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Overview

Part 1: Historical overview, mechanism, and note on nomenclature.

Part 2: Borrowing hydrogen/returning carbon for C-C bond formation: In situ nucleophile generation by
hydrometallation or reductive C-X bond cleavage.

Part 3: Borrowing hydrogen/returning hydrogen for enantioconvergent functionalization of racemic 2° alcohols.

Not covered in this talk:
- Enantioselective isomerization
- Reductive couplings/transfer hydrogenation

Not covered: Not covered:
OH H O O [metal] OH
[Ir] 0+~ -~ - AR

S g > R 77 Ry Ri conditions ooz

Ry conditions R, H external reductant, Me

e.g.
See Chem. Soc. Rev., 2023, 52, 5541. OH See Chem. Rev. 2018, 118, 6026
H ] ]
Me” Me



Motivation for Borrowing Hydrogen Reaction Development

1. Avoid discrete redox manipulations to produce activated nucleophile/electrophile reactant pairs.

jr .\ )OH conditions? OH
R

Classically, separate redox events to generate The borrowing hydrogen strategy: redox-paired reactants
nucleophile/electrophile ex situ. and have a catalyst shuffle around the electrons.
"""" o)
0 ' OH + [M] |
XIDIZE - : >
)OH OXIDIZE R1)' 5 R1)\H : Y R1) OH
T (time, 355 _ . 7 e MR = RO
ime, : R : H
y waste) ¥ R1)\/ 2 : J ( Ji Me
Br
[M] ' Ry R” ~[M]
_— T,
2
R
REDUCE  Rs REDOX-PAIRED catalyst [M] acts as a redox shuttle
REACTANTS

jr%% k Chem. Soc. Rev., 2023, 52, 5541. Angew. Chem. Int. Ed. 2014, 53, 9142 — 9150.



Motivation for Borrowing Hydrogen Reaction Development

2. Borrowing hydrogen mechanistic step ablates alcohol stereochemistry.
H

M {M] L*
b OH ( _ O NuH, Nu ( NuH If the alcohol is only used
—_—l .
R1>§\R2 H J R R, -H,0 R Ry o P, > R T, as a reactive handle, then
chiral, racemic [M]-L* achiral [M]- _ th_ere IS NO nc_aed to make it
. chiral, in an enantiopure form.
chiral enantiopure
reductant
3. Green chemistry — borrowing hydrogen reactions are highly redox- and atom-economical.
cl E
/OH F O I)/Ie
: Cp*IrCly] H cl N
Ho /\LH HoN EO R30e N | 7 Increasing interest in
l, Y + . o) Z . NH N )
F " toluene, reflux, A H - 4 borrowing hydrogen
, ; AN - . . .
N & ther HCI A Ho /\ H applications in process
Me N development.
4.8 kg, 76% | N
Me PF-03463275

2.4 kg
7 ppm Ir

jr?]% k Chem. Soc. Rev., 2023, 52, 5541. Angew. Chem. Int. Ed. 2014, 53, 9142 — 9150. Org. Process Res. Dev. 2011, 15, 5, 1052-1062.



Historical Overview: Pioneering Work from the 20" Century

Homogeneous catalysis —

|~ I I L~ ~ | | | |
| | | | | | >
1899 1930 1970 1980 1990 2000 2010 2020
Watanabe et al (1984):
Winan and Adkins (1932): NH, RUCI(PPhs);  Hn-"BY  MBUsy-n-Bu
§ Ni + n-BuOH - +
+ EtOH > N + H,0O 0
O 200G, 2 X eq) 180°C
OMe OMe OMe
100 atm H, 0
78% _ [ X=1eq: 99% trace
° Grigg et al. (1981): excess: 7% 91%
RuH,(PPhs),  NON"“Me
NC
Guerbet (1899): (cat.)
metal (cat.) + EtOH =
2 n-BuOH > Me/\(\/\l\/le reflux
NaOH OH OMe
92%

C. R. Hebd. Seances Acad. Sci. 1899, 128, 1002-1004. J. Am. Chem. Soc. 1932, 54 (1), 306-312. Tetrahedron Lett. 1981, 22 (28),

jr%%rk

2667-2670. Tetrahedron Lett. 1981, 22 (41), 4107-4110. J. Org. Chem. 1984, 49 (18), 3359-3363.



Early Kinetic Analysis with Aniline Alkylation

S

NH2 RuClx(PPh3)s HN™ "Ph o First-order kinetic model for total reaction order in aniline and BnOH.
OH (cat.) _ « Pseudo-first order swamping studies suggested zero-order in aniline.
¥ Ph 150°C * First-order in catalyst loading.
R R « Hammett study shows EDG on aniline enhances rate.
R = OMe, Me, H, CI pkq
4. 4. S.
-In([reactants]) %0 :50 =DO iy
0.4F Empirical rate law:
R
-------- 1
% e-Me0_J rate = k [Rul, [alcohol]
0.2r p-Me p-Me

log(kp-x/ kp)
L& ]

3 = '

x > [Ru], is catalyst
L 05F 150 g loading (constant).
= . \ S -0.2k - g ( )
— p-

t

conversion

)
<
I~

T

1 L
i 1 i

0 20 40 60 80 100 -06 -C4 -0 g 0.2 04 08
Time/min p

jr%% rk J. Org. Chem. 1984, 49 (18), 3359-3363.



Early Kinetic Analysis with Aniline Alkylation

Proposed mechanism: HzN\@\ rate = kK, [Ru], [alcohol]
+
- L[Ru] \5 Assumptions:
cat ‘m -+ Steady-state concentration of Ill.
st eauilibr NH_Ar * ky>>k.
_HN (fast equilibrium) - o/ « K, >>1 and K,<<1. This is supported by UV-Vis
)\H | studies of amine/alcohol Ru ligation.
Ph ks |  Everything occurs within the Ru coordination
L = chloride and OH sphere (unlike more contemporary proposals).
phosphine ligands Ky || + )\
H Ph
H Catalyst deactivation through decarbonylation?
L[Ru]—/NAr M
I .Me
" Ph (rate-determining L[Il?u]/ OH (ca\/.)
step) ul =/Ph + Me 7aN >
Kk H O 150°C
1 Il R
- H,O L . dead RuCl,(CO),(PPhs), isolated from
decarbonylation? catalyst reaction mixture, inactive catalyst

jr%% rk J. Org. Chem. 1984, 49 (18), 3359-3363.



Historical Overview: Modern Catalysts, Milder Conditions

+<—— Heterogeneous catalysis > Homogeneous catalysis —

|~ I I ] | | | >

2010 2020

1930 1970

1980 90 2000

Edwards, Williams, et al. (2004):

----------------

Yamaquchi et al (2003):

. Ph.PZ ~CO,Bn - N/=\N
on [CpTIrCl; A~ 3 2°N [Ru] (cat.) coBn i Ar-NagrNa,

2 (cat.) AN PR + > ©/\/ | PhaPus,, ), H
+ > A siMe, . oc/,R/uH
e @OH (oot o - Ra
) o X u '
88% 80 C M e e e e e e .

Introduction of iridium and ruthenium-NHC catalyst Williams coined the term “borrowing hydrogen” in 2004.

systems in 2003 revealed much more mild

2 . : : This foundational indirect Wittig olefination work was
reactivity, essential for future asymmetric catalysis.

covered in a Denmark group meeting in 2004 by Edwards.

jr?]% k Chem. Commun., 2004, 90-91. Tetrahedron Lett. 2003, 2687—-2690. See https://denmarkgroup.web.illinois.edu/wp-

content/uploads/2021/09/gm-2004-06_22.pdf



Historical Overview: Modern Catalysts, Milder Conditions

+<—— Heterogeneous catalysis > Homogeneous catalysis —
this talk

o501 —

K}
0

1930 1990 ZO(V 2010 2020
2007): i Williams et al. (2009):
[Ir(cod)(BIPHEP)IBAr OH [Ru(p-cymene)Cl,], (cat.)
\.YMe N OH (cat.) L R, R,/H H diphosphine (cat.) R,/H
- + N >
Mo R CsCOjs (cat.), 75°C M Me R1)\OH RS NR, S R1)\NR3R4
68 - 92% amines, sulfonamides >80 examples

 isotope labelling: :
: (0] > 0 :
X, OH  conditions (85[)/0 ) Ol(_| 95%) -

Me D
Y * D>|\Ph >~ D

1 H Y

Me Mph ENj , )O\H conditions o N
Me Me ' o P “Me  150°C [ j

o)

racemic reactions with 2° alcohol:
Ph. _Me

-------------------------------------------------------------

First borrowing hydrogen/returning carbon method. 73%

jr%% |< J. Am. Chem. Soc. 2007, 129, 15134-15135. J. Am. Chem. Soc. 2009, 131 (5), 1766- 1774.



Modern Mechanistic Studies: Where Is the Aldehyde?

Substrate racemization studies (Williams): Crossover/competition experiments (Williams, Krische):
[Ru(p-cymene)Cl,], (cat.) _<D (46%)
/|\'/|\e OH diphosphine (cat.) OH OH conditions
+ > H D
Ho,N™ “Ph OH toluene, reflux C’ H?'\Ph + Dj\Ph — > * D (31%)
82%, >98% ee 13 oM N7(
Me ',:l' conditions BN
H + > N Ph — : @]
HO” Ph I/\) C, PNP = p-nitrophenyl t />8\
PNP
35%, 0% ee N Me Me
o _Me OH conditions
Y + kPh
OH 4 conditions OH Me Me AB = 1:4 @8\
OH + Me™™% >
Ph/k/ Me Ph)\/N‘Me o Me Me
80%, 0% ee lph
Stereocenters bearing an alcohol are not preserved, \YMe . i” condiions _ _ . g
while amine stereocenters are preserved. Me PNP AB =14

jr?]% |< J. Am. Chem. Soc. 2007, 129, 15134-15135. J. Am. Chem. Soc. 2009, 131 (5), 1766- 1774.



Modern Mechanistic Studies: Where Is the Aldehyde?

Mechanistic proposal with imine condensation outside of Ru coordination sphere (Williams, 2009):

OH T ’ dissociation
T, R LRU—O - — — LnRu< of aldehyde . in situ
o H%’ borrow | H /"\ electrophile
catalyst activation OX. H hydrogen On . H7 R
2 RNH, 2 RNH;CI addn. N
cl, \__ - _H + RNH,
RuL, » L,Ru’ in situ  L,Ru~_
/ n H -Hzo
Cl / \‘ reductant
OH O R'N in situ
2 2 l re_:d. )L nucleophile
R R elim. _H _H H” "R
L,Ru LaRu~( L
| - | H association
R'HNkR RkaR "return” R'N R of imine
H O H DH hydrogen ¥

Dissociation of aldehyde before RDS explains the crossover result.



Borrowing Hydrogen/Returning Hydrogen or Carbon

Borrowing hydrogen, returning hydrogen: Borrowing hydrogen, returning carbon:
[M] (cat.) OH R
OH NuH2 HNu )<H + o~g. [MIX(cat) HO |°
H R R ’ - M
R1 R2 )< 1 ? R1/<\2 ¢
A
hydrogen / [MIX " -
hydrogen / 4\ hydrogen "borrow"
"borrow" "return" -HX \' t 2R, MI | +HX
\ / MI-H ———— H A
Y Y hydrometallation l
0
0 + NuH, Nu _
)j\ e /lL Nu = nucelophile R1)LR2 carbon
R1 R2 R1 R2 " n
- H,0 return

Most authors draw a distinction between “borrowing hydrogen” as a reaction class and as a mechanistic step.

In “borrowing hydrogen” reactions, the borrowed hydrogen is returned to the same carbon in the product.



Borrowing Hydrogen/Returning Carbon Overview

Three main mechanisms for borrowing hydrogen/returning carbon:

1. Hydrometallative pathways 2. C-X bond reductive cleavage:
j):H + N [M]X (cat.) HO Rs OHH [M]X (cat.) HO
Z "R ' A X '
R1 R2 ° - Me R1)<R2 Z - N
R1 R2 R1 RZ
A A
hydrogen / M]X —= / [M]X =
"borrow" hydrogen + base
_HX \V Ml |+HX  "borrow" b X
[M]-H — "'\/\RS M]-H ——— = M A
- base-H
hydrometallation l Y l
-X©
J’L i
R Rp carbon R1)LR2 carbon
"return” "return”

3. Hydrogenolysis of metallocyclic intermediates (not covered here).



Syn-Crotylation by Diene Hydrometallation

Initial report showed poor diastereoselectivity:

RuH,(CO)(PPhs), OH

(5 mol %) /\)\R
R oH ligand (15 mol %) Me
)\V/ ' R) g -OR-

R acetone (2.5 mol %) Me OH
2.5 eq m-NO,BzOH (2.5 mol %) -
R=H, Me THF, 95°C Ve
dr never exceeds 2:1! >75 %

Incorporating a silicon group for enantioselective reaction:

RUHCI(CO)(PPhs)s
(5 mol %)
SiPhMe, (R)-DM-SegPhos 1o phsi  oH
OH (5 mol %)
Z + ) o -
Ar PhMe, 95°C, Me

microwave
88%, >20:1 dr, 93% ee

Stereochemistry is enforced by steric interactions
of the Si group in transition state:

a \\\\

p_ .m

Disfavored

Favored

Product derivatization to introduce stereotriad:

1. TBSCI
| 2. 9-BBN
Me,PhSi  OH 3 Suzuki  Me:Phsi  OH
Ph > A Ph
Me Me
87%, 75%

13:1 dr, 87% ee

jr?]% k J. Am. Chem. Soc. 2011, 133, 27, 10582—10586. J. Am. Chem. Soc. 2008, 130, 20, 6338—63309.



Anti-Crotylation Using Chiral Acid Additive

Ruthenium counterion effect on diastereoselectivity:

RUHz(CO)(PPh3)3
OH 0
) (5 mol %) oH
Ar dppf (5 mol %)
» Z
+ . =
P acid (5 mol %) Me CO,Me
ad THF, 95°C
4 eq. Me i-Pr
SO3H SO,H SO3H
acid = ©/
Me Me i-Pr i-Pr
52%, 87 %, 87%,
1.5:1 dr 3:1dr 5:1dr
catalyst activation by acid additive:
H +HX
\ +dppf AN
Ru(CO)(PPh3); ————> Ru(CO)(PPhg3)3
H/ - H, /
- 2 PPh

Using a chiral acid for enantiomeric induction:

RUHz(CO)(PPh3)3
OH 2 (5 mol %)
J -OR- R) dppf (5 mol %) 4
0
* CPA (10 mol %) Me

NF THF, 95°C 7 examples,
4 eq. For aldehydes: >Zg‘&yleld,

OH(CH,),OH °ee

(2 eq.)

-----------------------

.O g OH How does it work?

-----------------------

jr?]%rk Science 2012, 336, 324 — 327.



Anti-Crotylation Using Chiral Acid Additive

Counterion-dependent partitioning of (E)- and (Z)-o-crotylruthenium haptomers:

OH . .
PP - Anti-diastereoselectivity
7Y R Py, | \o P,, P from 4:1 to 8:1 dr was

Me ( SR D > ( /RU‘H achieved for 7 products
OH P counterion-promoted
) Co partitioning of E/Z isomers:
R \/ X* X*
X* P,, P//, . . _
o1, ] o R C el AN ( “—/ﬁ Can this counterion
( j\ N Me dependence be
P” éo = vacant site o exploited to access the
“ “ syn isomers?
r/
X" R T P,

P, \\\‘O\/’ Me —= C Prs, \\“ C .o
C Ru=--- / v | \\ v | \/

favored

jr%%rk Science 2012, 336, 324 — 327.



Invertable Crotylation System Using Chiral Acid Additives

Counterion-dependent partitioning of (E)- and (Z)-o-crotylruthenium haptomers:

' Mes ~E RuH,(CO)(PPhs)s Chiral SegPhos ligand
. .O i (5 mol %) enhances dr for TADDOL
.o dppf (5 mol %) o o system and erodes dr for
g ©OH : > 2 nHex + Z Y n-Hex BINOL system.
: O )OH CPA (10 mol %) Me Me N Ve
: Et : 69% 8% Favored O s
CPA p (rHex (major) Ph >\P<8 W
bbb bbb + RuH,(CO)(PPh;3)3 Ph ./ g A o
...................... (5 mol %) {RuS | Ar
kS \I / OH OH - I \O e
A A dppf(Smol %) I E N
n-Pr O]%O\ O » Z Y “nHex t /\E/\n-Hex s
n-Pr\g—, 4 “OH | TADDOL (10 mol %) Ve Ve )
: % (major Ar -
Ar/gr ' 16% 61% (major) Disfavored O_ o
_ : P P<o I/
Ar = m-xylyl RuHéCO)l(IZ’/F;hg,)?, on on on P/ ?/ Aro &
: TADDOL : mol % = (R Ar
N @ o e e e e e mmmmmmmmemaaa > - o
(S)-SegPhos /\./kn-Hex + Y n-Hex o R o Lre .
> Me Me e
TADDOL (10 mol %) 16% 799%, (major)

jr?]%rk J. Am. Chem. Soc. 2012, 134, 51, 20628—-20631.



Recent Methods with Hydrometallative Pathways

There are lots of reports exploiting the hydrometallative pathway, and it continues to be developed.

Direct coupling with methanol (Krische, 2016):

[Ir(cod)CI], (cat.)

OH
Ar (R)-PhanePhos (cat.)
. > /y
| Me acetone/methanol ad Me
80°C 50 - 68%,
92 - 95% ee

All-carbon quaternary centers from methanol (Krische, 2017):

[Ir(cod)Cl], (cat.) OH

N Ar oy (R)-PhanePhos (cat.)
Y + I\l/l > =z
e

CF3 acetone/methanol AL ",CFs
80°C 57 - 90%,
89 - 94% ee

Limited examples of this methodology with 2° alcohols. Most methods go directly from the

Allylaminoalcohols (Krische, 2019):

OH
\ oH (R)-Ir-Hg-BINAP (cat.)
NPhth R KHPO, (1 eq.) NHPhth
57 - 80%,
10:1 to 20:1 dr,
86 - 98% ee
Svn-sec.tert-diols (Krische, 2021):
RUHz(CO)(PPh3)3
(Cat.) OH
OH (R)-BINAP (cat.)
¢ Me + k > =z 4 R
51 -95%,
up to 19:1 dr,
86 - 99% ee

ketone and do a reductive coupling (i.e. Buchwald copper chemistry).

J. Am. Chem. Soc. 2019, 141, 36, 14136-14141. J. Am. Chem. Soc. 2021, 143, 8849-8854. J. Am. Chem. Soc. 2016, 138, 14210-

I I %rk 14213. J. Am. Chem. Soc. 2017, 139, 8114-8117.



Returning Carbon by C-X Bond Reductive Cleavage

First allylation report (Krische, 2008):
[Ir(cod)Cl],

(2.5 mol %)
(R)-Cl,MeO-BIPHEP
OH (5 mol %) OH
ANAONC + R) > /\/'\R
CsCO3 (20 mol %)
51-81%
m-NO,BzOH (10 mol %) ’
- > 86% ee
R = alkyl, aryl THE. 100°C o
Isolation of active catalyst:
NO,
OO [Ir(cod)Cl],
PPh; (1eq.)

> \
CsCO5 (4 eq.) oo Ir>
m-NO,BzOH (4 eq.) PT B
THF, 80°C o/
then,
/\/OAC

g

(2 eq.)

%?]%rk J. Am. Chem. Soc. 2008, 130, 44, 14891-14899.

Effect of carboxylic acid:

[Ir(cod)CI],
(2.5 mol %)

oy (R)-CL,MeO-BIPHEP o

(5 mol %)
ANOAC 4 f > Z |
CsCO; (20 mol %)
Ph

acid (10 mol %)

THF, 100°C
Entry Carboxylic Acid Yield (%) ee (%)
= 1 R;=R;=R;=H R, ©O 71 91 (R)
2  No Acid Additive O.N 8 47 (S)
3 R;=Me,R,=R;=H OH 18 65 (S)
4 R.=Me, R = R3 =H R3 R4 50 67 (R)
5 Rsz=Me, Ri=R,=H 69 91 (R)

Acid additive can invert enantioselectivity, implying
that it is present in stereodetermining step with metal.

Ph



Mechanism of Allylation via C-X Bond Reductive Cleavage

C,0-benzoate-Ir complex is

Mechanism for Ir-catalyzed borrowing hydrogen allylation: _
o NO, hypothesized to enhance
NO, 2 acidity through EWG.
base
o) /IR > O = = ©
P e o-Ir'l base-H ol
/ Lc:]/llr 5 )l\ o7 ~H L ©
H H” R
NO, ' ©
+ OAc Crystal structure of Ir-allyl
AcO~/== complex with BINAM:

%?I%rk J. Am. Chem. Soc. 2008, 130, 44, 14891-14899.



Improved Catalyst Performance with C,O-Benzoate-Ir Complexes

Attempted allylation of 3-branched alcohols led to poor dr ~ The solution: pre-form catalyst and isolate (Krische 2011):
with in situ catalyst formation:

NO,
0 CN
OH conditions 7" < O [Ir(cod)Cl],
OAc R1\H > /\/'Y& © PPh, 1 eq.) » O
Y + I (catalyst formed in situ) R, 0 PPh, CsCO; (4 eq.) O;'r'\‘"”>
2 poor dr <O O 4-CN-3-NO,BzOH (4 eq.)  PF" p’
. . . 2 eq. ANOAC (4 eq.
Anti-crotylation from the allyl acetate gives only moderate dr (2eq) Z (o @) 85% after
with in situ catalyst formation (Krische, 2009): THF, 80°C chromatography
[Ir(cod)Cl], Better stereoselectivity and lower temperature with
(2.5 mol %) OH pre-formed catalyst:
OAC OH (S)-SegPhos (5 mol %) /\/'\R OH
/\r s J > : oH cat (5 mol%) :
Me R CsCO3 (20 mol %) © /\(OAC s ) > /T\ R
4-CN-3-NO,BzOH 61 - 73%. Me R K5POy (50 mol %) e
R = alkyl, aryl (10 mOI %) 86 - 97% ee _ THF’ 60°C 7:1 i 20:1 dl’,
THF, 90°C 5:1-8:1dr R = alkyl, aryl 93 - 99% ee

%?]%rk Org. Lett. 2012, 14, 24, 6302—-6305. J. Org. Chem. 2011, 76, 7, 2350-2354. J. Am. Chem. Soc. 2009, 131, 7, 2514-2520



Improved Catalyst Performance with C,O-Benzoate-Ir Complexes

Solving the B-branched alcohol problem by tuning the electronic effects of the C,0O-benzoate complex (Krische 2012):

OH OTBDPS

% /\/'Y ,/ C
R Z £ (Ph R
Me a \ ““““ 3 0 R1
0 O/lr\P
Db \> (5 mol %) 79%, 97:3 dr h2
A~ OAC p/ P" R = NO, (with (R)-catalyst) O \
. >/ _ -OR- No2
OH OTBDPS CsCO; (1 eq.) OH OTBDPS X
7
Me Me Ir-a-X R' = R? = -og:Hzo (SEGPHOS)
T e
R = OMe erodes dr to 89:11 80%, 94:6 dr Ir-b-X R"= Ohe, R*= GG MeQ-BIPHER,)
(with (S)-catalyst) I-Complex Bonda(A) Bondb(A) Bondc (A)
More electron-withdrawn C,0-benzoates give better dr (R)-Ir-a-OMe 2107 2.068 2.260
due to enhanced Lewis acidity of Ir center (correlated EIS?))II:::O 31;% g'g;g ggg’g
. . =-ir-a- 2 . x 3
with bond lengths in XRD crystal structures). (R)-Ir-b-NO, 2131 5 088 5 329

%?]%rk Org. Lett. 2012, 14, 24, 6302—-6305. J. Org. Chem. 2011, 76, 7, 2350-2354. J. Am. Chem. Soc. 2009, 131, 7, 2514-2520



Improved Catalyst Performance with C,O-Benzoate-Ir Complexes

base faster with more
0 R —> O = > O EWG on benzoate
' 1l
O;Ir~o¢, : o;lr'”\H base-H oJlIrg
Ln | : Ln Ln
H []
\
NO, _ 0 .. OH S
NO, less timeto || epimerze | g * _ OAc C,0-benzoate
epimerize = AcO~/== ’
o Me Me complexes are not
H—ir—0 NO, required for reductive
- 02 6 5 NO, NO. activation of C-X
H 2 V NO, o bonds, but they are
O - O-1rl an extremely
[} .
o-Ir—0 R 7 I\J/ Ll \) common additive.
T o

%?]%rk Org. Lett. 2012, 14, 24, 6302—-6305. J. Org. Chem. 2011, 76, 7, 2350-2354. J. Am. Chem. Soc. 2009, 131, 7, 2514-2520



Comparing Reductive Cleavage and Hydrometallation Mechanisms

Homopropargyl arenes by two different borrowing hydrogen mechanisms.

NO, By hydrometallation: [Ir(cod)CI],

hydrometallation (2.5 mol %)
5 pathways 3 OH (R)-DM-SegPhos R OH

| o) (5 mol %) AN

1l = + O

Lon 2T (dienes, eneynes, R/\ K@:g ] > i >
allenes, etc.) THF, 60°C e 0
/ R = CMe,OTIPS 77%, 18:1 dr,

tunable equilibrium 92% ee

base-H || base | pased on choice of

C.O-benzoate By reductive C-X bond activation:

R OH
NO2 | reductive cleavage [Ir(cod) (2) mS§|g<5r)]OS)]OTf T ]
pathways /\ > (s o >
o | D Na,COs (1 eq.) 5
o-Ir! (allyl acetates, R = SiPhMe, i-PrOH (5 eq.), 72%. 93% ee
L © chlorides, etc.) 3-hexyne (2 eq.)

THF, 90°C

jr?]%rk Angew. Chem., Int. Ed. 2012, 51, 2972-2976. Angew. Chem., Int. Ed. 2012, 51, 78307834



Returning Carbon by C-X Bond Reductive Cleavage

A full paper comes out for every new
substrate class, so there are a lot. The
mechanism is basically the same for all

of these, so I will not go over them.

See Acc. Chem. Res. 2017, 50,

2371-2380.
) Allylation Methallylation  Fluoroallylation Carboxyallylation
]
OH OH Me OH F j}i
RM H,!\A R/'\/K' R
ref 8 T ref. 9 T ref. 1DT ref. 11
Me F CaMe
AO._~ Cha A Cho AL BocO

Crotylation

oH
EM

=]

ref. 12

ADS\I/%_

Me

— il

f-Hydroxy
Prenylation

CF s-allylation

Aminomethy!

Allylation

TMS-allylation

oH
BN

éIMEg
S
SiMes

Malonylmethyl Vinylogous t-Prenylation
Allylation AII:I::I
OH
“CHE;
ref. 20 T ref. 21 T ref, 22 f
“E=coMe  E=COMe Me
Alkoxyallylation  Hydroxymethyl  c-Pr-allylation
Hllyrlatimn
OH
D ”“‘r.:nH A
ref 'IET ref 151 ref.1?1

jr%%rk



Enantioconvergent Reactions by Borrowing/Returning Hydrogen

General reaction mechanism:

First example of enantioconvergent amination with racemic
secondary alcohols (Zhao, 2014):

i (cat) [Ir] (5 mol %)
0 NHR
)O<HH _Nukz Pl b4 CPA (10 mol%) P
R1 R2 R1 R2 R1 R2 + R3NH2 > R1 R2
4A MS, t-amyl _
A acohol, reflux, 24 h ~ 64-97% yield,
[M] 4\ 69-97% ee
hydrogen / hydrogen g PV y
"borrow" "return” : P .
\V MI-H J 5 C qQ o | { Me Me :
Y :P:/OH :Me" @. ~Me Me
5 O o L1 MEl Me Me
o  +NuH, Nu . : P 1 HNTR :
)j\ — 5 )j\ Nu = nucelophile ; Ar AN \8 Mel
ROTR o RTOR {Ar=2,4,6--Pr-CgHy i 1" by 2 me
CPA P [ir]

Borrowing hydrogen for
enantioconvergent reactions are

------------------------------------------------

harder due to steric bulk of 2° alcohol Acid additive Is included to speed up

jr?]% k Angew. Chem., Int. Ed., 2014, 53, 1399.

imine condensation step.




DyKATs for Enantioconvergent Synthesis of 3-Branched Amines

Borrowing hydrogen for dynamic kinetic asymmetric Extension to tetralins and indanes (2020):
transformations (DyKATSs) of racemic 1,2-diols (Zhao, 2015) O
M
OH [ir] (5 mol %) NHAr ®[Ir] (5 mol%) ArHN
CPA (10 mol%) R RN SPINOL-CPA S
Rz%Me + ArNH, > ZYLMe % (10 mol %) R—I—
R, 4A MS, toluene, R, iy 2" > 2.
reflux, 48+ h 45 oxamples n== 4A MS, toluene,

Ar : yields > 50% +ArNH,  110°C, microwave 19 examples,

88-98% ee
R EEGLLCLEEEEEEEEEES 2 eq. 20 h ’
QQ o el e ‘: 1-2e) good dr
w0 i : . » . .
Pon :Me;él ~Me Me : Microwave conditions gave higher yield and
Cor ™ =

an—T Me Me . shorter reaction times, similar ee/dr.
N< :
' Ar ' . S 1 . .
1 : 1 \\ Me 1 "
 Ar = 2,4,64-Pr-CoHg | | Ph | 0 ! i Deprotectlan to free amine:
: CPA Lo [Ir] : _N HN
N e e e e o el ’ N e e e e e e e e e o e ’ PMP Me H5|06 Me
MeO » MeO
ee > 98% for all products. NHPh MeCN/H,O
dr generally excellent (>90:10). Me cl cl
o)
Alkyl R, R, erodes dr. 52%. 9'\’(')9:10 ar PMP = p-methoxyphenyl 61%

%?]%rk J. Am. Chem. Soc. 2015, 137, 15, 4944-4947. ACS Catal. 2020, 10, 16, 9464—-9475
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DyKATs for Enantioconvergent Synthesis of 3-Branched Amines

Two distinct mechanistic steps for stereoablasion of starting material:

--------------

chiral anion- % ﬁHAr [Ir]-H  [Ir] : NHAr |
. : _ cation pair R k) : ;
No catalyst is incorporated into the achiral > 2 Ry > | Rz\('\Rs
intermediate (Type B DyKAT). R Kfast : R
+ HX* “ - HX* kfast >> kslow major
first stereocenter
ablasion hiral - NHAr second
achira 2NF
I 1Ir-H + HX* ) : \)\R3 stereocenter
R \) » Ro 2
Rs Rs  _H,0
R, R; 2 + HX* || - HX*
mixture of 4 different o ® y NHAr
stereoisomers * slow R X
G R
chiral anion- R, co Y R1
cation pair R, [Ir]-H [Ir]

%?I%rk J. Am. Chem. Soc. 2015, 137, 15, 4944-4947. ACS Catal. 2020, 10, 16, 9464—-9475



DyKATs for Enantioconvergent Synthesis of 3-Branched Amines

DFT calculations provide insight into stereo-determining steps:

X* H o X* '}'
_N Me
+
AAG =28.3 reduction AAG = 30.3
(kcal/mol) (kcal/mol)

H
N Me Me
(S) R),,
/

Delivery of H to pro-(R) face of iminium requires
iIsomerization to (Z)-imine. These isomers are
energetically disfavored by 6.9 kcal/mol or more

AG(kcal/mol)

_ , B * ~
GO T
HO\ L H Ir—  _SOLAr 4%\ “H---- Irm _SO,Ar
Me” N _Ph Me™ Sy -Ph ,N
H Ph H-“ d " Bn
O\ P//O 30.3 O\ p//
/ g TS-7-SR /o
L Q 7 T87-SR | | N Q_ 7 1s7-88
PhHN. _M
Cp\ Ds,Ar . e
H;‘Ir—hlll \b \“\ o,
H-" .
H ~Ph 136 N,
13-5R » 4a-SR+3

Me PhHN Me

4a-SR 4a-55
Cp*
| -0.6
W H | -
u \ HK:HNJSDEAr /g H-——f|l"--_,N.»SD2Ar 2
¢ N H’Eﬁ}‘Ph MB&N“Ph HN A pn
neo [P H. M n
N7 o ,0
N AN
q_ 9 1
_ 7 13-SR Q © 13.ss
ey

%?I%rk J. Am. Chem. Soc. 2015, 137, 15, 4944-4947. ACS Catal. 2020, 10, 16, 9464—-9475



Borrowing Hydrogen Coupled with Other Catalytic Steps

[Ir(cod)OMe]2 (5 mol %)
(S)-SegPhos
(10 mol%),

R
OH chiral phosphoric, /
Z acid (20 mol %) Q—Q
R >
N
H

toluene, 4A MS,

NH, 80°C, 36 h
’ 27 examples, GROUP PROBLEM:
up to 77% yield,
up to 90% ee Choose your adventure.
N
Rt Ru3(CO)12 (2 mol %) M |
echanism?
Z Nomps  (R)-DM-SegPhos
(6 mol %)
. >
HO 150°C, 24 h
o) 13 examples,
R,0 up to 97%,
20:1 dr, 20:1 rr,
B 98% ee

%?I%rk Angew. Chem., Int. Ed., 2021, 60, 20689. Science 2017, 357, 6353, 779. J. Am. Chem. Soc. 2018, 140, 29, 9091-9094.



Borrowing Hydrogen Coupled with Other Catalytic Steps

Sequential Ir-catalyzed indolization, borrowing
hydrogen reactivity:

oH + Int-l
4
R
NH
2 R ® O
/* OH X*
\
® O N
IrLnX*
® © H
Lnlr,  X* 3 R 5 ®H X* X*
\/ OH OH
72
R wa
indolization N R OH
NH, H H
Int-I
(isolated) %

jr%%rk Angew. Chem., Int. Ed., 2021, 60, 20689.



Borrowing Hydrogen Coupled with Other Catalytic Steps

Ru3(CO)1 (2 mol %)

HO o (R)-DM-SegPhos
X — (6 mol %)
o v R >
OTIPS 150°C, 24 h
R,0
B
0 @)
A . = Ru®Ln R =z |
A —> Ri__ § — R | :Ru Ln o o O,[Ru”Ln]H
OTIPS OTIPS : +B
+ > R P [Ru] » R
=0 B’
0 TIPSO
R,0 R,0
B —> 5
R,0 These products provide convenient access to
B' Type |l polyketides, relevant for antibiotic

development.

%?'%rk Science 2017, 357, 6353, 779. J. Am. Chem. Soc. 2018, 140, 29, 9091-9094.



Direct Alcohol Coupling: The Guerbet Reaction

The Guerbet reaction is a highly relevant reaction for industrial processes:

-2 H,

-

R 2 R + H2 + H HO R
R R 0% 0 - 2
2 HO™ N\~ - 9 O&\/ — . — | R = y R

+ 2 H, HO

Recent Guerbet methods still require high temperatures (Liu 2017):

Br
NS\
[ /Mn'lp"':rz Lower-temperature Guerbet
bpr,|  O° reactions are highly desired.
co
(1 mol %)
2 EtOH > n-BuOH  (44%)
6 | % EtONa,
160°C, 240+ NPNOH(28%)

+ C4+ oligomers (28%)
+ H,0

Guerbet alcohols

2-alkyl alcohol applications:

» Low-temperature lubricants and
hydraulic fluids

« Cosmetic emollients

« Upgraded biofuels:

more efficient HO Me
energy storage /\C\
HO™ ~Me > Me
AH.° = 326 kcal/mol AH.° = 1264 kcal/mol
(current technology)

jr?]% |< J. Am. Chem. Soc. 2017, 139, 34, 11941—-11948. Catal. Sci. Technol. 2015, 5, 3876—-3902.



Room-Temperature Enantioselective Guerbet Reaction

Development of a room-temperature (racemic) Guerbet reaction (Zhao 2020):

------------------

+ 1
2 ! Ir=

OH Me” Ve NH,
)\ O 38 examples, Ph
R, "Me (5 mol %) up to 97% ] Ph
KOt-Bu (1 eq.) . [Ir]
23°C,24h TS
Scalable with lowered catalyst loading:
OH OH
conditions Ph
Me + pPh"oH -
1 eq.
10 mmol (Teq) loading [Ir] = 1 mol %:  96%

0.01 mol %: 61%
[Ir] TON ~ 6100 with 0.01 mol % loading.

R{” “OH [Ir] on
(1 mol %) : Me@*l\ﬂe 5

3-pentanone facilitates double oxidation equilibrium:

Me” (" Me ‘\/

R{” “OH 3
+ conditions OH
'
OH R1/\/i R2
Rz/iMe

N

double
oxidation

Y

O
)j\ + R1/%O —_— R1/\)LR

R2 Me

[ir] <\
[Ir]-H /

double
reduction

aldol O

- H,0

jr?]% k Angew. Chem., Int. Ed. 2020, 59 (28), 11384-113809.



Room-Temperature Enantioselective Guerbet Reaction

The same work describes the development of enantioselective conditions using Ru catalysis:

OH OH . :
y PR conditions - oh yieldvs. time = _
© + Ph” “OH >~ O/\/\ OH
catalyst — A
Me - .
X eq. , ~.
T s : (xeq.) [Ir]*, x=1: 36% 5% ee ™ i ST
i Me Me . [Rul*, x =1: 19% 64% ee $ w P s Smm—
Me@Me . [Ru]* w/ 2 eq. 3-pentanone, x =3: 42%, 90% ee N
Mel| _Cl : 10
r. 1
\ : OH
NH 1 . . . 0 a 8 1 16 0
o 9 substrate combinations, yields o /
5 OTBDPS <40%, enantioselectivity >84% ee. \ ee vs. time e
; [Ir]* ; > VR
i - ppgesm s Y —
E O’> . + Higher product ee at lower conversion. Starting material
1 s 1 . . . . 7
,q&N\ o is enantioenriched over the course of the reaction.
Fe P=Ry” : " _——+——
' Ph; | \PPh ! . . C o . = e
A== 2 Kinetic selectivity is eroded over the course of the o\
. Cl ; . o o ) 10 | g
: [Ru]* :  reaction, reversibility leads to equilibrium over time.

--------------------

reaction time (h)

jr?]% k Angew. Chem., Int. Ed. 2020, 59 (28), 11384-113809.



Summary and Conclusion

Borrowing H, Returning C or H:

« Borrowing H/ Returning C methods have seen much development. Both hydrometallative and reductive
cleavage mechanisms to activate a pro-nucleophile have been realized.

« Systems are highly tunable based on choice of ligand, C,O-benzoate, and chiral additives.

» Switching between the two pathways depends on the Lewis acidity of the Ir center.

« Many pro-nucelophiles are tolerated, mostly 1° alcohols.

Borrowing H/Returning H for Enantioconvergent Transformations:
« Enantioconvergent borrowing hydrogen methods from secondary alcohols have been developed in the last
decade.

« DyKATSs, kinetic resolutions, etc. are enabled by epimerizable intermediates.
« Can be coupled with other modes of catalysis for cascade/sequential processes.
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