The Cation—T Interaction in Small-
Molecule Catalysis
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Introduction

O]
K gas phase N @
* : - || ---K + H0
/0\ Y,
H” “H
AH association) = 18 kcal/mol AH(association) = 19 keal/mol
(A)
B . H H W . .
(B) a”‘c"’:’t’,ffni"fta' °’ga"’iat’°" & A) electrostatic attraction,
f ™ Dispersion, charge-transfer;
@ B) Directionality: the cations rest
K® (N\ Me—N directly over the centroid of
2 the mt-system.
C—Hn or edge-to-face face-to-face

interactions n—n interactions

D. A. Dougherty, Science 1996, 271, 163; J. C. Ma, D. A. Dougherty, Chem. Rev. 1997, 97, 130; 2
D. A.Dougherty, Acc. Chem. Res. 2013, 46, 885. J. Sunner, K. Nishizawa, P. Kebarle, J. Phys. Chem. 1981, 85,1814.



Substrate—Substrate Cation—mnt Interactions

Lewis Acid Promoted Regioselective Schmidt Annulation Reactions

t-Bu
t-Bu MeAIClI>
R (1 equiv) -
O CH,Cly, 0 °C N R
N, 0
1 2
with 1a (R = Ph): 51% yield
with 1b (R = p-MeO-CgH,): 65% yield
. with 1¢ (R = H): 17% yield
via:
I [Al] | i Al
al O/[ ]

— 2a,b vs.
@

-~

I&‘J'z cation—n ®

favored when R = aryl
(X =H or OMe)

t-Bu R

N

©)
3
20% vyield
10% yield
57% vyield

favored when R = H

L. Yao, J. Aubé, J. Am. Chem. Soc. 2007, 129, 2766-2767;



Substrate—Substrate Cation—mt Interactions

Lewis Acid Catalyzed Diastereoselective Additions of Silyl Enol Ethers to a Chiral

Oxazolinium lon OTMS
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K. Conde-Frieboes, D. Hoppe, Tetrahedron 1992, 48, 6011-6020



Catalyst—Catalyst Cation—m Interactions

Peptidic Thiazolium lon Catalysts for Stetter Reactions

(A) 0
0
H 18X (20 mol%) ‘\YO
~_.0 P )
0 DIPEA, CH,Cl,, 4 °C _
el o”  O(tBu
O(t-Bu)
16 17
H O : 1 = P : 0
| \)J\ with 18a+Br (R' = Ts, R“ = Bn): 80% ee
N
RS “OMe with 18bel (R! = Ts, R? = Et): 70% ee
18X T s with 18cel (R! = Ac, R? = Et): 63% ee
ON=/ ©O
R2 X with 18del (R' = Boc, R? = Et): 42% ee
(B) <@ 0(4)
0
“S:O

_ Me/©/HN ””"/O

‘\';\)H<0Me
face-to-face r~=rg

cation-r _S~=N-pe
|

18e°l (R' = Ts, R? = Me):
S. M. Mennen, J. T. Blank, M. B. Tran-Dubé, J. E. Imbriglio, S. J. Miller, Chem. Commun. 2005, 195-197.




Catalyst—Catalyst Cation—mt Interactions

Oxoammonium lon Catalysts for Alcohol Oxidations
24 (2 mol%)

(A)

(B)
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S$=822
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precatalyst catalyt/cal/y active species
0
sow ij,Ph
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K. Murakami, Y. Sasano, M. Tomizawa, M. Shibuya, E. Kwon, Y. Iwabuchi, J. Am. Chem. Soc. 2014, 136, 17591.



Catalyst—Catalyst Cation—mt Interactions

Secondary Amine Catalysts for the Activation of Enals

(A) @) Me (@) Me (@) Me
: Me 5 Me N)
N~ YMe N~ YMe N~ tBu
Ph H Ar H Ph H
39a 39b-e 40

(B) 0 Me , |
H S . H N
D B e
N@—vie N® Me N'® Me
H | J H
| Madi I 4ta-ii | Aadiii
Me (0.0) Me””

(+0.3) Me (+1.3)

C-H
cation—n face-'to-face N
cation—n

J. F. Austin, D. W. C. MacMiillan, J. Am.Chem. Soc. 2002, 124, 1172.
R. Gordillo, K. N. Houk, J. Am. Chem. Soc. 2006, 128, 3543.
Y. Mori, S. Yamada, Molecules 2012, 17, 2161



Catalyst—Catalyst Cation—m Interactions

Secondary Amine Catalysts for the Activation of Enals

39 or 40-HX

(A)
O Y.
R (10-20 mol%) H
g >
Me R?
42a

THF/H,0, -60 °C \
or CH20|2/H20, -70 °C

43 RE 44

0 O
M? H Melzl\l H
N Me
Me
44a 44b 44c
with 39a*TFA: with 39a-TFA: 83% yield, 56% ee with 40-DNBA:
83% yield, 91% ee with 40-TFA: 82% yield, 92% ee 87% yield, 90% ee
) 0 o} Me
45 (10-20 mol%) gﬂq
Me Me
| HNu, 25 °C r(N C0H
Ph Nu” Ph Fh H
42c 46 45a
0] 0]
Me Me N'Me
BnO,C O,N
£ Ph 2 Ph . Hron N
n
COzBn Me Me Ph  H HN-N
46a 46a 45b
with 45a: with 45a: 95% yield, 79% ee
93% yield, >99% ee with 45b: 97% yield, 87% ee
(C) via C-H (D) via

face-to-face
HNu HNu cation—n

D. W. C. MacMiillan, Nature 2008, 455, 304.
N Halland D  Ahiirel K A laarcencean Annow (Chorm Int EA 20022 A9 AGA



Catalyst—Catalyst Cation—m Interactions

Secondary Amine Catalysts for the Activation of Enals

0 39 or 40-TFA >
Me (20 mol%)
IR e
| THF/H,0, 25 °C
Ph / ’ L Ph
a2b 43a 44d
F F F F
Ar:
F F MeO OMe
F F OH OMe
39a 39b 39¢ 39d 39
Entry Catalyst?! Q Iminium ion mole fraction  eel® [%]
41 x-i 47 x-ii 47 x-iii
1 39b +3.01 0.37 0.16 0.47 65
2 39c¢ +0.28 0.39 0.21 0.40 70
3 39a —3.46 0.75 0.03 0.23 34
- 39d —3.71 0.76 0.04 0.20 90
5 39e —5.68 0.65 0.17 0.18 94
6 40 —3.46 - — — 85

M. C. Holland, S. Paul, W. B. Schweizer, K. Bergander, C. Miick-Lichtenfeld, S. Lakhdar, H. Mayr, R. ¢
Gilmour, Angew. Chem. Int. Ed. 2013, 52, 7967.



Catalyst—Substrate Cation—m Interactions

Alkali Metal lon Controlled Diastereoselective Photoisomerization

of Diphenylcyclopropane

(A) . _ (B) cation—n
/A_ M*-Y zeolite
Ph = >~ Ph
sensitizer
49 X MeCN, hy 50 X
Entry Substratel® X M+ [ 49/50
[kcal mol™]

1 49/50a H - n/a 44:55
2 Lit —75.8 91:9
3 Na* —53.9 92:8
4 K* —32.6 88:12
5 Rb* —28.2 85:15
6 Cs* —22.7 65:35
7 49/50b OMe Na* —53.7 n.d.
8 49/50c CN - n/a 45:55
9 Na* —43 44:46

P. Lakshminarasimhan, R. B. Sunoj, J. Chandrasekhar, V.Ramamurthy, J. Am. Chem. Soc. 2000, 122, 4815.
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Catalyst—Substrate Cation—m Interactions

Quinolinium lon Promoted Macrocyclization Reactions

X
(A) ®/
NN
0 51-PFg | @pF6
(20 equiv) '€
Grubbs | (10 mol%)
MeO,C CH,Cl,, 40 °C MeO,C
O\/\M
52a with 51: 45% yield 53a
without 51: 0% yield
X
OM ﬁ/ 0
51.PFs I OpF,
(20 equiv)
CuCls (12 equiv)
MeO,C TMEDA (12 equiv) MeO,C
0\/\/\\ 0,, PhMe, 110 °C 0
A
52b with 51: 42% yield 53b

* e [
¢ ', TQJ

P. Bolduc, A. Jacques, S. K. Collins, J. Am. Chem. Soc. 2010,132, 12790.

without 51: 0% vyield

/ntermolecu/ar conformation control
enables cyclization

11



Catalyst—Substrate Cation—m Interactions

Chiral Ammonium lon Catalyzed 5-endo-trig Cyclizations

(B)

COz(I-Pr) 61 (2 mol%) (I-Pr)02C COz(I-Pr)
: KOH (50% aq) 77% vyield
CO5(i-Pr it y
2FP1) - Ph >20:1 dor.
Z ~Ph PhMe, —-15 °C; II 90% ee
. then, BnBr, i-Pr)O,C
593 COz(I-Pf) DMSO 25 oC ( ) 2 Ph 608
©) [ & R |
Ar ©) . Ar
(X e (12
N®
99w d®
61

Ar = 3,4,5-F3-CgH,

C. P. Johnston, A. Kothari, T. Sergeieva, S. |. Okovytyy, K. E.
Jackson, R. S. Paton, M. D. Smith, Nat. Chem. 2015, 7, 171.



Catalyst—Substrate Cation—m Interactions

Heterocycle-Catalyzed Acyl Transfer Reactions

(A)
s
‘S:< j
face-to-face Me:N_Me

" face-to-face
0 . “t-Bu
N _@ 5F i cation-n ,—« N
5" Nsaid N§-<' = > ® 4

face-to-face “: 2l N 0

cat/on - OH o=&:

\Ab I/} face-to-face
H, cation—n
32-34 e
with 32a (X = NO,): S=24 3638
with 32b (X = H): S=45 S=76

with 32c (X = OMe): S=53
with 32d (X =NMe,): S =123

T. Kawabata, M. Nagato, K. Takasu, K. Fuji, J. Am. Chem. Soc. 1997, 119, 3169.
S. Yamada, T. Misono, Y. lwai, Tetrahedron Lett. 2005, 46,2239.
S. Yamada, T. Misono, Y. Iwai, A. Masumizu, Y. Akiyama, J. Org. Chem. 2006, 71, 6872—-6880.



Catalyst—Substrate Cation—m Interactions

Heterocycle-Catalyzed Acyl Transfer Reactions

F3c@
N\/\
R)-62a P

(R)

\Q\/\i @E%N

."J

(R)-62b ) (R)-63
Ph
0
(R)-62 or 63 (2 mol%) L
/IO\H (EtCO),0, i-PryNEt /Cﬂ-i o Et
» + :
Ph” Me CHCl3, 0 °C Ph™” “Me Ph” “Me
(+)-64 (S)-64 (R)-65
with 62a: S = 26
with 62b: S =33
with 63: S =80
0 (R)-62 or 63 (4 mol%) 0 O 0
i-PrC0),0, i-Pr,NEt
HNJ<O ( colair LS HNJ<O + P NJ(
Py CHCl3, 0 °C L2
Ph Ph Ph™
(+)-66 (S)-66 (R)-67
with 62b: S=17
with 63: S =200
0 (S)-62 or 63 (10 mol%) 0O 0 0
i-PrC0),0, i-Pr,NEt
HN ( )2 2 > HN é + ,._Pr)LN
+BUCH,0H, 0 °C
Ph Ph Ph
(+)-68 (R)-68 (S)-69
with 62b: =17
with 63: no reaction
14

V. B. Birman, X. Li, Org. Lett. 2008, 10, 1115.
V. B. Birman, H. Jiang, X. Li, L. Guo, E. W. Uffman, J. Am. Chem. Soc. 2006, 128, 6536.



Catalyst—Substrate Cation—m Interactions

Heterocycle-Catalyzed Acyl Transfer Reactions

(A)

= 5-0-H-0°
L 0 =
- - Et
F3CQN>_ O
face-to-face ®
cation—n

TS-65

+

(B)

face-to-face
cation—rn

X.Yang, V. D. Bumbu, P. Lilj, X. Li, H. Jiang, E. W. Uffman, L. Guo, W. Zhang, X.
Jiang, K. N. Houk, V. B. Birman, J. Am.Chem. Soc. 2012, 134, 17605.
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Catalyst—Substrate Cation—m Interactions

Heterocycle-Catalyzed Acyl Transfer Reactions

OH

PN

Ph

72 (5 mol%)
(EtC0),0, i-Pr,NEt

t-Bu PhMe, —40 °C

(£)-73

HN \ Fe
iPh Ph
Ph CJID
Ph Ph
Ph
(S,Rp)-T2
\
N
T2,
= Zaph
Ph Ph:
é) H
Ph Ph
Ph
(S.852)-12

B. Hu, M. Meng, Z. Wang, W. Du, J. S. Fossey, X. Hu, W.-P. Deng, J. Am. Chem. Soc. 2010, 132, 17041.

* g

via:

Ph

(@)
OH
H + )l\
A O Et
t-Bu /'\
(R)-73 Ph t-Bu
(S)-74

with (S,Rp)-72: S = 1892

with (S,Sp)-72: no reaction

face-to-face
cation—1
tBu "

N D,

5 | g@
i )TN |

O\

e

N Fe
Ph Ph
Ph

TS-74

16



Catalyst—Substrate Cation—m Interactions

Alkali Metal Cation Assisted Ruthenium-Catalyzed AsymmetricHydrogenation Reactions

(A) H, (5 bar) (B)
0 105a (0.2 mol%) OH
Ph)J\Me KOH (10 equiv) Ph” " Me

i-PrOH, 50 °C, 4h

>99% vyield
0,
Ph, Hs 90% ee
P// CI Nj,Ph
/ CI N ‘Ph
th H M

105a: M=H
105b: M =K
(©) H My
p—RUIN Je
H gH Ph” “Me
M =H, K reduces the barriers to rate-determining
y Hydride transfer by 1-2 kcal mol-!
e/
Ph-é—o?
L@ A
H Ph

H mH

H MH reduces the barriers to subsequent H-H bond
%|

. ’Nj cleavage by 10 kcal mol!
H MH

17
P. A. Dub, N. J. Henson, R. L. Martin, J. C. Gordon, J. Am.Chem. Soc. 2014, 136, 3505.



Catalyst—Substrate Cation—n Interactions

Pyrrolidine-Catalyzed Mannich Annulation Reactions

3 @.e 106 (10 mol%)
_N NEt; (1 equiv)
H CH,Cls, —20 °C
0 107
R...L YR 1. (CFsCORO | 5 \aph,
N DMAP, NEt;, | ol e
H ~20 °C ’
106a, R = Ph
106b, R = c-hexyl

via:
B il
H ‘N' 6+
face-fo-face
cation—n 6" ./\7—4(}_'
N OH 109
TS-108 with 106a: 8:1 d.r., 84% ee

— - with 106b: 7:1 d.r., 36% ee

K. Frisch, A. Landa, S. Saaby, K. A. Jgrgensen, Angew. Chem. Int. Ed. 2005, 44, 6058.
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Catalyst—Substrate Cation—m Interactions
Phosphoramide-Catalyzed Allylic Etherifications

(A) Cl NP
7 0 ,O

-\ _SO,CF
. 0 H 2Lr3
Me_ OH - | 110 Me
0,
Z Ph Ph (10 mol%) e e
PhMe, — 78 °C
OH 0~ ™Pph
111 112

92% yield, 92% ee
(B)

“Me face-to-face
cation—mn

\

M. Rueping, U. Uria, M.-Y. Lin, |. Atodiresei, J. Am. Chem. Soc. 2011, 133, 3732.



Catalyst—Substrate Cation—m Interactions

Guanidinium lon Catalyzed Claisen Rearrangements

19 (20 mol%)

MeO Z "Me
O Me
20b

hexanes, 40 °C

Computed G* (kcal/mol)

OMe

cation—n ;?'(2"_(

Me H Me™ H

TS-22b-major TS-22b-minor

0.4 0.6 0.8 1 1.2 14
Experimental G* (kcal/mol)

Uyeda, E. N. Jacobsen, J. Am. Chem. Soc. 2011, 133, 5062. 20



Catalyst—Substrate Cation—n Interactions
Reactions Catalyzed by Chiral Arylpyrrolidino Thioureas

(A) CFs
N\"/’\
N” N CF;
Ar 0 H H 113a 113b
113
113c 113d 113e 113f

t-Bu 21
R. R. Knowles, E. N. Jacobsen, Proc. Natl. Acad. Sci. USA 2010, 107, 20678.



Catalyst—Substrate Cation—m Interactions
Reactions Catalyzed by Chiral Arylpyrrolidino Thioureas

(B) OMe
. Me OMe 113 (15 mol%)
HCI (25 mol%)
N X -
d 4A MS, TBME
OH 114 -30°C, 48 h
C
() Ph
5 113 (10 mol%) Ph,,
A\ 4NBSA (7 mol%) ™ Nepn
ClsC. O : .
SBn N N\
I N 4A MS, PhMe
(+)-116 117 ~30°C, 12 h N 118
Entry Product Yield [%] (ee [%]) with
113a 113b 113c¢ 113d 113e 113 f
1 115 nd.  12(25) 46 (60) 33 (61) 52 (87) 78 (95)
2 118 15 (12) 72 (73) 84 (84) 80 (85) 93 (93) 91 (91)

R. R. Knowles, S. Lin, E. N. Jacobsen, J. Am. Chem. Soc. 2010, 132, 5030.
S. Lin, E. N. Jacobsen, Nat. Chem. 2012, 4, 817.
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Catalyst—Substrate Cation—n Interactions
Reactions Catalyzed by Chiral Arylpyrrolidino Thioureas

(C)

(D)

TS-118-minor
S. Lin, E. N. Jacobsen, Nat. Chem. 2012, 4, 817.
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Catalyst—Substrate Cation—m Interactions
Reactions Catalyzed by Chiral Arylpyrrolidino Thioureas

(A)

CF,4
S Q
N *
N~ N CF
Ar \([)I/\H H ’
113
N A P
N” "N
Ar \c[)I/\H 4 N
121 \_/
CF,
0 0
. 23X
N 7 -
N N CF
Al \(r)]/\H H

D8

24



Catalyst—Substrate Cation—m Interactions
Reactions Catalyzed by Chiral Arylpyrrolidino Thioureas

(B)
OTBS 113g (15 mol%) @Q)
O + )\ - v
OMe TBME, — 78 °C 70% vyield =_\
Cl 90% ee CO,Me
Ru(bpy)3(PFg)2
(1 mol%)

CCly, MeCN,
OTBS blue LEDs, 23 °C m
C@* ’ )\ y gz
“Ph OMe then, ent-113h (20 mol%) 72% yield =
TBME, — 60 °C 95% ee "CO,Me

i 0,
OTMS 113i (5 mol%) 0 o

0 4-PPY (6 mol%)
Ph + - Ph
\éo R — ;:\«‘%/0

0 113j (10 mol%)

{ ﬁk/[o/ms BzOH (9 mol%)
+
| TBME, 30 °C
N :
H 0 Br
73% yield, 96% ee

G. Bergonzini, C. S. Schindler, C.-J. Wallentin, E. N. Jacobsen, C. R. J. Stephenson, Chem. Sci. 2014, 5, 112.
J. A. Birrell, J.-N. Desrosiers, E. N. Jacobsen, J. Am. Chem. Soc. 2011, 133, 13872.
C.S.Yeung, R. E. Ziegler, J. A. Porco, E. N. Jacobsen, J. Am. Chem. Soc. 2014, 136, 13614. 25
A. R. Brown, C. Uyeda, C. A. Brotherton, E. N. Jacobsen, J. Am. Chem. Soc. 2013, 135, 6747.




Summary and Outlook

Recent efforts have sought to incorporate these attractive cation—nt
interactions into functional catalyst systems in order to influence the
rate and selectivity of chemical reactions through the binding of reaction
intermediates and the differential stabilization of transition structures.

Research in this field is just beginning to flourish, and its scope will
undoubtedly continue to expand with the identification of

new modes of reactivity, the design of novel catalyst

structures, and the refinement of our current understanding

of these noncovalent interactions.



