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Abstract: A widely appreciated principle is that all reactions are fundamentally reversible. 11 

Observing reversible transition metal-catalyzed reactions, particularly those that include the 12 

cleavage of C–C bonds, are more challenging. The development of the palladium- and nickel-13 

catalyzed carboiodination reactions afforded access to the syn- and anti-diastereomers of the 14 

iodo-dihydroisoquinolone products. Using these substrates, an extensive study investigating the 15 

catalytic reversibility of the C–C bond formation using a different palladium catalyst was 16 

undertaken. A combination of experimental and computational studies led to the discovery of a 17 

variety of new methodologies and concepts key to understanding the process of reversible C–C 18 

bond formations. 19 

Main Text: A fundamental tenant of chemical reactivity is that reactions are reversible. Classic 20 

organic transformations, illustrated by the Diels-Alder reaction1–3 and the aldol condensation,4–6 21 

have been thoroughly studied in both the forward and reverse directions. Transition metal-22 

catalyzed processes, such as β-hydride elimination, or its microscopic reverse hydrometallation 23 

process, have been widely studied.7–10 A thorough investigation of these fundamental steps where 24 

a C–H bond is made or broken has been enabled, in part, by easily designed kinetic isotope 25 

experiments involving deuterated substrates.7–10 Analogous transformations involving carbon have 26 

garnered less attention due to their increased rarity as the systems to interrogate this process 27 

difficult to design. Migratory insertion involving C–C bond formation is a key step in many 28 

transition metal-catalyzed transformations, including the Mizoroki-Heck reaction. Examples of the 29 

microscopic reverse process, β-carbon elimination, have been reported in the literature;11–15 30 

however, most have been observed when key structural elements are present (Scheme 1). The most 31 

prevalent β-carbon eliminations are driven by release of ring strain.16–20 The most common 32 

examples of this are when  cyclic alcohols are used to form metal homoenolate nucleophiles 33 

(Scheme 1a).16 The relief of steric strain via a β-carbon elimination, as seen in the Catellani 34 

reaction, rely on the build-up of increasing steric encumbrance during the course of the reaction 35 

(Scheme 1b).17,21,22 Other strategies to enable β-carbon eliminations rely on the formation of a 36 

strong π-bond (Scheme 1c).17,19,23–29 These biased systems make it difficult to study the effects of 37 

different parameters on the β-carbon elimination process, and thus an unbiased system would not 38 

only be conceptually novel, but allow for the examination of other parameters on reversible C–C 39 

bond cleavage. In this work, we have identified a substrate that enables insight into the β-carbon 40 

elimination, a concept that to our knowledge has not been explored. Furthermore, isotopically 41 
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enriched heavy atoms are not required. A reversible process has been found that offers an optimal 42 

starting point for further studies in this important reaction manifold (Scheme 1d). 43 

 44 

In 2010, we identified reversible oxidative addition into C–Br bonds as part of a synthetically 45 

useful catalytic cycle30 and utilized this process in the development of a carbohalogenation reaction 46 

catalyzed by palladium.31,32 The carbohalogenation reaction enables the transfer of an aryl-iodide 47 

across a tethered π-bond with formation of a new C–I bond using a Pd(0) precatalyst and sterically 48 

hindered phosphine ligands. This cycloisomerization reaction proved to be quite general as both 49 

the palladium- and nickel-catalyzed carboiodination provided access to a variety of structurally 50 

diverse compounds.32,33,42–44,34–41 In particular, in 2014 we reported the palladium-catalyzed 51 

carboiodination reaction to generate syn iodo-dihydroisoquinolones37 and in 2019 reported the 52 

nickel catalyzed variant which gave access to the corresponding anti-iodo-dihydroisoquinolones.41 53 

With access to both the anti- and syn- diastereomers of the iodinated compounds, we had an ideal 54 

opportunity to investigate the reversibility of the carbohalogenation process.  55 

By subjecting the anti-diastereomer formed in the nickel-catalyzed carboiodination reaction to a 56 

palladium catalyst incapable of performing the C–I reductive elimination,45 we identified a 57 

palladium-catalyzed β-carbon elimination, cleaving the unstrained 6-membered ring containing an 58 

all-carbon quaternary stereocenter, followed by reformation of the same C–C bond with the 59 

stereochemistry observed in the palladium-catalyzed process. Herein, we describe our studies that 60 

shed light on mechanism of this reaction involving a catalytically reversible β-carbon elimination 61 

and outline new stereoelectronic factors for this β-carbon elimination process supported by 62 

experimental and computational evidence. In addition, we developed an efficient catalytic strategy 63 

for the diastereoconvergent formation of indenodihydroisoquinolones via a palladium-catalyzed 64 

net epimerization arising from reversible C–C bond formation followed by C–H activation. The 65 

products could be obtained as a single diastereomer in up to 95% yield when starting from a 1:1 66 

mixture of diastereomeric starting materials and 94% yield when starting with only the anti-67 

diastereomer. 68 

The anti-diastereomer anti-1a, arising from a nickel-catalyzed carboiodination reaction, was 69 

subjected to Pd(PPh3)4 (30 mol%), K2CO3 (4 equiv.) in toluene (0.07 M) at 120 °C for 24 h, 70 

yielding the syn tetracyclic product in 45% yield (Scheme 2a), with the majority of the mass 71 

balance being the protodemetalated product, 3a. X-ray crystallography unambiguously confirmed 72 

that the stereochemistry of the quaternary center was opposite to that of the starting material. When 73 

subjecting lin-1a to the same reaction conditions, the product was obtained in a slightly increased 74 

yield of 55% when compared to anti-1a, accompanied by a reduced yield of the protodemetalated 75 

side product. When employing syn-1a; the product generated from a palladium-catalyzed 76 

carboiodination reaction, the same syn-product was obtained in the highest yield of 79%, with 77 

<10% of the protodemetalated intermediate. 78 

 79 

 80 

 81 

 82 

 83 
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Scheme 1. Classic Examples of β-carbon elimination and Our Work 84 

 85 

 86 

 87 

These results are in agreement with the proposed β-carbon elimination pathway (Scheme 2d), as a 88 

higher yield of product was observed when starting from a later point along the proposed catalytic 89 

cycle. 90 

We speculated that the transformation initiates via an oxidative addition of the palladium(0) 91 

catalyst to the neopentyl iodide, followed by a β-carbon elimination, which yields an aryl 92 

palladium(II) intermediate. We had previously documented that this Ar–Pd(II)–X species has a 93 

high propensity to undergo cyclization with  syn-diastereoselectivity.37,46,47 Following the β-carbon 94 

elimination, the resulting palladium(II) complex could isomerize from one face of the olefin to the 95 

other through a dissociative mechanism, which allows for the subsequent migratory insertion 96 

process. This sequence results in the cleavage and reformation of an all-carbon quaternary center, 97 

however with opposite diastereoselectivity. The resulting neopentyl palladium species is poised to 98 

undergo a C–H activation and reductive elimination of the pendant aromatic ring, generating the 99 

tetracyclic indenodihydroisoquinolone structure. We speculated that the anti-diastereomer would 100 

not undergo C–H activation of the pendant aromatic ring due to the resulting strain of the anti 6-5 101 

fused ring system and by employing a ligand (PPh3) that has been previously shown to be incapable 102 

of C–I reductive elimination with palladium, we could study a β-carbon elimination process. 103 
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Scheme 2. Initial Results and Proposed Mechanism104 

 105 

 106 

A series of experiments were designed to determine if a β-carbon elimination was the likely path. 107 

We hypothesized two alternative mechanisms could be operative in this process. The first involved 108 

a 1,3-palladium shift. Following oxidative addition to the neopentyl iodide, the palladium catalyst 109 

could undergo a C–H activation-protodemetallation sequence, forming the syn diastereomer. 110 

Subsequent C–H activation-reductive elimination would afford the product. Palladium-migrations 111 
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between two-carbons via a C–H activation have been reported in the literature,48–50 and in these 112 

substrates, both would converge to the syn-neopentyl palladium species. A second mechanism 113 

leading to isomerization would occur via an epimerization at the other stereocenter containing the 114 

pendant aromatic ring. This epimerization would also allow for the generation of the syn-115 

diastereomer, however it would lead to the enantiomeric product. 116 

 117 

 118 

Scheme 3. Mechanistic Studies Probing Alternative Pathways  119 

 120 

 121 

To probe the 1,3-palladium shift mechanism, we studied an analogous substrate bearing an ethyl 122 

group (Scheme 3a). We could envision 3 possible outcomes: an alkenyl derived product stemming 123 

from a 1,3-palladium shift and subsequent β-hydride elimination, a tetracyclic product bearing a 124 

methyl group where the previous diastereotopic methylenewould have been, or complete inhibition 125 

of the reaction. We observed the expected product of the β-carbon elimination cascade (2b) as the 126 

major product, in a yield of 73% from anti-1b, and 82% yield from syn-1b, using only 10 mol % 127 

catalyst, supporting that the reaction does not proceed via a 1,3-palladium shift. 128 

 129 
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To exclude the possibility of an aryl epimerization, we employed the enantioenriched starting 130 

material anti-1c, prepared from the corresponding aryl iodide lin-1c with the same absolute 131 

stereochemistry (Scheme 3b). If the anti-product was undergoing epimerization rather than retro-132 

carbopalladation, we would have expected to isolate the enantiomer of the final product. 133 

Subjecting both substrates separately to the reaction conditions gave the identical enantiomer, 2c, 134 

with no degradation in enantioselectivity. This result supports that stereocenter undergoing the 135 

epimerization was the quaternary all-carbon stereocenter.   136 

 137 

We then turned to density functional theory (DFT) to study the energetic landscape of this reaction 138 

(Scheme 4a, see supporting information for computational details). We began our investigation 139 

from the palladium oxidative addition complex, 1. Initial displacement of one of the PPh3 ligands 140 

by the aromatic backbone provides intermediate 2; subsequent β-carbon elimination (TS 2-3, ΔG≠ 141 

= 35.7 kcal mol-1) from this intermediate led to the formation of the olefin-coordinated palladium 142 

complex 3. Notably, this process is endergonic by 26.5 kcal mol-1, consistent with our hypothesis 143 

that this step does not have a thermodynamic driving force and should be reversible. Subsequent 144 

decoordination of the si face of the alkene from complex 3 followed by coordination of the re face 145 

of the alkene leads to aryl palladium complex, 4. Migratory insertion of this complex (TS 4-5, ΔG‡
 146 

= 8.3 kcal mol-1) leads to the formation of the syn neopentyl palladium complex, 5. It is interesting 147 

to highlight that palladium complex, 5, is more stable than 1 (ΔGanti/syn = -5.2 kcal mol-1). Ligand 148 

exchange from 5 leads to the carbonate complex, 6, which undergoes a C–H activation via an inner 149 

sphere concerted metalation deprotonation mechanism (TS 6-7, ΔG‡ = 33.2 kcal mol-1) to form 150 

palladacycle, 7. Reductive elimination (TS 7-8, ΔG‡ = 15.7 kcal mol-1) leads to the formation of 151 

the syn indenodihydroisoquinolone and reforms the active palladium catalyst. The driving force 152 

for this process is the irreversible C–C bond reductive elimination (ΔG = -41.6 kcal mol-1), which 153 

funnels complex 3 toward the desired product. 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 
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Scheme 4. Density Functional Theory (DFT) Analysis of the Reaction 169 

 170 

 171 
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 172 

 173 

Although the anti-indenodihydroisoquinolone was never observed experimentally, we 174 

investigated the energetics of an anti C–H activation leading to this product (Scheme 4b). 175 

Formation of the carbonate complex, 9, from 1 is exergonic by 12.9 kcal mol-1. The C–H activation 176 

process leading to the anti-palladacycle, 10, was computed to have an activation barrier of 45.4 177 

kcal mol-1. A comparison of the β-carbon elimination transition state, TS 2-3, with the anti C–H 178 

activation transition state, TS 9-10, reveals a ΔΔG‡ = 9.7 kcal mol-1, consistent with experimental 179 

observations.   180 

 181 

The nickel-catalyzed carboiodination of lin-1b yielded a ~1:1 mixture of each of the diastereomers 182 

for the substrate bearing an ethyl group at the R1 position. We set out to explore the opportunity to 183 

perform a unique convergence of the syn- and anti- diastereomers (Scheme 5a). By accessing the 184 

same catalytic cycle from different starting points, we were able to take a variety of syn- and anti- 185 

iodo-dihydroisoquinolones and selectively obtain the syn-indenodihydroisoquinolone product 186 

using 10 mol % of the palladium catalyst. Cs2CO3 was also found to give slightly better yields 187 

with these substrates.  The presence of an ethyl group at the R1 position generally gave better 188 

conversion than the methyl counterpart, with a significantly decreased amount of 189 

protodemetallation being observed. The substrate bearing an electron-deficient p-CF3 group gave 190 

the product in 95% yield, as compared to the analogous substrate containing a methyl group which 191 

afforded the product in 58% yield using 30 mol % catalyst. Access to a key intermediate at a third 192 

point of the catalytic cycle was also achieved, namely from the linear aryl iodide starting material 193 

(Scheme 5b). When a 1:1:1 mixture of lin-1b, syn-1b, and anti-1b were subjected to the reaction 194 

conditions, the syn-indenoisoquinoline was obtained in 71% yield. 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 
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Scheme 5. Substrate Scope from Multiple Access Points  210 

 211 

a) Reaction was run with 30 mol% catalyst 212 

 213 

 214 

 215 
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Reactions using the anti-diastereomer typically gave slightly diminished yield when compared to 216 

the 1:1 mixture, which is likely due to the greater efficiency of the syn-isomer going to the product 217 

(Scheme 5c).  Generally, electron-deficient substrates outperformed the electron-rich ones. The p- 218 

and m-CF3 substrates gave the product in the highest yields (94% and 86% respectively). Even for 219 

substrates containing a methyl group at the R1 position, incorporating a p-CF3 group on the 220 

molecule resulted in full conversion of the starting material at only 10 mol % catalyst. The desired 221 

product was obtained in 47% yield and the remaining mass balance was the protodemetalation 222 

product. In comparison, the parent aryl substrate containing a methyl group gave 13% product and 223 

58% of the protodemetalation with ~30% unreacted starting material at 10 mol % catalyst. 224 

Unfortunately, it was not possible to explore the reactivity of electron-rich substrates, as the nickel-225 

carboiodination reaction failed to yield these parent compounds. 226 

 227 

 228 

Given the impressive results with the p-CF3 substrate described above, we hypothesized that the 229 

electron-withdrawing group may positively influence the β-carbon elimination process. Typically, 230 

the efficiency of β-carbon elimination is thought to be due to thermodynamic factors, such as relief 231 

of ring strain or extrusion of stable molecules such as a nitrile or carbonyl group, but the effect of 232 

electronic parameters is less understood. We examined the effect of para substitution on the β-233 

carbon elimination using DFT (Scheme 6a). We found that the coordination of the aromatic ring 234 

to the palladium center was favoured when the substitution in the ring was electron-donating (ΔG 235 

= 4.8 kcal mol-1 when R = OMe and ΔG = 7.4 kcal mol-1 when R = CF3). The inverse effect was 236 

observed in the β-carbon elimination transition state, where the electron-withdrawing CF3 group 237 

lowered the activation barrier by 1.1 kcal mol-1 when compared to the unsubstituted substrate. We 238 

hypothesize the improved yields using these substrates arises because the rate of the reaction 239 

becomes faster than the off-cycle protodemetalation. Comparatively, the electron-donating OMe 240 

group raised the activation barrier by 0.8 kcal mol-1. We hypothesize that the electron-withdrawing 241 

group may stabilize the build-up of partial negative charge on the ipso carbon in the transition 242 

state.  Notably, the C–C bond distance in p-OMe-TS 2-3 is 2.29 Å compared to 2.18 Å for p-CF3-243 

TS 2-3 and 2.20 Å for TS 2-3, suggesting a later transition state when electron-donating groups 244 

are present on the aromatic backbone.  245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 
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Scheme 6. DFT Analysis of the Electronic and Steric Trends of the Reaction 256 

 257 

 258 
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The origins behind the increased efficiency of substrates bearing an ethyl group at the R1 position 259 

was investigated via DFT (Scheme 6b). It is possible the impact of the ethyl group arises through 260 

decreasing the barrier for the β-carbon elimination process by relieving increased steric strain. 261 

Alternatively, the intermediate palladium oxidative addition complex could have improved 262 

stability toward protodemetalation. Computational studies revealed that coordination of the 263 

aromatic ring to the palladium center required more energy for ethyl group system compared to 264 

that of the methyl (ΔG = 8.8 kcal mol-1 compared to ΔG = 5.7 kcal mol-1). Interestingly, our 265 

analysis revealed that the activation energy for the β-carbon elimination transition state was 266 

lowered for R1 = Et (ΔG‡ = 32.6 kcal mol-1 for R = Et and ΔG≠ = 35.7 kcal mol-1 for R = Me). 267 

Based on these results, we suggest that there is an increased level of steric build-up that is relieved 268 

upon β-carbon elimination when R = Et. We suspect that off-cycle pathways leading to 269 

protodemetalation are negligible due to this rate enhancement.  270 

Conclusion 271 

The use of nickel- and palladium-catalyzed carbohalogenation methodologies provided an ideal 272 

system on which to investigate metal catalyzed β-carbon elimination. From a synthetic perspective, 273 

mixtures of isomeric starting materials can be funneled into a single product bearing an all-carbon 274 

quaternary stereocenter through a diastereoconvergent process. Computational and experimental 275 

analyses revealed that the lifetime of the intermediate palladium oxidative addition complex, as 276 

well as the presence of electron-withdrawing groups, were instrumental in the success of the 277 

reaction. Identifying a mechanistic pathway that has not traditionally been accessible is the most 278 

interesting of the findings and opens the door to searching for other examples in diverse substrates 279 

and other catalysts. 280 
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