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ABSTRACT: Local electric fields have recently been investigated for optimizing reactivity in synthetic systems. However, disentan-
gling the relative contributions of inductive (through-bond) and electrostatic (through-space) effects in molecular systems has been 
a long-standing challenge. To understand the interplay of these effects and leverage electrostatic influences for enhanced reactivity, 
we have synthesized a distally charged phosphine, Ph2PCH2BF3−, and studied the effect of the charged trifluoroborate group on its 
donor properties and reactivity. This charged phosphine displays solvent-dependent changes in donor strength as measured by the 
JP-Se of the corresponding phosphine selenide. The variation with solvent dielectric illustrates a significant electrostatic component 
to the donor strength. Computations further support the importance of electrostatic contributions and highlight the effect of charge 
position and orientation. Finally, this charged group also greatly accelerates C–F oxidative addition reactivity in Ni complexes, ex-
perimentally verifying recent theoretical predictions. These results show that covalently bound charged functionalities can exert a 
significant electrostatic influence even under common solution phase reaction conditions.

Introduction	
Spectroscopic and computational studies have cited oriented 

electric fields in active sites as key contributors to enzymatic 
reactivity.1 Enzymes maintain and orient electric fields using 
polar and charged functional groups in the protein scaffold 
around the active site, a strategy that is appealing for synthetic 
molecular systems but difficult to mimic.2 Multiple approaches 
have been proposed for incorporating similar electric field ef-
fects into systems that lack an enzymatic superstructure. Elec-
tric fields can be directly applied to synthetic compounds 
through attachment to electrode surfaces or STM tips and these 
approaches have been shown to increase catalytic rates.3 An-
other approach is to rationally append charged functional 
groups onto molecular scaffolds to offer control over the orien-
tation and magnitude of electrostatic effects. Indeed, there has 
been enormous interest in modeling or leveraging electrostatic 
interactions in organic and inorganic molecules.4,5 Computa-
tions have shown that these effects can have a large impact on 
reactivity and catalysis,6 such as accelerating cross coupling re-
actions through the lowering of barriers to oxidative addition.7 

A detailed understanding of the relative impact of inductive 
or electrostatic effects would be valuable in tuning molecular 
reactivity. However, experimentally parsing out the relative in-
ductive and electrostatic contributions to reactivity and elec-
tronic structure from charged functional groups is challenging 
even in simple systems. A prime example of this is in classic 
Hammett literature where inductive through-bond and electro-
static through-space effects for substituents were predomi-
nantly treated as one lump effect, sometimes referred to as σi.8 
However, in a subset of this literature, there has been consid-
erable debate on whether electrostatics or through-bond elec-
tron density effects are dominant in σi. Hammett originally con-
sidered the effect of substituents to be entirely electrostatic in 
nature, a view supported by Ri, Eyring, and Westheimer.9 Con-
versely, Jaffe considered substituent effects primarily through 
electron density, foreshadowing modern computational 

analyses.10 The efficacy of both methods in rationalizing reac-
tivity trends supports that both electrostatic and inductive con-
tributions are active, and no simple method exists to separate 
these components. This historical discussion illustrates the dif-
ficulties associated with teasing apart the relative contribu-
tions between through-space and through-bond effects, and 
this remains an outstanding challenge.11 Nevertheless, obtain-
ing a more detailed understanding of the relative magnitude of 
inductive and electrostatic effects would be valuable, particu-
larly as leveraging through-space effects should serve as an 
ideal strategy to break free-energy relationships.12 

Phosphines are ideal scaffolds to quantify the effect of elec-
trostatics as there are well defined parameters and measure-
ment techniques for the donor strength of these species such 
as the Tolman Electronic Parameter (TEP).13 Furthermore, 
charge effects with these ubiquitous ligands have recently been 
examined theoretically and predicted to provide enhanced 
metal based reactivity.7 While several anionic phosphines have 
been synthesized and in some cases show enhanced Suzuki- or 
Kumada-coupling reactivity, detailed studies aimed at under-
standing the relative contributions of inductive versus electro-
static effects have not been undertaken.14 

We therefore targeted the anionic phosphine Ph2PCH2BF3− 
(1) as a new scaffold to investigate the relative contributions of 
Scheme 1. Synthesis of K1 and reactions to form [PPh4][1Se], 2, and 
the product of C-F oxidative addition by a Ni complex featuring 1. 



 

through-bond and through-space effects (Scheme 1). Here we 
report the synthesis of this phosphine, quantification of the 
electrostatic contribution to its donor properties via solvent 
dependent NMR coupling constants of its phosphine selenide 
Se=PPh2CH2BF3− (1Se), and its complexation to Rh carbonyls to 
give [PPh4][Rh(acac)(CO)(PPh2(CH2BF3))] (2). We also extend 
these studies to an additional anionic phosphine Se=PPh2(2-
BF3Ph)− (3Se) with a longer and more rigid aryl linker.14e,f These 
studies illustrate that electrostatic interactions from charged 
functional groups are a major contributor to donor strength in 
common organic solvents. Furthermore, we demonstrate that 
these electrostatic interactions can be leveraged for a ~600 
fold acceleration of oxidative addition reactivity, consistent 
with theoretical predictions. 

Results	and	Discussion	
Synthesis	and	Characterization	Ph2PCH2BF3−	

Synthesis of the phosphine proceeds readily via deprotona-
tion of Ph2PH with KHMDS (KHMDS = potassium hexamethyl-
disilazide), followed by dropwise addition to a stirring THF so-
lution of potassium iodomethyltrifluoroborate (Scheme 1). The 
reaction was monitored by 31P{1H} NMR, and growth of a quar-
tet at −15 ppm confirmed the formation of KPPh2CH2BF3K (K1) 
which is subsequently isolated as a white powder after workup. 
The 1H NMR of K1 shows the expected aromatic signals for the 
phenyl groups, and a complicated doublet of quartets at 0.8 
ppm from coupling of the CH2 linker to phosphorus, boron, and 
fluorine. The 31P{1H} NMR spectrum shows coupling to fluorine 
with an identical chemical shift to that observed for PPh2Et. 
This observation is consistent with previous reports that 
charged phosphines have similar shifts as their neutral ana-
logues.14 Analysis by 19F{1H} and 11B{1H} NMR indicated the ex-
pected shifts and coupling for a R–BF3− group, supporting the 
presence of this anionic unit.15 Compound	K1 was also struc-
turally characterized via single-crystal X-ray diffraction (SXRD, 
Figure 1A). The SXRD structure shows the expected connectiv-
ity and a close association between K and B of ~3 Å. While it is 
unclear if this association is preserved in solution, larger cati-
ons were chosen to limit ion pairing in further analyses (see 
below). The solid-state B⋯P distance is 2.858(2) Å which 
serves as a proxy for the same distance in solution. 
 
Tolman	Electronic	Parameter	and	JP‐Se	Determination	

To assay the donor strength of 1, its Tolman Electronic Pa-
rameter (TEP) was determined using a Rh carbonyl complex of 
the form Rh(acac)(CO)L, a safer alternative to Ni(CO)3L com-
plexes that are classically used for this measurement.16 Addi-
tion of K1 to Rh(acac)(CO)2 with PPh4Br furnished 
[PPh4][Rh(acac)(CO)(PPh2(CH2BF3))] (2) in good yield. Com-
pound 2 was readily identified by 31P{1H} NMR spectroscopy 
from the appearance of a doublet of quartets arising from 

coupling of the phosphorus nuclei to 103Rh with a JP-Rh of 166 
Hz. The SXRD structure of 2 shows a square planar geometry at 
Rh (Figure 1B). The BF3 unit is located significantly above the 
Rh square plane, and the PPh4 cation is not interacting with ei-
ther the BF3 or the CO. Notably, the B⋯C and B⋯O distances are 
3.719(4) and 3.955(3) Å respectively, shorter than the B⋯Rh 
distance of 4.150(3) Å. The solution IR spectrum of 2 in CH2Cl2 
shows a νCO of 1965 cm−1, which correlates to a TEP of 2061 
cm−1. This TEP is very similar to that of PiPr3, which has a TEP 
of 2059 cm−1, and is significantly more donating than would be 
expected for an alkyldiaryl phosphine such as PPh2Me, which 
has a TEP of 2067 cm−1 (Figure 2).13 This result is consistent 
with the enhanced donation previously observed for phos-
phines with anionic borates.14 

 To further study the basicity and electron donation of 1 the 
corresponding phosphine selenide, [PPh4][Se=PPh2CH2BF3] 
([PPh4][1Se]), was prepared. Phosphorus-selenium coupling 
constants (JP-Se) have a linear correlation with the TEP of vari-
ous phosphines, providing another measure of phosphine do-
nor strength (black squares in Figure 2).17 The relationship be-
tween JP-Se and phosphine donor strength is best visualized by 
considering two limiting resonance structures for the phospho-
rus selenium bond, Se−–P+R3 and Se=PR3. The zwitterionic res-
onance structure is favored by more donating R-groups and ex-
hibits a lower JP-Se.  

In order to prepare [PPh4][1Se], K1 was stirred overnight in 
THF with an excess of elemental Se and PPh4Br. The 31P{1H} 

 
Figure	1.	SXRD structures of the anions of A) K1, B) 2, C) [PPh4][1Se], and D) [PPh4][3Se] with ellipsoids at 50% and H-atoms and 
counterions omitted for clarity. C is shown in grey, O in red, F in bright green, and other atoms types are labeled. Selected bond 
lengths and angles (averaged where appropriate): (A) B⋯P 2.858(2) Å (B) Rh–C1 1.797(2) Å, Rh–P 2.2408(6) Å, C1–O1 1.152(3) Å, 
C1-Rh-P 89.5(1)°, Rh-C1-O1 175.1(3)° Rh⋯B 4.150(3) Å, B⋯C 3.719(4) Å, B⋯O 3.955(3) Å (C) P–Se 2.129(1) Å, P⋯B 3.029(6) Å. (D) 
P–Se 2.112(5) Å, P⋯B 3.562(2) Å.	

 
Figure	2.	Correlation between the TEP of selected phosphine 
ligands and the JP-Se of their respective phosphine selenides 
(black squares, gray line is linear fit).13,17 The TEP for 1 and 3 
in DMSO-d6 and CDCl3 is extrapolated using the JP-Se of 
[PPh4][1Se] and [PPh4][3Se] (red and blue squares respec-
tively). The arrows indicate the estimated electrostatic effect.



 

NMR spectrum of [PPh4][1Se] contains a quartet peak at 33 
ppm, with satellite quartets at 31 and 35 ppm from coupling to 
the 77Se nucleus, and a singlet at 23 ppm corresponding to PPh4. 
The SXRD structure of [PPh4][1Se] shows the PPh4 at a distance 
of >6 Å from B, P, or Se, which suggests little to no interaction 
between the charged fragments in the solid state (Figure 1C 
and Figure S46). In DMSO-d6, the JP-Se of 687 Hz is nearly iden-
tical to the JP-Se of Se=PiPr3 reported in CDCl3.17 The ratio be-
tween the JP-Se determined via [PPh4][1Se] and the TEP deter-
mined via complex 2 fits within the established correlation 
(Figure 2). This JP-Se value also indicates an increase in donor 
strength as compared to the neutral congener Se=PPh2Et, 
which has a JP-Se of 722 Hz in DMSO-d6.17 The TEP and JP-Se val-
ues indicate that the anionic charge promotes a large increase 
in the donor strength of [PPh4][1Se] relative to neutral ana-
logues, even without a conjugated linker to the phosphine. See-
ing this large effect encouraged us to investigate whether there 
was a reasonable experimental technique to separate the 
through-space electrostatic component of the electron dona-
tion from the through-bond inductive effect. 
	
Analysis	of	Electrostatic	Effects	

 We predicted that the through-space electrostatic effect of 
the charged group could be modified or screened by the solvent 
environment around the molecule, while the through-bond in-
teractions would only be slightly affected by this variable. Var-
ying the solvent dielectric, a measure of a solvent’s ability to 
shield a charge,18 is therefore expected to give rise to a range of 
observed electrostatic effects from the same molecule simply 
due to differential screening. Measuring the JP-Se over a range of 
solvent dielectrics provides a measure of this variability, as the 

zwitterionic resonance structure Se−–P+R3 should be more sta-
bilized by an anionic R group in solvents with less solvent 
screening. This electrostatic effect would manifest as a lower JP-

Se in less polar solvents. It should be noted that previous litera-
ture studies demonstrate some solvent dependence to JP-Se, 
with one report suggesting variation between 2-3%.19 In this 
analysis, comparison of JP-Se in the anionic phosphine to neutral 
analogues, examining the solvent dependence of these neutral 
analogues, and restricting the solvent choice to non-coordinat-
ing solvents help to account for any incidental trends.  

The JP-Se of [PPh4][1Se] was therefore measured in solvents 
with a range of dielectric constants to probe the relative contri-
bution from electrostatic interactions, assuming that the 
through-bond interaction would be effectively constant. Cou-
lomb’s law suggests that a linear dependence on 1/(4πε) would 
be expected for a primarily electrostatic effect. Indeed, the ob-
served solvent dependence of JP-Se for [PPh4][1Se] follows this 
trend; the coupling observed in DMSO-d6 is 30 Hz greater than 
the coupling in CDCl3 (see Figure 3, Table 1, Figure S43, and Ta-
ble S5). The variable solvent coupling data are well fit (R2 = 
0.98) to the linear relationship JP-Se = 693(1) – 
2.12(12)*103*(1/(4πε)). The large change in coupling as a re-
sult of variable dielectric indicates that through-space electro-
static effects are a significant contributor to the donor proper-
ties of 1. In comparison, the neutral congener Se=PPh2Et is not 
well fit by a similar analysis and only a slight change in coupling 
constant across the dielectric extremes is observed, shifting 
from 720 Hz in CDCl3 to 727 Hz in MeCN (Figure 3, Figure S43, 
Table S5 and Table S6). While ion pairing should increase in 
low dielectric solvents and could thus impact the observed 
trends, the solid-state structure of [PPh4][1Se] indicates there 
is little interaction with PPh4+ (Figure 1C and Figure S46). Fur-
thermore, control experiments with excess PPh4Br in CH2Cl2 
showed only small changes to JP-Se (<7 Hz, see Figure S29).  

In addition to using JP-Se to measure electrostatic contribu-
tions, we also attempted to measure these effects via IR spec-
troscopy. However, IR spectra of 2 and Rh(CO)2(acac) in sev-
eral solvents show no clear trend in νCO with dielectric within 
instrumental error (Figures S37 and S38). This is perhaps not 
surprising as the expected change in stretching frequency of 
~10 cm−1 is not large compared to the instrumental resolution 
(4 cm−1). Resolving dielectric induced shifts is further limited 
by spectral convolution or broadening, likely from Rh–P rota-
tional isomers of 2 with different stretching frequencies as has 
been observed in other carbonyl systems.21 This manifests as 
substantially broader spectra for 2 versus Rh(CO)2(acac). For 
these reasons, JP-Se serves as a better metric for examining 
through-space electrostatic effects in the current systems.  

If we consider the JP-Se of [PPh4][1Se] in DMSO-d6 to be indic-
ative of the limit of no electrostatic interactions, indicating 
solely through-bond contributions, and the JP-Se in CDCl3 to be 
approaching the no-shielding limit, then we can estimate the 
relative magnitude of the electrostatic and through-bond inter-
actions observed in solution measurements (Figure 2). The ob-
served JP-Se for [PPh4][1Se] in DMSO-d6 is 687 Hz, which is 
shifted by 35 Hz from the neutral analogue, Se=PPh2Et (722 

Table 1. JP-Se Coupling Constants as a Function of Charge and Dielectric 
DFT	 Experimental	

 Se=PPh2Et 1Se	 Se=PPh2Et, CDCl3 720 Se=PPh3, CDCl3 731 
no charge 872 822 [PPh4][1Se], DMSO-d6 687 [PPh4][3Se], DMSO-d6 695

point charge 819 - [PPh4][1Se], CDCl3 657 [PPh4][3Se], CDCl3 677 

Δ* 53 50 
Overall Δ (Se=PPh2Et, CDCl3 − 

[PPh4][1Se], CDCl3) 
63 

Overall Δ (Se=PPh3, CDCl3 − 
[PPh4][3Se], CDCl3) 

54 

All values in Hz. *change in JP-Se compared to Se=PPh2Et with no external point charge.  

 
Figure 3. Solvent dependence of JP-Se for anionic and neutral 
phosphines. Linear fits are shown as lines. The fit data for 
[PPh4][1Se] is provided in the text, and the fit data for 
[PPh4][3Se] is R2 = 0.92, JP-Se = 700(2) – 1.4(2)*103*(1/(4πε)). 
Further discussion of the fits is provided in the SI. Different di-
electrics (ε) were generated with CDCl3, CD2Cl2, acetone-d6, 
CD3CN, DMSO-d6, or mixtures thereof (see Table S5).20  



 

Hz). We can therefore estimate the through-bond contribution 
as decreasing the JP-Se by 35 Hz. This then indicates that the 
change in JP-Se for [PPh4][1Se] on moving from DMSO-d6 to CDCl3 
of 30 Hz is due to through-space effects, suggesting that even in 
the shortest case of a one-atom linker, electrostatic contribu-
tions have at least a similar effect on donor strength to through-
bond interactions. Using the y-intercept from the linear fit to 
the variable solvent data, 693 Hz, as an alternative estimate of 
the coupling at the high dielectric limit similarly suggests at 
least equal weighting for inductive and electrostatic effects.  

In fact, 50% is likely a lower limit of the electrostatic contri-
butions; while the dielectric of chloroform is small, it is still not 
at the vacuum limit. If we use the linear fit to the variable die-
lectric JP-Se for [PPh4][1Se] to extrapolate what the coupling 
should be in the vacuum limit, we obtain a value of 524 Hz, 
shifted 160 Hz from the DMSO-d6 value, suggesting that the 
through-space electrostatic effects account for ~80% of the 
shift in the gas-phase. In any case, this data shows that the con-
tributions of the anionic unit to the donor properties of 1	are 
highly solvent dependent, and that the electrostatic component 
of the increase in donor strength is a major factor in common 
organic solvents.	

Computational	Analysis	
To further investigate the relative contribution of through-

space versus through-bond effects, Density Functional Theory 
(DFT) calculations with the B3P functional were performed to 
estimate JP-Se and compare with experimentally determined 
values (Table 1). Two optimized local geometries of 1Se were 
considered as the structure is likely fluxional during the solu-
tion NMR experiments. Both configurations have similar B⋯P 
distances (3.11 and 3.05 Å, Figure 4, left and right respectively). 
However, in the first geometry the BF3 is located closer to the 
P=Se bond axis, with a Se–P–C–B dihedral of 158° (Figure 4, 
left). In the second geometry, which is the minimum by 5 
kcal/mol, the BF3 group is farther, with a Se–P–C–B dihedral of 
74° (Figure 4, right). These cisoid and transoid structures were 
considered as configurations of 1Se	that represent the limit of 
Se⋯P distances that may be present in solution, with the as-
sumption that other configurations would be intermediate be-
tween these two. The DFT predicted JP-Se couplings emphasize 
that charge location matters, as the coupling calculated for the 
cisoid structure of 1Se was 796 Hz while the coupling in the 
transoid structure was calculated to be 849 Hz. Taking a simple 
average of these two extremes gives a predicted average JP-Se of 
822 Hz. While the absolute value of this value is far from the 
experimentally determined one, this analysis is still useful for 
comparing trends with other computed scenarios. The magni-
tude of JP-Se for a neutral analogue of 1Se, Se=PPh2Et, was calcu-
lated and found to have a value of 872 Hz, which is 50 Hz higher 
than the average for 1Se. Notably, this difference is similar to 

the experimentally determined difference of 63 Hz between 
Se=PPh2Et and 1Se.  

To explicitly analyze electrostatic effects, we used Coulomb’s 
law to estimate the electric field at P in 1Se generated by a neg-
ative point charge located at the boron atom. This analysis on 
the two calculated structures of 1Se gives an average electric 
field parallel to the P=Se bond (defined as the Z-axis) of ~−0.77 
V/Å (see Table S3). The magnitude of JP-Se for a neutral ana-
logue of 1Se, Se=PPh2Et, was then calculated in the presence of 
this same field as generated by a point charge at ~−4.3 Å in the 
Z direction from the P atom. The inclusion of this point charge 
lowers JP-Se	by 53 Hz, to 819 Hz. This value is similar to the dif-
ference in the calculated values between Se=PPh2Et and 1Se, 
and is also nearly as large as the experimentally determined 
difference of 63 Hz. A point charge is an imperfect model for 
inclusion of the borate group, as a point charge on the Z-axis 
only replicates the Z component of the expected field and does 
not include inductive effects or consider possible screening 
from the intervening bonds. Nevertheless, the similarity in the 
magnitude of the shift from adding a point charge or a borate 
group underscores that simply approximating the inclusion of 
the borate group as a predominantly electrostatic effect gives a 
reasonable reproduction of the calculated and experimental 
properties. These DFT calculations support the experimental 
data demonstrating that electrostatic effects play a major, and 
potentially dominant, role in the donor properties of 1. The 
computations predict that the electric field expected from a 
point charge, with no included inductive effects, recapitulates 
the DFT computed shift in JP-Se for 1Se versus its neutral ana-
logue.  

 
Comparison	and	Extension	to	Other	Phosphines	

Comparison of the JP-Se with other anionic phosphines is also 
instructive to qualitatively analyze which structural factors in-
fluence the combined through-space and through-bond effects. 
One relevant example is a triptycene borate phosphine that 
was compared to a silicon based neutral analog.14m,n The shift 
in JP-Se observed in CDCl3 upon switching from the neutral to 
anionic version approached 90 Hz. In the absence of data re-
garding the solvent dependent changes in JP-Se for this system, 
the shift in JP-Se in CDCl3 can be considered the combined induc-
tive and electrostatic effect of the borate. The magnitude of the 
shift is larger than the 63 Hz shift observed between 
[PPh4][1Se] and Se=PPh2Et	and	can be rationalized by the ori-
entation of the anionic functional group in each case.  

In the triptycene borate the negative charge is constrained to 
align with the P=Se bond, where the through-space effect on 
that bond would be maximized, which gives a much larger 
overall JP-Se change despite a P⋯B distance of 3.03 Å, which is 
nearly identical to that in [PPh4][1Se]. Additionally, the trip-
tycene scaffold significantly precludes solvent screening di-
rectly between the borate and the P, also likely enhancing 
through space interactions. The significant change in JP-Se cou-
pling observed in the triptycene case contrasts with another 
previously reported compound incorporating an anionic 
PhBPh3 group, Se=PPh2(p-BPh3Ph)−.14i The difference in cou-
pling between this compound and the neutral congener 
Se=PPh3 is only 30 Hz in CDCl3, likely due to the larger distance 
between the charged group and the phosphine (6.49 Å from 
DFT) which attenuates the through-space effect.14i In addition 
to the lack of solvent dependent data, clear comparison of 
through-space effects in these previous examples is difficult 
due to differing through bond interactions. Multiple inductive 
pathways are available for the triptycene cage while a single 
longer pathway is available for Se=PPh2(p-BPh3Ph)−.  

 
Figure	4. Calculated limiting orientations of 1Se, with the BF3 
group close to the P=Se axis (left, transoid) and the BF3 group 
far from the P=Se axis (right, cisoid). 



 

The selenide of a previously reported anionic phosphine that 
was investigated for Pd catalyzed olefin polymerization/oli-
gomerization, [PPh4][Se=PPh2(2-BF3Ph)] ([PPh4][3Se]), was 
also synthesized to test the generality of this solvent-depend-
ence analysis, particularly in the presence of increased rigidity 
and possible resonance effects from an aryl linker.14e,f The 
SXRD structure of [PPh4][3Se] confirms the expected structure 
and also shows that the BF3 group is farther from the phos-
phine than in [PPh4][1Se]	(Figure 1D, 3.562(2) and 3.029(6) Å 
respectively). The PPh4+ cation is still well separated at 
5.895(2) Å, suggesting minimal ion pairing (see Figure S47). 
The solvent dependence of JP-Se for [PPh4][1Se] in DMSO-d6, 
CD3CN, acetone-d6, CD2Cl2, and CDCl3 was then measured. The 
same assumption was made that most inductive or resonance 
effects along the covalent linkage would be independent of sol-
vent while electrostatic effects would be sensitive to dielectric 
screening.  

The JP-Se of [PPh4][3Se] exhibits a solvent dependence similar 
to that of [PPh4][1Se] (Table 1, Figure 3, Figure S43, and Table 
S5). The overall difference upon moving from DMSO-d6 to 
CDCl3 is 18 Hz, smaller than the 30 Hz shift observed for 
[PPh4][1Se]. Furthermore, the magnitude of the slope of the lin-
ear fit to the solvent dependence for [PPh4][3Se] is ~70%  of 
that for [PPh4][1Se]. This is consistent with the ratio predicted 
from a 1/(r2) dependence from Coulomb’s law based on the rel-
ative B⋯P distances in [PPh4][3Se] and [PPh4][1Se] from SXRD 
(3.562(2) and 3.029(6) Å respectively, see SI). 

The neutral congener of [PPh4][3Se], Se=PPh3, was also pre-
pared and similarly to Se=PPh2Et shows only a slight change in 
coupling constant with differing solvent dielectric, shifting 
from 730 Hz in CDCl3 to 735 Hz in DMSO-d6 (Figure 3). The dif-
ference in JP-Se between Se=PPh3 and [PPh4][3Se] in DMSO-d6 is 
40 Hz. This effect is slightly larger than the 35 Hz shift observed 
between [PPh4][1Se] and Se=PPh2Et in DMSO-d6, potentially 
consistent with enhanced through-bond donation in 
[PPh4][3Se] through the phenylene linker. Overall, the charged 
functional group in [PPh4][1Se] induces a larger net shift in JP-Se 
from the neutral analogue (63 Hz) than the shift induced in 
[PPh4][3Se] (54 Hz ) and the experimentally determined rela-
tive through-space contribution towards donation in 
[PPh4][1Se] is somewhat larger than that in [PPh4][3Se]	(~50% 
and ~30% respectively), consistent with a closer anionic inter-
action in [PPh4][1Se]. Similarly, using the extrapolated values 
from the linear fit for [PPh4][3Se] suggest an enhanced electro-
static contribution at the vacuum limit of ~70%, which is still 
slightly smaller than that predicted for [PPh4][1Se] (80%). In 
sum, all the experimental data acquired on both 1Se and 3Se 
support a significant and potentially major role that through-
space electrostatic interactions have in the donor properties of 
these phosphines, and furthermore illustrate that JP-Se is a use-
ful probe for deconvoluting electrostatic and inductive effects. 
	
Reactivity	

Challenging oxidative addition reactions were then targeted 
as a final test of the effect that negative charges have on phos-
phine donor properties. Phosphines placed in local electric 
fields generated by ionic additives have recently been calcu-
lated to lower the barriers for transition metal mediated oxida-
tive addition of C–F bonds which motivated the study of this 
reaction with K1.7 Oxidative addition of hexafluorobenzene has 
been reported with Ni(COD)2 and PEt3 in hexane (COD = 1,5-
cyclooctadiene), but this reaction requires four weeks to reach 
completion at room temperature.22 As PEt3 and K1 have similar 
TEP values (2061.7 and 2060 cm−1 respectively) and cone an-
gles (132 and 140° for PEt3 and PPh2Et), this reaction was 

selected as a good test case to see if the anionic charge of K1 
would accelerate oxidative addition as has been predicted.27,53  

Performing this reaction with K1 instead of PEt3 in THF re-
sulted in formation of the C–F oxidative addition product 
within one hour, roughly 600 times faster than with PEt3 
(Scheme 1). The oxidative addition product was confirmed by 
characteristic 19F peaks for the Ni–F and the C–F ortho to the 
metal center as well as a single new 31P peak (see Figures S21-
23).22 Monitoring the reaction by UV-vis spectroscopy also in-
dicated full consumption of the starting material after one hour 
(see Figure S39). This reaction suggests that the electrostatic 
effects of the borate group are primary drivers of the enhanced 
reactivity and supports the growing body of research and re-
cent theoretical predictions that electrostatic effects can be uti-
lized to optimize reactivity or catalysis. 
	
Conclusion	

In conclusion, we have generated a new phosphine ligand 
and demonstrated that the inclusion of an anionic trifluorobo-
rate group dramatically increases its donor properties relative 
to neutral analogues. Furthermore, through a series of experi-
ments and calculations we have demonstrated that a significant 
portion of the increase in donor strength arises from electro-
static effects as opposed to inductive effects. The electrostatic 
interactions in this ligand enable large acceleration of oxidative 
addition rates in comparison to a ligand of comparable donor 
strength, consistent with proposals from computational inves-
tigations. While there are several examples where the effect of 
appended anionic groups on mono- or polydentate phosphine 
ligands have been explored, this work is the first case where 
the relative contributions from inductive versus electrostatic 
donation have been disentangled. The ability of charged groups 
to stabilize specific resonance structures, such as the zwitteri-
onic Se−–P+R3 structure here, offers tremendous potential in 
tuning catalytic systems. The fact that a significant, and possi-
bly dominant, portion of the increase in donor strength arises 
from electrostatic effects in common organic solvents has im-
portant implications for ligand design as the directionality of 
electric fields should provide a unique variable for influencing 
reactivity and breaking classic free-energy relationships.  
	

Experimental.	
General	Considerations: All reagents were purchased from 

commercial suppliers and used without further purification 
unless otherwise specified. K[ICH2BF3], KPPh2(o-BF3Ph), 
Se=PPh3 and Se=PPh2Et were synthesized according to litera-
ture procedures.14e,f,17,23,24 All manipulations were carried out 
under an atmosphere of N2 using standard Schlenk and glove-
box techniques. Glassware was dried at 180 °C for a minimum 
of two hours and cooled under vacuum prior to use. Solvents 
were dried on a solvent purification system from Pure Process 
Technology and stored over 4 Å molecular sieves under N2. Tet-
rahydrofuran was stirred over NaK alloy and run through an 
additional activated alumina plug prior to use to ensure dry-
ness. Solvents were tested for H2O and O2 using a standard so-
lution of sodium-benzophenone ketyl radical anion. C6D6, CDCl-
3, acetone-d6, CD3CN, and DMSO-d6 were dried by passage over 
a column of activated alumina and stored over 4 Å molecular 
sieves in the glovebox. 1H, 13C{1H}, 19F{1H}, 11B{1H}, and 31P{1H} 
data were acquired on a combination of two spectrometers: a 
400 MHz Bruker DRX spectrometer equipped with a BBO 
probe, using Topspin 1.3; and a 500 MHz Bruker Avance-II+ 
spectrometer equipped with a 1H{19F,13C,31P} QNP probe, using 
Topspin 2.1. Chemical shifts are reported in ppm units refer-
enced to residual solvent resonances for 1H and 13C{1H} 



 

spectra, and external standards for 31P, 11B, and 19F. NMR sam-
ples were prepared by dissolving approximately 20 mg of the 
sample in about 0.5 mL of the appropriate deuterated solvent. 
No change in signal position or coupling was observed as a 
function of concentration. IR spectra were recorded on a 
Bruker Tensor II. Solution IR were recorded in a solution cell 
using CaF2 windows, and then the solvent signal was sub-
tracted out. Solid IR were recorded using a KBr pellet. Ele-
mental analysis was performed by Midwest Microlabs.	
Synthesis	of	Ph2PCH2BF3K	(K1). To a stirring solution of 

PHPh2 (0.184 g, 0.99 mmol) in THF (3 mL) was added a solution 
of KHMDS (0.199 g, 1 mmol, 1 eq) in THF (3 mL), resulting in a 
bright red homogeneous solution. This was added dropwise 
over 1 hour to a stirring slurry of K[ICH2BF3] (0.285 g, 1 mmol, 
1 eq) in THF (15mL). After addition, the resulting slurry was 
stirred for 12 hours, filtered through Celite, and all volatiles 
were removed in vacuo. The resulting sticky white solid col-
lected from drying the filtrate was washed with Et2O (2 x 10 
mL), leaving behind Ph2PCH2BF3K as a white powder (0.205 g, 
0.68 mmol, 68%). 1H NMR (400 MHz, 25 °C, DMSO-d6) δ = 7.33 
(t, J = 8 Hz, 4H, o-Ph–H), 7.24-7.17 (m, 6H, m- and p-Ph–H), 0.8 
(dq, JP-H = 14 Hz, JF-H = 4 Hz, 2H, CH2). 31P{1H} NMR (162 MHz, 
25 °C, DMSO-d6) δ = −15.9 (q, JP-F = 13 Hz). 19F{1H} NMR δ = 
−133.5 (d, 3F, J = 13 Hz). 13C{1H} NMR (126 MHz, 25 °C, DMSO-
d6) δ = 144.4 (d, JC-P = 25 Hz, o-Ph), 132.0 (d, JC-P = 50 Hz, ipso-
Ph), 127.6 (s, m-Ph), 126.9 (s, p-Ph), 17.0 p-Ph), 127.5 (d, JC-P = 
25.2 Hz, o-Ph), 117.5 (d, JC-P =113.4 Hz, ipso-Ph PPh4), 17.0 
(broad s, CH2BF3). 11B{1H} NMR (128 MHz, 25 °C, DMSO-d6) δ = 
4.0 (broad s). IR (KBr pellet): 3419 (w), 3053 (m), 2916 (w), 
2885 (w), 1954 (w), 1881 (w), 1807 (w), 1584 (m), 1480 (m), 
1433 (s), 1386 (m), 1168 (s), 1093 (m), 1046 (s), 931 (s), 742 
(s), 697 (s). K1 was too air sensitive for reliable elemental anal-
ysis, and instead gave EA consistent with full oxidation of the 
phosphine sample. Elem. Anal: Calc’d (Ph2PCH2BF3K+O): C 48.5 
H 3.8 N 0 Found: C 48.1 H 4.0 N 0. 
Synthesis	 of	 [PPh4][Rh(acac)(CO)(PPh2(CH2BF3))]	 (2).	

To a stirring THF solution (3 mL) of Rh(acac)(CO)2 (0.067 g. 
0.26 mmol) was added a THF solution (5 mL) of K1 (0.080 g, 
0.26 mmol, 1 eq) and a DCM solution (4 mL) of PPh4Br (0.115 
g, 0.26 mmol, 1 eq), resulting in a color change from light yellow 
to brown. The reaction was stirred at room temperature for 1 
hour, then filtered, evacuated to dryness, and washed with pe-
troleum ether leaving [PPh4][Rh(acac)(CO)(PPh2(CH2BF3))] as 
a brown oil, which was crystallized by vapor diffusion of Et2O 
into a CHCl3 or DCM solution at room temperature. 1H NMR 
(400 MHz, 25 °C, CDCl3) δ = 7.85 (m, 8H, Ph) 7.73 (m, 16H, Ph), 
7.57 (m, 6H, Ph) 7.19 (m, 6H, Ph) 5.30 (s, 1 H, acac), 1.92 (s, 3H, 
acac), 1.62 (m, 2H, CH2-BF3), 1.56 (s, 3H, acac). 31P{1H} NMR 
(162 MHz, 25 °C, CDCl3) δ = 40.35 (dq, JRh = 166 Hz, JP-F = 10 Hz, 
1P, PPh2(CH2BF3)), 25.58 (s, 1P, PPh4). 19F {1H} NMR (162 MHz, 
25 °C, CDCl3) δ = −131.59 (broad s, 3F, BF3). 13C{1H} NMR (126 
MHz, 25 °C, CDCl3) δ = 185.47 (s, acac CO, 135.68 (d, JC-P = 2 Hz, 
p-Ph) 134.43 (d, JC-P = 13 Hz, m-Ph) , 133.82 (d, JC-P = 13 Hz, m-
Ph), 130.77 (d, JC-P = 16 Hz, m-Ph PPh4) 128.31 (s, acac COCCO) 
126.92 (d, JC-P = 13 Hz, m-Ph) 117.53 (d, JC-P = 112 Hz, ipso-Ph, 
PPh4), 26.85 (s, acac CH3). 11B{1H} NMR (128 MHz, 25 °C, CDCl3) 
δ = 3.4 (broad s). IR (DCM solution, CaF2 windows, cm−1): 3068 
(m), 2969 (s), 2859 (m), 1962 (s, C≡O), 1574 (s, C=O), 1514 (s), 
1487 (m), 1434 (m), 1383 (m), 1167 (m), 1104 (s). Elem. Anal: 
Calc’d ([PPh4][Rh(acac)(CO)(PPh2(CH2BF3))]) C 61.8 H 4.7 N 0. 
Found: C 61.5 H 4.9 N 0.		
Synthesis	of	[PPh4][Se=PPh2(CH2BF3)]	([PPh4][1Se]). To a 

stirring solution of 1 (0.050 g, 0.016 mmol) in THF (10 mL) was 
added a 10-fold excess of solid selenium powder (0.124 g, 0.16 
mmol, 10 eq), followed by PPh4Br (0.075 g, 0.017 mmol, 1.05 

eq) in DCM (5 mL). This mixture was stirred overnight, then fil-
tered through Celite and all volatiles were removed in vacuo. 
Crystallization by vapor diffusion of Et2O into a CDCl3 or DCM 
solution of [PPh4][1Se] gave the product	as clear crystals (0.060 
g, 0.085 mmol, 53%). The sample for elemental analysis was 
crystallized from a mixture of hot MeCN and THF. 1H NMR (400 
MHz, 25 °C, CDCl3) δ = 8.01-7.95 (m, 4H, o-Ph–H), 7.91-7.86 (m, 
4H, PPh4), 7.78-7.73 (m, 8H, PPh4), 7.65-7.60 (m, 8H, PPh4), 
7.31-7.20 (m, 6H, m- and p-Ph–H) 1.94 (dq, JP-H = 10 Hz, JF-H = 4 
Hz, 2H, CH2BF3). 31P{1H} NMR (162 MHz, 25 °C, CDCl3) δ = 33.59 
(q, JP-F = 10 Hz, JP-Se = 656 Hz, 1P, Se=PPh2(CH2BF3)), 22.08 (s, 
1P, PPh4). 19F{1H} NMR (162 MHz, 25 °C, CDCl3) δ = −132.93 (d, 
JP-F	= 10 Hz). 13C{1H} NMR (126 MHz, 25 °C, CDCl3) δ = 135.9 (d, 
JC-P = 88.2 Hz, ipso-Ph), 135.9 (s, p-Ph PPh4), 134.4 (d, JC-P =12.6 
Hz, m-Ph PPh4), 132.3 (d, JC-P = 12.6 Hz, m-Ph), 130.9 (d, JC-P 
=25.2 Hz, o-Ph PPh4), 129.8 (s, p-Ph), 127.5 (d, JC-P = 25.2 Hz, o-
Ph), 117.5 (d, JC-P =113.4 Hz, ipso-Ph PPh4), 26.7 (broad s, 
CH2BF3). 11B{1H} NMR (128 MHz, 25 °C, CDCl3) δ = 3.0 (broad 
s). IR (CDCl3 solution): 3058 (m), 1978 (w), 1907 (w), 1814 (w), 
1590 (m), 1487 (m), 1438 (s), 1310 (w), 1144 (m), 1103 (s), 
1023 (s). Elem. Anal: Calc’d ([PPh4][Se=PPh2(CH2BF3)]	C 64.8 H 
4.7 N 0. Found: C 65.0 H 4.7 N 0.3.		
Synthesis	of	[PPh4][Se=PPh2(2‐BF3Ph)]	([PPh4][3Se]).	To 

a stirring acetonitrile solution (10 mL) of K[PPh2(2-BF3Ph)] 
(0.050 g, 0.14 mmol) was added an excess of elemental sele-
nium (0.109 g, 1.4 mmol, 10 eq) and this mixture was stirred 
for 6 hours at room temperature. The solution was filtered, and 
PPh4Br (0.062 g,0.14 mmol, 1 eq) was added as a solid, the re-
sulting slurry was stirred for 10 min, then all volatiles were re-
moved under vacuum. The white powder was washed with 2 
mL CHCl3 to remove excess PPh4Br, and then extracted into 
MeCN. Crystallization by diffusion of Et2O into the filtered 
MeCN solution afforded [PPh4][Se=PPh2(2-BF3Ph)] as clear 
crystals (Yield: 0.010 g, 0.014 mmol, 10%). 1H NMR (400 MHz, 
25 °C, CD3CN) δ = 8.04 (dd, 1H, JF-H = 16 Hz, JH-H = 8 Hz) 7.91 (t, 
4H, J = 8 Hz), 7.76-7.65 (m, 20H), 7.4-7.2 (m, 9 H). 31P{1H} NMR 
(162 MHz, 25 °C, CD3CN) δ = 40.3 (s, JP-Se = 700 Hz, 1P, P=Se), 
22.9 (s, 1P, PPh4). 19F{1H} NMR (162 MHz, 25 °C, CD3CN) δ = 
−132.6 (m, 3F, BF3). 13C{1H} NMR (126 MHz, 25 °C, CD3CN) δ = 
136.9 (d, JC-P = 97 Hz, ipso-Ph), 136.4 (s, p-Ph PPh4), 135.9 (s), 
135.8 (d, JC-P = 16 Hz, C3-Ar), 135.7 (d, JC-P = 13 Hz, m-Ph PPh4), 
133.4 (d, JC-P = 13 Hz, m-Ph), 132.0 (s), 131.3 (d, JC-P = 13 Hz, o-
Ph PPh4), 130.9 (s, p-Ph), 128.3 (d, JC-P = 13 Hz, o-Ph), 126.4 (d, 
JC-P = 25 Hz, C6-Ar), 119.0 (d, JC-P = 113 Hz, ipso-Ph PPh4). 11B{1H} 
NMR (128 MHz, 25 °C, CDCl3) δ = 2.4 (broad q, JB-F = 51 Hz). IR 
(KBr pellet): 3048 (m) 1586 (m) 1482 (m) 1434 (s) 1315 (w) 
1260 (w) 1181 (m) 1162 (m) 1109 (s) 1052 (w) 978 (m) 955 
(m) 935 (s) 759 (m) 725 (s) 691 (s) 610 (m). Elem. Anal: Calc’d 
([PPh4][Se=PPh2(2-BF3Ph)]) C 67.5 H 4.6 N 0. Found: C 67.7 H 
4.9 N 0.		
Oxidative	Addition	Reaction	with	C6F6.	To a stirring THF 

slurry (1 mL) of Ni(COD)2 (0.014 g, 0.051 mmol) was added a 
THF solution (1 mL) of K1 (0.030 g, 0.099 mmol, 1.9 eq) and an 
excess of C6F6 (0.20 g, 1.07 mmol, 21 eq), resulting in a deep red 
solution. After stirring for one hour, the solution had become 
brown-yellow, and NMR indicated oxidative addition of the C-
F bond via the appearance of characteristic 19F NMR peaks at 
−383 (Ni–F) and −117 (o-C–F) ppm and the disappearance of 
31P peaks associated with K1	 (see Figures S21-23). Further 
characterization of the oxidative addition product could not be 
obtained due to the instability of the resulting species. Tracking 
by UV-visible spectroscopy indicated consumption of the start-
ing material after 1 hour (see Figure S39). Reactions using PEt3 
under identical conditions resulted in no reaction after one 



 

hour and only partial reaction after one week (see Figure S24), 
consistent with previous literature reports.22 
X‐ray	Structure	Determination. The diffraction data were 

measured at 100 K on a Bruker D8 VENTURE with PHOTON 
100 CMOS detector system equipped with a Mo-target micro-
focus X-ray tube (λ = 0.71073 Å). Data reduction and integra-
tion were performed with the Bruker APEX3 software package 
(Bruker AXS, version 2015.5-2, 2015). Data were scaled and 
corrected for absorption effects using the multi-scan procedure 
as implemented in SADABS (Bruker AXS, version 2014/5, 2015, 
part of Bruker APEX3 software package). The structure was 
solved by the dual method implemented in SHELXT25 and ref-
ned by a full-matrix least-squares procedure using OLEX2326 
software package (XL refinement program version 2014/727). 
Suitable crystals were mounted on a cryo-loop and transferred 
into the cold nitrogen stream of the Bruker D8 Venture diffrac-
tometer. Most of the hydrogen atoms were generated by geo-
metrical considerations and constrained to idealized geome-
tries and allowed to ride on their carrier atoms with an iso-
tropic displacement parameter related to the equivalent dis-
placement parameter of their carrier atoms. The co-crystal-
lized THF and phenyl rings of the phosphine were modeled for 
disorder in K1. For [PPh4][1Se], after fully solving and refining 
the structure, relatively large residual peak was observed sug-
gesting a possible co-crystallized submixture. The peak was lo-
cated close to the CH2-BF3 bond, and the distance correlated 
well with a P-I bond length. Thus, this component was refined 
as a (Ph2)P-I (refined occupancy about 4%). While it is hard to 
concretely assign the identity of such a small submixture, we 
note that several examples of (R2)P-I molecules have been pre-
viously reported with P-I bond lengths between 2.45-2.55 Å).28  
Computational	Details. The structures of 1Se	and Se=PPh2Et 
were optimized in Orca version 4.029 using the B3P functional 
with the def2-TZVP basis set on C,H,B, and F, and def2-TZVPP 
basis set on Se and P. NMR couplings were calculated in on the 
optimized structures using Gaussian1630 with the “Mixed” 
method using mPW1PW91 functional and 6-311G(2d,2p) basis 
set, similar to methods used in the literature to calculate Se 
chemical shifts.31 Different local minima geometries of the BF3 
group were found by changing the input geometry, which al-
lowed optimization to local minima in the two extremes of the 
BF3 positioning. 
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