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1. Introduction 

The oxidative addition of phenol derivatives at Ni(0) is a 
fundamental step of numerous Ni-catalyzed cross coupling 
reactions including Suzuki,1–35 Kumada,1,36–47 Negishi,48–50 
Heck,51–53 and direct arylations.54–58 In these cross couplings, 
nickel is often supported by phosphine ligands. One of the most 
commonly used phosphines is the bulky monodentate ligand 
tricyclohexylphosphine (PCy3), but other highly active systems 
utilize bidentate ligands. In the latter cases, it is almost certain that 
nickel is bis-phosphine-ligated during oxidative addition. 
However, when ligands like PCy3 are used, the number of 
phosphines on nickel during this elementary step is not well-
established. Correctly modeling nickel’s ligation state during 
oxidative addition is expected to be important for predicting the 
outcome of Ni-catalyzed cross coupling, especially in situations 
where selectivity between two or more electrophiles is concerned. 
Indeed, ligation state is known to have a dramatic influence on the 
selectivity of analogous oxidative additions at Pd(0).59–61  

Previous studies on the mechanism of oxidative addition of C—
O bonds at Ni(0) in the presence of bulky monodentate phosphines 
are limited. Experimental mechanistic studies are hampered by the 
unavailability of stable Ni(0)[P(alkyl)3]n complexes.62 Several 
DFT studies have been reported,20,63–70 but only a few explicitly 
consider both mono- and bis-phosphine ligated transition states 
(TSs). At least three studies predicted that oxidative addition of 
aryl acetates, sulfamates, carbamates, and phosphates proceeds 
preferentially through a NiL—not a NiL2—TS.20,63,64 However, 
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dispersion71 was not considered in these calculations.72 In contrast, 
another study examined the oxidative addition of 
methoxynaphthalene using dispersion-containing DFT (BP86-
D3); in this case, a NiL2 TS was predicted to be favored over the 
NiL analog.68 On first consideration, these conflicting results 
might be attributed to a difference in electrophiles. However, 
dispersion has repeatedly been shown to play an important role in 
describing the potential energy surface of reactions involving 
transition metal catalysts, especially when bulky ligands are 
involved.73–80 As such, it is possible that the use of dispersion-
containing versus dispersion-free DFT could generally lead to 
different conclusions about nickel’s ligation state during oxidative 
addition.  

Here we compare dispersion-containing and dispersion-free 
DFT methods for evaluating nickel’s ligation state during 
oxidative addition of C—O bonds with both bulky (PCy3, PtBu3) 
and small (PMe3) phosphines.  

2. Results and Discussion 

2.1. Computational studies with Ni(PCy3)n and phenyl sulfamate 

The oxidative addition of phenyl sulfamate 1 at Ni(PCy3) and 
Ni(PCy3)2 was studied using DFT methods with and without 
dispersion. Geometries were optimized in the gas phase using 
either B3LYP81–83/BS1 (no dispersion; see Computational 
Methods for basis set details) or M06L84/BS1 (dispersion-
containing). 
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Both of these functionals are popular for the study of group 10 
organometallic compounds.85 Energies were further refined by 
single-point calculations on the optimized geometries using 
dispersion-containing (M06,86 M06L, B97XD,87 B3LYP-
D3BJ88,89) or dispersion-free (B3LYP, PBE090) functionals in 
combination with a large basis set (BS2). In some cases, implicit 
solvent effects were modeled using the CPCM method 
(tetrahydrofuran). The conformational complexity of PCy3-
bearing complexes was considered (see Computational Methods).  

Fig. 1 depicts the predicted free energies associated with the 
reaction of Ni(cod)2 with 1 and PCy3. Geometries and energies 
were calculated using either dispersion-free (B3LYP, A) or 
dispersion-containing methods (M06L, B), and final energies were 
calculated with implicit THF (CPCM). Consistent with previous 
reports,20,63,64 the dispersion-free method predicts that a NiL2 
pathway is prohibitively high in energy (Fig. 1A, black line, 
TS3abis3), and oxidative addition proceeds through an mono-
phosphine-ligated TS (TS3amono5–O, blue line). However, the use 
of dispersion (Fig. 1B) predicts the opposite: a bis-phosphine-
ligated TS (TS3abis3) is favored by about 5 kcal mol-1 over the 
analogous NiL structure TS3amono5–N.  

Differences among the calculated transition structures highlight 
the role of dispersion on geometry optimizations (Fig. 2). With 
M06L, two types of bis-phosphine ligated transition structures can 
be located. One is a 5-centered TS involving interaction of an S=O 
oxygen with Ni (TS3abis5–O).91 The other resembles a 3-centered 
oxidative addition TS (TS3abis3), but the NiO distance is long 
(2.92 Å) and the single imaginary frequency corresponds to 
dissociation of the sulfamate anion away from [(PCy3)2NiPh]. IRC 
calculations on a smaller model system also suggest that there is 
little interaction between Ni and O in this TS: this NiO distance 
initially elongates along the IRC after the TS (see Supporting 
Information for details). As such, TS3abis3 more closely resembles 
an SNAr mechanism for oxidative addition.92 Consistent with 
increased charge separation in TS3abis3, this TS is higher energy 
than TS3abis5 in the gas phase (23.8 vs. 20.0 kcal mol-1), but 
slightly more stable in THF (19.1 v.s 19.3 kcal mol-1). A similar 
trend is calculated with a tosylate leaving group (see Supporting 
Information). With B3LYP, only the SNAr-type TS (TS3abis3) can 
be located: apparently, a 5-centered TS is too sterically crowded 
when London dispersion forces are ignored. The phosphine 
ligands are closer to Ni in the NiL2 transition structures calculated 

with M06L than with B3LYP because M06L accounts for 
attractive van der Waals interactions. With a single PCy3 ligand, 
M06L predicts that a 5-centered TS involving a NiN interaction 
(TS3amono5–N) is lower energy than one involving a NiO 
interaction. Conversely, B3LYP favors a NiO interaction 
(TS3amono5–O), likely because nitrogen is more sterically hindered 
than oxygen. 

 

We next considered the role of solvent and the use of other 
functionals on the predicted preference for mono- vs. bis-ligation. 
As illustrated in Fig. 3, the calculated free energy difference 
between NiL2 and NiL transition structures is largely independent 
of solvent for both dispersion-free and dispersion-containing 
methods (compare entry 1 with 2, and entry 5 with 6). Regardless 

Fig. 1. Calculated reaction pathway for oxidative addition of phenyl sulfamate 1 at Ni(PCy3)n (n = 1 or 2) using (A) a dispersion-free method or (B) a dispersion-
containing method. Energies are Gibbs free energies in kcal mol-1. 

Fig. 2. Transition structures (TS3a) for oxidative addition of phenyl 
sulfamate 1 at Ni(PCy3)n (n = 1 or 2). Structures were optimized using either 
B3LYP/BS1 (top) or M06L/BS1 (bottom). Single point Gibbs free energies 
and enthalpies (in parentheses) calculated with B3LYP/BS2 (top) or 
M06L/BS2 (bottom) are provided with solvent correction [CPCM (THF)] and 
also in the gas phase. Energy units are kcal mol-1. Bond distances are in 
angstroms. Most hydrogens are hidden for clarity. 
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 3 
of whether geometries were optimized with or without dispersion 
(M06L vs. B3LYP), single point energy calculations using 
functionals that do not consider dispersion (B3LYP, PBE0) predict 
that a monoligated TS is strongly favored (entries 1–4). In contrast, 
energy calculations with dispersion-corrected methods (M06L, 
M06, B97XD, B3LYP-D3BJ) consistently predict that a 
bisligated TS is preferred (entries 5–10).  

 

Although numerous reports suggest that dispersion-corrected 
methods are more accurate than dispersion-free,73–79,93–110 there 
have also been instances in which dispersion appears to be 

overestimated.111–113 As such, it is difficult to say which of the 
two contradictory predictions about nickel’s ligation state with 
PCy3 should be believed. The following sections describe further 
studies to evaluate the differences between these two classes of 
methods. 

2.2. Computational studies with Ni(PMe3)n  

As described above, dispersion-containing methods predict that 
oxidative addition of phenyl sulfamate is significantly easier at 
Ni(PCy3)2 than at Ni(PCy3), while dispersion-free methods predict 
the opposite. To evaluate the extent to which this discrepancy 
depends on ligand bulk, we next calculated pathways for oxidative 
addition of 1 at Ni(PMe3)n (Fig. 4). In contrast to the results with 
PCy3, dispersion-free and dispersion-containing methods give 
qualitatively similar results with PMe3. Both predict a bis-
phosphine-ligated transition state. Nevertheless, the magnitude to 
which the NiL2 pathway is favored varies substantially between 
the two methods (∆∆G‡

bis-mono = –5.4 vs. –10.0 kcal mol-1 for 
B3LYP and M06L, respectively). Unlike the results with PCy3, a 
5-centered bis-phosphine-ligated TS (TS3bbis5, ∆G‡=16.7 kcal 
mol-1) is slightly more favorable than a SNAr-type TS (∆G‡=17.3 
kcal mol-1, not shown) when calculated using M06L. However, the 
reverse is true when B3LYP is used (∆G‡=12.8 kcal mol-1 for a 5-
centered TS [not shown] vs. 9.5 kcal mol-1 for the SNAr TS3bbis3).  

Consistent with the results using 1, a Ni(PMe3)2 pathway is 
predicted for the oxidative addition of related sulfonates using both 
dispersion-containing and dispersion-free methods. As shown in 
Fig. 5 for the reaction of phenyl mesylate 4 and phenyl tosylate 5, 
TS energies calculated with both B3LYP and M06L are lower for 
bisligated nickel (orange and light blue) than monoligated (red and 
dark blue columns). In contrast, carbonyl-containing electrophiles 
6–8 are predicted by B3LYP  calculations to react through mono-
ligated TSs (red columns) and aryl chlorides (9) are predicted to 
show no preference for mono- vs. bis-ligated transition structures. 
Overall, with the small ligand PMe3, the dispersion-free prediction 
about nickel’s ligation state depends on the electrophile. On the 
other hand, when dispersion is considered (M06L), a bis-ligated 
transition state is always favored regardless of electrophile 
(compare dark and light blue columns). Interestingly, both 
methods predict nearly the same reactivity order for this series of 
electrophiles with PMe3, despite differences in the predicted 
ligation state of nickel. 

  

 

Fig. 3. Gibbs free energy differences between bis-PCy3-ligated and mono-
PCy3-ligated transition structures for oxidative addition of phenyl sulfamate 
1 at Ni(0). Values are in kcal mol-1. In the method//method nomenclature, 
the first term indicates the method used for single-point energy calculations 
and the second term indicates the method used for geometry optimizations. 
Where indicated, the CPCM method was used for implicit solvent (THF). 
Geometry optimizations were conducted with BS1, and single point energy 
calculations were conducted with BS2. 

Fig. 4. Calculated reaction pathway for oxidative addition of phenyl sulfamate 1 at Ni(PMe3)n (n = 1 or 2) using (A) a dispersion-free method or (B) a dispersion-
containing method. Energies are Gibbs free energies in kcal mol-1. 
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2.3. Experimental and computational studies with P(tBu)3, PCy3, 
and PMe3 

 Based on our calculations with PCy3 and PMe3, predictions 
made with dispersion-containing and dispersion-free methods 
diverge more significantly with bulkier ligands. In an effort to 
clarify which method is more accurate, we next compared B3LYP 
vs. M06L predictions with an even more hindered ligand, PtBu3. 
In palladium-catalyzed cross-couplings of aryl halides, bulky 
monodentate ligands—most notably PtBu3—are particularly 
efficient.114 One proposed rationale for the efficacy of bulky 
ligands is that they promote oxidative addition via mono-
phosphine ligated palladium.115 In contrast, examples of efficient 
Ni/PtBu3 systems for cross-coupling are notably absent from the 
literature.3,48,68 Indeed, in our own hands, the use of PtBu3 in 
combination with Ni(cod)2 provides only trace product under 
conditions that are effective for Suzuki cross coupling of 10 using 
PCy3 (Table 1). This poor reactivity appears to originate in the 
oxidative addition step of catalysis. In a stoichiometric 
experiment, 12 reacts with Ni(cod)2 and PCy3 to form the oxidative 
addition product 13 (Fig. 6A).116 In contrast, no reaction is 
observed when PtBu3 is used (Fig. 6B).117 We were interested in 

whether either B3LYP or M06L calculations could shed light on 
the poor efficacy of PtBu3. 

Unlike the calculated results with PCy3, M06L predicts that the 
bis-PtBu3-ligated reaction pathway is prohibitively high in energy 
(Figure 7B, black line, TS3cbis3). The mono-ligated pathway is 
instead favored according to this method (blue line, TS3cmono5–N). 
However, this mono-ligated transition state has a calculated free 
energy of 26.0 kcal mol-1 measured from separated reactants. This 
barrier is large when compared to the predicted barrier for reaction 
with PCy3 (TS3abis3, Figure 1, 19.1 kcal mol-1). As such, these 
calculations are consistent with the observed poor reactivity of 
Ni/PtBu3 compared to Ni/PCy3 with 10 and 11.  

 Using B3LYP, we were unable to locate a transition state 
TS3cbis3 for oxidative addition of Ni(PtBu3)2 into 1. This outcome 
is consistent with Schoenebeck’s calculations on palladium-based 
systems: dispersion is also required to locate oxidative addition 
transition states using Pd(PtBu3)2.80 The dispersion-free 
calculations predict that oxidative addition at Ni(PtBu3) should 
have a nearly identical barrier to that calculated with Ni(PCy3) 
when measured from separated reactants (18.9 and 17.8 kcal mol-

1 for TS3cmono5–O and TS3amono5–O, respectively). This result does 
not appear to be consistent with the experimentoally observed lack 
of reactivity of Ni/PtBu3. Nevertheless, we cannot rule out the 
possibility that the poor reactivity of Ni/PtBu3 is due to other 
factors that are more challenging to model such as slow 
substitution of cod for PtBu3 when Ni(cod)2 is employed.118 

Fig. 5. Minimum transition structure energies for oxidative addition of 
various electrophiles (1, 4–9) at Ni(PMe3)n (n = 1 or 2), calculated with a 
dispersion free [CPCM (THF) B3LYP/BS2// B3LYP/BS1, red and orange] or 
dispersion-corrected method [CPCM (THF) M06L/BS2//M06L/BS1, dark 
and light blue]. Gibbs free energies are in kcal mol-1. 

Table 1 
 Ni-catalyzed Suzuki cross coupling of an aryl sulfamate using monodentate 
phosphine ligands. 

Fig. 6. (A) Stoichiometric reaction of Ni(cod)2 and PCy3 with aryl sulfamate 
12. Stacked 31P NMR spectra are show progression over ~75 minutes. (B) No 
reaction is observed between Ni(cod)2, PtBu3, and 12 after 1 hour. 
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Overall, consideration of dispersion provides results that may 
explain the poor reactivity of Ni/PtBu3 toward oxidative addition. 
Using M06L, this elementary step is predicted to be generally 
much easier when nickel is ligated by two phosphines. A bis-
ligated TS is accessible with PCy3 (and PMe3), but prohibitively 
high in energy with PtBu3. With PtBu3, oxidative addition can only 
take place through a mono-phosphine-ligated TS that has an 
associated high energy barrier.119 If this explanation for the 
inefficacy of PtBu3 is correct, it suggests that dispersion-containing 
DFT methods are better able to reproduce experiment. This 
conclusion fits with a growing body of literature indicating that 
dispersion is critical to the accurate modeling of organometallic 
compounds.73–80 In this case, consideration of dispersion predicts 
that oxidative addition is favored at NiL2 over NiL for ligands as 
bulky as PCy3, in contrast to predictions made using dispersion-
free methods.20,63,64 Nevertheless, further experiments will be 
needed to verify that dispersion-containing methods do not over-
estimate the stability of NiL2 transition states. 

3. Conclusions 

This work demonstrates that dispersion-containing and 
dispersion-free DFT provide different predictions about nickel’s 
ligation state by bulky phosphines during oxidative addition of 
phenolic electrophiles. With PCy3 as the ligand, dispersion-
containing methods predict that oxidative addition of phenyl 
sulfamate is favored at NiL2 over NiL by ~5–12 kcal mol-1. 
Dispersion-free DFT predicts the opposite, indicating that reaction 
at NiL is favored by ~12–24 kcal mol-1. The conflicting predictions 
of these two DFT method classes are notable, as each suggests that 
different ligation states are favored by energy values larger than 
normal acceptable error. When considering a small phosphine 
ligand (PMe3), a bis-ligated TS for oxidative addition of aryl 
sulfamates, mesylates, and tosylates is predicted regardless of 
dispersion correction. However, dispersion and dispersion-free 
methods disagree about the number of PMe3 ligands on nickel 
during reaction of carbonyl-containing electrophiles (carbamates, 
acetates, pivalates). As such, dispersion can affect ligation state 
predictions for both bulky and small phosphines, although this 
effect is more dramatic with bulky ligands. 

Which predictions are correct? Numerous reports suggest that 
consideration of dispersion is critical to accurately modeling many 

organic and organometallic reactions.73–79,93–110 If oxidative 
addition of phenolic electrophiles at Ni(0) fits the literature trend, 
then it is likely that this elementary step proceeds through a NiL2 
TS as predicted with dispersion-containing DFT, even with 
monodentate ligands as bulky as PCy3. Calculations using 
M06L—but not B3LYP—also offer a possible explanation for the 
poor reactivity of PtBu3. With this especially hindered ligand, both 
M06L and B3LYP predict that a NiL pathway is lower energy than 
one involving NiL2. However, B3LYP predicts a similar barrier 
for oxidative addition using PtBu3 and PCy3, because mono-ligated 
transition structures are generally favorable when dispersion is 
ignored. In contrast, M06L predicts a much higher barrier with 
PtBu3 because NiL transition structures are generally unstable 
when dispersion is considered. Further experimental studies are 
underway to evaluate the accuracy of these predictions. 

4. Computational methods 

Calculations were performed with Gaussian 09.120 An ultrafine 
integration grid and the keyword 5d were used for all calculations. 
Geometry optimizations of stationary points were carried out in 
the gas phase with the M06L84 or B3LYP81–83 functional with the 
LANL2DZ121 pseudopotential for Ni and the 6-31G(d) basis set for 
all other atoms (BS1). Frequency analyses were carried out at the 
same level to evaluate the zero-point vibrational energy and 
thermal corrections at 298 K. Cramer and Truhlar’s anharmonic 
correction was applied to frequencies that are less than 100 cm-1.122 
The nature of the stationary points was determined in each case 
according to the appropriate number of negative eigenvalues of the 
Hessian matrix. Forward and reverse intrinsic reaction coordinate 
(IRC) calculations were carried out on representative optimized 
transition structures to ensure that the TSs indeed connect the 
appropriate reactants and products.123–125 Multiple conformations 
were considered for all structures when applicable. In particular, 
the conformational complexity of PCy3 was considered as follows: 
First, an initial input geometry of free PCy3 was obtained from the 
crystal structure of Ni(PCy3)(C2H4)2.126 Three additional 
conformations of this ligand were also considered. With both 
B3LYP and M06L, the lowest energy optimized geometry of PCy3 
corresponded to that of the crystal structure. This geometry was 
used as the basis for building PCy3-ligated Ni structures. Three and 
nine conformations were considered as input structures for the 
geometry optimizations of NiL and NiL2 complexes, respectively. 

Fig. 7. Calculated reaction pathway for oxidative addition of phenyl sulfamate 1 at Ni(PtBu3)n (n = 1 or 2) using (A) a dispersion-free method or (B) a dispersion-
containing method. Energies are Gibbs free energies in kcal mol-1. 
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Only the lowest energy conformations are reported herein. Single 

point energies calculations were performed on the gas-phase 
optimized geometries using the indicated functional with the 
SDD127,128 pseudopotential for Ni and the 6-311++G(2d,p) basis 
set for all other atoms. Where indicated, bulk solvent effects in 
tetrahydrofuran were considered implicitly in the single point 
energy calculations through the CPCM continuum solvation 
model.129 Images of optimized structures were generated with 
CYLview.130 

5. Experimental methods 

5.1. General 

NMR spectra were obtained on a Bruker 500 (500.232 MHz for 
1H, 125.795 MHz for 13C) spectrometer. 1H and 13C NMR chemical 
shifts are reported in parts per million (ppm) relative to TMS, with 
the residual solvent peak used as an internal reference. 31P 
chemical shifts are reported in ppm relative to phosphoric acid, 
with Ph3PO used as an internal or external reference. Multiplicities 
are reported as follows: singlet (s), doublet (d), doublet of doublets 
(dd), doublet of doublets of doublets (ddd), triplet (t), quartet (q), 
multiplet (m), and broad resonance (br). 

5.2. Materials 

Tricyclohexylphosphine (PCy3), triphenylphosphine oxide, 4-
methoxybenzeneboronic acid, and 4-fluoro-2-methylphenol were 
obtained from Oakwood Chemical and used as received. 
Potassium phosphate, Ni(cod)2, dimethylsulfamoyl chloride, 
sodium hydride (60% dispersion in oil) and 4-ethylphenol were 
obtained from Acros and used as received. PtBu3 was obtained 
from Alfa Aesar and was used as received. Phosphoric acid, 
diethyl ether, and ethyl acetate were obtained from Fisher and used 
as received. THF and toluene were obtained from Fisher and were 
degassed and dried with a JC Meyer solvent system before use. 
Hexanes was obtained from Fisher and was used as received or 
degassed by freeze-pump-thaw for isolation of oxidative addition 
complex 13. Benzene-d6 and D2O were obtained from Cambridge 
Isotope Laboratories and used as received. Flash column 
chromatography was performed on SiliCycle silica gel 60 (40-63 
μm particle size) and thin layer chromatography was performed on 
SiliCycle TLC plates pre-coated with extra hard silica gel 60 F254. 

5.3. Synthesis and characterization of substrates 

5 .3 .1 .  4-Ethylphenyl sulfamate (10) 
Compound 10 was prepared by a procedure adapted from the 

literature.10 To an oven-dried 250 mL round bottom flask was 
added NaH (0.431 g, 10.76 mmol, 1.2 equiv). The flask was sealed 
with a septum and flushed with N2. To an oven-dried 50 mL round 
bottom flask was added 4-ethylphenol (1.1 g, 8.97 mmol, 1.0 
equiv) and DME (24 mL). The 50 mL flask was degassed and the 
contents transferred to the 250 mL flask via cannula at 0 °C. Upon 
completion of the addition of 4-ethylphenol, the 250 mL flask was 
warmed to room temperature for 10 minutes and then returned to 
an ice bath. To an oven-dried 25 mL round bottom flask was added 
dimethylsulfamoyl chloride (1 mL, 10.76 mmol, 1.2 equiv). The 
25 mL flask was degassed and the contents transferred to the 250 
mL flask via cannula at 0°C. The 250 mL reaction flask was then 
warmed to room temperature and allowed to stir overnight. The 
reaction was quenched with ~5 mL H2O and concentrated under 
vacuum. The resulting crude was then dissolved in Et2O (50 mL) 
and H2O (15 mL) and transferred to a separatory funnel. The layers 
were separated and the organic layer was washed with 1 M KOH 
(15 mL) and H2O (15 mL). The combined aqueous layers were 
extracted with Et2O (3 x 20 mL). The combined organic layers 
were washed with brine (15 mL), dried over MgSO4, and 

concentrated under vacuum. The crude product was purified by 
column chromatography on silica gel (Rf =0.7 in benzene) to yield 
10 as a pale yellow oil (0.842 g, 41% yield). Yield is low because 
of co-elution of an impurity. 1H NMR (acetone-d6): δ 7.29 (d, J = 
8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 2.95 (s, 6H), 2.66 (q, J = 7.6 
Hz, 2H), 1.21 (t, J = 7.6 Hz, 3H). 13C{1H} NMR (acetone-d6): δ 
149.4, 143.8, 130.0, 122.7, 39.0, 28.8, 16.1. HRMS Calcd for 
C10H16SO3N+ 230.0845; found: 230.0863. 

5.3 .2 .  4-Fluoro-2-methylphenyl sulfamate (12) 
Compound 12 was prepared by a procedure adapted from the 

literature.10 To an oven-dried 250 mL round bottom flask was 
added NaH (0.44 g, 10.8 mmol, 1.2 equiv). The flask was sealed 
with a septum and flushed with N2. To an oven-dried 50 mL round 
bottom flask was added 4-fluoro-2-methylphenol (1.135 g, 9.00 
mmol, 1.0 equiv) and DME (24 mL). The 50 mL flask was 
degassed and the contents transferred to the 250 mL flask via 
cannula at 0 °C. Upon completion of the addition of 4-fluoro-2-
methylphenol, the 250 mL flask was warmed to room temperature 
for 10 minutes and then returned to an ice bath. To an oven-dried 
25 mL round bottom flask was added dimethylsulfamoyl chloride 
(1.15 mL, 10.8 mmol, 1.2 equiv). The 25 mL flask was degassed 
and the contents transferred to the 250 mL flask via cannula at 0°C. 
The 250 mL flask was then warmed to room temperature and 
allowed to stir overnight. The reaction was quenched with ~5 mL 
H2O and concentrated under vacuum. The resulting crude material 
was then dissolved in Et2O (50 mL) and H2O (15 mL) and 
transferred to a separatory funnel. The layers were separated and 
the organic layer was washed with 1 M KOH (15 mL) and H2O (15 
mL). The combined aqueous layers were extracted with Et2O (3 x 
20 mL). The combined organic layers were washed with brine (15 
mL), dried over MgSO4, and concentrated under vacuum. The 
crude product was purified by recrystallization from 97% 
hexanes/3% ethyl acetate to yield 12 as a white solid (1.66 g, 79% 
yield). 1H NMR (acetone-d6): δ 7.33 (dd, J = 8.8, 5.0 Hz, 1H), 7.11 
(dd, J = 9.2, 3.1 Hz, 1H), 7.02 (ddd, J = 8.8, 8.5, 3.1 Hz, 1H), 3.05 
(s, 6H), 2.36 (s, 3H). 13C{1H} NMR (C6D6): δ 161.2 (d,  J = 245 
Hz), 145.3 (d, J =  2.7 Hz), 134.2 (d, J = 8.4 Hz), 124.2 (d, J = 9.1 
Hz), 118.5 (d, J = 22.8 Hz), 114.0 (d, J = 23.5 Hz), 38.5, 16.8. 19F 
NMR (C6D6): δ –116.2 (m). HRMS Calcd for C9H13SO3NF+ 
234.0595; found: 234.0590. 

5.4.  Catalytic cross coupling (Table 1) 

5 .4 .1 .  General procedure 
In a nitrogen atmosphere glove box, 10 (22.9 mg, 0.1 mmol, 1.0 

equiv), K3PO4 (63.7 mg, 0.3 mmol, 3.0 equiv), and 4-
methoxybenzeneboronic acid (53.1 mg, 0.25 mmol, 2.5 equiv) 
were combined in a 4 mL scintillation vial equipped with a 
magnetic stir bar. To this vial were added stock solutions of 
Ni(cod)2 and ligand in THF. Stock solutions were prepared as 
follows: (A) For reactions using PCy3: Ni(cod)2 (2.7 mg, 0.010 
mmol), PCy3 (5.6 mg, 0.020 mmol), and THF (0.6 mL); 0.3 mL of 
this stock solution was transferred to a vial containing 10. (B) For 
reactions using PtBu3: Ni(cod)2 (5.5 mg, 0.020 mmol) and THF 
(0.4 mL) were combined in one vial; 0.1 mL of this stock solution 
was transferred to a vial containing 10. PtBu3 (9.1 mg, 0.045 
mmol) and THF (0.6 mL) were combined in another vial; 0.2, 0.1, 
or 0.05 mL of this stock solution was transferred to a vial 
containing 10. When applicable, additional THF was added to 
bring the total volume to 0.3 mL. The reaction vial was sealed with 
a PTFE-lined cap and removed from the glove box where it was 
allowed to stir (750 rpm) at 70 °C for 18 hours. Undecane (10.5 
μL, 0.5 equiv) was then added as an internal GC standard and the 
vial was diluted with ~3.7 mL Et2O and mixed well. An aliquot 
was filtered through celite and analyzed by GC. 
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5.4 .2 .  4-Methoxy-4'-ethylbiphenyl (11) 

In a nitrogen atmosphere glove box, 10 (229.3 mg, 1 mmol, 1.0 
equiv), K3PO4 (636.8 mg, 3 mmol, 3.0 equiv), and 4-
methoxybenzeneboronic acid (379.9 mg, 2.5 mmol, 2.5 equiv) 
were combined in a 4 mL scintillation vial equipped with a 
magnetic stir bar. In a separate vial, Ni(cod)2 (13.8 mg, 0.05 mmol, 
5 mol%), PCy3 (28 mg, 0.1 mmol, 10 mol%), and THF (3.0 mL) 
were allowed to stir until fully dissolved. The solution of nickel 
and ligand was then transferred by pipette to the vial containing 
10. The reaction vial was sealed with a PTFE-lined cap and 
removed from the glove box where it was allowed to stir (750 rpm) 
at 70 °C for 18 hours. The crude reaction was diluted with Et2O, 
filtered through celite, and the celite was rinsed with copious Et2O. 
The filtrate was concentrated under vacuum, and the crude residue 
was purified by column chromatography on silica gel (Rf = 0.6 in 
95% hexanes/5% ethyl acetate) to yield compound 10 as a white 
solid (153.2 mg, 72%). 1H NMR (acetone-d6): δ 7.56 (d, J = 8.9 
Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 7.00 
(d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 2.66 (q, J = 7.6 Hz, 2H), 1.24 (t, 
J = 7.6 Hz, 3H). 13C{1H} NMR (acetone-d6): δ 160.3, 143.6, 139.1, 
134.4, 129.3, 128.7, 127.4, 115.2, 55.7, 29.2, 16.2. The 
spectroscopic data are consistent with those reported in the 
literature.131 

5.5. Stoichiometric NMR studies (Fig. 6) 

In a nitrogen atmosphere glove box, 12 (4.7 mg, 0.02 mmol, 1 
equiv) was combined with THF (0.2 mL) in a 4 mL vial. In a 
separate vial, Ni(cod)2 (5.5 mg, 0.02 mmol, 1 equiv), THF (0.5 
mL), and either PCy3 (22.4 mg, 0.08 mmol, 4 equiv) or PtBu3 (8.1 
mg, 0.04 mmol, 2 equiv) were allowed to stir until fully dissolved. 
The solutions of 12 and of nickel and ligand were then transferred 
into an NMR tube. A capillary tube containing an NMR standard 
of Ph3PO in benzene-d6 (0.1 mL) was added to the NMR tube. The 
opening of the NMR tube was covered with PTFE tape and capped 
before it was removed from the glovebox. Upon removal from the 
glovebox, the NMR tube was frozen in liquid nitrogen before 
transporting to the NMR instrument. The NMR spectrometer was 
warmed to 55 ºC and 31P spectra were acquired at regular intervals 
until no further change was observed (PCy3) or for one hour 
(PtBu3).  

5.6. Synthesis, isolation, and characterization of oxidative 
addition complex 13 

5.6 .1 .  [(PCy3)Ni(4-fluoro-2-methylphenyl)(OSO2NMe2)] 13 
In a nitrogen atmosphere glovebox, Ni(cod)2 (137.5 mg, 0.5 

mmol, 1 equiv), PCy3 (560.9 mg, 2 mmol, 4 equiv), 12 (116.6 mg, 
0.5 mmol, 1 equiv), and THF (2.5 mL) were combined in a 4 mL 
scintillation vial, sealed with a PTFE-lined cap, and allowed to stir 
at room temperature overnight. The crude reaction mixture was 
concentrated under vacuum to provide a burnt orange residue. In 
the glovebox, the crude residue was washed with degassed 
hexanes six times. The remaining residue was dried under vacuum 
to yield product 13 as a burnt orange solid (103.6 mg, 36%). X-ray 
quality crystals were grown from toluene/pentane at –25 ºC. 1H 
NMR (C6D6): δ 7.09 (dd, J = 8.5, 6.8 Hz, 1H), 6.64–6.57 (multiple 
signals, 2H), 3.13 (s, 3H), 2.54 (br, 3H ), 2.07–2.04 (multiple 
signals, 6H), 1.70–1.46 (multiple signals, 18H) 1.41–1.33 (m, 3H), 
1.08–0.97 (m, 6H), 0.91–0.84 (m, 3H). 13C{1H} NMR (C6D6): δ 
162.0 (d, J = 240.1 Hz), 144.7 (d, J = 5.5 Hz), 136.5 (d, J = 5.1 

Hz), 132.1 (d, J = 38.4 Hz), 114.2 (d, J = 16.4 Hz), 110.5 (d, J = 
17.4 Hz), 42.0 (br), 41.3 (br),  33.3 (d, J = 21.1 Hz), 30.1, 28.9 (d, 
J = 1.8 Hz), 27.4 (d, J = 11.0 Hz), 27.2 (d, J = 10.1 Hz), 26.2 (d, J 
= 2.3 Hz), 26.1. 19F NMR (C6D6): δ –123.5 (m). 31P{1H} NMR 
(C6D6): δ 34.6 (s). 

5.6 .2 .  Crystal data and structural refinement for 13 
X-ray diffraction data for 13 were collected at 100 K on a 

Bruker D8 Venture using MoΚα-radiation (λ=0.71073 Å). Data 
have been corrected for absorption using SADABS132 area detector 
absorption correction program. Using Olex2,133 the structure was 
solved with the SHELXT134 structure solution program using 
Direct Methods and refined with the SHELXL135 refinement 
package using least squares minimization. All non-hydrogen 
atoms were refined with anisotropic thermal parameters. 
Hydrogen atoms in the investigated structure were placed in 
geometrically calculated positions and refined using a riding 
model. Isotropic thermal parameters of the placed hydrogen atoms 
were fixed to 1.2 times the U value of the atoms they are linked to 
(1.5 times for methyl groups). The phenyl and 
dimethylaminosulfonate ligands display disorder and have been 
modeled over two positions using a PART instruction and tied to 
a single free variable. Refinement of the free variable shows an 
approximate 80:20 disorder. Bond and thermal ellipsoid similarity 
restraints, as well as 5 EADP constraints were used to model the 
second position of the two ligands. Calculations and refinement of 
structures were carried out using APEX3,136 SHELXTL,137 and 
Olex2 software. Empirical formula: C27H45FNNiO3PS (M =572.38 
g/mol): orthorhombic, space group P212121 (no. 19), a = 
10.0593(8) Å, b = 15.6615(14) Å, c = 17.8546(18) Å, V = 
2812.9(4) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.856 mm-1, Dcalc = 
1.352 g/cm3, 2ϴmax = 54.966°, 51367 reflections collected, 6446 
unique (Rint = 0.0479, Rsigma = 0.0335), R1 = 0.0279 (I > 2σ(I)), 
wR2 = 0.0655 (all data). 
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