)

were added. After the reaction was purged with nitrogen for 15 minutes, boron

trifluoride etherate (0.5 mL, 3.3 mmol) was added. The reaction mixture gradually

turned from colorless to brown in color. After 1 hour, chlorinil (1.8 g, 7.5 mmol) was

added and the reaction was heated to reflux for 1 hour. The reaction mixture was

turned to dark purple in color. Solvent was then removed by rotary evaporation. The

crude product was purified by chromatography on silica gel by CHCI3. The first red

band was collected. After removal of solvent by rotary evaporation, purple crystalline

solids (210 mg, 0.24 mmol, 11%) were obtained after recrystallization from

CH2CI2/MeOH, R/= 0.67 (hexanerCHsCh” 2:1); "H NMR(300 MHz, CDCI3) S-2.85

(s, 2 H), 8,04 (d, 8H,J= 8.1Hz)>833(d,4H > 8.0 Hz), 8.81 (s, 8 H).
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Preparation of (5,10,15,20-Tetramesitylporphyrmato)chloro  Rhodium(l1l)

Rh(tmp)CI (Ib).89 To a 150 mL 3-necked round-bottomed flask that was connected

with a condenser, PhCN (distilled over P205, 40 mL), Hitmp (320 mg, 0.41 mmol)

and RhCI3.xH20 (215 mg, 0.82 mmol) were added. The reaction mixture was heated

to refluxing temperature for 1 day. The PhCN solvent was vacuum evaporated. The

crude product was then purified by chromatography on silica gel using a solvent

mixture of CH2CI2 : ethyl acetate (100:3). The slow moving red band was collected

and the solvent was evaporated off to give red solids of Rh(tmp)CI™ Ib (293 mg, 318

mmol, 78%) The product was fiirther purified from recrystallization from

CHsCb/MeOH. R/—. 0.60 (CH2CI2:EA — 100:3). "H NMR (300 MHz, CsDs) 51.67 (5

12 H) » 2.20 (s 12 H) » 2.43 (s, 12 H) » 7.02 (s, 4 H) » 7.22 (s, 4 H), 8.93 (s, 8 H).

Preparation of (5,10,15,20-Tetratolyporphyrmato)chloro Rhodium(l11)

(Rh(ttp)Cl) (3b).ii4 To a 150 mL 3 necked round-bottomed flask that was connected

with a condenser PhCN (distilled over P205 - 30 mL), Hzttp (356 mg, 0.53 mmol) and

RhCIs xHiO (209 mg, 1 mmol) were added. The reaction mixture was heated to

refluxing temperature for 4 hours. The PhCN solvent was vacuum evaporated. The

crude product was then purified by chromatography on silica gel using a solvent of

CH2CI2 as the eiuent. The slow moving red band was collected and the solvent was
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evaporated off to give red solids of Rh(ttp)Cl 3b (285 mg, 0.35 mmol, 66%). The

product was further purified from recrystallization from CH2Cl2/methanol. R/ = 0.30

(CH2CI2). NMR(300 mHz, CDCI3) 52.71 (s, 12 H), 7.54 (d, 8H - J= 7,8 Hz), 8.09

(d,4H>J=6.6 Hz), 8.13 (d>4 H, J= 7.2 Hz), 8.95 (s’ 8 H).

Preparation of  [5,10,15,20-Tetra(4-fluoromethyl)phenylporphyrmatolchloro

Rhodium(111) (Rh(t4-cF3PP)CI)

To a 150 mL 3-necked round-bottomed flask that was connected with a condenser,

PhCN (20 mL), HiU-cfsPP (190 mg, 0.21 mmol) and RhCIsxHzO (84.7 mg, 0.32

mmol) were added. The reaction mixture was heated to refluxing temperature for 4

hours. The PhCN solvent was vacuum evaporated. The crude product was then

purified by chromatography on silica gel using a solvent of CH2CI2 as the eluent. The

slow moving red band was collected and the solvent was evaporated off to give red

solids of Rh(t4-CF3PP)C1 2b (150 mg, 0.15 mmol, 68%). The product was further

purified from recrystallization from CHsCli/methanol. R/ = 0.35 (CH2CI2). "H

NMR(300 MHz, cdci3) 58.05 (d, 8H,  8.4Hz), 8.35 (d,4H,J= 6.6 Hz), 8.37 d"

4 H,J= 6.6 Hz), 8.90 (s, 8 H). HRMS (FABMS): Calcd for (C48H24Fi2N4CIiRhi)+:

m/z 987.0859. Found: m/z 987.0839.
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Preparation of (5,10,1520-Tetramesitylporphy rinato)iodo Rhodium(l11)

(Rh(tmp)Il) (Ic).8ia

A red suspension of Rh(tmp)CIl Ib (57 mg, 0.061 mmol) in EtOH (30 mL) and a

solution of NaBH4 (4.6 mg, 0.122 mmol) in aqueous NaOH (0.5 M- 6.0 mL) was

deoxygenated with nitrogen for 15 minutes. The solution ofNaBH4 was added slowly

to the suspension of Rh(tmp)Cl via a cannular. The reaction was heated at 60 for 1

hour and the color changed to deep brown in color. The reaction mixture was then

cooled down to around 0 and excess degassed aqueous HCI| was added through a

cannular. Once the reaction mixture became orange, excess 12(210 mg , 0.827 mmol)

was added and reaction mixture turned dark brown immediately and stirred for further

5 minutes. Solvent was then removed by rotary evaporation. The residue was then

purified by chromatography on silica gel using a solvent mixture of hexane:CH2CI2

(5:1) to hexane:CH2CI2 (5:3). The slow moving orange band was collected and the

solvent was evaporated off to give purple solids of (50.3 mg, 0.05 mmol,

82%). The product was further purified from recrystallization from CHsCls/methanol.

R/= 0.20 (Hexane:CH2CI2= 3:2). "H NMR(300 MHz > CDCI3) 5 1.72 (s, 12 H), 2.03

(s, 12H), 2.60 (s, 12 H) » 7.22 (s, 4 H), 121 (s, 4 H), 8.60 (s, 8 H).
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Preparation of (5,10,15,20-Tetratolyporphyrmato)iodo Rhodium(lll) (Rh(ttp)l)

(3c). 91a

A red suspension of Rh(ttp)Cl 3b (79 mg, 0.098 mmol) in EtOH (30 mL) and a

solution of NaBH4 (7.46 mg, 0.196 mmol) in aqueous NaOH (0.5 M, 6.0 mL) was

deoxygenated with nitrogen for 15 minutes. The solution of NaBH4 was added slowly

to the suspension of Rh(ttp)Cl via a cannular. The reaction was heated at 60 for 1

hour and the color changed to deep brown in color. The reaction mixture was then

cooled down to around 0 and excess degassed aqueous HCI| was added through a

cannular. Once the reaction mixture became orange, excess 12(210 mg , 0.827 mmol)

was added and reaction mixture turned dark brown immediately and stirred for further

5 minutes. Solvent was then removed by rotary evaporation. The residue was then

purified by chromatography on silica gel using a solvent mixture of hexane:CH2CI2

(5:1) to hexane:CH2CI2 (5:3). The slow moving orange band was collected and the

solvent was evaporated off to give purple solids of Rh(itp)I"® 3¢ (68.5 mg, 0.076

mmol, 82%). The product was further purified from recrystallization from

CH2Cl2/methanol. R/= 0.35 (CH2CI2). "H NMR(300 MHz, CDCI3) ~2.70 (s> 12H),

7.53 (d, 4H, J= 6.9 Hz), 7.55 (d, 4H, J= 7.2 Hz), 8.05 (d, 4 H, J= 7.8 Hz) » 8.10 (d,

4 H,J=7.8 Hz), 8.89 (s, 8 H).
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Preparation of [6,10,15,20-Tetra(4-trifluoromethyl)porphyrmatoliodo

Rhodium(II1) (Rh(t4.cF3PP)I) (2c).

A red suspension of Rh(t4-cF3PP)Cl 2b (52 mg > 0.051 mmol) in EtOH (20 mL) and a

solution of NaBH4 (19.2 mg, 0.51 mmol) in agueous NaOH (0.5 M, 2.0 mL) was

deoxygenated with nitrogen for 15 minutes. The solution of NaBH4 was added slowly

to the suspension of Rh(t4CF3Pp)Cl via a carmular. The reaction was heated at 60

for 1 hour and the color changed to deep brown in color. The reaction mixture was

then cooled down to around 0 ~C and excess degassed aqueous HCI| was added

through a carmular. Once the reaction mixture became orange, excess 12 (210 mg,

0,827 mmol) was added and reaction mixture turned dark brown immediately and

stirred for further 5 min. Solvent was then removed by rotary evaporation. The

residue was then purified by chromatography on silica gel using a solvent mixture of

hexane:CH2CI2 (5:1) to hexane:CH2CI2 (5:3). The slow moving orange band was

collected and the solvent was evaporated off to give purple solids of Rh(t4.cF3Pp)l 2¢

(30.1 mg, 0.027 mmol, 53%). The product was further purified from recrystallization

from CH2CI2/methanol. R/= 0.65 (CH2CI2). "H NMR(300 MHz, CDCI3) 58,02 (d, 8

H,J= 7.8 Hz), 8.05 (d, 8H, 7.8 Hz) 8.30 (d, 4 H, J= 7.5 Hz) 836 (d, 4 H, J =

7.5 Hz)>8.84 (s, 8 H). HRMS (FABMS): Calcd for (C48H24Fi2NA4liRhi)+: m/z

1113.9904. Found: m/z 1113.9894.
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Preparation of (5,10,15,20-tetramesitylporphyrinato)methyl Rhodium(lll)

[Rh(tmp)CH3] A red suspension of Rh(tmp)CIl Ib (200 mg, 0.150 mmol) in

EtOH (100 mL) and a solution of NaBH4 (28 mg, 0.74 mmol) in aqueous NaOH (0.5

M, 8 mL) were purged with nitrogen separately for about 15 minutes. The solution of

NaBH4 was added slowly to the suspension of Ib via a cannular in a period of 30

minutes under N2. The reaction mixture was heated at 70 °C for 3 hours and the color

changed to deep brown in color. The reaction mixture was then cooled down to 0 °C

under nitrogen and Mel (0.4 mL, 6.4 mmol) was added via syringe. An orange

suspension formed immediately and was stirred for 2 hours. The reaction mixture was

worked up by addition with CH2CI2/H20 (1/1). The crude product was extracted with

CH2CI2 (200 mL), washed with H20 (25 mL x 3), dried over MgSCU, filtered and

rotary evaporated off to dryness. After purification by chromatography on silica gel

eluting with a solvent mixture of hexane: CH2CI2 (10:1) and slowly increasing to

hexane: CH2CI2 (5:1), an orange solid (153 mg, 0.17 mmol - 86%) was obtained which

was further purified by recrystallization from CHsCls/hexane. R/ = 0.47 (hexane:

CH2CI2 = 5:1); H NMR (CDCI3, 300 MHz) 3-5.16 (d, 3 H, Jii-{f=2.7 Hz) » 1.75 (s,

12 H), L95 (s, 12 H), 2.59 (s, 12 H), 7.22 (s, 4 H) » 7.24 (s, 4 H), 8.45 (s, 8 H); H

NMR (C"Dg, 300 MHz) 5-5.26 (d, 3H, V flf = 2.7 Hz), 1.72 (s, 12 H), 2.25 (s, 12 H),

2.43 (s, 12 H), 7.07 (s, 4 H), 7.20 (s, 4 H), 8.75 (s, 8 H).
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Preparation of [5,10,15,20-tetrakis(3,5-dWer”-butylphenyl)porphyrinatolmethyl

Rhodium(lll) IRh(tdbpp)CH3] (4c). A red suspension of Rh(tdbpp)Cl 4a (100 mg,

0.083 mmol) in EtOH (50 mL) and a solution of NaBH4 (32 mg, 0.83 mmol) in

agueous NaOH (0.5 M > 8 mL) were purged with nitrogen separately for about 15

minutes. The solution of NaBEU was added slowly to the suspension of 4a via a

cannular in a period of 30 minutes under N2. The reaction mixture was heated at 70

°C for 3 hours and the color changed to deep brown in color. The reaction mixture

was then cooled down to 0 °C under N2 and Mel (0.4 mL , 6.4 mmol) was added via

syringe. An orange suspension formed immediately and was stirred for 2 hours. The

reaction mixture was worked up by addition with CH2CI2/H20 (1/1). The crude

product was extracted with CH2CI2 (200 mL) > washed with H20 (25 mL x 3), dried

over MgS04, filtered and rotary evaporated off to dryness. After purification by

chromatography on silica gel eluting with a solvent mixture of hexane: CH2CI2 (5:1)

to obtain an orange solid of Rh(tdbpp)Me 4c¢ (83 mg, 0.071 mmol, 85%) which was

further purified by recrystallization from CHsCI*hexane. Rf= 0.63 (hexane: CH2CI2

=5:1); IHNMR(300 MHZ, CeDe) $-5.38 (d » 3H,J= 2.4 Hz), 1.45 (s, 36 H), 1.50 (s,

36 H), 7.96 (s, 4 H), 8.28 (s, 4 H), 8.46 (s, 4 H), 9.11 (s, 8 H). HRMS (FAB): Cacld

for (C77H95N4Rh+H)+: m/z 1179.6685. Found: m/z 1179.6685. Anal. Calcd. For

C77H95N4Rh: C, 78.41; H, 8.12; N, 4.75. Found: C - 78.19; H, 7.92; N, 4.80.
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Preparation of 5,10,15,20-Tetramesitylporphyrinato Rhodium(ll) [Rh(tmp)]

(le) » To a Teflon screw-head stoppered flask, Rh(tmp)CH3 Id (10.0 mg, 0.011

mmol) was dissolved in C*H" (4.0 mL) to form a clear orange solution. The reaction

mixture was then degassed by the fi-eeze-pump-thaw method (3 cycles) and refilled

with nitrogen. The reaction mixture was irradiated under a 400 W Hg-lamp at 6-10 *C

until complete Rh(tmp)CH3 Id consumption was confirmed by TLC analysis (10 - 11

hours). Addition of excess iodine to the mixture yielded Rh(tmp)Il Ic in 80 % average

yield after column chromatography. “HNMR ofRh(tmp) (C~D*, 300 MHz) ~3.55 (bs,

24 H), 3.50 (s, 12 H), 8.87 (bs, 8 H), 18.2 (bs, 8 H). If assuming the yield was 100 %

in the reaction between Rh(tmp) le and h, the yield of photolysis was estimated to be

80%.

Preparation of [6,10,15,20-tetrakis(3,5-di-te/'Abutylphenyl)porphyrinato]

Rhodmm(Ill) [Rh"(tdbpp)] To a Teflon screw-head stoppered flask,

Rli(tdbpp)CH3 4¢ (14.2 mg, 0.011 mmol) was dissolved in C*H" (4.0 mL) to form a

clear orange solution. The reaction mixture was then degassed by the

freeze-pump-thaw method (3 cycles) and refilled with nitrogen. The reaction mixture

was irradiated under a 400 W Hg-lamp at 6-10 OC until complete Rh(tdbpp)CH3 4¢

consumption was confirmed by TLC analysis (10 - 11 hours). Selected H NMR
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signal ofRh(tdbpp) (C~D”*, 400 MHz) 6239 (bs- 72 H), 9.44 (bs, 12 H) > 12.31 (bs, 8

H), 18.19 (bs-8 H). Indeed - some other "H NMR signal was observed which was

possibly the dimeric form of Rh(tdbpp). Addition of excess iodine to the mixture

yielded Rh(tdbppp)! 4b in 81% average yield after column chromatography. R/= 0.61

(hexane: CH2CI2 = 1:1); "H NMR(400 MHz, CDCI3) 51.50 (s, 36 H), 1.52 (s, 36 H),

1.50 (s, 36 H), 7.78 (t, 4 H, J= 1.4 Hz)»8.07 (t, 8 H' /= 1.4 Hz), 8,94 (s, 8 H). MC

NMR (CDCI3, 100 MHz)  31.94-35.21, 121.01> 123.64, 129.14, 129.25, 131.74,

141.43, 143.39, 148.77, 148.83. HRMS (FAB): Cacld for (C76H92liN4Rh)": m/z

1290.5422. Found: m/z 1290.5401. If assuming the yield was 100% in the reaction

between Rh(tdbpp) 4d and 12, the yield of photolysis was estimated to be 81%.

Preparation of (5,10,15,20-Tetramesitylporphyrinato)rhodium(lil) Hydride

(Rh(tnip)H) A red suspension of Rh(tmp)Cl Ib (2.6 mg, 0.0028 mmol) in

EtOH (2 mL) and a solution of NaBH* (L1 mg, 0.028 mmol) in agueous NaOH (0.5

M, 0.5 mL) were purged with nitrogen separately for about 15 minutes. The solution

of NaBH4 was added slowly to the suspension of Ib via a cannular. The reaction

mixture was heated at 55 °C for 3 hours and the color changed to deep brown in color.

The reaction mixture was then cooled down to 0 under nitrogen and excess

degassed aqueous solution of HCI (1 M) was added via a cannular with an orange
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precipitate formed immediately indicating the formation of Rh(tmp)H. The solvent

was then removed through a cannular adapted with a filter paper and washed 2 times

with degassed water (3 mL/each). The orange precipitate was further dried at 60

under vacuum evaporation for 1 hour to obtain a pure ZFH NMR (300

MHz, CeDe) SAOM (d, 1H, 33 Hz), 1.78 (s, 12 H), 2.13 (s, 12H), 2.43 (s, 12 H),

7.09 (s, 4 H),7.18 (5,4 H), 8.77 (s, 8 H).

Reaction of Rh"(tmp) (le) and n-Butyl Ether. Degassed «-butyl ether (2.0 mL) was

added to neat Rh"(tmp) 13a (0.0088 mmol) and the mixture was then stirred at 25, C

under nitrogen for 1 day. Excess «-butyl ether was removed, the dark red crude

product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(tmp)Pr* 5a (1.2 mg,

0.0013 mmol, 15% yield). R~ 0.61 (hexane:CH2CI2 —5:1) "H NMR (300 MHz,

C6D6) M-4.43 (dt, 2 H, = 3.0 Hz> . Jvh= 7.5 Hz), -3.87 (sextet, 2H, 7.6 Hz),

-1.43 (t, 3 7.5 Hz), 1.87 (s, 12 H), 2.17 (s, 12 H), 2.43 (s, 12 H), 7.09 (s, 4 H),

7.19 (s, 4 H) » 8.74 (s, 8 H).

Reaction of Rh"(tmp) (le) and /i-Butyl Ether with 1 equiv of P(,Pr)3. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), P('Pr)3 (1.5 mg, 0.0088 mmol) was

117



added and the reaction mixture was stirred at 25 ~C. After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed w-butyl ether (2.0 mL)

was added and the mixture was then stirred under nitrogen for 1 day. Excess w-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of a mixture of 1:1 ratio of Rh(tmp)Pr*'” 5a (-5%) and Rh(tmp)MenM” 1d

(-5%).

Reaction of Rh"(tmp) (le) and «-Butyl Ether with 1 equiv of P(Cy)3. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), P(Cy)3 (2.5 mg, 0.0088 mmol) was

added and the reaction mixture was stirred at 25 After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed w-butyl ether (2.0 mL)

was added to form the suspension and the mixture was then stirred under nitrogen for

1 day. Excess w-butyl ether was removed, the dark red crude product was then purified

by column chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the

reddish purple solid of Rh(tmp)Pr*" 5a (1.5 mg, 0.0016 mmol, 18%).

Reaction of Rh"(tmp) (le) and w-Butyl Ether with 1 equiv of P(4-OMePh)3. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), P(4-OMePh)3 (3.1 mg, 0.0088 mmol)
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was added and the reaction mixture was stirred at 25 After 10 minutes, the

benzene solvent was removed by vacuum evaporation and then degassed «-butyl ether

(2.0 mL) was added to form the supension and the mixture was then stirred under

nitrogen for 1 day. Excess /7-butyl ether was removed, the dark red crude product was

then purified by column chromatography on silica gel eluting with hexane/CH2CI2(5:1)

to give the reddish purple solid of Rh(tmp)Pr*™ ba (1.3 mg, 0.0014 mmol, 16%),

Reaction of Rh"(tmp) (le) and w-Butyl Ether with 1 equiv of P(toly)3. In the

benzene solution ofRIi"(tmp) le (0.0088 mmol), P(toly)3 (2.7 mg, 0.0088 mmol) was

added and the reaction mixture was stirred at 25- - > After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed w-butyl ether (2.0 mL)

was added to form the suspension and the mixture was then stirred under nitrogen at

25 "C for 1 day. Excess «-butyl ether was removed, the dark red crude product was

then purified by column chromatography on silica gel eluting with hexane/CH2CI2(5:1)

to give the reddish purple solid of Rh(tmp)Pr'~" 5a (1.8 mg, 0.0019 mmol, 20%).

Reaction of Rh"(tmp) (le) and «-Butyl Ether with 1 equiv of PPhj. In the benzene

solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was added and

the reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was
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removed by vacuum evaporation and then degassed «-butyl ether (2.0 mL) was added

and the mixture was then stirred under nitrogen at 25 "C for 1 day. Excess «-butyl

ether was removed. Rh(tmp)Pr 5a and the suspected (PPh3)Rh(tmp)OPr 5i were

observed from the "HNMR of the crude reaction mixture in benzene-c4 then the dark

red crude product was then purified by column chromatography on silica gel eluting

with hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(tmp)Pr™* 5a (3,3 mg,

0.004 mmoi, 40% yield) while the suspected (PPh3)Rh(tmp)OPr 5i was not able to be

isolated. The suggestive "H NMR signals of (PPh3)Rh(tmp)OPr 5i; “H NMR(300

MHz, C6D6) -0.69 (qu, 2H, 12 Hz), -0.47 (t, 3H, J= 7.2 Hz), -0.39 (t, 2H, J =

7.5 Hz), 1.43 (s> 12 H), 2.06 (s, 12H), 2.41 (s, 12 H), 4.36 (t, 6 H, J— 8,4 Hz), 6.16 (t,

6H  J— 7.5Hz), 6.35 (t, 3 H, J— 7.2 Hz), 8.75 (s, 8 H).

Reaction of Rh"(tmp) (le) and «-Butyl Ether with 2 equiv of PPhj. In the benzene

solution of Rh"(tmp) le (0.0088 mmol), PPhs (4.6 mg, 0.018 mmol) was added and

the reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was

removed by vacuum evaporation and then degassed «-butyl ether (2.0 mL) was added

and the mixture was then stirred under nitrogen at 25 for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish
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purple solid of Rh(tmp)Pr*" 5a (3.3 mg , 0.004 mmol , 40%).

Reaction of Rh"(tdbpp) (4d) and /i-Butyl Ether with 1 equiv of PPhs. In the

benzene solution ofRh"(tdbpp) 4d (0.0089 mmol), PPha (2.3 mg, 0.0089 mmol) was

added and the reaction mixture was stirred at 25 After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed «-butyl ether (2,0 mL)

was added and the mixture was then stirred under nitrogen at 25 ®C for 1 day. Excess

«-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHaCIiCS: 1) to give the reddish

purple solid of Rh(tdbpp)Pr 4e (3.0 mg, 0.0025 mmol, 28%). R/ = 0.57

(hexane:CH2CI2 = 3:2). "H NMR(300 MHz’ CDCI3) S-4.85 (dt,2 H, fl."=2.9 Hz,

Wh = 8.1 Hz), -4.37 (sixtet, 2 H, 7.4 Hz), -1.63 (t, 3H,J= 7.3 Hz), 1.50 (s, 36

H), 1.51 (s, 36 H), 7.76 (t-4 H, 1.7 Hz), 8.00 (t, 4H, J= 1.8 Hz), 8.02 (t, 4HJ =

1.8 Hz), 8.75 (s, 8 H). CNMR (CDCI3, 100 MHz) fHI.U > 17.68 (d, “"Rhc = 26.7

Hz), 20.73, 29.85, 31.88, 31.91, 35.17, 120.97, 123.74, 128.96, 129.22, 131.65,

141.43, 143.36° 148.72, 148.76. HRMS (FAB): Cacld for (CygHgyNgRh-{H)+: m/z

1207.6998. Found: m/z 1207.6990.

121



Reaction of [Rh"(ttp)]2 (3e) and «-Butyl Ether with 1 equiv of PPhj. In the

benzene solution of [Rh"(ttp)]2 3e (0.0062 mmol), PPhs (2.7 mg, 0.012 mmol) was

added and the reaction mixture was stirred at 25 After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed «-butyl ether (2.0 mL)

was added and the mixture was then stirred under nitrogen at 25 "C for 1 day. Excess

w-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHICIiCS: 1) to give the reddish

purple solid of Rh(ttp)Pr*~ 3f (0.7 mg, 0.00086 mmol, 37%). R/ = 0.46

(hexane-.CHsCli = 5:2). '"H NMR(300 MHz, CDCI3) S-4M  (dt, 2 H, %.// = 3.3 Hz,

Wh = 8.3 Hz), -4.46 (sixtet, 2 H, 8.7 Hz), -1.75 (t, 3H, 7.2 Hz), 2.69 (s, 12

H), 7.53 (t, 8H,y= 5.7 Hz), 8.00 (dd, 4 H, 2.1 Hz, 5.7 Hz), 8.07 (dd, 4U,J=2A

Hz, 7.5 Hz), 8.71 (d, 4H,J= 7.3 Hz), 8.76 (s, 8 H).

Reaction of Rh"(tmp) (le) and «-Propyl Ether with 1 equiv of PPha. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was

added and the reaction mixture was stirred at 25 After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed ~-propyl ether (2.0

mL) was added and the mixture was then stirred under nitrogen at 25 for 1 day.

Excess w-propyl ether was removed. Rh(tmp)Et 5b and the suspected
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(PPh3)Rh(tmp)OEt 150 were observed from the "H NMR of the crude reaction

mixture in benzene-"j’ then the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of Rh(tmp)Et™* 5b (3.4 mg, 0.0037 mmol, 41%). R/ = 0.53

(hexane:CH2CI2 = 5:1). "H NMR(300 MHz, C"De) S -4.31 (dq, 3 H, %h-H ==3.0 Hz,

"h-h= 7.5 Hz), -3.83 (dt, 3 H, %h-ff= 1.5 Hz, HZ), 1.88 (s, 12 H), 2.12 (s,

12 H), 2.44 (s, 12 H), 6.93 (s, 4 H), 7.19 (s° 4 H), 8.74 (s, 8 H), While the suspected

(PPh3)Rh(tmp)0OEt 15h was not able to be isolated. The suggestive "H NMR signals

ofRh(tmp)OEt 5h; NMR (300 MHz, CeDe) t*-0.98 (t, 3 H> +/— 7.5 Hz), -0.45 (q, 2

H,J= 7.5Hz), 1.40 (s, 12 H), 2.41 (s, 12H), 4.38 (t, 6 H, J= 8.4 Hz), 6.16 (t, 6 H, J=

7.5Hz) » 6.35 (t» 3 H, J— 7.2 Hz), 8.76 (s, 8 H).

Reaction of Rh"(tmp) (le) and «-Butyl Ether with 1 equiv of PPha. In the benzene

solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was added and

the reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was

removed by vacuum evaporation and then degassed «-butyl ether (2.0 mL) was added

and the mixture was then stirred under nitrogen at 0-3 for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

123



purple solid of Rh(tmp)Pr*™ 5a (3.1 mg, 0.0033 mmol, 38%).

Reaction of Rh"(tmp) (le) and w-Pentyl Ether with 1 equiv of PPhs. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was

added and the reaction mixture was stirred at 25 After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed w-pentyl ether (2.0

mL) was added and the mixture was then stirred under nitrogen at 25 for 5 days.

Excess w-pentyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CHICIiCS: 1) to give the

reddish purple solid of Rh(tmp)Bu* 5¢ (2.4 mg, 0.0026 mmol, 30%). R/ = 0.63

(hexane:CH2CI2 = 5:1). [HNMR (300 MHz, CgDs) "-4.43 (dt> 2 H, "Jm-H= 3.0 Hz,

=8 Hz),-3.92 (qu,2H,J= 7.7 Hz), -1.13 (sextet, 2 H- (/= 7.5 Hz), -0.68 (t, 3 H,

75 Hz), 1.95 (s, 12 H), 2.17 (s, 12 H), 2.43 (s, 12 H), 7.11 (s, 4 H), 7.19 (s, 4 H),

8.74 (s, 8 H).

Reaction of Rh"(tmp) (le) and Isoamyl Ether with 1 equiv of PPhj. In the benzene

solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was added and

the reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was

removed by vacuum evaporation and then degassed isoamyi ether (2.0 mL) was added
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and the mixture was then stirred under nitrogen at 25 for 5 days. Excess isoamyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of Rh(tmp)'Bu 5d (1.1 mg, 0.0012 mmol, 13%).

Preparation of (5,10,15,20-Tetramesitylporphyriiiato)isobutyl Rhodium(l11)

(Rh(tmp)'Bu) (5d). A suspension ofRh(tmp)CIl Ib (60 mg, 0.065 mmol) in EtOH (30

mL) in a Schlenk flask and a solution of NaBH4 (10.0 mg, 0.260 mmol) in aguesous

NaOH (0.5 M, 3 mL) in a conical flask were flushed with nitrogen for 15 minutes.

The solution of NaBH4 was added slowly to the suspension of Rh(tmp)Cl via a

cannular. The reaction mixture was heated at 60 "C for 1 hour and the color changed

to deep brown in color. The reaction mixture was then cooled down in an ice bath and

upon addition of excess 1-bromo-2-methylpropane (350 fiL, 3.25 mmol), reddish

precipitate was formed immediately. After stirring for 10 minutes, solvent was then

removed by rotary evaporation and the crude reaction mixture was then purified by

column chromatography on silica gel eluting with hexane/CHaCl? (5:1) to give the

reddish purple solid of Rh(tmp)'Bu 5d (45 mg, 0.048 mmol, 74%). R/ = 0.63

(hexane:CH2CI2 = 5:1).  NMR (400 MHz, CD2CI2) 5 -4.43 (dd, 2 H, V#i."=3.2 Hz,

AJh-h= 7.2 Hz), -4.65 (m, 1 H), -2.18 (d, 6 H, J= 6.7 Hz), 1.82 (s, 12 H), 1.91 (5> 12
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H), 259 (- 12 H), 7.26 (4 H), 121 (5>4H), 884 >8H). “C NMR (CD2CI2, 75

MHz) 5 20.30>21.70 > 22.05>23.93 (d, Vrhc = 27.7 Hz), 26.41, 120.21, 128.18,

130.99, 138.04 > 138.96, 139.28, 139.54, 143.17 HRMS: Cacld for (C60HG6iIN4Rh+):

m/z 940.3946. Found: m/z 940.3939. Anal. Calcd. For C60H6iN4Rh: C, 76.58; H, 6.53;

N, 5.95. Found: C, 76.15; H, 6.56; N, 5.81.

Reaction of Rh"(tmp) (le) and 2-Propyl-1,3-Dioxolane with 1 equiv of PPh- . In

the benzene solution of Rh"(tmp) le (7.8 mg, 0.0088 mmol), PPha (2.3 mg > 0.0088

mmol) was added and the reaction mixture was stirred at 25 After 10 minutes, the

benzene solvent was removed by vacuum evaporation and then degassed

2-propyl-l,3-dioxolane (2.0 mL) was added and the mixture was then stirred under

nitrogen at 25 °C for 1 day. Excess 2-propyl-1,3-dioxolane was removed, the dark red

crude product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(tmp)P/'* 5a (1.8 mg,

0.0019 mmol, 22%).

Reaction of Rh"(tmp) (le) and 2-Ethoxyethyl Ethyl Ether with 1 equiv of PPhj at

25 In the benzene solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088

mmol) was added and the reaction mixture was stirred at 25 After 10 minutes, the
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benzene solvent was removed by vacuum evaporation and then degassed

2-ethoxyethyl ethyl ether (2.0 mL) was added and the mixture was then stirred under

nitrogen at 25 for 4 days. Excess 2-ethoxyethyl ethyl ether was removed, the dark

red crude product was then purified by column chromatography on silica gel eluting

with hexane/CH2CI2(5:1) to give two fraction, the first fraction was the reddish purple

solid of Rh(tinp)MeS8ia id (1.0 mg, 0.0011 mmol, 13%), the second fraction was the

reddish purple solid of Rh(tmp)CH20Et 5f (1.0 mg, 0.0011 mmol, 12%). R/= 0.57

(hexane:CH2CI2 = 1:1). "HNMR (300 MHz, CsDe) 5 -1.59 (d, 2 H, %h.H = 3.0 Hz),

-0.90 (q, 2H » 6.9 Hz), -0.64 (t, 3H, J= 6.9 Hz), 1.97 (s, 12 H), 2.08 (s, 12 H) -

2.46 (s, 12 H), 7.15 (s, 4 H), 7.19 (s, 4 H), 8.76 (s, 8 H). “CNMR (CDCI3 , 100 MHz)

6 12.97, 21.60, 21.68, 21.92, 62.83 (d, "jRh-c = 26.0 Hz), 61.14, 119.72 - 127.80,

127.83, 130.66, 137.49, 138.56->138.98, 139.30- 142.79. HRMS: Cacld for

(C59H59N40iRh+): m/z 942.3738. Found: m/z 942.3730.

Preparation of (5,10,15,20-Tetramesitylporphyrinato)ethoxymethyl Rhodium(lIl)

(Rh(tmp)CH20Et) (5f). A suspension of Rh(tmp)CI Ib (100 mg, 0.109 mmol) in

EtOH (30 mL) in a Schlenk flask and a solution of NaBH4 (16.5 mg, 0.435 mmol) in

aquesous NaOH (0.5 M, 3 mL) in a conical flask were flushed with N2 for 15 minutes.

The solution of NaBH4 was added slowly to the suspension of Rh(tmp)Cl via a
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cannular. The reaction mixture was heated at 60 for 1 hour and the color changed

to deep brown in color. The reaction mixture was then cooled down in an ice bath and

upon addition of excess chloromethyl ethyl ether (0.2 mL), reddish precipitate was

formed immediately. After stirring for 10 minutes, solvent was then removed by

rotary evaporation and the crude reaction mixture was then purified by column

chromatography on silica gel eluting with liexane/CHiCli (5:1) to give the reddish

purple solid of Rh(tmp)CH20Et 5f(76.8 mg, 0.082 mmol, 75%).

Reaction ofRh"(tmp) (le) and 2-Ethoxyethyl Ethyl Ether with 1 equiv ofPPhsat

50 oc. In the benzene solution of Rh"(tmp) le (0.0088 mmol), PPha (2.3 mg, 0.0088

mmol) was added and the reaction mixture was stirred at 25 After 10 minutes, the

benzene solvent was removed by vacuum evaporation and then degassed

2-ethoxyethyl ethyl ether (2.0 mL) was added and the mixture was then stirred under

nitrogen at 50 for 4 days. Excess 2-ethoxyethyl ethyl ether was removed, the dark

red crude product was then purified by column chromatography on silica gel eluting

with hexane/CHICbCS: 1) to give two fraction, the first fraction was the reddish purple

solid of Rh(tmp)Me8ia id (1.3 mg, 0.0014 mmol, 16%), the second fraction was the

reddish purple solid of Rh(tmp)CH20Et 5f (1.4 mg, 0.0015 mmol > 17%).
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Reaction of Rh"(tmp) (le) and Phenyl Ethyl Ether with 1 equiv of PPhs. In the

benzene solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was

added and the reaction mixture was stirred at 25 ®C. After 10 minutes, the benzene

solvent was removed by vacuum evaporation and then degassed phenyl ethyl ether

(2.0 mL) was added and the mixture was then stirred under nitrogen at 25 "C for 4

days. Excess phenyl ethyl ether was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CH2CI2(5:1) to

give the reddish purple solid of Rh(tmp)Et** 5b (0.8 mg, 0.00088 mmol, 10%).

Reaction of Rh"(tmp) (le) and THF with 1 equiv of PPhs. In the benzene solution

of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was added and the

reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was

removed by vacuum evaporation and then degassed THF (2.0 mL) was added and the

mixture was then stirred under nitrogen at 25 for 3 days. Excess THF was removed,

no corresponding CCA product was observed in the crude NMR analysis.

Reaction of Rh"(tmp) (le) and THF. Degassed THF was added into the neat

Rh"(tmp) le (0.0088 mmol) and the mixture was then stirred under nitrogen at 25

for 1 days. Excess THF was removed, the crude reaction mixture was then analyzed
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with "H NMR with degassed benzene-*4, Rh"(tmp) le remained unreacted with only

trace amount of Rh(tmp)H If was observed.

Reaction of Rh"(tmp) (le) and «-Butyl Ether in Benzene-A?. Degassed fj-butyl

ether (37 \iL, 0.22 mmol) and benzene-t/* (500 [IL) were added into Rh"(tmp) le

(0.0044 mmol) in an NMR tube under nitrogen. The red solution was degassed for

three freeze-thaw-pump cycles and the NMR tube was flame-sealed under vacuum.

The reaction mixture was heated and was monitored with "H NMR spectroscopy with

NMR yields measured using the residual benzene signal as the internal standard.

Reaction of Rh(tmp)CH20Et (5f) and w-Butyl Ether in the presence ofPPhj at 24

oC. Rh(tmp)CH20Et Ic (10.0 mg > 0.011 mmol) and PPhs (2.8 mg, 0.011 mmol) were

dissolved in «-butyl ether (2.0 mL) and stirred at 24 under nitrogen for 1 day.

Excess rt-butyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CHiCb (5:1) to recover the

reddish purple solid of Rh(tmp)CH20Et"" 6a (9.1 mg, 0.0067 mmol, 91%).

Reaction of Rh"(tmp) (le) and Oxepane in the presence of PPhs. In the benzene

solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg, 0.0088 mmol) was added and
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the reaction mixture was stirred at 25 After 10 minutes, the benzene solvent was

removed by vacuum evaporation and then degassed oxepane (2.0 mL) was added and

the mixture was then stirred under nitrogen at 25 for 1 day. Excess oxepane was

removed, the dark red crude product was then purified by column chromatography on

silica gel eluting with hexane/CH2CI2(l:l) to give the reddish purple solid of

Rh(tmp)CH2CH2CH2CH2CH20CHO 5j (1.1 mg, 0.0011 mmol, 13%). R/ = 0.7

(CH2CI2). 1h NMR (400 MHz, CsD") S -4.55 (dt, 2 H, Vi =3.0 Hz, J - 8.2 Hz),

-4.01 (Qu,2H > 7.8 Hz), -1.26 (qu, 2H, J= 7.5 Hz), -0.26 (qu, 2 H, J— 7.0 Hz),

1.90 (s, 12 H), 2.15 (s, 12 H), 2.44 (s, 12 H), 2.80 (t, 3 H, J= 6.7 Hz), 7.12 (s, 4 H),

7.19 (s, 4 H), 8,72 (s’ 8H), 8.92 (s, 1H). C NMR (CDCI3, 100 MHz) <"21.61, 21.70,

21.84 > 22.64 (d, “"Rh-c = 23.0 Hz), 26.45 > 27.57 > 29.85 > 63.04 » 119.64, 127.83, 127.86 -

130.70, 137.54, 138.53, 138.90, 139.13, 142.64->160.69. HRMS: Cacld for

(C62H63N402RhM): m/z 998.4001. Found: m/z 998.3988.

Reaction of Rh"(tmp) (le) and Oxepane. Degassed oxepane was added into the neat

RIi"(tmp) le (0.0088 mmol) to form suspension and the mixture was then stirred

under nitrogen at 25 for 1 day. Excess oxepane was removed, the dark red crude

product was then purified by column chromatography on silica gel eluting with

hexane/CH2Ci2(l:I) to give the reddish purple solid of
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Rh(tmp)CH2CH2CH2CH2CH20CHO 5j (1.5 mg, 0.0015 mmol, 17%).

Reaction of Rh"(tmp) (le) - n-Butyl Ether and PPhjwith the addition of 10 equiv

of KOH. In the benzene solution of Rh"(tmp) le (0.0088 mmol), PPh] (2.3 mg>

0.0088 mmol) was added and the reaction mixture was stirred at 25 After 10

minutes, the benzene solvent was removed by vacuum evaporation and then KOH

(4.9 mg > 0.088 mmol) followed by degassed «-butyl ether (2.0 mL) were added and

the mixture was then stirred under nitrogen at 0-3 °C for 1 day. Excess «-butyl ether

was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHiClaCS: 1) to give the reddish

purple solid of Rli(tmp)Pr*" 5a (3.3 mg, 0.0036 mmol, 40%).

Reaction of Rh"(tmp) (le), w-Butyl Ether and PPhswith the addition of 10 equiv

of KOH and 50 equiv of H20. In the benzene solution of Rh"(tmp) le (0.0088

mmol), PPhs (2.3 mg, 0.0088 mmol) was added and the reaction mixture was stirred

at 25 °C. After 10 minutes, the benzene solvent was removed by vacuum evaporation

and then KOH (4.9 mg, 0.088 mmol) followed by degassed H20 (8 ulL) and «-butyl

ether (2.0 mL) were added and the mixture was then stirred under nitrogen at 0-3

for 1 day. Excess n-butyl ether was removed, the dark red crude product was then
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purified by column chromatography on silica gel eluting with hexane/CH2CI2(5:1) to

give the reddish purple solid of Rh(tmp)Pr** 5a (5.2 mg, 0.0056 mmol, 64%).

Reaction of Rh"(tmp) (le), «-Butyl Ether and PPhawith the addition of 10 equiv

of KO'Bu. In the benzene solution of Rh"(tmp) le (0.0088 mmol), PPhs (2.3 mg,

0.0088 mmol) was added and the reaction mixture was stirred at 25 After 10

minutes, the benzene solvent was removed by vacuum evaporation and then KO”Bu

(9.9 mg, 0.088 mmol) followed by degassed «-butyl ether (2.0 mL) were added and

the mixture was then stirred under nitrogen at 0-3 for 1 day. Excess ? 7-butyl ether

was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of Rh(tmp)Pr™* 5a (4.6 mg, 0.0050 mmol, 56%).

Reaction of Rh"(tmp) (le), /i-Butyl Ether and PPhswith the addition of 10 equiv

of CsOH.H20. In the benzene solution ofRh"(tmp) le (0.0088 mmol), PPh] (2.3 mg,

0.0088 mmol) was added and the reaction mixture was stirred at 25 After 10

minutes, the benzene solvent was removed by vacuum evaporation and then

CSOH.H20 (13.2 mg, 0.088 mmol) followed by degassed «-butyl ether (2.0 mL) were

added and the mixture was then stirred under nitrogen at 0-3 for 1 day. Excess
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«-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of Rh(tmp)Pr" 5a (4.8 mg, 0.0052 mmol, 59%).

Reaction of Rh(tmp)l (lc) and «-Butyl Ether at 40, C. Rh(tmp)l Ic (10.9 mg,

0.011 mmol) was dissolved in «-butyl ether (2.0 mL) and heated at 40 under

nitrogen for 1 day. Excess «-butyl ether was removed, the dark red crude product was

then purified by column chromatography on silica gel eluting with hexane/CH2CI2(5:1)

to give the reddish purple solid of Rh(tmp)Pr*'~ 5a (0.4 mg, 0.0004 mmol, 4%).

Reaction of Rh(tmp)l (Ic) and /i-Butyl Ether with 5 equiv of KOH at 40 "C.

Rh(tmp)!l Ic (11.0 mg, 0.011 mmol) and KOH (3.1 mg, 0.544 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 40 under nitrogen for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the reddish

purple solid of Rh(tmp)Pr* 5a (1.7 mg, 0.0018 mmol, 17%).

Reaction of Rh(tmp)l (Ic) and /i-Butyl Ether with 10 equiv of KOH at 40 "C.

Rh(tmp)l Ic (10.7 mg, 0.011 mmol) and KOH (5.9 mg, 0.106 mmol) were dissolved
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in #¢-butyl ether (2.0 mL) and heated at 40 "C under nitrogen for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHiCli (5:1) to give the reddish

purple solid of Rh(tmp)Pr*~ 5a (3,2 mg, 0.0035 mmol, 32%).

Reaction of Rh(tmp)l (Ic) and ii-Butyl Ether with 10 equiv of K2CO3 at 40 "C.

Rh(tmp)! Ie¢ (10.7 mg, 0.011 mmol) and K2CO3 (15.2 mg, 0.11 mmol) were dissolved

in n-butyl ether (2.0 mL) and heated at 40 under nitrogen for 3 days. Excess

«-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHsCb (5:1) to give the reddish

purple solid of Rh(tmp)Pr*" 5a (0.7 mg, 0.00074 mmol, 7%).

Reaction of Rh(tmp)I (Ic) and n-Butyl Ether with 10 equiv of CS2CO3 at 40. C.

Rh(tmp)l Ic (11.0 mg, 0.011 mmol) and K2CO3 (35,4 mg, 0.11 mmol) were dissolved

in w-butyl ether (2.0 mL) and heated at 40 ~C under nitrogen for 2 days. Excess

«-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHzCli (5:1) to give the reddish

purple solid of Rh(tmp)Pr** 5a (0.4 mg, 0.0004 mmol, 4%).
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Reaction of Rh(tmp)Il (Ic) and w-Butyl Ether with 10 equiv of KO'BU at 40 "C.

Rh(tmp)! Ic (10.4 mg, 0.010 mmol) and KO'Bu (11.5 mg, 0.10 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 40 under nitrogen for 1 days. Excess

? z-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the reddish

purple solid of Rh(tmp)Pr*™ 5a (2.1 mg, 0.002 mmol, 22%).

Reaction of Rh(tmp)I (Ic) and «-Butyl Ether with 10 equiv of NaOMe at 40-(: .

Rh(tmp)l Ic (10.6 mg, 0.010 mmol) and NaOMe (5.7 mg, 0.10 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 40 ~C under nitrogen for 3 days. Excess

w-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHsCI] (5:1) to give the reddish

purple solid of Rh(tmp)Pr™2 5a (1.9 mg, 0.002 mmol, 20%).

Reaction of Rh(tmp)l (Ic) and «-Butyl Ether with 10 equiv of NaOH at 40, C.

Rh(tmp)!l Ic (11.4 mg, 0.011 mmol) and NaOH (4.5 mg, 0.118 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 40 under nitrogen for 3 days. Excess

w-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the reddish
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purple solid of Rh(tmp)Pr*" 5a (1.9 mg > 0,002 mmol > 18%).

Reaction of Rh(tmp)l (Ic) and w-Butyl Ether with 20 equiv of KOH at 40, C.

Rh(tmp)l lc (10.1 mg, 0.010 mmol) and KOH (11.2 mg, 0.200 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 40 under nitrogen for 1day. Excess w-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHICl! (5:1) to give the reddish

purple solid of Rh(tmp)Pr** 5a (3.3 mg, 0.0036 mmol, 35%).

Reaction of Rh(tmp)l (Ic) and «-Butyl Ether with 10 equiv of KOH in benzene

solvent at 40 Rh(tmp)l Ic (12.6 mg, 0.012 mmol), KOH (7.0 mg, 0.125 mmol),

77-butyl ether (106 jj,L, 0.623mmol) were dissolved in benzene (2.0 mL) and heated at

40 under nitrogen for 1 day. Excess «-butyl ether and benzene were removed, only

trace amount of Rh(tmp)Pr5ib 5a was identified in the crude reaction mixture by H

NMR analysis.

Anion Effect

Reaction of Rh(tmp)l (Ic) and n-Butyl Ether with 10 equiv of KOH at 80 "C.

Rh(tmp)!l Ic (10.0 mg, 0.010 mmol) and KOH (5.6 mg, 0.099 mmol) were dissolved
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in «-butyl ether (2.0 mL) and heated at 80 under nitrogen for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the reddish

purple solid of Rh(tmp)Pr**' 5a (4.9 mg, 0.005 mmol, 53%).

Reaction of Rh(tmp)CI (Ib) and /i-Butyl Ether with 10 equiv of KOH at 80 "C.

Rh(tmp)Cl Ib (10 mg:- 0.010 mmol) and KOH (6.7 mg, 0.120 mmol) were

incompletely dissolved in «-butyl ether (2.0mL) and heated at 80 "C to form

suspension under nitrogen in the dark for 1 day. Excess «-butyl ether was removed,

the dark red crude product was then purified by column chromatography on silica gel

eluting with hexane/CH2CI2 (5:1) to give reddish purple solid of Rh(tmp)Pr* 6a (2.6

mg, 0.003 mmol, 23%).

Reaction of Rh(ttp)l (3c) and «-Butyl Ether with 10 equiv of KOH at 8- (:.

Rh(ttp)l 3¢ (15.0 mg, 0.017 mmol) and KOH (9.7 mg, 0.17 mmol) were dissolved in

w-butyl ether (2.0 mL) to form a suspension and heated at 80 under nitrogen for 1

day. Excess «-butyl ether was removed, the dark red crude product was then purified

by column chromatography on silica gel eluting with hexane/CH2CI2(5:1) to give the

reddish purple solid of Rh(ttp)Pr'~r 3f (8.4 mg, 0.01 mmol, 60%). R/ = 0.46
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(hexane:CH2CI2 = 5:2).

Reaction of Rh(ttp)Cl (3b) and n-Butyl Ether with 10 equiv of KOH at 80, C.

Rh(ttp)Cl 3b (10.7 mg, 0.013 mmol) and KOH (7.4 mg, 0.133 mmol) were

incompletely dissolved in ? 7-butyl ether (2.0mL) to form a suspension and heated at 80

to form suspension under nitrogen in the dark for 1 day. Excess «-butyl ether was

removed, the dark red crude product was then purified by column chromatography on

silica gel eluting with hexane/CH"Cl, (5:1) to give reddish purple solid of Rh(ttp)Pr'A?

3f (2.1 mg > 0.003 mmol, 19%).

Reaction of Rh(tmp)BF4 (lk) and «-Butyl Ether with 10 equiv of KOH at 80-(:.

Rh(tmp)BF4 1k was prepared in-situ from the reaction between Rh(tmp)l (10 mg,

0.010 mmol) and AgBF4 in dichloromethane (4.0 mL) at ambient conditions for 2

hours under N2. After complete consumption of Rh(tmp)l observed from the TLC

analysis, excess dichloromethane was removed under high vacuum for 2 hours. Then

KOH (6.7 mg, 0.120 mmol) was added together with degassed «-butyl ether (2.0 mL)

and heated at 80 to form suspension under nitrogen in the dark for 1 day. Excess

«-butyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHiC” (5:1) to give reddish purple
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solid of Rh(tmp)Pr5ib 6a (2.6 mg, 0.003 mmol, 23%).

Porphyrin Effect

Reaction of Rh(ttp)l (3c) and u-Propyl Ether and 10 equiv of KOH at 80 "C.

Rh(ttp)!] 3¢ (10.4 mg, 0.012 mmol) and KOH (6.5 mg, 0.116 mmol) were

incompletely dissolved in ~-propyl ether (2.0 mL) and heated at 80, C to form

suspension under nitrogen for 1 day. Excess "-propyl ether was removed, the dark red

crude product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(ttp)Et'** 3g (2.8 mg, 0.003

mmol, 30%). R/— 0.53 (hexane:CH2CI2 = 2:1). "H NMR (300 MHz, CDCI3) 6 -4.86

(dg, 3 H, ijRh-H = 3.0 Hz, AJh-h = 6.0 Hz), -4.45 (t, 3 H, J= 6.0 Hz), 2.69 (s, 12 H),

7.53 (1, 8H, 6.3 Hz), 8.08 (d, 4 H, J= 7.5 Hz), 8.08 (s, 8 H).

Reaction of Rh(tmp)l (Ic) and «-Propyl Ether and 10 equiv of KOH at 8- € :.

Rh(tmp)l lc (10.0 mg, 0.010 mmol) and KOH (5.5 mg, 0.098 mmol) were

incompletely dissolved in ~-propyl ether (2.0 mL) and heated at 80 to form

suspension under nitrogen for 1 day. Excess /2-propyl ether was removed, the dark red

crude product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2 (5:1) to give the reddish purple solid of Rh(tmp)Et*" 5b (3.1 mg,
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0.003 mmol, 34%).

Reaction of Rh(ttp)l (3c) and «-butyl Ether and 10 equiv of KOH at &-<: -

Rh(ttp)l] 3c (12.4 mg, 0.014 mmol) and KOH (5.6 mg- 0.138 mmol) were

incompletely dissolved in «-butyl ether (2.0 mL) and heated at 80 under nitrogen

for 3 days to form a suspension. Excess «-butyl ether was removed, the dark red crude

product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:I) to give the reddish purple solid of Rh(ttp)Pr* 3f (7.3 mg, 0,009

mmol, 65%).

Reaction of Rh(ttp)l (3c) and /i-Pentyl Ether and 10 equiv of KOH at 80

Rh(ttp)! 3¢ (11.1 mg, 0.012 mmol) and KOH (6.9 mg, 0.124 mmol) were poorly

dissolved in «-pentyl ether (2.0 mL) and heated at 80 under nitrogen for 1 day to

form a suspension. Excess «-pentyl ether was removed, the dark red crude product

was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(ttp)Bu* 3i (1.6 mg, 0.002

mmol, 16%). R/= 0.61 (hexane:CH2CI2 = 2:1). NMR (400 MHz, CDCI3) 8 -4.96

(dd, 2 H, ARh-H= 3.2 Hz, W h = 4.9 Hz) > -4.76 (m, 1H) >-2.20 (d, 6H,J= 6.7 Hz),

2.72 (s, 12 H), 7.26 (s, 4 H), 7.54 (d, 4 H, 5.7 Hz), 7.56 (d, 4 H, J= 5.7 Hz), 8.02
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(d,4H,  7.5Hz),812(d, 4H,J= 7.5 Hz), 8.76 (s, 8 H).

Reaction of Rh(tmp)l (Ic) and «-Pentyl Ether and 10 equiv of KOH at 80

Rh(tmp)!l Ic (10.0 mg, 0.010 mmol) and KOH (5.6 mg, 0.099 mmol) were dissolved

in n-pentyl ether (2.0 mL) and heated at 80 under nitrogen for 1 day. Excess

«-pentyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/C~Cb (5:1) to give the reddish

purple solid of Rh(tmp)Bu”" 5¢ (8.2 mg > 0.009 mmol, 88%).

Reaction of Rh(t4_cF3PP)I (2c) and w-Pentyl Ether and 10 equiv of KOH at 80 AC.

Rh(t4-CF3PP)I 2¢ (11.1 mg, 0.010 mmol) and KOH (5.6 mg - 0.099 mmol) were

dissolved in w-pentyl ether (2.0 mL) and heated at 80 under nitrogen for 1 day.

Excess «-pentyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the

reddish purple solid of Rh(t4-cF3PP)Bu 2d (6.0 mg, 0.006 mmol, 58%). R/ — 0.67

(hexaneiCHiCb = 5:1). "H NMR(400 MHz, CDCI3) ~-4.94 (dt, 2 H, NJrh-h= 2.8 Hz,

AJh-h= 7.5 Hz), -4.53 (qu, 2H, J= 7.5 Hz), -1.57 (sixtet, 2H, 7.4 Hz ), -0.81 (> 3

H,J=73Hz), 803 (d, 8H, J=7.1 Hz) 8.04 (d, 4 H,J= 7.1 Hz), 825 (d, 4 H,/ =

7.7 Hz), 8.33 (d, 4 H » J= 7.7 Hz), 8.67 (s, 8 H). *CNMR (CDCI3, 100 MHz) 6 12.30’
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16.05 (d > Vm-c = 26.9 Hz), 19.39, 29.80 » 120.59 (q, Vc-f — 270.6 Hz), 123.91, 123.95,

129.85 (g, Vc-F = 32.4 Hz), 131.85, 133,97, 134.25, 143.02, 145,67. HRMS (FABMS):

Calcd for (C53H33Fi2N4Rhi)™: m/z 1044.1563. Found: m/z 1044.1573.

Temperature Effect

Reaction of Rh(tinp)l (Ic) and "-Propyl Ether and 10 equiv of KOH at 40 "C.

Rh(tmp)l lc (10.0 mg, 0.010 mmol) and KOH (5.6 mg, 0.099 mmol) were

incompletely dissolved in w-propyl ether (2.0 mL) and heated at 40 "C under nitrogen

for 1 day. Excess ™-propyl ether was removed , the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to

give the reddish purple solid of Rh(tmp)Et*" 5b (2.1 mg, 0.0023 mmol, 23%).

Reaction of Rh(tinp)l (Ic) and /i-Propyl Ether and 10 equiv of KOH at 80 "C.

Rh(tmp)l Ic (10.0 mg, 0.010 mmol) and KOH (5.6 mg, 0.099 mmol) were

incompletely dissolved in *-propyl ether (2,0 mL) and heated at 80 under nitrogen

for 1 day. Excess "-propyl ether was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CHiCl) (5:1) to

give the reddish purple solid of Rh(tmp)Pr* 5a (3.1 mg, 0.003 mmol, 34%).
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Reaction of Rh(tmp)l (Ic) and if-Propyl Ether and 10 equiv ofKOH at 100

Rh(tmp)l lc (10.4 mg, 0.010 mmol) and KOH (5.8 mg, 0.010 mmol) were

incompletely dissolved in ?i-propyl ether (2.0 mL) and heated at 100 under

nitrogen for 1 day. Excess w-propyl ether was removed > the dark red crude product

was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2 (5:1) to give the reddish purple solid of Rh(tmp)Et™* 5b (2.8 mag,

0.003 mmol, 30%).

Reaction of Rh(tmp)I (I¢) and w-Butyl Ether and 10 equiv of KOH at 80, C.

Rh(tmp)! Ic (10.0 mg, 0.010 mmol) and KOH (5.6 mg, 0.099 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 80 ~C under nitrogen for 1 day. Excess «-butyl

ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHiCb (5:1) to give the reddish

purple solid of Rh(tmp)Pr* 5a (4.9 mg, 0.005 mmol > 53%).

Reaction of Rh(tmp)l (Ic) and #i-Butyl Ether with 10 equiv of KOH at 100 "C.

Rh(tmp)l Ic (10.7 mg, 0.011 mmol) and KOH (6.0 mg, 0.106 mmol) were dissolved

in «-butyl ether (2.0 mL) and heated at 100 ®C under nitrogen for 1 day. Excess

w-butyl ether was removed, the dark red crude product was then purified by column
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chromatography on silica gel eluting with hexane/CHsCI)] (5:1) to give the reddish

purple solid of Rh(tmp)Pr*" 5a (8.2 mg, 0.009 mmol, 86%).

Substrate Scope of Symmetrical Ether

Reaction of Rh(tmp)l (Ic) and /i-Propyl Ether and 10 equiv of KOH at 100, C.

Rh(tmp)! lc (10.0 mg, 0.010 mmol) and KOH (5.5 mg, 0.098 mmol) were

incompletely dissolved in w-propyl ether (2.0 mL) and heated at 100 to form

suspension under nitrogen for 1 day. Excess w-propyl ether was removed, the dark red

crude product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2 (5:1) to give the reddish purple solid of Rh(tmp)Et*™* 5b (3.1 mg,

0.003 mmol, 34%).

Reaction of Rh(tmp)Il (Ic) and Isopropyl Ether with 10 equiv of KOH at 100 AC.

Rh(tmp)l lc (10.0 mg, 0.009 mmol) and KOH (5.5 mg, 0.099 mmol) were

incompletely dissolved in isopropyl ether (2.0 mL) and heated at 100 to form

suspension under nitrogen for 1 day. Excess isopropyl ether was removed, the dark

red crude product was then purified by column chromatography on silica gel eluting

with hexane/CH2CI2 (5:1) to give the reddish purple solid of Rh(tmp)Me”* Id (3.7 mg,

0.004 mmol, 42%).
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Reaction of Rh(tmp)Il (Ic) and /i-Pentyl Ether with 10 equiv of KOH at 100, C.

Rh(tmp)! Ic (11.3 mg, 0.012 mmol) and KOH (6.3 mg, 0.11 mmol) were dissolved in

«-pentyl ether (2.0 mL) and heated at 100 under nitrogen for 1 day. Excess

A-pentyl ether was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHiCb (5:1) to give the reddish

purple solid of Rh(tmp)Bu**' 5¢ (9.3 mg, 0.009 mmol, 88%).

Reaction of Rh(tmp)l (Ic) and Isoamyl Ether with 10 equiv of KOH at 100 "C.

Rh(tmp)l Ic (10.4 mg, 0.010 mmol) and KOH (5.7 mg, 0.100 mmol) were dissolved

in isoamyl ether (2.0 mL) and heated at 100 under nitrogen in the dark for 1 day.

Excess isoamyl ether was removed. Only trace amount of Rh(tinp)'Bu 5d was

observed from the NMR of the crude reaction mixture.

Reaction of Rh(tmp)I (Ic) and «-Hexyl Ether with 10 equiv of KOH at 100

Rh(tmp)llc (10.1 mg > 0.009 mmol) and KOH (5.6 mg, 0.099 mmol) were dissolved in

w-hexyl ether (2.0 mL) and heated at 100 under nitrogen in the dark for 1 day.

Excess «-hexyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CHsCb (5:1) to give the

reddish purple solid of Rh(tmp)Pent 5e (5.3 mg, 0.005 mmol, 57%). R/ = 0.63
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(hexane:CH2CI2 — 5:1). "HNMR (300 MHz, CsDe) 5-4.46 (dt>2 H, ” #=3.0 Hz,

V{F-7.5 Hz ) -3.93 (qu, 2H,J= 7.5Hz),-1.15 (Qu’2H,J= 7.5Hz), -0.35 (m, 2 H),

-0.22 (t, 3H, J= 7.5 Hz), 1.91 (s> 12 H) » 217 (s, 12 H), 2.44 (s> 12 H) » 7.12 (s, 4 H),

7.19 (s, 4 H), 8.74 (s, 8 H). HRMS (FAB): Cacld for (C6iH63N4Rh)+: m/z 954.4102.

Found: m/z 954.4101. Anal. Calcd. For C6iH63N4Rh: C, 76.71; H, 6.65; N, 5.86.

Found: C, 76.11; H, 6.74; N, 5.57. The '"C NMR Spectra of 5e was not able to obtain

since 5e is not soluble enough in CD2CI2, CDCI3 and CeDe.

Reaction ofRh(tmp)l (Ic) and 2-Ethoxyethyl Ethyl Ether with 10 equiv of KOH

at 80, C. Rh(tmp)I Ic (10.1 mg, 0.010 mmol) and KOH (5.5 mg, 0,100 mmol) were

dissolved in 2-ethoxyethyl ethyl ether (2.0 mL) and heated at 80  under N2 for 1 day.

Excess 2-ethoxyethyl ethyl ether was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CHsCI] (5:1) to

give the reddish purple solid of Rh(tmp)Me~" Id (1.8 mg, 0.002 mmol, 19%).

Substrate Scope of Unsymmetricai Ethers

Reaction of Rh(ttp)l (3¢) and Di-isopropyl Ether with 10 equiv of KOH at 80 "C.

Rh(ttp)l 3c (10.2 mg, 0.011 mmol) and KOH (6.4 mg, 0.114 mmol) were

incompletely dissolved in di-isopropyl ether (2.0 mL) and heated at 80 under

147



nitrogen in the dark for 1 day to form a suspension. Excess di-isopropyl ether was

removed, the dark red crude product was then purified by column chromatography on

silica gel eluting with hexane/CHiCb (5:1) to give the reddish purple solid of

Rh(ttp)Mei33 3h (5.0 mg, 0.006 mmol, 56%). R/= 0.63 (hexane:CH2CI2 - 2:1). "H

NMR (300 MHz , CDCI3) 5-5.82 (d, 3H, J= 3.0 Hz), 2.70 (s, 12 H), 7.53 (d, 8 H, J =

7.5 Hz), 8.01 (dd, 4H, J= 2.4, 8.4 Hz), 8.07 (dd, 4H, 2.4, 8.4 Hz), 8.73 (s, 8 H).

Reaction of Rh(ttp)Il (3c) and Isopropyl Butyl Ether with 10 equiv of KOH at 80

o C. Rh(ttp)I 3¢ (15.3 mg, 0.017 mmol) and KOH (9.6 mg, 0.170 mmol) were

incompletely dissolved in isopropyl butyl ether (2.0 mL) and heated at 80 under N2

for 1 day. Excess 2-isopropyl butyl ether was removed, the dark red crude product

was then purified by column chromatography on silica gel eluting with

hexane/CHiICb (5:1) to give the reddish purple solid of Rh(ttp)Me' 3h (2.6 mg,

0.003 mmol, 10%).

Reaction of Rh(ttp)l (3c) and /-Butyl Ethyl Ether with 10 equiv of KOH at 80 "C

Rh(ttp)l 3c (10.1 mg, 0.010 mmol) and KOH (5.5 mg, 0.100 mmol) were

incompletely dissolved in r-butyl ethyl ether (2.0 mL) and heated at 80, C under N2

for 1 day to form a suspension. Excess /-butyl ethyl ether was removed, both

148



Rh(ttp)Me 3h and Rh(ttp)CH20'Bu 3j were observed from crude "H NMR analysis

with 1:1 ratio, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the reddish

purple solid of the mixture of Rh(ttp)Me™* 3h (-5% NMR vyield) and

Rh(ttp)CH20'Bu* (-5% NMR yield). "H NMR of RIi(ttp)CH20'Bu*® (300 MHz,

cdci3) 6 -2.82 (d, 2 H AJrh-h = 3.0 Hz), -1.23 (s, 9 H) » 7.44 — 7.66 (m 8 H), 7.94 —

8.00 (m, 8 H), 8.70 (s, 8 H).

Reaction of Rh(ttp)l (3c) and A-Butyl Butyl Ether with 10 equiv of KOH at 80

Rh(ttp)! 3¢ (11.6 mg, 0.013 mmol) and KOH (7.2 mg, 0.129 mmol) were dissolved in

t-butyl butyl ether (2.0 mL) and heated at 80, C under N2 for 1 day. Excess ? -butyl

butyl ether was removed; no correspondening CCA products were obtained.

Reaction of Rh(ttp)l (3c) and Di-isoamyl Ether with 10 equiv of KOH at 80 ®C.

Rh(ttp)! 3¢ (10.5 mg, 0.012 mmol) and KOH (6.6 mg > 0.117 mmol) were dissolved in

di-isoamyl ether (2.0 mL) and heated at 80 *C under N2 for 1 day. Excess di-isoamyl

ether was removed, only trace amount ofRh(ttp)'Bu 3k were observed.
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Preparation of (5,10,15,20-Tetramesitylporphyrinato)isobutyl Rhodium(in)

(Rh(ttpyBu) (3k). A suspension ofRh(ttp)Cl 3b (50 mg, 0.062 mmol) in EtOH (30

mL) in a Schlenk flask and a solution of NaBH* (9.3 mg, 0.248 mmol) in aquesous

NaOH (0.5 M, 3 mL) in a conical flask were flushed with N2 for 15 minutes. The

solution of NaBH4 was added slowly to the suspension of Rh(tmp)CI via a cannular.

The reaction mixture was heated at 60 for 1 hour and the color changed to deep

brown in color. The reaction mixture was then cooled down in an ice bath and upon

addition of excess 1-bromo-2-methylpropane (350 jiL, 3.25 mmol), reddish

precipitate was formed immediately. After stirring for 10 minutes, solvent was then

removed by rotary evaporation and the crude reaction mixture was then purified by

column chromatography on silica gel eluting with hexane/CHsCI! (5:1) to give the

reddish purple solid of Rh(ttp)'Bu 3k (39 mg, 0.047 mmol, 76%). R/ = 0.69

(hexane:CH2CI2 = 2:1). AHNMR (400 MHz, CDCI3) 5-4.96 (dd > 2 H » AJrh-h = 3.2 Hz,

TJH-H=4.9 Hz), -4.76 (m, 1H), -2.20 (d, 6 H, J= 6.7 Hz), 2.72 (s, 12 H), 7.26 (s, 4 H),

7.54 (d, 4 H,J-5.7 Hz), 7.56 (d, 4 H, J= 5.7 Hz), 8.02 (d, 4HJ= 15 Hz), 8.12d,

4 H,J= 7.5 Hz), 8.76 (s, 8H). “"CNMR (CD2Cl2, 75 MHz) 6 19.77, 21.68, 24.92 (d,

Vrh-c = 27.4 Hz), 122.63 > 127.45, 127.53, 131.54, 133.72, 134.16, 137.25, 139.44,

143.44. HRMS: Cacld for (C52H45N4Rh)+: m/z 829.2772. Found: m/z 829.2739.
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Reaction of Rh(ttp)l (3c) and 2-Butyl-l , 3-Dioxolaiie with 10 equiv of KOH at 80

o (¢ .Rh(ttp)13c (11.1 mg > 0.013 mmol) and KOH (9.2 mg, 0.128mmol) were dissolved

in 2-butyl-1,3-dioxolane (2.0 mL) and heated at 80 under Ni for 1 day. Excess

2-butyl-1,3 -dioxolane was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CHsCI! (5:1) to give the

reddish purple solid of Rh(ttp)Bu*~ 3i (2.1 mg, 0.0023 mmol, 21%).

Reaction ofRh(ttp)l (3c) and 2-Propyl-1,3-Dioxolane with 10 equiv of KOH at 80

o C. Rh(ttp)l 3¢ (10.2 mg, 0.011 mmol) and KOH (6.4 mg- 0.114 mmol) were

dissolved in 2-propyl-1,3-dioxolane (2.0 mL) and heated at 80 °C under Ni for 1 day.

Excess 2-propyl-1,3-dioxolane was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to

give the reddish purple solid of Rh(ttp)Pr*™» 3f (0.9 mg > 0.001 mmol, 10%).

Mechanistic Investigation

Reaction of Rh(tmp)l (I¢c) and «-Butyl Ether (50 equiv) with 10 equiv of KOH in

Benzene-£r6. Rh(tmp)l lc (6.7 mg, 0.0066 mmol), KOH (3.7 mg, 0.066 mmol) and

«-butyl ether (43 [iL, 0.33 mmol) were added into henzene-ds (500 ~L) in an NMR

tube under nitrogen. The red solution was degassed for three freeze-thaw-pump cycles
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and the NMR tube was flame-sealed under vacuum. The reaction mixture was heated

at 100 and was monitored with "HNMR spectroscopy with NMR yields measured

using the residual benzene signal as the internal standard.

Reaction ofRh(tmp)l (Ic) and #i-Butyl Ether (50 equiv) with 10 equiv of KOH in

THF-/4 Rh(tmp)l Ic (6.7 mg, 0.0066 mmol), KOH (3.7 mg - 0.066 mmol) and

«-butyl ether (43 ~L, 0.33 mmol) were added into THF-t* (500 ~L) in an NMR tube

under nitrogen. The red solution was degassed for three freeze-thaw-pump cycles and

the NMR tube was flame-sealed under vacuum. The reaction mixture was heated at

100 and was monitored with "H NMR spectroscopy with NMR yields measured

using the residual benzene signal as the internal standard.

Reaction of Rh(tmp)H (If) and «-Butyl Ether. The suspension of Rh(tmp)H (10.0

mg, 0.011 mmol) in «-butyl ether (2.0 mL) was heated at 100 to form suspension

under nitrogen for 1 day. Excess f?-butyl ether was removed, the dark red crude

product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:1) to give the reddish purple solid of Rh(tmp)Pr*™" 5a (1.1 mg,

0.0011 mmol, 10%).
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Reaction of Rh(tmp)H (If) and «-Butyl Ether with 10 equiv of KOH. The

suspension of Rh(tmp)H If (10.0 mg, 0.011 mmol) and KOH (6.0 mg > 0.106 mmol) in

«-butyl ether (2.0 mL) was heated at 100 to form suspension under nitrogen for 1

day. Excess «-butyl ether was removed, the dark red crude product was then purified

by column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the

reddish purple solid of Rh(tmp)Pr*" 6a (5.9 mg, 0.0064 mmol, 54%).

Reaction of Rh(tmp)H (If) and w-Butyl Ether (50 equiv) in Benzene—rfg. Rh(tmp)H

If (2.5 mg - 0.0028 mmol) and «-butyl ether (18 ML > 0.14 mmol) were added into

benzene-J($ (500 jxL) in an NMR tube under nitrogen. The red solution was degassed

for three freeze-thaw-pump cycles and the NMR tube was flame-sealed under vacuum.

The reaction mixture was heated at 100 °C and was monitored with "H NMR

spectroscopy with NMR yields measured using the residual benzene signal as the

internal standard.

Reaction of Rh(tmp)H (If) and /i-Butyl Ether (50 equiv) with 10 equiv of KOH in

Benzene-rffi. Rh(tmp)H If (2.5 mg, 0.0028 mmol), KOH (1.6 mg, 0.028 mmol) and

«-butyl ether (18 jiL » 0.14 mmol) were added into benzene-t/* (500 jiL) in an NMR

tube under nitrogen. The red solution was degassed for three freeze-thaw-pump cycles
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and the NMR tube was flame-sealed under vacuum. The reaction mixture was heated

at 100 and was monitored with "H NMR spectroscopy with NMR yields measured

using the residual benzene signal as the internal standard.

Reaction of [Rh®(tmp)] (1h) and /i-Butyl Ether with 10 equiv of KOH. Degassed

? 2-butyl ether (4.0 mL) and KOH (15.2 mg, 0.27 mmol) were added to [Rh*tmp)]" Ih

(24.1 mg, 0.027 mmol) to form a suspension and heated at 100 under nitrogen for

1 day. Excess «-butyl ether was removed, the dark red crude product was then purified

by column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to the give

reddish purple solid of Rh(tmp)Pr*\* 5a (2.5 mg, 0.0027 mmol, 10%).

Reaction of Rh"(tmp) (le) and w-Butyl Ether, Degassed «-butyl ether (2.0 mL) was

added to Rh"(tmp) le (7.8 mg, 0.0088 mmol) and the mixture was then heated at 100

under nitrogen for 1 day. Excess «-butyl ether was removed, the dark red crude

product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2(5:I) to give the reddish purple solid of Rh(tmp)Pr*™ 6a (3.1 mg,

0.0033 mmol, 37%).
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Reaction of Rh"(tmp) (le) and «-Butyl Ether with 10 equiv of KOH. Degassed

n-butyl ether (2.0 mL) and KOH (4.9 mg, 0.088 mmol) were added to Rh"(tmp) (7.8

mg > 0.0088 mmol) and the mixture was then heated at 100 *C under nitrogen for 1 day.

Excess w-butyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel elating with hexane/CHiCh (5:1) to the give

reddish purple solid of Rh(tmp)Pr*\* 5a (4.7 mg, 0.005 mmol, 56%).

Reaction of Rh"(tmp) (le) and «-Butyl Ether (50 equiv) in Benzene-*/*. Degassed

«-butyl ether (28 \xL, 0.22 mmol) was added into benzene-dg (500 jiL) solution of

Rh(tmp) le (0.0044 mmol) in an NMR tube under nitrogen. The red solution was

degassed for three freeze-thaw-pump cycles and the NMR tube was flame-sealed

under vacuum. The reaction mixture was heated at 100 ~C and was monitored with "H

NMR spectroscopy with NMR yields measured using the residual benzene signal as

the internal standard.

Reaction ofRh"Atmp) (le) and /i-Butyl Ether (50 equiv) with 10 equiv of KOH in

Benzene-"r*. Degassed «-butyl ether (28 ~L, 0.22 mmol) and KOH (2.5 mg, 0.044

mmol) were added into benzene-J<j (500 7iL) solution of Rh"(tmp) le (0.0044 mmol)

in an NMR tube under nitrogen. The red solution was degassed for three
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freeze-thaw-pump cycles and the NMR tube was flame-sealed under vacuum. The

reaction mixture was heated at 100 and was monitored with NMR spectroscopy

with NMR yields measured using the residual benzene signal as the internal standard.

Reaction of Rh(tmp)l (Ic) and KOH in Benzene-//A. Rh(tmp)l Ic (3.5 mg, 0.0035

mmol) and KOH (1.9 mg, 0.0.35 mmol) were dissolved in benzene-"/"j (0.5 mL) and

heated at 100 ~C in a sealed NMR tube. The reaction mixture was monitored with *H

NMR spectroscopy with NMR yields measured using the residual benzene signal as

the internal standard.

Reaction ofRh(tmp)l (Ic) and KOH in Benzene. Rh(tmp)!l Ic (10 mg, 0.010 mmol)

and KOH (5.5 mg, 0.0.98 mmol) were dissolved in benzene (2 mL) and heated at 100

°C for 1 day. Excess benzene was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CHsCI] (2:1) to

recover the reddish purple ofRh(tmp)I (8,0 mg, 0.008 mmol, 80%).

Reaction of Rh(tmp)l (Ic) and KOH in THF. Rh(tmp)I I¢c (3.5 mg, 0.0035 mmol)

and KOH (1.9 mg > 0.0.35 mmol) were dissolved in THF and heated at 100 "C to give

[Rh~(tmp)]" quantitatively in 5 days.
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General Procedures for the Base-Promoted Dehydrogenation of Rh(tmp)H:

Reaction of Rh(tmp)H (If) and 10 equiv of KOH in Benzene-i/*. Rh(tmp)H If (2.5

mg, 0.0028 mmol) and KOH (1.6 mg, 0.028 mmol) were added into benzene-c/* (500

[jL) in an NMR tube under nitrogen. The red solution was degassed for three

freeze-thaw-pump cycles and the NMR tube was flame-sealed under vacuum. The

reaction mixture was heated at 100 and was monitored with "HNMR spectroscopy

with NMR yields measured using the residual benzene signal as the internal standard.

Other inorganic bases as KOAc and KO'Bu were also carried out in the same reaction

conditions and the result was summarized in Table 5.1.

Table 5.1 Base-Promoted Dehydrogenation of Rh(tmp)H to Rh"(tinp)

Entry Base/ Equiv Temp/ Time Rh"(tmp)/ yield% Remarks
oc

1 Nil 100 3d 0 Rh(tmp)H unreacted

2 Nil 180 2h 10 Rh(tmp)H (85%)

3 KOH 0.05 100 3d 0 Rh(tmp)H unreacted

4 KOH 0.5 100 3d 0 Rh(tmp)H unreacted

5 KOH 10 100 Ih 30 Rh(tinp)H (60%)

6 KOH 100 100 30 min 50 Rh"(tmp) decomposed in
prolonged heating

8 KOAc 10 100 I'h 10 Rh(tmp)H (85%)

9 KO'Bu 10 24 5 min 20 Rhii(tmp) completely

decomposed in 2 days to
give insoluble product

formed
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Reaction of Rh(tmp)H (If) and 10 equiv ofKOH in THF-dg. Rh(tmp)H If (2.5 mg,

0.0028 mmol) and KOH (1.6 mg » 0.28 mmol) were added into THF-ds (500 #iL) in a

NMR tube under nitrogen. The red solution was degassed for three freeze-thaw-pump

cycles and the NMR tube was flame-sealed under vacuum. The reaction mixture was

heated at 100 for 1 day and was monitored with "HNMR spectroscopy. [Rh*tmp)]'

Ih was observed as the deprotonation product. "HNMR (300 MHz, THF-t/s) J2A6 (s,

24 H), 2.66 (s, 12 H), 7.29 (s, 8 H), 8.01 (s, 8 H).

Reaction of Rh(tmp)I (Ic) and Oxepane with 10 equiv of KOH. Rh(tmp)l Ic (11.4

mg, 0.013 mmol) and KOH (7.3 mg, 0.13 mmol) were dissolved in oxepane (1.0 mL)

and heated at 100 under Ni for 3 days. Excess oxepane was removed, the dark red

crude product was then purified by column chromatography on silica gel eluting with

hexane/CH2CI2 (1:1) to give the reddish purple solid of

Rh(tmp)CH2CH2CH2CH2CH20CHO 5j (1.6 mg, 0.0016 mmol, 14%).

Reactivity of CCA product

Reaction of Rh(tmp)Me (ld) and /i-Bu<yl Ether with 10 equiv of KOH,

Rh(tmp)Me Id (11.1 mg, 0.012 mmol) and KOH (6.9 mg- 0.123 mmol) were

dissolved in «-butyl ether (2.0 mL) and heated at 100 under nitrogen for 1 day.
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Excess «-butyl ether was removed, the dark red crude product was then purified by

column chromatography on silica gel eluting with hexane/CH2CI2 (5:1) to give the

reddish purple solid of the mixture (7.5 mg) of Rh(tmp)Me Id (-30% NMR yield)

and Rh(tmp)Pr5ib 5a (-30% NMR yield) in approximately 1:1 ratio.

Reaction of Rh(tmp)Et (5b) and /i-Butyl Ether with 10 equiv of KOH. Rh(tmp)Et

5b (10.0 mg, 0.011 mmol) and KOH (6.1 mg, 0.11 mmol) were dissolved in «-butyl

ether (2.0 mL) and heated at 100 under nitrogen for 1 day. Excess «-butyl ether

was removed, the dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CH*C] ] (5:1) to give the reddish

purple solid of the mixture (8.1 mg) of Rh(tmp)Et 5b (-40% NMR yield) and

Rli(tmp)Pr 5a (-40% NMR yield).

Reaction of Rh(tmp)Pr (5a) and w-Pentyl Ether. Rh(tmp)Pr 5a (11.7 mg, 0,013

mmol) was dissolved in «-pentyl ether (2.0 mL) and heated at 100 under nitrogen

for 1 day. Excess /7-pentyl ether was removed, the dark red crude product was then

purified by column chromatography on silica gel eluting with hexane/CHaCb (5:1) to

recover the reddish purple solid of Rh(tmp)Pr* 6a (11.1 mg, 0.012 mmol, 95%).

159



Reaction of Rh(tmp)Pr (5a) and /i-Pentyl Ether with 10 equiv of KOH.

Rh(tmp)Pr 5a (10,9 mg, 0.012 mmol) and KOH (6.3 mg, 0.118 mmol) were dissolved

in «-pentyl ether (2.0 mL) and heated at 100 "C under nitrogen for 1 day. Excess

[7-pentyl ether was removed. Besides, Rh(tmp)Pr and Rh(tmp)Bu were observed in the

A"H NMR analysis of the crude mixture under degass benzene-J*, trace amount of

Rh"(tmp) was also observed. The dark red crude product was then purified by column

chromatography on silica gel eluting with hexane/CHsCb (5:1) to give the reddish

purple solid of the mixture (9.3 mg) of Rh(tmp)Pr*™* 5a (-48% NMR yield) and

Rh(tmp)Bu5ib 5c (-32% NMR yield).
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X-Ray Structure of Rh(tmpyBu (5d)

Figure 1 ORTEP drawing of Rh(tinp)'Bu 6d, showing the atomic labeling scheme and

30% probability displacement ellipsoids.

Table 1. Crystal data and structure refinement for Rh(tmp)'Bu (5d)

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density

THL394

C60 H61N4R11

941.04

293(2) K

0.71073 A

Tetragonal, 14(l)/a
a=27.870(3) A alpha= 90,
b =27.870(3) A beta = 90,
c= 14.412(3) A gamma = 90'
11195(3) A3

8, 1,117 Mg/m~*
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Absorption coefficient

F(O00)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 28.04
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

0.343 mm]
3952
0.50 x 0.40 x 0.30 mm

1.46 to 28.04 deg.

-36<=h<=36, -30<=k<=36,-15<=1<=19

37210/ 6774 [R(int) — 0.0771]
99.70%

SADABS

1,000 and 0.530556
Full-matrix least-squares on F
6774/3/313

1.067

R1 =0.0522, wR2 = 0.1312
R1 =0.1194, wR2 = 0.1807

0.935 and -0.645

Table 2 Bond lengths [A] and angles [deg] for Rh(tmp)'Bu 5d

Rh(1)-N(I)#l 2.010(3)
Rh(1)-N(1) 2.010(3)
Rh(1)-N(2) 2.022(3)
Rh(1)-N(2)#l 2.022(3)
Rh(1)-C(31) 2.158(9)
Rh(1)-C(31)#l 2.158(9)
N(1)-C (@) 1.370(5)
N(1>C(5) 1.383(5)
N(2)-C(10) 1.376(5)
N(2)-C(7) 1.382(5)
C(1>C(10)#1 1.387(5)
C(1>C(2) 1.399(5)

C(11>C(12) 1.392(6)
C(I)-C(16) 1.397(6)
C(12)-C(13) 1.404(6)
C(12)-C(18) 1.495(7)
C(13)-C(14) 1.365(7)
C(14)-C(15) 1.373(7)
C(14)-C(19) 1.519(7)
C(15)-C(16) 1.401(6)
C(16>C(17) 1,507(6)
C(21)-C(26) 1.391(10)
C(21)-C(22) 1.392(10)
C(22)-C(23) 1.401(10)
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c(h-c(l)

C(2)-C ()

C(3)-C(4)

C(4)-C(5)

C(5)-C(6)

C(6)-C(7)
C(6>C(21)
C(7)-C(8)

C(8).C(9)
C(9)-C(10)
C(10)-C(D#l
N(D#I-Rh(1)-N(1)
N(D#I-Rh(1)-N(2)
N(I>Rh(1)-N(2)
N(D#I-Rh(1)-N(2)#l
N(D)-Rh()-N(2)#I
N(2)-Rh(1)-N(2)#l
N()#I-Rh(1)-C(31)
N(1)-Rii(1)-C(31)
N(2)-Rh(1)-C(31)
N(2)#I-Rli(1>C(31)
N(D)#I-Rh(1)-C(31)#I
N(1)-Rh(1)-C(31)#I
N(2)-Rh(1).C(31)#I
N(2)#-Rh(I>C(31)#l
C(31)-Rh(1)-C(31)#l
C(2)-N(1)-C(5)
C(2>N().Rh(l)
C(5)-N()-Rh(l)
C(10)-N(2)-C(7)
C(10)-N(2)-Rh(l)
C(7)-N(2)-Rh(l)
C(10)#I-C()-C(2)
C(10)#1-C(1>C(11)
C@-Cc(l)-c(
N(1)-C(2)-C(l)
N(1)-C(2)-C(3)
C(1)-C(2)-C(3)

1.500(5)
1.431(5)
1.345(6)
1.436(6)
1.384(6)
1384(6)
1.515(6)
1.429(6)
1.345(6)
1.436(6)
1.387(5)
180.00(18)
90.05(13)
89.95(13)
89.95(13)
90.05(13)
180.00(16)
85.9(3)
94.1(3)
86,8(3)
93.2(3)
94.1(3)
85.9(3)
93.2(3)
86.8(3)
180.0(4)
106.3(3)
126.8(2)
126.9(3)
106.4(3)
126.8(3)
126.8(3)
124.3(4)
118.9(3)
116.6(3)
126.1(3)
109.9(3)
124.0(4)

C(22)-C(28)
C(23)-C(24)
C(24)-C(25)
C(24)-C(29)
C(25)-C(26)
C(26)-C(27)
C(31)-C(32)
C(32)-C(34)
C(32)-C(33)

C(9)-C(8)-C(7)
C(8>C(9)-C(10)
N(2)-C(10)-C(I)#l
N(2)-C(10)-C(9)
C(1)#1-C(10)-C(9)
C(12)-C(Il)-C(16)
C(12)-Cc(I1)-C(l)
C(16)-C(I1)-C(l)
C(II)-C(12)-C(13)
C(Il)-C(12)-C(18)
C(13)-C(12)-C(18)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)
C(14)-C(15)-C(16)
C(I)-C(16)-C(15)
C(I)-C(16)-C(17)
C(15)-C(16)-C(17)
C(26)-C(21)-C(22)
C(26)-C(21)-C(6)
C(22)-C(21)-C(6)
C(21)-C(22)-C(23)
C(21)-C(22)-C(28)
C(23)-C(22)-C(28)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)

1.487(11)
1.355(18)
1.347(18)
1.545(10)
1.412(10)
1.499(12)
1.515(10)
1.517(10)
1.518(10)

108.0(4)
107.0(4)
125.8(4)
109.5(4)
124.7(4)
120.4(4)
120.9(4)
118.7(4)
118.2(4)
121.3(4)
120.4(4)
122.3(5)
118.8(4)
121.7(5)
119.5(5)
121.5(5)
118.8(4)
121.4(4)
119.8(4)
121.1(6)
118.0(6)
120.7(6)
116.8(9)
121.0(6)
122.2(9)
124.0(11)
117.7(7)
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C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
N(1)-C(3)-C(6)
N(I)-C(5)-C(4)
C(6)-C(3)-C(4)
C(5)-C(6)-C(7)
C(5)-C(6)-C(21)
C(7)-C(6)-C(21)
N(2)-C(7)-C(6)
N(2)-C(7)-C(8)
C(6)-C(7)-C(8)

107.3(4)
107.6(4)
125.8(4)
109,0(3)
125.2(4)
125.0(4)
116.4(4)
118.6(4)
125.6(4)
109.1(4)
125.4(4)

C(25)-C(24)-C(29)
C(23)-C(24)<C(29)
C(24)-C(25>C(26)
C(21)-C(26)-C(25)
C(21)-C(26)-C(27)
C(25)-C(26)-C(27)
C(32)-C(31)-Rh(l)
C(31)-C(32)-C(34)
C(31)-C(32)-C(33)
C(34)>C(32)-C(33)

120.2(14)
122.0(14)
122.8(11)
117.5(10)
121.8(6)
120.7(9)
121.9(8)
97.1(14)
81.0(16)
97.5(17)

Symmetry transformations used to generate equivalent atoms:#| -x+l,-y+l » -z
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X-Ray Structure of Rh(ttp)'Bu (3Kk)

Figure 1 ORTEP drawing ofRh(ttp)'Bu 3k, showing the atomic labeling scheme and

30% probability displacement ellipsoids.

Table 3 Crystal data and structure refinement for Rh(ttp)'Bu 3k

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system » space group

Unit cell dimensions

Volume

THL471

C52 H49N4 02 Rh

864.86

293(2) K

0.71073 A

Monoclinic, P2(l)/n

a= 15.6573(19) A alpha = 90,

b = 18.565(2) A beta= 107.5317(3)
c = 16.1046(19) A gamma = 90"

4463.8(9) A3
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Z, Calculated density
Absorption coefficient

FOOO0)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I> 2sigma(l)]
R indices (all data)

Largest diff. peak and hole

4, 1.287 Mg/m»

0.427 mnTi

1800

0.40 X 0.30 X0.20 mm

1.59 to 25.00 deg.

-18<=h<=13, -21 ( “k<=22, -19<=1<=19

23925/ 7850 [R(int) — 0.0440]
99.80%

SADABS

1.000 and 0.800330
Full-matrix least-squares on F*
7850/0/532

1.15

R1 =0.0677, wR2 = 0.2149
R1 = 0.0934, wR2 = 0.2427

2.066 and -0.438 e. A"

Table 4 Bond lengths [A] and angles [deg] for Rh(ttp)'Bu 3k

Rh(l)-N(4) 2,012(5)
Rh(1)-N(2) 2.019(6)
Rh(1)-N(1) 2.020(5)
Rh(1)-N(3) 2.027(5)
Rh(l)-C(61) 2.061(8)
N(1)-C () 1.366(8)
N()-C(l) 1.393(8)
N(2)-C(9) 1.375(9)
N(2)-C(6) 1.380(9)
N(3)-C(14) 1.368(8)

C(19)-C(20) 1.404(9)

C(20)-C(51) 1.498(9)

C(21)-C(26) 1.374(11)
C(21)-C(22) 1.395(10)
C(22)-C(23) 1.379(10)
C(23)-C(24) 1.399(11)
C(24)-C(25) 1.387(12)
C(24)-C(27) 1.512(11)
C(25)-C(26) 1.403(12)
C(31)-C(32) 1.368(11)
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N(3)-C(ll)
N(4)-C(16)
N(4)-C(19)
C(1)-C(20)
C(1>C(2)
C(2)-C(3)
C(3)-C)
C(4)-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)
C(10)-C(h
C(10)-C(31)
C(l)-Cc(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)

N(4)-Rh(1)-N(2)
N(4)-Rh()-N(1)
N(2>Rh(1)-N(l)
N(4)-Rh(1)-N(3)
N(2)-Rh(1)-N(3)
N(1)-Rh(1)-N(3)
N(4)-Rh(1)-C(61)
N(2)-Rh(1)-C(61)
N(1)-Rh(1)-C(61)
N(3)-Rh(l)-C(61)
C(4)-N(1)-C(l)
C(4)-N(1)-Rh(l)

1.371(8)
1.372(8)
1.378(8)
1.398(9)
1.447(9)
1.333(10)
1.442(9)
1.392(9)
1.396(10)
1.498(9)
1.429(10)
1.343(11)
1.442(10)
1.389(10)
1.412(10)
1.495(9)
1.426(9)
1.344(10)
1.450(9)
1.390(9)
1.400(9)
1.509(9)
1.450(9)
1.342(9)
1.436(10)

172.2(2)
90.5(2)
89.9(2)
89.6(2)
90.2(2)
179.2(2)
99.9(3)
87.8(3)
89.1(3)
90.1(3)
106.6(5)
127.0(4)

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(64)
C(62)-C{63)

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(26)-C(21)-C(22)

1.383(11)
1.378(11)
1.387(13)
1.346(13)
1.527(11)
1.395(11)
1.365(10)
1.373(10)
1.395(11)
1.360(13)
1.363(12)
1.519(12)
1.378(10)
1.364(10)
1.397(10)
1.377(10)
1.384(12)
1.369(12)
1.500(10)
1.383(11)
1.461(12)
1.479(14)
1.526(16)

125.3(6)
108.9(5)
125.5(6)
107.5(6)
107.2(6)
125.0(6)
109.6(6)
125.3(6)
124.4(6)
117.5(6)
118.1(6)
117.5(7)
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C(I)-N(D)-Rh(l)
C(9)-N(2)-C(6)
C(9)-N(2)-Rh(l)
C(6)-N(2)-Rh(l)
C(14)-N(3)-C(ll)
C(14)-N(3)-Rh(l)
C(I1)-N(3)-Rh(l)
C(16)-N(4>C(19)
C(16)-N(4)-Rh(l)
C(19)-N(4)-Rh(l)
N(1)-C(1)-C(20)
N(1)-C()-C(2)
C(20)-C(1)-C(2)
C(3)-C(2)-C(I)
C(2)-C(3)-C(4)
N(1)-C(4)-C(5)
N(1)-C(4)-C ()
C(5)-C(4)-C(3)
C(4)-C(3)-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(I)-C(10)-C(31)
N(3)-C(I1)-C(10)
N(3)-C(I1)-C(12)
C(10)-C(I1)-C(12)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
N(3)-C(14)-C(15)

125.5(4)
106.9(6)
126.7(5)
126.4(5)
107.1(5)
125.6(4)
126.1(4)
106.4(5)
126.6(4)
126.8(4)
125.4(6)
108.7(6)
125.8(6)
107.3(6)
108,1(6)
124.9(6)
109.2(6)
125.8(6)
125.0(6)
117.3(6)
117.7(6)
125.5(6)
109.2(6)
125.1(7)
107.5(7)
107.8(6)
126.3(6)
108.5(6)
125.1(6)
123.9(6)
117.5(6)
118.6(6)
125.9(6)
109.5(6)
124.6(6)
107.6(6)
107.1(6)
126.0(6)

C(26)-C(21)-C(5)

C(22)-C(21)-C(5)

C(23)-C(22)-C(21)
C(22)-C(23)-C(24)
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)
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(32)-C(33)-C(34)
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(43)-C(44)-C(45)
C(43)-C(44)-C(47)
C(45)-C(44)-C(47)
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(53)-C(52)-C(51)
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)

120.8(6)
121.7(6)
121.8(7)
120.7(7)
117.7(7)
121.7(8)
120.6(8)
120.9(8)
121.3(8)
117.5(7)
120.9(7)
121.6(7)
121.3(8)
121.2(8)
117.6(7)
120.9(9)
121.5(9)
121.7(9)
120.7(8)
118.1(7)
120.3(6)
121.6(6)
120.3(8)
121.2(8)
118.2(7)
121.0(9)
120.8(9)
121.1(8)
121.0(7)
117.8(6)
122.2(6)
120.0(6)
120.8(7)
121.2(8)
117.3(7)
121.8(9)
120.9(9)
122.1(8)
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N(3)-C(14)-C(13) 108.6(6) C(51)-C(56)-C(55) 120.8(7)

C(15)-C(14)-C(13) 125.2(6) C(62>C(61)-Rh(l) 122.4(6)
C(14)-C(15)-C(16) 123.4(6) C(61)-C(62)-C(64) 113.3(9)
C(14)-C(15)-C(41) 118.9(6) C(61)-C(62)-C(63) 109.1(9)
C(16)-C(15)-C(41) 117.7(6) C(64>C(62)-C(63) 104.8(10)
Symmetry transformations used to generate equivalent #1 -x+ o -y+l s -z
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X-Ray Structure of Rh(t4-cF3PP)Bu (2d)

Figure 3 ORTEP drawing of Rh(t4-cF3PP) Bu 2d > showing the atomic labeling scheme

and 30% probability displacement ellipsoids.

Table 5 Crystal data and structure refinement for Rh(t4CF3pp)Bu 2d

Identification code
Empirical formula
Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z > Calculated density

THL514

C52 H33F12N4Rh

1044.73

293(2) K

0.71073 A

Triclinic, P-1

a=9.729(4) A  alpha= 87.118°(7)
b = 15.530(6) A beta= 72.788, (7)
c=16.150(6) A gamma- 77.894/(8)
2278.9(15) AN

2, 1.522 Mg/m~»
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Absorption coefficient

F(OO0O0)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

0.466 mm-i
1052
0.40 X 0.30 X 0.30 mm

1.32 to 25.00 deg.

-n<=h<=ll, -17<=k<=18, -19<=1<=17

12063 / 7941 [R(int) = 0.0352]
98.80%

SADABS

1.0000 and 0.097403
Full-matrix least-squares on F

7941/ 0/622

1.073
R1 =0.0669, wR2 = 0.1835
R1-0.0830, wR2 = 0.1970

1.075 and-1.051 e.A™’

Table 6 Bond lengths [A] and angles [deg] for Rh(t4CF3PP)Bu 2d

Rh(1)-N(2) 2.004(5)
Rh(1)-N(4) 2.019(5)
Rh(1)-N(3) 2.024(5)
Rh(1)-N(I) 2.030(5)
Rh(1)-C(61) 2.051(7)
N(1)-C(19) 1.371(7)
N(l)-C(16) 1.378(7)
N(2)-C(l) 1.377(7)
N(2)-C(4) 1.379(7)
N(3)-C(9) 1.376(7)
N(3)-C(6) 1.379(7)
N(4)-C(14) 1.378(8)

C(24)-C(25) 1.363(12)
C(24)-C(27) 1.473(12)
C(25)-C(26) 1,398(10)
C(27)-F(3) 1.166(18)
C(27)-F(2) 1.192(17)
C(27)-F(1) 1.26(2)

C(31)-C(32) 1.333(10)
C(31)-C(36) 1.374(10)
C(32)-C(33) 1.380(11)
C(33)-C(34) 1.348(11)
C(34)-C(35) 1.349(12)
C(34)-C(37) 1.481(10)
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N(4)-C(ll)
C()-C(20)
C(1>C(2)

C(2)-C (3)
C(3)-C(4)
C(4)-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)
C(10)-C(ll)
C(10)-C(31)
C(l)-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(20)-C(51)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)
C(23)-C(24)
N(2).Rh(l)-N(4)
N(2)-Rh(l)-N(3)
N(4)-Rh(l)-N(3)
N(2>Rh(l).N(l)
N(4)-Rh(l)-N(l)
N(3)-Rh(l)-N(l)
N(2)-Rh(1)-C(61)
N(4)-Rh(l)-C(61)
N(3)-Rh(l)-C(61)
N(I)-Rh(l)-C(61)

1.379(8)
1.391(8)
1.440(8)
1.335(8)
1.443(8)
1.400(8)
1.389(8)
1.502(8)
1.439(8)
1.348(9)
1.439(9)
1.394(9)
1.392(9)
1.501(8)
1.447(9)
1.341(10)
1.449(9)
1.376(9)
1.392(9)
1.509(7)
1.430(9)
1.331(9)
1.396(8)
1.498(8)
1.363(10)
1.380(9)
1.386(10)
1.366(12)
174.4(2)
90.21(18)
89.96(19)
89.50(18)
90.41(19)
179.12(19)
90.8(2)
94.8(3)
88.3(2)
90.9(2)

C(35)-C(36)
C(37>F(5)

C(37)-F(6)

C(37)-F(4)

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(47)-F(9)

C(47)-F(8)

C(47)-F(7)

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(57)-F(10)
C(57)-F(12)
C(57)-F(Il)
C(61)-C(62)
C(62)-C(63)
C(63)-C(64)

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)
C(23)-C(24)-C(27)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)
F(3)-C(27)-F(2)
F(3)-C(27)-F(I)

1.389(11)
1.214(12)
1.215(12)
1.250(12)
1.362(10)
1.378(10)
1.397(9)

1.347(11)
1.370(12)
1.509(10)
1.400(10)
1.276(11)
1.307(12)
1.322(11)
1.376(9)

1.394(9)

1.358(10)
1.402(11)
1.368(10)
1.480(10)
1.368(9)

1.270(10)
1.280(11)
1.299(12)
1.474(9)

1.461(11)
1,504(12)

121.3(6)
121.0(7)
119.9(8)
119.8(7)
119.7(10)
120.5(10)
120.6(7)
119.4(7)
105.2(18)
105.5(18)
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C(19)-N(I)-C(16) 107.1(5) F(2)-C(27)-F(I) 95.9(16)

C(19)-N(I)-Rh(l) 125.8(4) F(3)-C(27)-C(24) 117.2(14)
C(16)-N()-Rh(l) 125.4(4) F(2)-C(27)-C(24) 118.3(14)
C(1)-N(2)-C (@) 106.6(5) F(1)-C(27)-C(24) 112.1(15)
C(1)-N(2)-Rh(l) 127.1(4) C(32)-C(31)-C(36) 117.6(7)
C(4)-N(2)-Rh(l) 126.3(4) C(32)-C(31)-C(10) 120.6(6)
C(9)-N(3)-C(6) 106.9(5) C(36)-C(31)-C(10) 121.8(6)
C(9)-N(3)-Rh(l) 126.3(4) C(31)-C(32)-C(33) 122.0(8)
C(6)-N(3)-Rh(l) 125.8(4) C(34)-C(33>C(32) 120.4(8)
C(14)-N(4)-C(I) 106.9(5) C(33)-C(34)-C(35) 118.9(7)
C(14)-N(4)-Rh(l) 126.2(4) C(33)-C(34)-C(37) 120.2(8)
C(I)-N(4)-Rh(l) 126.5(4) C(35)-C(34)-C(37) 120.8(8)
N(2)-C(1)-C(20) 124.9(5) C(34)-C(35)-C(36) 120.4(8)
N(2)-C(1)-C(2) 108.8(5) C(31)-C(36)-C(35) 120.5(8)
C(20)-C(1)-C(2) 125.8(5) F(5)-C(37)-F(6) 103.7(12)
C(3)-C(2)-C(l) 108.0(5) F(5)-C(37)-F(4) 105.9(11)
C(2)-C(3)-C(4) 107.3(5) F(6)-C(37)-F(4) 98.4(11)
N(2)-C(4)-C(5) 125.2(5) F(5)-C(37)-C(34) 116.3(9)
N(2)-C(4)-a3) 108.9(5) F(6)-C(37)-C(34) 115.0(8)
C(5)-C(4)-C (3) 125.7(5) F(4)-C(37)-C(34) 115.4(9)
C(6)-C(5)-C(4) 124.5(5) C(46)-C(41)-C(42) 119.0(6)
C(6)-C(5)-C(21) 118.4(5) C(46)-C(41)-C(15) 121.1(6)
C(4)-C(5)-C(21) 117.1(5) C(42)-C(41)-C(15) 119.9(6)
N(3)-C(6)-C(5) 124.9(5) C(41)-C(42)-C(43) 120.2(7)
N(3)-C(6)-C(7) 109.0(5) C(44)-C(43)-C(42) 120.0(7)
C(5)-C(6)-C(7) 126.0(6) C(43)-C(44)-C(45) 120.8(6)
C(8)-C(7)-C(6) 107.3(6) C(43)-C(44)-C(47) 119.6(8)
C(7)-C(8)-C(9) 107.7(6) C(45)-C(44)-C(47) 119.6(8)
N(3)-C(9)-C(10) 125.8(6) C(44)-C(45)-C(46) 119.0(8)
N(3)-C(9)-C(8) 108.8(5) C(41)-C(46)-C(45) 120.8(7)
C(10>C(9)-C(8) 125.4(6) F(9)-C(47)-F(8) 110.2(9)
C(11)-C(10>C(9) 124.3(6) F(9)-C(47)-F(7) 105.1(9)
C(Il)-C(10)-C(31) 117.7(5) F(8)-C(47)-F(7) 102.7(8)
C(9)-C(10)-C(31) 117.9(5) F(9)-C(47)-C(44) 113.3(7)
N(4)-C(I)-C(10) 125.6(6) F(8)-C(47)-C(44) 114.0(8)
N(4)-C(Il)-C(12) 108.9(6) F(7)-C(47)-C(44) 110.7(8)
C(10)-C(I)-C(12) 125.4(6) C(52)-C(51)-C(56) 118.2(6)
C(13)-C(12)-C(H) 107.6(6) C(52)-C(51)-C(20) 122.5(6)

186



C(12)-C(13)-C(14)
C(15)-C(14)-N(4)
C(15)-C(14)-C(13)
N(4)-C(14)-C(13)
C(14)-C(15)-C(16)
C(14)-C(15)-C(41)
C(16)-C(15)-C(41)
N(I)-C(16)-C(15)
N(1)-C(16)-C(17)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
N(1>C(19)-C(20)
N(1)-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)

107.5(6)
125.7(5)
125.4(6)
108.9(5)
125.5(5)
118.4(5)
116.0(5)
125.3(5)
108.7(5)
126.0(5)
107.9(5)
107.9(6)
125.4(5)
108.4(5)
126.2(6)
123.9(5)
118.4(5)
117.6(5)
119.3(6)
119.3(6)

C(56)-C(51)-C(20)
C(53)-C(52)-C(51)
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(55)-C(56)-C(51)
F(10)-C(57)-F(12)

F(10)-C(57)-F(Il)

F(12)-C(57)-F(Il)

F(10>C(57)-C(54)
F(12)-C(57)-C(54)
F(I1)-C(57)-C(54)
C(62)-C(61)-Rh(l)
C(63)-C(62)-C(61)
C(62)-C(63)-C(64)

Symmetry transformations used to generate equivalent atom:

119.2(6)
121.7(7)
119.7(7)
119.0(6)
119.7(8)
121.3(7)
120.9(7)
120.4(6)

111.1(10)

100.6(8)
102.3(9)
113.7(8)
114.7(7)
113.1(8)
119.5(5)
116.0(7)
116.6(8)

-X+l,-y+l,-2
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NMR OfRh(t4-cF3PP)CI (2b) in CDCI3
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'H NMR OfRh(t4.cF3PP)Bu (2d) in CDCI3
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'H NMR ofRh(ttp)'Bu (3k) in CDCI3
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'H NMR of Rh(tdbpp)I (4b) in CDCI3
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" NMR ofRh(tdbpp)CH3 (4c) in CDCI3
Rh (tdopp)
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'H NMR of Rh(tdopp)CH2CH2CH3 (4e) in CDCI3
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®C NMR of Rh(tdbpp)CH2CH2CH3 (4e) in CDCI3
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C NMR ofRh(tmp)'Bu (5d) in CDjCh
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Ih NMR ofRh(tmp)CH20Et (5f) in CeDe
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'HNMR of Rh(tmp)CH2CH2CH2CH2CH20CHO (5j) in CeDe
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®C NMR of Rh(tmp)CH2CH2CH2CH2CH20CHO (5j) in CDCI3
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