Transition Metal Catalyzed Reactions with CO,, 3'-6&!3

Outline: An Overview of Transition Metal Catalyzed Reactions Using CO, as a
1. Carbonate Formation from Epoxides Building Block

2. Reductive Methylation/Formylation

3. An introduction to oxidative cyclometallations HO,C C02 7( COH

4. Carboxylation with various functional handles x R CO.H r

5. A few slides dedicated to the work of the Martin R A

group in recent years up to 2017

Not Covered:
+ CO, as acatalyst

+ CO, fixation into various feedstock chemicals

« Organocatalytic, photochemical, or
electrochemical methods utilizing CO, as a
reagent without transition metal catalysis.

A Few Useful Reviews:

Sakakura, K. Chem. Rev. 2007, 107, 6, 2365-2387.
https://doi.org/10.1021/cr068357u

Beller, M. Nature Communications, 2015, 6, 5933.
https://doi.org/10.1038/ncomms6933

Martin, R. Angew. Chem. Int. Ed. 2018, 57 (49), 15948-
15982. https://doi.org/10.1002/anie.201803186

For areview discussing the utility of CO, as an
alternative for CO in organic reactions, see:

Bandini, M. ChemCatChem 2023, https://doi-
org.proxy?2.library.illinois.edu/10.1002/cctc.202300827

For an in-depth look at the organometallics
behind carbonation complex formation, see:

Gibson, D. Chem. Rev. 1996, 96, 6, 2063—-2096.
https://doi.org/10.1021/cr940212¢

For an interesting perspective on CO, - This seminar will attempt to cover all of these transformations, however, let the caveat be
promoted reactions (not covered) see: made: this field is incredibly expansive between disciplines. There are numerous
Das, S. ACS Catal. 2021, 11, 6, 34143442, additional examples than the examples shown, and likely numerous ways of performing
https://doi.org/10.1021/acscatal.0c05681 that transformation depicted with different catalytic systems.
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Introduction

The
SLAH
Group

The Importance of C01Valorization:

Carbon dioxide is among the most prominent greenhouse gases produced,
coming in at over 37 billion metric tons produced globally every year as of 2021.
CO, is produced in large quantities by fossil fuel combustion, sugar fermentation,
and most prominently from the respiration of all living organisms. Since the boom
of the second industrial revolution, these numbers have risen drastically in the last
150 years.

Being as CO, is produced in such large quantities and is posited to be contributing
largely to changes in atmospheric temperature and global climate, the valorization
of such a feedstock chemical would be exceptionally useful not only to the
chemical community, but the global community at large.

While efforts to directly alter CO, into other feedstock C1 and C2 chemicals is a
prevalent and exciting field, the focus of this topic will be on the utility of CO,
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directly as a building block in organic synthesis.

The Reactivity Challenge of CO,:

» Carbon dioxide is the most stable form of oxidized carbon compounds, making it inherently difficult to develop mild reactions utilizing it. CO, reactivity
often requires high energy input rendering it neither neither practical or benign. This subsequently can also lead to challenges with reversibility, where
these forcing conditions can facilitate the expulsion of CO,. However, transition metal catalysis has made great strides in helping to make CO,
valorization a more practical and synthetically useful endeavor.

The oxygen atoms on CO, can react as weak
nucleophilic Lewis Bases

O0=C=0

The carbon atom is an electrophilic Lewis acid center

Available Chelation Modes Between Transition Metal Centers and cO,

(o]
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Das, S. ACS Catal. 2021, 11, 6, 3414—3442. https://doi.org/10.1021/acscatal.0c05681
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Jing, 2007:

. . The
Carbonate Formation from Epoxides s[AglLAH
Group
Inoue, 1983: The Seminal Report Subseguent Metalloporphyrin Systems
Ar
° (0]
co
2 )k co, )L
(o) (TPP)AIOMe, NMI  O° O
/\ >\ / 0 catalyst, co-catalyst (0] (0] Ar Ar
. . R v
The first report showed reversible R
addition of CO, into ethylene oxide at 'y
ambient temperature. No yields reported. (TPP)AIOMe B _
Proposed Mechanism: Nucleophillic co-catalysts such as TBAB, TBAI, PTAT, etc. were determined
to be quite useful for activating the epoxide upon coordination to the metal
OMe center. There are reports in which these nucleophilic tetralkylammonium salts
| are capable of performing these transformations without a metal catalyst,
Al albeit requiring molten temperatures.
R 1 COZ
oY i Jing, 2007: |- co, (7 barr)
}-0 (, * Room Temperature w/ PTAT
o J * Upto 930 TON
N . 93% yield
Me + Solvents Required
o + Other metals were screened, and catalytic
o o )J\ Me activity was ranked as follows:
(0] o°
/') Co>Mn>Ru>Fe
o & |
Me Al _ .
| ' Jing, H. J. Molecular Catalysis. 2007, 261, 2, 262—266. https://doi.org/10.1016/j.molcata.2006.06.011
Al :
N

Inoue, S. J. Am. Chem. Soc. 1983, 105, 5, 1304—-1309.

https://doi.org/10.1021/ja00343a038 Jing, H. Chinese Journal of Catalysis.

* 0.05 mmol catalyst

* Up to 960 TON

* Up to 84% yield

+ CO, (667 kPa)

* 50°C w/PTAT & EDA additive
* Solvent free

2007, 28, 4, 287-288. https://doi.org/10.1016/51872-2067(07)60024-2
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Utilization of Bifunctional Catalysis for Improved TON ~ siaskan

Group

Jing, 2007: Co-Catalyst Mechanistic Rationale and Substrate Scope
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0%]/0 i \>‘0 Me Me 0’4
M
0 Q */,< ° O\)\/O O O O\/K/O
Mg co, Co(TPP)(OAC) Yields 89% Ru(TPP)(PPhy), Yields
Jing, H. Chinese Journal of Catalysis. 2007, 28, 4, 287—-288. https://doi.org/10.1016/5S1872-2067(07)60024-2
Jing, H. J. Molecular Catalysis. 2007, 261, 2, 262—266. https://doi.org/10.1016/j.molcata.2006.06.011
Sakai, 2012: Bifunctional Catalyst Control
Br @® OBr
co - ®° O w5 NBu;
? N At ©
(0] 0.005 mol% cat., 120 °C (1.5 MPa) o o Br
/ \ > )
R solvent free - up to 99% yield o ° ( R
Bifunctional via: W/
N Co
+ TON of 103,000! V] '
Within this paper, other divalent metalloporphyrins utilizing o I\:II
zinc are also shown to be highly active. The bifunctional (% g
catalyst showed compatibility with various onium salt Bro o
groups tethered. BuNZ BusN@”Br|  Ammonium salt here tethered on the porphyrin
3 \/(/\)50

Sakai, T. Chem. Commun., 2012, 48, 4489. https://doi.org/10.1039/C2CC30591G
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. . The
Expanding Beyond Poyphyrins s[AglLAH
Group
Nguyen, 2001: Cr''' Salen System Kleij, 2011: Zn" Salen System
Py * CO; (8 barr) + CO, (2 barr)
. + 100 C w/ DMAP « Room Temperature w/ NBu,|
S + Upto 916 TON « Up to quantitative yields by
{Bu 0/5 o {Bu * Up to quantitative yields by HNMR yields HNMR vyields
Cl * Solvent Free « Solvents Required
tBu tBu
Nguyen, S. J. Am. Chem. Soc. 2001, 123, 11498-11499. h_tt_ps://doi.org/lO.lOZl/'a0164677

Kleij, A. ChemCatChem, 2011, 3, 831-834. https://doi.org/10.1002/cctc.201100031

North, 2009: Bimetallic Aluminum Salen System and Mechanism Studies

* Up to 850 TON
Solvent Free

* CO, (1 barr)
+ Room Temperature w/ NBu,Br

Mechanistic studies were performed, and interestingly, the reaction was determined to be second order with respect
tBu tBu to the nucleophilic co-catalyst. This suggests that mechanistically, the co-catalyst is not only opening the activated

epoxide, but is likely performing an additional function. Close analysis of the reaction neat in propylene oxide as a
solvent revealed the formation of tributylamine over time.
decreased, so did catalytic activity. Upon restoration of more co-catalyst, the catalysis would restore. The authors
posit the following mechanistic mode for these salen systems:

Interestingly, as the amount of this tributylamine

Uﬁu ,Buﬁ
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North, M. Angew Chem Int. 2009, 48, 16, 2946-2948. https://doi.org/10.1002/anie.200805451
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Asymmetric Variations

Jing, 2016: Chiral Bifunctional lonic Liquids Jing, 2016: Co'"" Spiro-Salen System
_N:: N= « CO, (0.8 MPa)
Co * Room Temperature w/ TBAF co-
©
Cle o’ | Yo Oci catalyst
/::N oz N:\ * Up to 50% conversion, 68% highest
Meﬁe\)&/N\/ Bu Bu K/N\A(/wale ee
* Solvent Free
+ CO, (1.2 MPa) * Up to 50% yield, 50% highest ee
 Room Temperature <« Catalystis a chiral ionic liquid, no solvent
* Upto 497 TON needed
Jing, H. J. Molecular Catalysis. 2016, 411, 34-39. https://doi.org/10.1016/j.molcata.2015.10.008 Sakai, T. Chem. Commun., 2012, 48, 4489. https://doi.org/10.1039/C2CC30591G

Morsali, 2021: Zr MOF with Mn Porphyrin Catalvst Embedded for Exceptional ee
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o

1. PCN-224-Mn(tart), MeCN, - 2. PCN-224-Mn(tart), CO, (1 barr), o)Lo Can be run as individual or steps or

0, (1 atm), isobutylaldehyde % BuyNBr, 60 C S as a one pot procedure with no
S Vam > Vi noticeable drops in conversion or ee

R L R J R

Morsali, A. Inorg. Chem. 2021, 60, 1, 206—218. https://doi.org/10.1021/acs.inorgchem.0c02811
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Interesting Cases and Applications in Polymer Chem. TSth&!,j

Hu, 2004: ZnCl, Ligand-Free Variation

Kleij, 2013: Demonstrated the Application to Oxetanes

Hu, B. Tetrahedron. 2004, 45, 45, 8307-8310. https://doi.org/10.1016/].tetlet.2004.09.074

Kleij, A. 3. Am. Chem. Soc. 2013, 135, 4, 1228-1231.

o) Me

®,,98r o) cl cl

0,

i e K wensoroe o ||,
o » GO > N O CO,(10 barr) TBAI o o, cl
R/ solvent free - up to 99% yield > (>) R =H = 95% vield = 0-Al-g
R = alkyl, Aryl, R IR R = Me = 263/y eld R “
tolerates halogens and ethers Me - - o yi N cl

[BMIm]Br

https://doi.org/10.1021/ja311053h

Formation of Polycarbonates from oxiranes and CO,:

n

Coates, 1998: Zn 6-diiminate catalyst system

Nozaki, 2013: Fe-corrole catalyst

* M,=Number Average Molecular Weight
The statistical average MW of all the polymer
chains in a given sample.

« M, = Weight Average Molecular Weight
Takes into account the mol weight of a chain
in determining contributions to the molecular
weight average.

- M, /M, = Polydispersity
A measure of the heterogeneity of sizes of
molecules or particles in a mixture.
Coates, G.W. J. Am. Chem. Soc. 2003, 125,
11911-11924. https://doi.org/10.1021/ja030085e

Williams, C.K. Angew. Chem. Int. Ed. 2009, 48,
931-933. https://doi.org/10.1002/anie.200803896

Nozaki, K. J. Am. Chem. Soc. 2013, 135, 23,
8456—8459. https://doi.org/10.1021/ja4028633

Cyclic carbonate synthesis vis Ni and Pd porphyrins:

Hung, C. Dalton Trans 2019, 48, 7527.
https://doi.org/10.1039/C9DT00104B

Rox R + CO, (7 barr)
@[ Zn j@ « 50°C
NN  Up to 494 TON
Rue” X “pe R | © M, =255x10% M,/M, =11

Coates, G.W. J. Am. Chem. Soc. 1998, 120, (0]

* CO, (20 barr)

+ 60°C

+ TOF =1,004

M, = 29,000,
M,/M, =1.3

11018-11019. https://doi.org/10.1021/ja982601k

Williams, 2009: Dimetallic Zn system

« CO, (1barr) -
- 100°C .

Up to 527 TON

M, = 7,360, M,,/M, = 1.2 11008-11009. https

Me Me Ph
e
SN o,
N ' “zd “zn W
/zn\ Et \0/ \N’
tBu o, 0 tBu )’_O
Zn Ph
Nt Ph
« CO,(30barr) + Upto 74% ee
Me Me « 40°C * M, =12,000, M,/M, =1.3

Nozaki, K. J. Am. Chem. Soc. 1999, 121, 47,

://doi.org/10.1021/ja992433b
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Reductive Methylation and Formylation with CO,,

The
SLAH

Group

Cantat, 2013: iPrZnCl catalyzed methylation

iPrznCl (5 mol %), PhSiHj,
THF, CO,, 100 °C

10-67%, 10 examples,
R = aryl, benzylic, hydrazinyl

Y

Cantat, T. Chem. Sci. 2013, 4, 2127. https://doi.org/10.1039/C3SC22240C

Beller, 2013: [RuCl,(dmso),] catalyzed methylation

[RuCly(dmso),4 (2 mol %),
BuPAd, (4 mol %), PhSiH3,
PhMe, CO,, 100 °C

63-99%, 25 examples,
R = alkyl or aryl

\

Beller, M. Angew. Chem. Int. Ed. 2013, 52, 9568—
9571. https://doi.org/10.1002/anie.201301349

Cantat, 2014: Fe(acac), catalyzed Formylation or Methylation

o
Fe(acac), (5 mol %), PhSiH3, \
H THF, CO, (1 barr), RT
R-N » R-N
R 8 - >95%, 20+ examples, R
R = aryl, benzylic,
alkyl, iminyl, hydrazinyl

Cantat, T. Catal. Sci. Technol. 2014, 4

Fe(acac), (10 mol %),
PPh3 (5 mol%), THF,
CO, (1 barr), 100 °C

Y

51-84%,3 examples,
R = aryl

, 1529. https://doi.org/10.1039/C4CY00130C

Beller, 2013: hydrogen gas as a reductant

Ru(acac)z (1 mol %),
triphos (2 mol%), MSA (1.5 mol %),
THF, CO,, Hy, 140 °C

60-99%, 30+ examples,

Additional Miscellaneous Reports:

Garcia, 2015: [(dippe)Ni(u-H)], and [Ni(Cod),]/dcype catalyzed methylation
Garcia, J. Organometallics 2015, 34, 4, 763-769. https://doi.org/10.1021/om501176u
Kobayashi, 2016: Bis(tzNHC)Rh]OTf catalyzed methylation

R = aryl, benzylic, alkyl
Beller, M. Angew. Chem. Int. Ed. 2013, 52, 12156-12160. https://doi.org/10.1002/anie.201306850

Kobayashi, S. Adv. Synth. Catal. 2016, 358, 452 —458. https://doi.org/10.1002/adsc.201500875

He, 2018: Tungstate catalysis allowing for pressure switched methylation or formylation

KoWOy (7.5 mol %), PhSiH3,
~_ MeCN, CO; (1 barr), 70 °C

41-99%, 15 examples,
R = aryl, benzylic,
alkyl

KoWO, (7.5 mol %), PhSiHj,
THF, CO, (2 MPa), 70 °C

52-98%, 12 examples,
R = aryl, benzylic,
alkyl

He, L. Green Chem. 2018, 20, 1564 —

1570. https://doi.org/10.1039/C7GC03416D
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Mechanistic Look at Methylation and Formylation El—ggag

Cazin, 2015: Cu' NHC catalyzed methylation and formylation. Mechanistic Outline for M-H species

(NHC)CuOtBu
R-SiH Note: The metal hydride is
3 able to further reduce the
R.SIOB formamide generated,
e 5 slIOEE [Si]< affording the full 6 electron
Cu co R.SiH H R.SiH H reduced product.
‘OJ\H <«———2_  (NHC)CuH == 3=l > R._ )< A LN R. X
N H N H
| |
R R
: /Cu “NHC
o SNJ (o) (o)
. R R (NHC)CuH H
s, I —— r A ——— r
(@) H N H N H
| |
R R Cazin, J. DaltonTrans. 2015, 44, 18138-18144. https://doi.org/10.1039/C5DT03506F
Tungstate Formylation vs Methylation Mechanistic Rationale
. H
[Si] < N R R R R
(0] R- R N . N
. o _[SiHT [Si]< . [Si]
H— o IS = - ISl H7LH + )
Under Lower Pressure Conditions H H H
1 bar i (o)
( ) | , [SiOH] (O I-|| n o
[SiH] | [WO47] a Ph—Si-H  O-W-O
: 1 \—/I-II 8
o R” "R [WO,2]
co, —» s l
WO, [SiOH] 0 4
H H (.O-W-0
-7 ]
N. [SiH] —ail o)
R 'R [SiOH] R Ph S," "
Note: Does not ‘N-R O\C,I-'I
Under Higher Pressure Conditions 0 proceed farther via H7LN'R I
(2 Mpa) this intermediate as S o)
v )J\ -R confirmed by control R
I studies with the
formamide. He, L. Green Chem. 2018, 20, 1564 —1570. https://doi.ora/10.1039/C7GC03416D
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Oxidative Cyclometallations 5'-6&!3

Aresta, 1975: Oxanickelacyclopentene Formation and Reactivity:
R
(o]
(o] N R
O Ewe
(o]

cysP\N_ 4// EWG
1
Cy3P o
. Mez CO,H

The Aresta complex, depicted above, was
a landmark discovery for carboxylative Ni(cdt), TMEDA, COZ 3 —

chemistry. Isolating and characterizing Me ——Me > 0 N'\N > Me Me
this low valent nickel species would lay

the groundwork to inspire CO, e Me;
valorization for decades to come.
(0]
R COzH

Me Me 5—[
Aresta, M. Chem. Soc. Chem. Commun. 1975, 636—637.

https://doi.org/10.1039/C39750000636

Mori, 2002: Ring closing carboxylation Behr, 1983:

Ni(acac), (10 mol %)

/\/\/ PPh, (20 mol %), ZnR,,,

X CO,, 0°C

\/\/\ then CH,Ny, Et,O

56-94%, 8 examples,

Pd(acac), (0.06 mol %),
PPhs (0.18 mol %), PiPr3,
CO,, MeCN, 90 °C

/\/ ,
74 40%, 96% selectivity

Mori, M. J. Am. Chem. Soc. 2002, 124, 34, 10008—-10009. https://doi.org/10.1021/ja026620c
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Carboxylation Reactions with Boronic Esters siaglLAH

Group

lwasawa, 2006: Rh' catalyzed carboxylation of aryl and alkenyl boronic esters with CO,

[Rh(OH)(cod)] (3 mol%), Mechanism: (RO)ZB’O\H/Ar
B(OR) dppp or (p-OMe)dppp (7 mol%), COOH ArB(OR), o LnRh(l)
(ﬁ/ 2 CsF, CO,, dioxane, 60 °C (ﬁ/
R—.\A, 49-95%, 20+ examples R_'\;\f ArB(OR),
R R = alkyl, alkenyl, EDG, EWG, R .
e e vl protected amines/alcohols, LnRh transmetallation
. Mo
furans, thiophenes, SEIETE, B0 = LnRh/o\n/ Ar Ln-Rh-Ar
and indoles o
M [Rh(CI)(nbd)], (5 mol%), Ar
o M dppp or (p-OMe)dppp (10 mol%),
, /jL € CsF, CO,, dioxane, 60 °C _/_COOH
o B~ 7 ~r—/
RT X o 69-81%, 3 examples
R = alkyl, aryl
Iwasawa, N. J. Am. Chem. Soc. 2006, 128, 8706-8707. https://doi.org/10.1021/j2061232m co,

lwasawa, 2008: Cu'-catalyzed carboxylation

Hou, 2008: Cu'-NHC system

Me Cul (5 mol%),
L4 (6 mol%), CsF,
o M 1
é/jL e CO, DMF, 90°C COOH
~0 62-99%, 13 examples i
R R = alkyl, alkenyl, alkynes, R
R EDG, EWG, esters,
halides (Br, 1),

o M Cul (3 mol%), CsF,
e CO,, DMF, 90 °C COOH
I \/jL > R—//_

R1/\/B o 60-76%, 5 examples

Me [(IPr)CuCl] (1 mol%),
tBuOK, THF
O M ) ’
I € CO,, reflux ‘ TN COOH

TN B\0 73-99%, 25+ examples R X
R—.\/, R = alkyl, alkenyl, R
N\ EDG, EWG, esters,
all halides, nitro, epoxides

Also worked with furans, thiophenes, and indoles

Hou, Z. Angew. Chem. Int. Ed. 2008, 47, 5792-5795. https://doi.org/10.1002/anie.200801857

Sawamura, 2011: Cu' system for alkyl boranes

R R4 = alkyl, aryl
2 R, = H, phenyl
The authors note a number of substrates that were Bu Bu

compatible with the copper system that did not work

(0] (0]
with the rhodium system in the substrate scope. (Nitro <’, \\7
arenes, benzothiophenes, alkynl substitution, and R, N L N

1

substituted viny boronic esters)

lwasawa, N. Org. Lett. 2008, 10, 13, 2697—-2700. https://doi.org/10.1021/01800829q

CuOAc (3 mol%), tBuOK,
CO,, PhMe, 100 °C _/—COOH

R-B 32-79%, 10 examples
1 —
R4 = alkyl, aryl

Authors perform hydroboration followed by this reaction directly to
perform formal hydrocarboxylation of olefins

Sawamura, M. Org. Lett. 2011, 13, 1086—-1088. https://doi.org/10.1021/01103128x.
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Carboxylation Reactions with Boronic Esters & C-H Bonds ELG&!‘;!

Hou, 2011: Cu' NHC System for alkyl boronic esters

[(IPr)CuCI] (3 mol%), MeOLi, 00
CO,, THF, 70 °C H
o > R—/_
65-99%, 15 examples
R4 = alkyl, aryl with similar
aryl substitution as shown in
the previous Hou report

iPr

B
R1/\/

® .
iPr N/§| iPr
O NN
ci
0
iPr iPr
IPr-HCI

Mechanism of Cu-mediated Carboxylations:

[(IPr)CuCl]

le) le) MeOLi
H+
J o~ )-L Llle
(o} R R- B
[(IPr)Cu(OMe)]
Meou\)/'
Me
(IPr)Cu o

d
S

(PrI)Cu

Hou, Z. Angew. Chem. Int. Ed. 2011 50, 8114-8117. https://doi.org/10.1002/anie.201101769

Lu, 2012: Silver catalyed carboxylation of arylboronic esters
AgOAc (10 mol%), PPh,

0 Me CO,, THF, 70 °C
Ar—B » Ar—COOH
) Me 61-89%, 30+ examples

(0]
Ar = halogenated, EDG,
EWG, furanyl, thienyl

Lu, X. Chem. Commun. 2012, 48, 6292—6294. https://doi.org/10.1039/C2CC32045B

Lu, 2011: Silver catalyzed carboxylation of Terminal Alkynes

Agl (1 mol%), Cs,CO3,
CO,, DMF, 50 °C
R— » R——COOH
44-96%, 20+ examples
Ar = alkyl, aryl (e rich
or e poor)

Lu, X. Org. Lett. 2011, 13, 9, 2402—-2405. https://doi.org/10.1021/0l2006382

Zhang, 2010: Copper catalyed carboxylation of arylboronic esters Lange, 2010: Copper catalyed carboxylation of arylboronic esters

CuCl (5 mol%), L (10 mol%),
_ Cs,CO3, CO,, DMF, RT .
R—— » R———COOH
70-95%, 20+ examples
Ar = alkyl, aryl (e rich
or e poor)

NHC ligand is denoted as L13 in the paper
N,N,-tetramethylethylenediamine worked well for most of their
substrate scope

Zhang, Y. Proc. Natl Acad. Sci. USA 2010, 107, 20184-20189.
https://doi.org/10.1073/pnas.101096210

CuL (1 mol%), Cs,COs,
CO,, DMF, 50 °C

R— » R———COOH
62-99%, 15+ examples
Ar = alkyl, aryl (e rich Ph ~
or e poor) I
N
“Cu(PPhs),
N N/

Phenanthroline L |
Ph Z

Lange, P. Adv. Synth. Catal. 2010, 352, 2913-2917. https://doi.org/10.1002/adsc.201000564
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. . . The
Carboxylations into Aryl C-H and Benzylic C-H Bonds slAslLAH
Group
Nolan, 2010: Au NHC system for aryl C-H carboxylation Ar—H
L
N N : H,0O
[ S—coH [l D—con [ Y—co,H Ar—CO.K o8
[(IPR)AUOH] (3 mol %), KOH, o>_ Q_ N 2 OH
THF, CO; (1 barr), RT 89% 91% 69% Me
Ar—H - » Ar—CO,H cl Ve . L
61-96%, 20+ examples, CO,H A CO,H \ K | A|u
High regioselectivity for the most ﬁ'/j/ W\j: />—C02H A.” Ar
acidic C-H bond in the substrate. cl N7 NF N Ar_ O \/4
Use for C-H bond with pKa <30.3. 96% 80% 91%
Cco
Nolan, S. J. Am. Chem. Soc. 2010, 132, 26, 8858-8859. https://doi.org/10.1021/ja103429q 2
Nolan, 2010: Cu' NHC system for aryl C-H or N-H carboxylation
COOMe COOMe COOMe
N N N *Substrates
[(IPR)CUOH] (3 mol %), CsOH, ©[ D—Ar [ =0 JI > were methylated
THF, CO, (1 barr), RT N o gr” N to help get yields
Ar—H > Ar—CO,H Ar=p-F-C4H, - 93% 85% 88%
77-93%, 10 examples
CO,H
High regioselectivity for the most acidic C-H bond *Yields taken Ny B F F
. . CO,H »—Co,H
in the substrate. Use for C-H bond with pKa <27.3. directly as acid [0>_ 2 s>_ 2 i i
Nolan, S. Angew. Chem. Int. Ed. 2010, 49, 8674-8677. https://doi.org/10.1002/anie.201004153 77% 82% 69%

Murakami, 2019: Cu' NHC system for aryl C-H or N-H carboxylation

NiCl, 6H,0 (5 mol %),
(Z-Py)ZCHz (10 mol%),,
tBuOK, xanthone (25 mol%),

IS

AN H Ph, CO; (1 barr), RT, UV light (365 nm) AN CO.H

R—: . > R—: 2 Mechanistically, the reaction works by using the base and
= 30-81%, 10 examples, = xanthone as an initiator to generate a benzylic radical which can
. . form the depicted Ni' species. This species can then undergo CO,
Works best with electron rich arenes, but can insertion to form the nickel carboxylate, which can then incorporate

tolerate a few relatively electron poor substrates. CO, before being reduced back to Ni°.

Murakami, M. J. Am. Chem. Soc. 2019, 141, 50, 19611-19615. https://doi.org/10.1021/jacs.9b12529
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Carboxylations into Aryl, Alkenyl, and Alkyl Halides

LAH

Group

The
slas

Dong, 2008: Pd catalyzed Negishi-carboxylation

Pd(OAc), (10 mol%),
PCys3 (20 mol%), THF,

ZnB
X nBr CO,,0°C X XN COOH
RT = 73-97%, 12 examples RY —

R =EDG, EWG, CI, F
Dong, V. J. Am. Chem. Soc. 2008, 130, 25, 7826-7827.

[Ni(PCy3)2]2(N2) (10 mol%),
PCys3 (20 mol%), PhMe,
CO,,0°C

74-92%, 7 examples
R = aryl, alkyl

.COOH

’

_ZnBr
R

https://doi.org/10.1021/ja803435w

Martin, 2009: Pd catalyzed direct carboxylation of aryl bromides

Pd(OAc), (5 mol%),
(ﬁ/ Br
X

L (10 mol%), Et,Zn,
R

CO,, DMA/hexanes, 40 °C (ﬁ/COOH
R 40-82%, 19 examples R_'\?\/
R = alkyl, alkenyl, R
EDG, EWG, esters, Cl

Martin, R. J. Am. Chem. Soc. 2009, 131, 44, 15974-15975. https://doi.org/10.1021/ja905264a

Martin, 2013: Ni-catalyzed direct carboxylation of benzyl halides

Cl NiCl, glyme (10 mol%), COOH
PCp3 HBF4 (20 mol%), MgCl,,
o i X R CO, Zn,DMF RT R
L 20-79%, 20+ examples R U __

Martin, R. J. Am. Chem. Soc. 2013, 135, 4, 1221-1224. https://doi.org/10.1021/ja311045f

Tsuji, 2012: Ni catalyzed direct carboxylation of aryl and vinyl chlorides

NiCl,(PPhs), (5 mol%),
PPh3 (10 mol%), Mn,
CO,, DMI, Ef4NI, RT |

51-90%, 14 examples
R = EDG, EWG,
boronic esters

Aryl chlorides, bromides, and triflates all worked with this method.

Cl COOH

Y

NiBry(bpy) (5 mol%),
bpy (15 mol%), Mn,
CO,, DMI, Ef4NI, RT

52-77%, 3 examples
R = alkyl

R Cl R COOH

Y -1y

R
Tsuji, Y. J. Am. Chem. Soc. 2012, 134, 22, 9106-9109. https://doi.org/10.1021/ja303514b

Martin, 2014: Ni catalyzed direct carboxylation of aryl and vinyl chlorides

NiCl, (7 mol%),
L (10 mol%), Mn,
CO,, DMA, 80 C

55-78%, 10 + examples

OPiv COOH

PPh,
Fe
@' _ PPh,

OR CO,H
NiClo(PMe)s (10 mol%),

Mn, CO,, DMF, RT
46-83%, 15 + examples

X
R
g7

X
R
7

Ac, Bz, CONEt2, and COAd were all viable for the reaction

Martin, R. J. Am. Chem. Soc. 2014, 136, 3, 1062—-1069. https://doi.org/10.1021/ja410883p
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A Few Slides Dedicated to the Last 8 Years of Ruben Martin’s Work TShLAH

Group

Martin, 2014: Ni-catalyzed, ligand-controlled regiodivergent reductive carboxylation

> NiBry-glyme, L, Zn, NiBry-glyme, L, Mn,
DMA, Na,COs3, 40 °C R OAc DMF, MgCly, 40 °C R CO.H
R—~co,H < W > W ’
2 35-78%,12 examples, R

52-84%,12 examples, R
R = alkyl R = alkyl

Martin, R. J. Am. Chem. Soc. 2014, 136, 51, 17702-17705. https://doi.org/10.1021/ja509077a
Martin, 2015: Ni-catalyzed, divergent cyclization/carboxylation of unactivated primary and secondary alkyl halides with CO,
Ph Ph

R

Anti-Addition Favored Syn-Addition Favored

Me co, Me

R, NiBry-glyme (10 mol%), R NiBr,-glyme (10 mol%), R,
L (20 mol%), Mn, DMF, RT ) L (20 mol%), Mn, DMF, RT \
- Br >
COOH 46-86%,6 examples, " — R, 44-91%,19 examples, 1
R4 R, = aryl R, = alkyl, aryl, alkenyl, H HOOC
R, = alkyl, aryl R, = alkyl, aryl

Martin, R. J. Am. Chem. Soc. 2015, 137, 20, 6476-6479. https://doi.org/10.1021/jacs.5b03340

Martin, 2015: Ni-catalyzed, Hydrocarboxylation of Alkynes

CO,

Ar NiCl,-glyme (5 mol%), ROH

L (6 mol%), Mn, DMF, RT H COOH HOOC H Provides high selectivity for the opposite
| | N > — + >:< product metal hydride methods would

60-97%, 25 examples, Ar R Ar R afford.
R Not Observed
Martin, R. J. Am. Chem. Soc. 2015, 137, 28, 8924—8927. https://doi.org/10.1021/jacs.5b05513
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Ruben Martin’s Work Continued SiAsLAH

Martin, 2016: Ni-catalyzed carboxylation of C-N Bonds

%Me NiCl,-glyme (5 mol%),
3 L (26 mol%), Mn, DMF, 90 °C )\

~  Ar” "R

Ar R 50-93%, 25+ examples,

R = alkyl, H
Martin, R. Angew. Chem. Int. Ed. 2016, 55, 5053-
5057. https://doi.org/10.1002/anie.201600697

Martin, 2016: Ni-catalyzed carboxylation of unactivated alkyl chlorides

nBu Me

Works with primary,
secondary, or tertiary
alkyl chlorides

Me Cco, Me
cl NiCl,-glyme (10 mol%), TBAB CO,H
/\\ L (24 mol%), Mn, DMF, 60 °C /\\
R R R 41-85%, 25+ examples, R R R
R = alkyl, H

Martin, R J. Am. Chem. Soc. 2016, 138, 24, 7504—7507. https://doi.org/10.1021/jacs.6b04088

Martin, 2017: Ni-catalyzed, site-selective catalytic carboxylation of allylic alcohols

R, NiBry-glyme (10 mol%), MgCl,

~ L (26 mol%), Zn, DMF, 40 °C
R, CO,H —=
54-71%,12 examples,

Rs R = alkyl

Me Me
Me CO; Me
OH NiBr,-glyme (10 mol%), CaCl, CO,H
V L (26 mol%), Zn, DMF, NEt; 40 °C %\%
R2 > R2
R, 64-82%,12examples, R4
R3 R4/R;, = alkyl, H Rs
Rs= alkyl, H

Martin, R . Angew. Chem. Int. Ed. 2017, 56 (23), 6558-6562. https://doi.org/10.1002/anie.201702857

Martin, 2017: Catalytic intermolecular dicarbofunctionalization of styrenes

Radical Entity

t-Bu
co . .
R 2 HO.C Radical Entities:
1 Ir (1 mol%), DMF, blue LEDs, RT 2 + Sulfinates PE
=\ > R + Trifluoroborates 6
Ar R, 45-93%, 28 examples, T"Ar R, . oxalates
R4 = alkyl, H, aryl
R,= alkyl, H tBu
Martin, R. Angew. Chem. Int. Ed. 2017, 56 (36), 10915-10919. https://doi.org/10.1002/anie.201706263
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