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Applications of Selective
Catalytic Alkylation

Petrochemical processing
Synthesis of pharmaceutical products

Production of desired compounds from available and
environmentally benign feedstock




Friedel-Crafts Alkylation

\\’H H
v u;x Acid Promoter R
+ /—’ 4+ B > + + BH*X"
R

B = organic or inorganic base; R = alkyl, aryl; X = ClI, Br, |, OTf

Used in industrial-scale alkylation processes

Drawback:

Requires stoichiometric amounts of Lewis acid
promoters and base to neutralize acid by-products



Mizoroki-Heck Coupling Reaction

| X R
Y R Pd(0) Catalyst ~
@‘ +w=—" + B ©) aays; @A:— BH*X"
WaN

B = organic or inorganic base; R = aryl, carbonyl group; X = Cl, Br, |, OTf

Used for direct alkenylation of arenes

Drawbacks:
Requires stoichiometric base
Limited to activated olefins reagents



Chelate-Assisted Arene C-H Alkyenylation

Z Z
R Pd(Il) Catalyst
@’ S : i @i/\
f’J‘H H ase or additive A R

Z = oxygen or nitogen chelate directing group; R = alkyl, aryl, carbonyl group
[O] = O», H20, or metal oxidant

C-H bond activation reactions for direct couplings of
arenes and alkenes

Drawbacks:
Limited substrate scope

Requires chelate-directing group, stoichiometric
oxidants and additives



7o d/cohrol!




Why Alcohols as Alkylating Reagents?

R OH Ru Catalyst R

1.‘:=/" + H';}:‘ - ._/=/ + HEI:I'

H R
H " R_R = alkyl, aryl

Economical (aka: CHEAP)
Water only by-product (aka: GREEN)

Drawback:

Tendency to undergo alkoxylation and dehydrogenation
instead of C-O bond cleavage step




Cationic Ruthenium Hydride Complex:
[(n°®-C¢Hg)-(PCy,)(CO)RuH]*BF -

©
Oxidation State: Ru2+

R@ Total e- count: 18e-
u
H— | PCys,

CO

ivory- colored solid



Initial Experiments with Catalyst

Test feasibility of alcohols as alkylating agents
using catalyst

R, oo 001 0002mty R R wo
— 3y >~ =
(30 mmol) (40 mmol) CeHsCl, 110°C _/?/ 43<_ :

. R=CHy  2a:3a=9:1, initial TOF=0.9s" TON=4000
Equation 1. R = C(CHa)s: 2b:3b =10:1, initial TOF = 0.7 5!, TON = 2800

Figure 1. Fischer-Porter
pressure bottle



Other Catalysts Tested

Table S1. Catalyst survey for the alkylation of indene with 4-methoxybenzyl alcohol. ¥

entry Catalyst additive time (h) vield (%)
1 [(CeHe)(PCy3)(CO)RuH|BF; (1) 2 96

2 HBF-OEt; 2 0

3 [RuH(CO)(PCys)]5(O)(OH), 2 2

4 [RuH(CO)(PCy3)]4(O)OH), HBF, OEt, 2 72

5 RuCly-3H-0 HBF4 OEt: 2 0

0 RuCla(PPhs)s 2 0

7 RuCls(PPhs)s HBF4 OEt: 2 trace
8 RuH:(CO)(PPhs)s 2 0

9 RuH»(CO)(PPhs)s HBF4 OEt; 2 trace
10 [RuCly(COD)], HBF4 OEt; 2 0

11 [RuH(CO)(PCy3)2(CH3CN)] BFy 2 <5
12 [(p-cymene)RuCls], 2 0

13 Rus(CO);s NH4PF; 2 0

14 CFsSO;H 2 trace
15 BF;-OEt, 2 0

16 CviPH BEs 2 trace
17 AlCl, 2 frace
18 FeCl;-H-.O 2 0

19 Eu(OTf); 2 <5

T Reaction conditions: indene (1.0 mmol), 4-methoxybenzyl alcohol (1.1 mmol), catalyst (1.0 mol %),
additive (1.0 equivalent to Ru), CH>Cly (2 mL), 75 °C. The product yield was determined by GC and GC-MS.



Primary Alcohols with Cyclic
Alkenes

Entry Alkene  Alcohol Product(s) Temp (*C) Time (h) Yield (%)
S A
L .II'I _Llnll'l "
{ ethanol dain=2,A=EY 00 6 8o
9 {-hexanol 4b (n =2, R = n-Hauyl) o0 6 79
1 ArCH.OH dc(n=2 R=CH:An 75 4 00
4 (+)-ArCH(CH2)OH (+4d in=2, R=CH{CH;)Ar) 75 B o1
5 pCHiCHCHOH  de(n=1 R=CHypTo) 75 4 @
B ArCHzOH 4 (n =3, A = CHoAI) 75 4 B
7 ArCH-OH dg(n=4, A =CHAr 75 4 B7

Only linear alkylation products were formed

Secondary aliphatic alcohols were found to be “sluggish,’
resulting in lower yields



Primary and Secondary Alcohols
with Indene

Entry Alkene Alcohol Product(s) Temp (°C) Time (h) Yield (%)
.-'T“q-; - '-.T:-l‘:_h--"
ﬂ o ;} E ->_H

W e -
A gthanol ba ?FI = E1LI 00 5 B4
0 {-hexanol bb (A = nHexyl) 00 5 71
10 2-athyl-1-hexanol ¢ (A = CHCHICH,)C4Hg) 90 5 57
11 (A-PhCH{CH4)OH (£)-8d (R = CH{CH,)Ph) 75 3 B6
12 («}-AFCH(CHZJOH  (£)-5@ (R = CH{CHz)Ar) 75 3 a7
13 ArCH-OH bf (R = CHaAr) 75 2 05
14 p-C0-Me-CgHyCH-0H 59 (R = CHaCgHy-p-CO:Me) 75 3 01

Regioselective 2-alkylation products formed



Styrene Derivatives

Entry Alkene Alcohol Product(s) Temp (°C) Time (h) Yield (%)
D m IO
X~ ~F X 9 X ~F10
29 1-hexanol 9a:10a = 8:1 (X = CH3, R = n-Hexyl) 110 5 84
23 ArCH;0OH 9b:10b = 10:1 (X = CHa, R = CHzAr) 90 5 a1
24 1-hexanol 9¢c:10c =6:1 (X =ClI, R = n-Hexyl) 110 8 78
25 ArCH-OH 9d:10d = 9:1 (X = Cl, R = CH-ATr) 90 6 83

Formed trans-alkylation products(>98% trans)
Small amounts of hydrogenation products



Intramolecular Alkylation

Entry Alkene Alcohol Product(s) Temp (°C) Time (h) Yield (%)

OH
EBW >_@7 110 A 71
14

Only formed p-cymene



Indene

Entry Alkene Alcohol Product(s) Temp (°C) Time (h) Yield (%)

= Ph
29 HO 0 3 87
m (RyPh /(R)-15

Formed optically PURE product

No racemization or branched alkylation products



Alkylation of Biologically Active
Alkene Substrates

(-)-16, 57% (28% rsm) (+)-17, 81% (11% rsm) (-)-18, 84% (7% rsm) (-)-19, 73% (12% rsm)
conditions: 90 °C, 6 h conditions: 90 °C, 6 h conditions: 90 °C, 4 h conditions: 90 °C, 5 h
Ar H3CO HaCO

ArCHQOH HO ArCH,OH al®
110°C, 6 h 90°C,6h CH
MeO CH3 3
ﬁ Ar
OCHjz OCHjs
-)-quinine )-20, 58% (24% rsm) (-)-sinomenine -)-21, 62% (21% rsm)

Fig. 2. Alkylation of bioactive alkene kompounds with 4-methoxybenzyl alcohol in C4H5Cl. rsm, recovered
starting material; Ar, C4Hz-p-OMe; Me, methyl.



Mechanistic Studies

15%) D
A (15%)

1
DsC, o 1@mol%) 2 5
+ +
Q DsC’ toluene-dg, 25 °C (21%)
3

(0.2 mmol) (0.6 mmol, 99% D) (1:1.1)

OH 1 {0 5 mol %)
06H5CI 80 °C

X =0OMe, CHz, H, F, Cl

OH 1(05mol %)
CgHsCl, 80 °C

Y = OMe, CH3z, H, F, CI

.002
OoH 1(1.0mol %) \E 0 001
CGH5CI 75°C

OMe

Fig. 3. (A) Hydrogen-deuterium exchange experiment from the treatment of indene with 2-propanol-dg
in toluene-dg at 25°C. (B) Hammett studies of the alkylations of indene with p-X-C¢H4CH,0H (X = OCHs,
CH;, H, F, CD) and p-Y-C H,CH=CH, (Y = OCH3, CH3, H, F, C) with benzyl alcohol. (€) Carbon isotope effect
measurement for the alkylation of indene with 1-(4-methoxyphenyl)ethanol by using Singleton’s method.
The *3C isotope ratio of 5e at 95% conversion was compared with the product isolated at 11 to 18%
conversion (average of three runs).




Hydrogen-Deuterium Exchange

In order to gain insight into the
mechanism of this process, hydrogen-
deuterium exchange was used

(15%) D

1
DSC\CDOD 1 (2 mol %) 2 D
+ ~ i
Q DsC’ toluene-d, 25 °C (21%)
3

(0.2 mmol) (0.6 mmol, 99% D) (1:1.1)

A




1H and 2H NMR Studies

THNMR
1 a
9o wn L
3 a
e C(a)}H,
a
T 0 W
B JL\-\

LT et SRS BN T Lt R Rt R (e s Pt RIS R TN e R Bl (i R A B o] P o
74 72 6864 60 S6 52 48 44 40 36 32)28 24 20 16 12 08 04

2H NMR
DiC, £0s
CD-0D
cD DsC
v
v
C(a)-D, D,0
C(2}-D
A e LA,

P RSP FORCE R (SR COe P, S (SRR S SRR ) PR o [JOEL St SASE Y VAL IR ST et (L (PSS O S RS SN SR D (SRR S P
74 72 68 64 60 56 52 48 44 40 36 32 28 24 20 16 1.2 o8 0.4

Figure S2. 'H and H NMR spectra of the reaction mixture of indene with 2-propanol-d at 25 °C.




3° > 2°>1°7

In contrast to the trend seen in Friedel-Crafts-
type electrophilic alkylation reactions, reaction
rates are generally fastest with primary alcohols

Perhaps preferred due to steric hindrance in
subsequent steps



Hammett Studies of Electronics

OH 1(0.5mol %)
CgHsCl, 80 oC O
5
)( OMe, CHg, H, F, CI p=-33 O

X

O O O C
CHCIBO“C 9
o p=+13

Y = OMe, CHs, H, F, Cl




Hammett Plots

p=+13403

04 02 0 02 04
Op

Figure 83. Hammett plot of the alkylation of indene with p-X-CgHsCH,OH (X = OCHs, CH, H, F, Cl)
(A), and p-Y-C¢H:CH=CH; (Y = OCHs, CH;, H, F, Cl) with PhCH;0H (m).




Kinetic Isotope Effect

OH 1(10m0l% 5
CgHsCl, 75 DC
MeO

Singleton NMR Technique



Table §3. Carbon isotope retic of Se.

carbon no. rccu::w:'r_j-r-cd . r..._..u. mree 95%/1 1% change (%)
{95% conv.} [ 11% conv.)
1 0.997 994 0998 -0.240
2 1.133 1Ak 1 106G G50
3 1.051 |.0449 1.002 0.20
4 0.992 0995 0,997 -0.30
5 1.0 (.064
& {ref) 1O 1.0HH
T 1.016 1.4
o | .54 1 .AMFL
g 1.073 0,908
10 2.229 1.
carbon no. recovered ""m' red . GE%L'1 5%
{95% conv.} (15% conv.)
1 0997 (905 1002
£ 1.133 1.6 1043
3 1.051 1.0052 (1.999 -0o1d
4 09402 (.90 0,908 = el
5 054 1.0055 (1.999 -0
& {ref) 00 1 .M (L L.k
T 020 1.020 1.0
S 55 1.0055 (L
G 71 1.069 1002
14 2.232 2.230 100
. ) recovered seovered PR
carbon no. . ) . G506 1 8%
{95% conv.} (1 8% conv.)
1 0.997 0,999 0,908
. 1.133 1.4 1.036
3 10051 1.0051 1.0
4 094932 991 1.0k E
5 1054 1.0056 (1908
& {ref (M) 1.0 1. M)
7 020 1018 1002
& 055 1.055 1000
G 71 1.6 1003
10 2.232 2.229 1.0k




Summary from Mechanistic Studies

Hydrogen-deuterium exchange:
-suggests facile vinyl C-H activation step
Hammett studies:

-positively charged transition state likely
12C/13C isotope effects:

-C-C bond formation is rate limiting step



Proposed Mechanism

& R .
o/ ; ) . R'CH-OH -
S~/ . Ryl -~ [Ru]-
- 1 \
CeHg, -PCy3 :!2_\\\_Fi HO _\L
SA—R
HEO% [Ru] = Ru(CO)L,, rds
L = alkene, alcohol
dikene, alcono HMR'
S Sk
H [H'IU] ———  [Ru]
E N = 23
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Mechanism of Alkylation of Alkene with

Alcohols

R, R,
A Sy @ N\ SH HO R,
S CoHg, PCys Ru_\\_ > @
_— ~— - , -
H | PCy; 6776 Y3 OC/ \ R Ru—\\_
co L / \ R
} i °c 1 il
oxidative
H,O addition
Y
) ) OH
OH OH reducgve elim. | @
@ —_— W | @ rds Ru \/R2
—~ -
Ru Ru oc—/
oC >~ R oc” L K ?/
H =/ + \ R;
— /" - - - R1/\/\Rz - -




Mechanism for C-H Bond Activation

@m v @ _/ : Q@

Ru

Ru H
Ru g \ \/\(
_— ~— _PC N
H | PCys Y3 o C/ j\ OC/ VN
CO H
R1

oxidative
addition

"1 reductive elimination
u Ru/\<
. P \’\ V\ oc ~ \
R < _/ Ny Ry
co R '/
H "
R4

_ - H




Somewhere in Milwaukee on a fine Saturday
evening...

At BMC's Chemistry student lounge....



4 N

Dear Ms. Lee:

Thank vou for having interest in our paper. We do not understand the

reaction me : : gquestions as
indicated //' *\\

k There 4)In addition, in your studies, your paper mentions that tertiary alcohols \/
/ from R are least favored in this reaction. We were unsure but speculated that
- TEEUIIF this might be due to steric hindrances that may arise when the alcohol i3
ot the vl coordinated to the ruthenium catalyat. h
ape the Ry .
/

g
That, 1 & teasonghle explanation

.
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Conclusions

Successfully used cationic ruthenium hydride complex
catalyze alkylation of diverse substrate

High degree of regio- and chemoselectivity
Generates no wasteful by-products

Reactions also proven successful with non-chlorinated
solvents like toluene and tetrahydrofuran

Advance green chemistry (with the potential for
applications in industry)!
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