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Impurities in Organometallic Reactions ς Early Examples

Avoiding False Positive Catalysis: Proper Controls

άaŜǘŀƭ-CǊŜŜέ /Ǌƻǎǎ-Coupling Reactions



Grignard Reagents

3
Cusa, N. W.; Kipping, F. S. J. Soc. Chem. Ind. 1934, 53, 213Tт214T.
Kharasch, M. S.; Tawney, P. O. J Am Chem Soc 1941, 63 (9), 2308т2316. 

CyMgBr Yield
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First definitive example of trace impurities affecting an 
organometallic reaction
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61.1%
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Mg from Europe (<1% impurities of C, Zn, Fe, Al)

Mg from USA (<1% impurities of Al, Si, Fe, Mn, Cu)

1,2 -Addition 1,4 -Addition

(Cusa, 1934)

(Kharasch, 1941)



Organolithium Reagents

Late 1950s ς Several chemists noticed their organolithium reactions suddenly stopped working

4
Stiles, M.; Mayer, R. P.  J. Am. Chem. Soc. 1959, 81 (6), 1497т1503. Wright, J. B.; Outsell, E. S. J. Am. Chem. Soc. 1959, 81 (19), 5193т5199. 
Beel, J. A.; Koch, W.; Tomasi, G. E.; Hermansen, D. E.; Fleetwood, P. J. Org. Chem. 1959, 24 (12), 2036т2038. 

Recently, Lithium Corporation of America had begun selling high-grade Li metal containing <0.005% Na

Addition of ~1% Na to lithium sand restored reactivity

New Reaction

Old Reaction

New Reaction

Old Reaction

(Stiles, 1959)

(Wright, 1959)

~0.05% Na

~0.05% Na

<0.005% Na

<0.005% Na



The Nickel Effect

5
Ziegler, K. H.; Gellert, G.; Holzkamp, E.; Wilke, G. Brennst. -Chem., 1954, 35, 321. Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, H. 1955, 67 (19т20), 541т547.
Fischer, K.; Jonas, K.; Misbach, P.; Stabba, R.; Wilke, G. Angew. Chem. 1973, 12, 943т953. 

"for their discoveries in the field of the 
chemistry and technology of high polymers"

Ziegler-Natta Catalyst (TiCl4/AlEt3)
Nobel Prize in Chemistry 1963

Karl ZieglerGiulio Natta

Inexplicable formation of 

1-butene as major product



Nozaki-Hiyama-Kishi Reaction

6
Takai, K.; Kimura, K.; Kuroda, T.; Hiyama, T.; Nozaki, H. Tetrahedron Lett. 1983, 24 (47), 5281т5284.  Jin, H.; Uenishi, J. I.; Christ, W. J.; Kishi, Y. J. Am. Chem. Soc. 1986, 108 (18), 5644т5646. 
Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, K.; Utimoto, K.; Nozaki, H. J. Am. Chem. Soc. 1986, 108 (19), 6048т6050.

Nozaki-Hiyama Reaction

Nozaki-Hiyama-Kishi Reaction

(0.02 equiv)



Zinc Carbenoid Reactions

7
Takai, K.; Hotta, Y.; Oshima, K.; Nozaki, H. Tetrahedron Lett 1978, 19 (27), 2417т2420. Organic Syntheses 1996, 73, 73. 
Okazoe, T.; Takai, K.; Oshima, K.; Utimoto, K. J. Org. Chem. 1987, 52 (19), 4410т4412. Takai, K.; Kakiuchi, T.; Kataoka, Y.; Utimoto, K. J. Org. Chem. 1994, 59 (10), 2668т2670. 

Zn from Japan (distilled): ~0.05 mol% Pb (XRF)

Zn from USA (electrolytic): No Pb (XRF)

Ketone Methylenation

CVCV

Ester Alkylidenenation

CV

(OrgSyn Checker)



Zinc Carbenoid Reactions

8Takai, K.; Kakiuchi, T.; Utimoto, K. J. Org. Chem. 1994, 59 (10), 2671т2673.

Pb-inhibition of Simmons-Smith reaction not fully understood
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άaŜǘŀƭ-CǊŜŜέ /Ǌƻǎǎ-Coupling Reactions



Transition Metal-Free Suzuki Coupling

10
Leadbeater, N. E.; Marco, M. Angew. Chem. Int. Ed. 2003, 42 (12), 1407т1409.
Arvela, R. K.; Leadbeater, N. E.; Sangi, M. S.; Williams, V. A.; Granados, P.; Singer, R. D. J. Org. Chem. 2005, 70 (1), 161т168.  

No Pd found in reaction mixture by ICP-AA (LOD = 0.1 ppm)

Ultrapure water  

2M aq. Na2CO3

2M aq. Ultrapure Na2CO3

0.24 ppb

20-50 ppb

0.21 ppb

[Pd] measured by ICP-MS (LOD < 1 ppb)

70%

TON > 1,000,000,000

<5%

90%

TON > 1,000,000

95%



άCŜ-/ŀǘŀƭȅȊŜŘέ !Ǌȅƭŀǘƛƻƴǎ

11
Buchwald, S. L.; Bolm, C.; Buchwald, S. L.; Bolm, C. Angew. Chem. Int. Ed. 2009, 48 (31), 5586т5587.
Larsson, P.-F.; Correa, A.; Carril, M.; Norrby, P.-O.; Bolm, C.; Larsson, P.; Norrby, P.; Correa, A.; Carril, M.; Bolm, C. Angew. Chem. Int. Ed. 2009, 48 (31), 5691т5693.  



Cu-Catalyzed* Sonogashira

12
Stephens, R. D.; Castro, C. E. J. Org. Chem. 1963, 28 (12), 3313т3315. Li, J. H.; Li, J. L.; Wang, D. P.; Pi, S. F.; Xie, Y. X.; Zhang, M. B.; Hu, X. C. J. Org. Chem. 2007, 72 (6), 2053т2057.
Li, J.-H.; Liu, W.-J. Org.Lett. 2004, 6, 2809

 

Castro-Stephens Coupling

98% metal)a

a 10 mol % CuI (98% metal) contains trace Pd equivalent to 0.0007 mol% by ICP-AES

4

A very similar system operates with ppm Pd catalysté

Do you agree with the validity of 

these control experiments?



Cu-Catalyzed* Sonogashira

13Zuidema, E.; Bolm, C. Chemistry ш A European Journal 2010, 16 (14), 4181т4185. 

Å From 99.995% pure CuCl2,     

>99% pure DMEDA,     

HPLC-grade solvents

Å ICP-MS: 4 ppb Pd

ω Dioxane

 ֙Toluene



Cu-Catalyzed* Sonogashira

14Zuidema, E.; Bolm, C. Chemistry ш A European Journal 2010, 16 (14), 4181т4185. 



Reanalysis: Cu-Catalyzed* Sonogashira

15Gonda, Z.; Tolnai, G. L.; Novák, Z. Chemistry ш A European Journal 2010, 16 (39), 11822т11826. 

Å Addition of 2 equiv of K2CO3 containing 2.4 ng/g Pd 
increases Pd concentration by 6 ppb (mol).

Å Addition of 2.5 mol% of Cu complex containing 6 ng/g Pd 
increases Pd concentration by 1 ppb (mol).



Reanalysis: Cu-Catalyzed* Sonogashira

16

0; 1 ppb

10 ppb

100 ppb

1,000 ppb

10,000 ppb

0 mol%

30 mol%

Gonda, Z.; Tolnai, G. L.; Novák, Z. Chemistry ш A European Journal 2010, 16 (39), 11822т11826. 



Reanalysis: Cu-Catalyzed* Sonogashira

17

30 mol% + 10ppb Pd

30 mol%

15 mol%

60 mol%

15 mol%

30 mol%
60 mol%

Gonda, Z.; Tolnai, G. L.; Novák, Z. Chemistry ш A European Journal 2010, 16 (39), 11822т11826. 



Reanalysis: Cu-Catalyzed* Sonogashira

18

Is there any convincing evidence of a Cu-

catalyzed Sonogashira reaction?

Gonda, Z.; Tolnai, G. L.; Novák, Z. Chemistry ш A European Journal 2010, 16 (39), 11822т11826. 



Au-Catalyzed Sonogashira

19
González-Arellano, C.; Corma, A.; Iglesias, M.; Sánchez, F. J Catal 2006, 238 (2), 497т501. 

No homocoupled product detected for AuI catalysts
AuIII yielded exclusively homocoupled product
5 mol% Au/CeO2 yielded 89% desired product
Colloidal gold yielded <6% conversion



Refutation: Au-Catalyzed Sonogashira

20
Lauterbach, T.; Livendahl, M.; Rosellón, A.; Espinet, P.; Echavarren, A. M. Org Lett 2010, 12 (13), 3006т3009. 

100%

Å Irreproducible results from published Au-catalyzed couplings

Å Oxidative addition barrier is much too high (>31 kcal/mol)

Å Most Au compounds contain trace Pd

Å Conclusion: Au cannot catalyze Sonogashira alone



Rebuttal: Au-Catalyzed Sonogashira

21
Corma, A.; Juárez, R.; Boronat, M.; Sánchez, F.; Iglesias, M.; García, H. Chemical Communications 2011, 47 (5), 1446т1448. 

Å Homogeneous AuI catalysts may form catalytically 

active Au nanoparticles after extended heating

Å Oxidative addition barrier is lower with Au cluster

Å Pd content of Au catalyst was shown to be inactive

Å Conclusion: Au nanoparticles are a true catalyst for 

Shonogashira coupling
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άaŜǘŀƭ-CǊŜŜέ /Ǌƻǎǎ-Coupling Reactions



ά!ƳƛƴŜ-/ŀǘŀƭȅȊŜŘέ {ǳȊǳƪƛ /ƻǳǇƭƛƴƎ

23
Xu, L.; Liu, F. Y.; Zhang, Q.; Chang, W. J.; Liu, Z. L.; Lv, Y.; Yu, H. Z.; Xu, J.; Dai, J. J.; Xu, H. J. Nature Catalysis 2021 4:1 2021, 4 (1), 71т78. 

Å Crude product filtered through silica plug, then chromatographed
Å <1 ppb Pd by ICP-MS
Å Catalyst treated with Pd scavenger showed no reduction in catalytic activity



ά!ƳƛƴŜ-/ŀǘŀƭȅȊŜŘέ wŜŀǎǎŜǎǎƳŜƴǘ

24
Novák, Z.; Adamik, R.; Csenki, J. T.; Béke, F.; Gavaldik, R.; Varga, B.; Nagy, B.; May, Z.; Daru, J.; Gonda, Z.; Tolnai, G. L. Nature Catalysis 2021, 4 (12), 991т993. 

Pd Fluorescent Probe



Organocatalytic Aryl-H Coupling

25
Sun, C. L.; Li, H.; Yu, D. G.; Yu, M.; Zhou, X.; Lu, X. Y.; Huang, K.; Zheng, S. F.; Li, B. J.; Shi, Z. J. Nature Chemistry 2010, 2 (12), 1044т1049. 

Testing rate order in different transition metals



Organocatalytic Aryl-H Coupling

26

Screen for transition metal-catalyzed cross-coupling activity Test for radical intermediates

Å Repeated reactions with sublimed KOt-Bu and alternative commercial 
sources of KOt-Bu and phenanthroline

Å Repeated reactions in new glassware
Å Replicated results in other labs
Å Conclusion: Genuine organocatalytic Aryl-H coupling reaction

Sun, C. L.; Li, H.; Yu, D. G.; Yu, M.; Zhou, X.; Lu, X. Y.; Huang, K.; Zheng, S. F.; Li, B. J.; Shi, Z. J. Nature Chemistry 2010, 2 (12), 1044т1049. 



Catalyst-Free Radical Initiation

27

Å Unprecedented apparent initiator and photocatalyst-
free Giese radical addition

Å Reaction persists in new glassware/stir bars and with 
high-purity reagents

Å Authors still suspected trace contamination by Fe or Ce

Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu, P. Journal of Organic Chemistry 2024, 89 (6), 4156т4164. 



Mechanistic Investigation

28

Likely Cl radical intermediate

bƻ ǎƛƎƴƛŦƛŎŀƴǘ ¢a ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƛƴ ǊŜŀƎŜƴǘǎΧ

but Fe and Cu contamination appear upon 
combining reagents in reaction vessel

Reproducible activity 
from trace Fe

No apparent effect of 
reaction vessel material

Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu, P. Journal of Organic Chemistry 2024, 89 (6), 4156т4164. 



Mechanistic Investigation

29
Huang, Y.; Wang, M.; Liu, W.; Wu, Q.; Hu, P. Journal of Organic Chemistry 2024, 89 (6), 4156т4164. 
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Cu-Catalyzed* Sonogashira

31Gonda, Z.; Tolnai, G. L.; Novák, Z. Chemistry ш A European Journal 2010, 16 (39), 11822т11826. 


