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A computational tool to accurately and quickly
predict 1°F NMR chemical shifts of molecules with
fluorine—carbon and fluorine—boron bonds

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 20409

*3 Carla Alamillo-Ferrer,?
€ and Andrew Whiting (2 ©

Alexandre S. Dumon, (2 ¢ Henry S. Rzepa,
Jordi Bures, (2 ° Richard Procter,© Tom D. Sheppard

We report the evaluation of density-functional-theory (DFT) based procedures for predicting °F NMR
chemical shifts at modest computational cost for a range of molecules with fluorine bonds, to be used
as a tool for assisting the characterisation of reaction intermediates and products and as an aid to
identifying mechanistic pathways. The results for a balanced learning set of molecules were then
checked using two further testing sets, resulting in the recommendation of the ©B97XD/aug-cc-pvdz
DFT method and basis set as having the best combination of accuracy and computational time, with a
RMS error of 3.57 ppm. Cationic molecules calculated without counter-anion showed normal errors,
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whilst anionic molecules showed somewhat larger errors. The method was applied to the prediction of
the conformationally averaged °F chemical shifts of 2,2,3,3,4,4,5,5-octafluoropentan-1-ol, in which
gauche stereoelectronic effects involving fluorine dominate and to determining the position of
coordination equilibria of fluorinated boranes as an aid to verifying the relative energies of intermediate
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1 Introduction

Fluorinated molecules present a vast and important scope
of uses, ranging from metallurgy (Hall-Héroult process) to
pharmaceuticals.”” For example organofluorines represent
10% of pharmaceuticals and up to 30% of agrochemicals.?
Catalysis is one of the uses where the fluorine atom can shine,
from helping stereospecificity to obtaining novel and more
active catalysts.>”” As such it becomes important to have power-
ful and accurate tools in order to identify and characterize
fluorinated compounds. Solution phase NMR spectroscopy has
proven to be such a tool, especially with the introduction of
standard continuous-flow adaptors for high-field instruments
equipped with high-sensitivity multi-nuclear probes, which
allows transient intermediates to be detected.®*'° The need
then is to augment such a tool with one that aids in structural
assignments of the measured chemical shifts of all the detected
species, including the transients. In addition, new methods
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species involved in catalytic amidation reactions involving boron catalysts.

have proven to be efficient for the synthesis of molecules using
biologically active compounds, such as enzymes engineered to
be specific for fluorinated substrates."' Such an NMR tool
would prove useful for the rationalization, verification and
improvement of these new strategies.

The increasing use of computational modelling based on
DFT (density functional) methods (in silico chemistry) for
probing catalytic mechanisms and structure is helping to
change the approach to the design of new catalysts and such
modelling can also play a role in helping to characterise inter-
mediates and products using NMR methods."*™*> An example of
such application was the development of a computationally
relatively cheap tool for ''B NMR prediction for use in catalytic
systems containing boron.'® Previous studies of methods for
predicting *°F relative shifts have centred on small learning
sets,"”2° proteins®"** or based on collections of closely related
molecules,>*™* or even the influence of the solvation model.
Three studies stand out. Krivdin'® presented a state-of-the-art
review of the computational simulation of 'F NMR. Many
molecules are presented in various sets at various levels, but
no ‘“one for all” method was recommended, and many of the
methods would be too computationally expensive for routine
use with relatively large molecules (up to ~100 atoms).
Fedorov'” used two fluorinated molecules containing a total of
14 fluorine atoms for study, but such a model would require
considerable extrapolation to the types of catalytic systems we
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are interested in. The most recent from Benassi is a more
complete study, albeit one in which the learning set differs
greatly from the testing set and the resulting error is too large
(>14 ppm) for the purpose of organofluorine and fluoroboron
predictions.””

The present study is an extension to our previous method
used for "'B NMR."® Here we aim to benchmark a selection of
methods based on combinations of DFT and other Hamiltonians
and basis-sets that could help assignment of '°F chemical shifts,
using a carefully selected learning set of compounds appropriate
for the study of catalysed reactions and their mechanisms
utilizing fluorine as one analytic probe.

2 Computational and experimental
details

Starting from the Organic Chemistry Database we identified 29
molecules with 88 unique chemical shifts as recorded in a variety
of solvents.>® This was reduced to 83 chemical shifts using Reaxys
to corroborate the solvents/experimental conditions of the
spectral measurements (see footnotes for excluded values).”
During the selection procedure for what we refer to as the
learning set, we noted that even for a simple compound such
as PhCF;, significant discrepancies in literature '°F NMR
chemical shifts can be observed. These have recently been
comprehensively analysed and can be up to Aé £ 2.5 ppm,
albeit more typically Aé + 1 ppm, whilst identical samples run
at different institutions still had an error of Ad + 0.5 ppm.*°
These statistics should be borne in mind when analysing the
performance of any predictive method.

All the calculations presented here were performed using
Gaussian 16, revision C.01. The CHAMP portal was used as an
electronic notebook for managing the project, enabled with
one-click FAIR data publishing to the Imperial College data
repository.>*>" All the solvents were modelled at the PCM level
using the CPCM implementation.>*** The density functionals
and Hamiltonians that were chosen for evaluation are: B3LYP,**"*°
®B97XD*" and MP2.**! The basis sets were: aug-cc-pvdz,*>
Def2-svpp*>** and aug-pcSseq1.**™*® In the case of the B3LYP
calculations, the GD3+BJ*® dispersion correction was included
for geometry optimisation; the other two methods allow for
dispersion either by similar correction or implicitly. NMR
shieldings were computed using the Gauge-Independent
Atomic Orbital (GIAO) method.’** By default, an ultrafine
DFT integration grid (99 590) was used, but a superfine grid
(175974, 2nd row atoms) along with high integral accuracy
(10~** a.u.) was also evaluated. This changed calculated shield-
ings by <0.04 ppm and fractional Boltzmann populations by
<0.017. In the case of MP2 calculations, 2 magnetic tensors
can be calculated: the MP2 GIAO method and the SCF GIAO
one. Since the SCF GIAO RMSD was bigger than the MP2 one
(7.93 ppm versus 5.59 ppm) and its R> was low (0.982), we
discarded this method and only used the MP2 GIAO tensor for
the following, under the name MP2/aug-cc-pvdz.
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To predict the chemical shifts the following procedure was
followed:

e Full optimisation and NMR calculation for the reference
(CFCl;) at each level and in each solvent.

e Full optimisation and NMR calculation for the molecule in
the relevant solvents and at each level.

e Comparison for each calculated shift relative to the
reference at the same level in the same solvent.

In order to determine the Boltzmann averaged chemical
shifts for a species with multiple conformations such as
2,2,3,3,4,4,5,5-octafluoropentan-1-ol, the populations of the pos-

—AG

sible rotamers were calculated using the formula % =e RT
J

with A;G being the difference of the Gibbs Free energies
between the states, R the perfect gas constant and T the
temperature (298.15 K in our case). These populations
were used to weight the '’F NMR shift for the fluorine
atoms. All mathematical treatment was performed using
python.

Since according to Roseneau et al.”” the experimental error
on the chemical shifts can be typically Ad £ 1.0 ppm and
up to 2.5 ppm, whereas the root mean square error on our

l.10

N

Z (5exp - 5calc)—

i=1

2

calculated values (ie. , with N being the

N
number of chemical shifts) can range from 4 ppm to 16 ppm,
we chose to perform our regression analysis on the calculated
peaks in order to minimize the biggest error and to reveal any
systematic errors in the calculated values. The regression
analysis equation is therefore:

6calc: Slope X (Sexperimental + intercept (1)

According to Klaup et al,”® relativistic-based spin-orbit
coupling corrections to the calculated shieldings of '°F will
be insignificant (<1 ppm), a correction similar to measurable
chemical shift accuracy. Accordingly such corrections are not
applied here, and they would in any case require specialised
codes which would in itself defeat the purpose of this study in
proposing a cheap and reliable tool for '°F NMR chemical shift
attribution.

2.1 Experimental details

Preparation of the pyridine adduct of difluoro(phenyl)borane:
potassium phenyltrifluoroborate (18.4 mg, 0.1 mmol) was
suspended in a mixture of anhydrous pyridine (450 pl) and
pyridine-d5 (50 pl, with 0.3% v/v TMS) in a J Youngs NMR tube
under an atmosphere of argon. Chlorotrimethylsilane (15.3 pl,
1.2 mmol) was added and the tube was sealed. The solid was
dissolved by brief sonication and a fine white precipitate of KCl1
was observed. The sample was analysed by 'B and '°F NMR
spectroscopy, using the tetramethylsilane peak as an internal
reference. ''B NMR (128 MHz, pyridine) 6 = 6.24 ppm (br t).
F{'"H} NMR (376 MHz, pyridine) § —154.6 (br s, 2H, PhBF2.
Py); —156.3 ppm (s, 1H, *?Si satellite Jg;_p = 275 Hz, TMSF).

This journal is © the Owner Societies 2022
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2.2 Data availability

All the computational input and output files and experimental
NMR primary datasets can be found as a FAIR data repository
collection®® and in associated sub-collections.

3 Results and discussion
3.1 Entries list and calculated chemical shifts

The list of solvents that were used as well as their calculated
reference shielding constant can be found in the data reposi-
tory collections.” The list of the molecules we selected, their
solvent, as well as their experimental chemical shifts can be
found in Table 1:

Excluding entries 27, 29, 70, 73 and 85 for reasons noted in
the footnotes, there are a total of 83 entries for the learning set.
The calculated values will be sorted by the method (Hamilto-
nian) used to calculate the wavefunction. This set of molecules
will be called the Learning Set (LS) in the discussion.
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The results for the ®B97xd, MP2 and B3LYP methods can be
found in Tables 2, 3 and 4 respectively.

Considering that species such as CF;COOH are known for
forming stable H-bonded dimers at higher concentrations, we
investigated how large the effect on the predicted chemical
shift of such self-aggregation or aggregation with explicit
solvent molecules would be at the wB97xd/aug-cc-pvdz level.
The results can be found in Table 5:

The difference between the computed '°F shift for CF;COOH
monomer and the various aggregated forms is always less than
1.1 ppm, which is within both experimental and computational
error. Furthermore, the relatively low concentrations of sub-
strate used for most NMR measurements would not favour self-
aggregations.

A Bland-Altman plot at the ®B97xd/aug-cc-pvdz level for our
learning set in Fig. 1 shows more than 95% of the values are
contained within the interval mean +2¢ and no obvious linear
correlation appears.’® From this, we conclude that the learn-
ing Set is well-behaved for our study.

Table 1 Selected molecules, their solvent, experimental chemical shifts (ppm) and entry value

Entry Molecule Solvent dexp(ppm) || Entry Molecule Solvent dexp (PPm)
1 CFCl3 N/A Ref 46 DCM 7556
2 CF4 Acetone -64.457 47 Acetone -75.557
3 Benzene 162.9° 48 CF3COOH MeOH -74.74259
4 THF -165%0 49 H20 -77.761
5 hexafluorobenzene Acetonitrile -165.262 50 BF3 - THF Chloroform -155.33%
6 MeOH -162.554%9 51 Benzene “112.8%%
7 DMSO -162.504 52 Acetonitrile -114.965
8 CF3CI DCM -27.96°° 53 THF -113.1567
9 FCH;C=N Chloroform -231.9° 54 Chloroform  -113.06659
10 DCM -72.065° 55 fluorobenzene DCM -114.2970
11 CFCly~CFCly Chloroform  -68.67" 56 DMSO -113.672
12 Chloroform -63.7273 57 Cyclohexane -113.4™
13 DCM -63.375 58 H20 -112.9776
14 . Acetonitrile -63.377 59 CCly -112.978
15 @, @ a-trifluorotoluene o-DCB 637 60 {CF3)20=0 DCM “82.95
16 DMF -61.38481 61 allyldifluoroborane Chloroform -73.2
17 THF -62.6%3 62 Acetonitrile -120.73%%
18 Acetone -79%° 63 heptane -12086
19 DMSO -77.3587 64 THF -1213
20 Acetonitrile  -79.87%8 65 1 4-diffliorobenzene DMF -120.01%9
21 CFsH MeOH 8090 66 ’ Acetone -121.691
22 Toluene -79.47592 67 Chloroform -120.0578
23 THF 79.1792 68 CCly -119.6778
24 Benzene -7993 69 hexane -120.178
25 DCM -78.3366 70 BF3P DCM -153.29%
26 hexane -92.899° 71 11 1-trifluoroethane THF -609°
27 difluoro(phenyl)borane THEF® 14297 72 77 DCM -61.3%
28 Chloroform 9298 73 CH30F° Acetonitrile 120.3%
29 Acetonitrile® -127.998 74 2-fluoro-2-methylpropane DCM -134.3100
30 Acetone 16.710T 75 Octafluorocyclobutane Chloroform -134102
31 9.2.2-trifluoroacetyl fluoride -74.9101 76 1,2-difluoroethyne Toluene ~261.3103
32 - DOM 16.4104 7 CF3C=CCF3 Chloroform -53.5105
33 -74.5104 78 (E)-1-fluoroprop-1-ene Acetone -129.5105
34 -72107 79 (Z)-1-fluoroprop-1-ene Acetone -131106
35 Benzene 91107 80 3-fluoroprop-1-ene Chloroform -216.210
36 -105107 81 Acetone -261.9T09
37 . 107 82 a h Benzene -267.6110
38 70,9111 83 uoromethane DMSO 2724112
39 CFy . -91.6111 84 Chloroform -266.5113
40 N Diethylether ¢ 1111 85 Cyclohexane®  -205114
41 111 86 o-DCB -209.9T1°
42 -69101 87 fluoroethane Diethylether -212116
43 Acetone -91.75101 88 Chloroform -212.4117
44 -105.8101
45 101

“ Three different values in different solvents are observed. We discuss this further in Section 4.2. ” BF; is reported as a reaction product, but its
coordination to this solvent is unknown. © Molecules containing O-F or N-F bonds are considered to be very highly correlated species of a type that
DFT theory using small basis sets cannot adequately represent and are not included in the analysis here. For further discussion, see Section 3.3.1.
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Table 2 Calculated chemical shifts of the learning set at the ®B97xd/aug-
cc-pvdz, ®B97xd/aug-pcSseql and ®B97xd/Def2-svpp levels. All the
values are in ppm

5mb97xd/ 5u)b97xd/ 5(097xd/ 5mb97xd/ 5u)b97xd/ 5mb97xd/
Entl’y aug-pvdz pcSseq1 def2svpp Entl’y aug-pvdz pcSseq1 def2svpp
1 0.00 0.00 0.00 46 —-77.46 —83.82 —66.87
2 —61.35 —65.31 —50.90 47 —77.32 —83.80 —66.90
3 —158.56 —174.56 —146.23 48 —-77.26 —83.79 —66.93
4 —159.07 —175.10 —146.68 49 —-77.25 —83.78 —66.92
5 —159.11 —-175.19 —146.85 50 —160.49 —170.99 —134.91
6 —159.20 —175.44 —146.81 51 —116.09 —-122.17 —92.63
7 —159.11 —-175.35 —146.86 52 —117.72 —123.96 —93.95
8 —29.10 —30.33 —20.04 53 —117.45 —123.51 —93.57
9 —235.51 —254.25 —228.71 54 —-117.08 —-123.11 —93.31
10 —66.53 —70.50 —61.98 55 —117.55 —123.56 —93.82
11 —66.70 —70.52 —62.12 56 —-117.74 —124.14 —93.98
12 —64.89 —-70.01 —55.25 57 —115.89 —121.99 —-92.46
13 —65.33 —69.77 —54.99 58 —117.77 —124.19 —-94.01
14 —65.20 —69.55 —54.95 59 —116.06 —122.22 —-92.61
15 —65.30 —69.73 —55.04 60 —81.83 —83.38 —66.42
16 —65.20 —69.56 —54.95 61 —75.53 —80.46 —47.78
17 —65.36 —69.82 —55.13 62 —123.66 —130.10 —100.21
18 —81.54 —87.13 —69.49 63 —122.44 —-128.88 —99.20
19 —81.50 —87.13 —69.54 64 —123.49 —129.92 —-99.97
20 —81.53 —87.13 —69.53 65 —123.66 —130.09 —100.21
21 —81.54 —87.13 —69.52 66 —123.63 —130.12 —100.14
22 —81.99 —-87.04 —69.23 67 —123.37 —129.66 —99.80
23 —81.67 —87.11 —69.44 68 —122.62 —129.06 —99.37
24 —81.61 —87.03 —69.21 69 —122.42 —128.86 —99.18
25 —81.61 —87.12 —69.36 71 —65.27 —70.58 —57.81
26 —-95.87 —101.36 —69.15 72 —-65.15 —70.53 —57.68
28 —-96.82 —102.18 —69.72 74 —146.81 —155.30 —148.01
30 18.76 18.89 36.33 75 —133.97 —146.36 —124.36
31 —-76.55 —82.98 —66.72 76 —263.97 —286.50 —250.06
32 —-76.70 —83.06 —66.71 77 —55.36 —60.27 —47.19
33 18.58 18.77 36.31 78 —132.05 —140.23 —-101.56
34 —-71.53 —76.86 —60.58 79 —135.77 —143.36 —105.15
35 —87.83 —94.53 —72.10 80 —213.11 —229.56 —206.80
36 —102.40 —107.41 —83.67 81 —272.60 —292.94 —248.15
37 —191.54 —203.31 —176.87 82 —272.19 —292.46 -247.31
38 —71.43 —76.68 —60.35 83 —272.60 —292.98 —248.25
39 —87.38 —93.90 -—71.49 84 —272.60 —292.76 —247.79
40 —101.97 —-106.79 —83.05 86 —219.44 —235.40 —207.20
41 —192.23 —-203.87 —177.46 87 —219.43 —235.24 —206.96
42 —55.83 —-76.38 —60.11 88 —219.43 —235.27 —207.00
43 —86.52 —93.24 —70.86
44 —-101.14 —-106.15 —82.41
45 —192.54 —204.45 —178.04

3.2 Regression analysis

The evaluation of two different DFT functionals applied with
various basis sets as well as MP2 method was based on 83
F NMR peaks, covering a wide range of chemical shifts
(—260 ppm to —20 ppm). The regression analysis using
eqn (1) obtained by least squares minimisation of the calcu-
lated chemical shifts can be found in Table 6. The provided root
mean square deviations (RMSD) were obtained using the
following equation:

N
> (Scare — (slope x dexp + intercept))

RMSD = \| = 5 (2)

2

with N being the number of experimental chemical shifts (e.g.
ref. 83).
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Table 3 Calculated chemical shifts of the learning set at the MP2/aug-cc-
pvdz level (ppm)

MP2/aug- MP2/aug- MP2/aug- MP2/aug-
Entry cc-pvdz  Entry cc-pvdz  Entry cc-pvdz  Entry cc-pvdz
1 0.00 22 —81.48 45 —199.97 66 —127.82
2 —64.13 23 —81.49 46 —77.86 67 —127.36
3 —-166.29 24 —81.25 47 —77.79 68 —126.73
4 —166.98 25 —81.46 48 —77.50 69 —126.44
5 —-167.12 26 —70.66 49 —-77.72 71 —65.51
6 —166.87 28 —-71.97 50 —160.86 72 —65.42
7 —-167.13 30 1.25 51 —120.87 74 —142.98
8 -31.25 31 —77.74 52 —122.43 75 —136.38
9 —230.67 32 —74.90 53 —122.08 76 —271.01
10 —67.66 33 16.70 54 —-121.71 77 —55.62
11 —67.66 34 —-72.19 55 —-122.17 78 —139.05
12 —64.53 35 —-97.31 56 —122.45 79 —143.41
13 —63.39 36 —-110.78 57 —120.65 80 —207.91
14 —64.11 37 —199.05 58 —122.48 81 —270.47
15 —64.36 38 —52.00 59 —120.89 82 —270.07
16 —64.11 39 —-96.92 60 —78.28 83 —270.46
17 —64.43 40 —111.40 61 —82.03 84 —270.29
18 —81.46 41 —199.48 62 —127.85 86 —215.99
19 —81.41 42 —71.87 63 —126.47 87 —215.72
20 —81.44 43 —96.56 64 —127.64 88 —215.78
21 —81.18 44 —111.06 65 —127.85

The wB97xd/aug-cc-pvdz method shows low RMSD values
(Table 6) and an intercept close to zero. The largest RMSD
corresponds to 2.64% of the total chemical shift range, while
the lowest is 1.24% over the same range. Over this range, the
slope tends to be s

The computational cost of the various methods does not
correlate well with their accuracy. Thus although the method
with the highest R*>, ®B97xd/aug-pcSseql also has a small
RMSD (3.64 ppm), it is approximately 24 times slower to
complete than at the ®B97xd/Def2-svpp level. B3LYP/aug-cc-
pvdz displays the same features, a good R*, somewhat larger
RMSD but clearly non-zero intercepts. The relatively expensive
MP2/aug-cc-pvdz combination is not superior to the ®B97xd/
aug-cc-pvdz method, but might prove more reliable for mole-
cules with correlated or unusual bonds.

For this type of calculations, based on the parameters, R?,
RMSD, slope, intercept and the standard errors, we recommend
the ®B97xd/aug-cc-pvdz level, which also has the advantage of
being affordable in terms of CPU resources. This is in line with
our previous report on "'B NMR' and gives the advantage
that both the "F and "B nuclei can be computed at the
same level in a single calculation for molecules containing
both elements. The regression coefficients (slope ~ unity,
intercept ~ 0) means the unadjusted calculated value could
be used to assign experimental shifts with an average mean
error of 3.9 ppm.

5ca1c ~ 5exp (3)

Rearranging eqn (1) allows correction for the systematic
errors; in eqn (4) dpreq indicates the predicted chemical shift.

Ocale +0.02534

Opred =1 0112 (4)
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Table 4 Calculated chemical shifts of the learning set at the B3LYP/ Table 4 (continued)
Def2svpp, B3LYP/aug-cc-pvdz, B3LYP+GD3-BJ/aug-cc-pvdz and

B3LYP+GD3-BJ/Def2svpp levels (ppm) B3LYP/ B3LYP/ B3LYP+GD3-BJ/  B3LYP+GD3-BJ/

Entry Def2svpp aug-cc-pvdz  augc-cc-pvdz Def2svpp
B3LYP/ B3LYP/ BSLYP+GD3-BJ/  B3LYP+GD3-BJ/ P oo a0 o

Entry Def2svpp aug-cc-pvdz  augc-cc-pvdz Def2svpp - 6659 o47a e 61

1 0.00 0.00 0.00 0.00 74 ~154.91 —154.82 —154.94 ~155.13

2 ~59.10 —71.67 —71.14 ~58.59 75 —~133.18 —142.96 —143.00 —~132.58

3 —~154.08  —168.98 —168.64 ~153.77 76 —263.09  —280.50 —279.98 —262.59

4 —154.60  —169.53 —~169.20 —154.30 77 —53.20 —62.46 —62.01 —52.46

5 ~154.78 -169.75 ~169.41 —154.49 78 ~107.76  —142.91 —142.50 ~107.37

6 —~154.76  —169.47 ~169.22 —154.46 79 —~111.93 —146.34 ~145.93 —142.54

7 ~154.79  —169.76 ~169.41 —154.50 80 —213.52  —220.81 —220.18 —212.67

8 —26.48 —37.02 —36.54 ~26.04 81 —257.91 —286.70 —286.15 —257.38

9 —237.78  —245.51 —245.04 —237.10 82 —256.86  —286.28 —285.72 —256.33

10 —64.60 —69.49 ~70.19 —65.37 83 —257.99  —286.73 —286.18 —257.46

11 —64.62 —69.70 —70.41 ~65.00 84 —257.47  —286.52 —285.96 —256.63

12 —63.46 —74.68 —74.32 —62.81 86 —213.59  —229.22 —228.62 ~213.02

13 —63.29 —74.38 —74.01 —63.05 87 —213.23 —229.01 —228.42 —212.66

14 —63.14 —74.19 —73.84 ~62.80 88 —213.29  —229.04 —228.45 —212.42

15 —63.26 —74.39 —74.03 —62.91

16 —63.13 —74.19 —73.83 —62.80

17 —63.32 —74.48 —74.12 —62.98

18 —75.57 —90.44 —89.90 —75.03

19 —75.60 -90.45 —89.90 —75.08 Table 5 Comparison between the experimental 9F chemical shifts and

20 —75.58 —90.44 —89.90 —75.88 the computed values of different aggregation models of CFzCOOH

21 —75.59 —90.44 —89.90 —75.05

22 —7517 —90.44 —89.89 —74.65 System Solvent Chemical shift (ppm)  Error (ppm)

23 —75.48 —90.45 —89.91 —74.94

24 —75.13 —90.43 —89.89 —74.63 Exp. Acetone  ~75.5”

25 ~75.58  ——90.45 —89.91 ~75.06 Monomer —77.32 1.82

26 —78.61  —110.99 ~110.68 —78.30 Dimer —78.19 2.69

28 -79.24  —111.98 —111.64 —78.67 H-Bond donor 1 —78.39 2.89
H-Bond donor 2 —77.28 1.78

30 31.52 10.84 11.18 31.84 s

31 —74.02 —85.28 —84.89 ~73.62 Exp. DCM =75

32 —74.11 —85.41 —85.03 ~73.83 Monomer —77.46 2.46

33 31.43 10.71 11.05 31.63 Dimer —78.33 3.33

34 —68.21 ~80.55 ~80.19 —67.12 Exp. H,0 —777

35 ~79.37 ~97.20 ~96.85 ~78.29 Monomer —77.25 0.45

36 —90.36  —111.36 ~110.95 ~89.29 Dimer —78.11 0.41
H-Bond donor 1 —78.27 0.57

37 ~183.10 ~199.70 ~199.39 ~182.05

38 ~67.97 —80.21 ~79.86 —67.61 H-Bond donor 2 —76.707 1.00

39 _78.78 _96.55 —96.19 _78.45 H-Bond acceptor 1 —77.11 0.59

40 -89.79  —110.71 ~110.34 ~89.43 H-Bond acceptor 2 —77.08 0.62

41 ~183.71  —200.21 ~199.90 ~183.37 H-Bond acceptor 3 —76.57 1.13

42 _67.76 _79.91 _79.55 _67.38 H-Bond acceptor 4 —76.41 1.29

59

43 ~78.18 ~95.87 ~95.52 ~77.82 EXp. MeOH  —74.742

44 -89.20  —110.07 ~109.70 ~88.85 Monomer —77:26 252

45 —184.33  —200.73 —200.42 ~183.99 Dimer —78.15 3.41

46 ~74.23 ~86.29 ~85.92 ~73.93 H-Bond donor 1 —78.35 3.60

47 ~74.20 —86.24 —85.87 _73.84 H-Bond donor 2 —77.13 2.39

48 —74.20 _86.23 _85.86 _73.82 H-Bond acceptor 1 —77.29 2.55

49 7418 -86.36 _85.99 _73.82 H-Bond acceptor 2 —77.10 2.36

50 _146.87  —177.82 ~176.29 —146.54 H-Bond acceptor 3 —76.67 1.93

51 —98.54 —~126.18 —125.79 —98.17 H-Bond acceptor 4 —76.44 170

52 ~100.04 ~128.21 ~127.81 ~99.66

53 —99.62  —127.64 —127.24 —99.24

54 —99.33 —127.24 ~126.84 —98.65

55 -99.70  —127.75 —127.36 —99.34

56 —100.06 —128.24 —127.84 —99.69 In that case the error is on average expected to be 3.53 ppm.

57 ~98.36 ~125.95 ~125.55 ~97.85 . o

o3 10010 12831 19789 9972 This error was calculated using:

59 —97.51 ~126.15 —125.75 —98.14

60 —74.08 —86.64 —86.31 ~73.84

61 ~55.32 —88.60 ~87.99 —54.47 N Seale +0.2534\ \ 2

62 ~106.37 ~133.90 ~133.51 —~105.97 2| Gexp — 1012

63 -105.03  —132.35 —-131.97 —104.67 RMSD = \| = : (5)

64 ~106.10  —133.53 ~133.16 ~105.73 83

65 ~106.34  —133.90 ~133.51 —~106.00

66 ~106.32 ~133.83 —133.43 ~105.95

67 —~105.88 —133.29 ~132.91 —~105.19 Fig. 2 shows the regression plot at the wb97xd/aug-cc-pvdz level

68 —104.20 —132.57 —132.18 —104.82 using eqn (3). The other regression plots can be found in the

69 -105.01 —132.34 ~131.95 —104.64 119

repository data collection.
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Fig. 1 Bland—Altman plot'® for the learning set.

Table 6 Regression analysis for the learning set '°F NMR chemical shifts
using egn (1)

Slope with Intercept with RMSD

std error ¢ std error ¢ (ppm) R* (ppm)
®B97xd/aug-cc-pvdz 1.01 £ 0.01 —0.25 £ 0.82 0.9968 3.57
®B97xd/aug-pcSseq1 1.09 £ 0.01  0.66 + 0.85 0.9971 3.64
®B97xd/Def2-svpp 0.98 £ 0.01 11.95 & 1.68 0.9861 7.23
MP2/aug-cc-pvdz 1.00 £ 0.01 —3.56 £ 1.29 0.9921 5.53
B3LYP/Def2-svpp 0.99 £0.01 6.37 £ 1.73 0.9856 7.45
B3LYP/aug-cc-pvdz 1.03 + 0.01 —7.52 + 1.08 0.9948 4.66
B3LYP+GD3B]J/ 1.03 £ 0.01 —7.24 £ 1.06 0.9950 4.55
aug-cc-pvdz
B3LYP+GD3BJ/Def2-svpp 0.99 £+ 0.01  6.45 £+ 1.78 0.9849 7.63
®B97xd/aug-cc-pvdz” 0.96 £ 0.00 —6.34 £+ 0.40 0.9966 2.31

% This linear regression is for testing set 2 (see Section 3.3.2 for more
detail).

»
s
01 »
s
//
s
//
—50 1 ./
Q"
£ —100 [
g »~
e &
8 ~150 A <4
S 9.’
e
/”
—200 - /,’
x’j-
~250 A o
-250 -200 -150 -100 -50 0
Oexp (PPM)

Fig. 2 Regression plot at the ®B97xd/aug-cc-pvdz level. The dashed line
correspond to the linear regression. The blue dots correspond to the
trifluoro(4-fluorophenyl)borate, the orange dots correspond to the 2-2-3-
3-4-4-5-5-octafluoropentan-1-ol, the golden dot corresponds to tris(2-
2-2-trifluoroethyl) borate and the green dot to 1-fluoro-2-nitrobenzene.

20414 | Phys. Chem. Chem. Phys., 2022, 24, 20409-20425

View Article Online

PCCP

3.3 Testing sets and identification of sources of error

3.3.1 Testing set 1. We tested both least-squares eqn (3)
and (4) on four different molecules expressing nine different
chemical shifts. These 4 molecules (and *°F NMR values) were
suggested by our collaborators as part of our current catalytic
study. This set of molecules is referred to as Testing Set 1. The
calculated chemical shifts can be found in Table 7 and the
absolute errors in Table 8.

The outlier in this set is the —138.9 ppm measured value for
trifluoro(4-fluorophenyl)borate as assigned to the negatively
charged trifluoroborate unit. The predicted values show large
variation using the computational methods, the errors ranging
from 2.60 ppm (B3LYP+GD3B]J/Def2-svpp) to 30.90 ppm (B3LYP/
aug-cc-pvdz) using eqn (3), and 6.21 ppm (©B97xd/Def2-svpp) to
18.37 ppm (B3LYP/aug-cc-pvdz) with eqn (4) (Table 8). To find
out whether the effect is general to fluoroborate anions, we
searched the CSD (Cambridge Structure Database) for other
molecules containing this motif, to determine if any relation-
ship between their predicted solution state '°F chemical shifts
and the closest approach of the counter-cation in the solid state
might exist. Of the 31 matches, 10 were selected for analysis,
having both reported '°F chemical shift values in solution and
available for calculation using the calibrated aug-cc-pvdz basis
set. The experimental and calculated chemical shifts as well as
the CSD reference code and absolute errors can be found in
Table 9. For GABCEV™?° the values reported in the article for the
19F and "B NMR (—63.5 ppm and 64.1 ppm respectively) do not
match what should be expected experimentally (approximately
—140 ppm for the '°F and 5 ppm for the 'B) or by calculation,
but those reported in the article ESI do match and are shown in
the table. The corresponding plot and structures can be found
in Table 9 and Fig. 3 and 4 respectively.

Where the cationic component is present intramolecularly,
the predicted errors can be no larger than the RMS error, but
when omitted as intermolecular components, the errors can be
as large as 11.4 ppm. Significantly, there is no relationship
between the error and the closest approach of the counter-cation
in the solid state. To probe further, we then returned to focus on
trifluoro(4-fluorophenyl)borate itself by modelling the shift in
solution with various forms of an alkali metal counter-ion pre-
sent. Since K" is not defined at the aug-cc-pvdz basis set level, we
replaced it with Na'. The errors for the chemical shifts obtained
via eqn (4) are provided in Table 10. The calculated structures for
the various complexes of trifluoro(4-fluorophenyl)borate can be
found in Fig. 5.

We first tested if inclusion of Na® alone improved the
prediction compared to its absence at the wB97xd/aug-cc-pvdz
level, but the error was only modestly reduced. Next, we com-
plexed the Na' ion to a DMSO (solvent) molecule. Reasonable
agreement with experiment was only obtained with 6DMSO-Na",
suggesting that not only the position but also the explicit solva-
tion of the counter-cation for such fluoroborate anions may be
important for more accurate '°F NMR chemical shift predictions.
However, such a model increases the size of the system and hence
the computational cost significantly. Furthermore optimising the
position of the solvated counter-ion can be non-trivial and so this
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Table 7 Testing set 1 °NMR calculated chemical shifts (ppm)
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Molecule Solvent Peak (ppm) ©B97xd/aug-cc-pvdz ®B97xd/Def2-svpp ®B97xd/aug-pcSseql MP2/aug-cc-pvdz
1-Fluoro-2-nitrobenzene Acetonitrile —120.5 —118.37 —98.27 —125.23 —131.85
2,2,3,3,4,4,5,5-Octafluoropentan-1-ol Chloroform —122.5 —124.36 —109.32 —132.06 —124.26
—125.7 —127.18 —112.57 —135.31 —126.25
—130.2 —132.24 —117.22 —140.79 —132.53
—137.2 —141.16 —126.95 —151.17 —140.63
—-137.3 —141.75 —127.37 —151.69 —141.24
Trifluoro(4-fluorophenyl)borate DMSO —118.7 —123.70 —101.98 —130.54 —126.23
—138.9 —153.62 —130.32 —164.45 —151.40
Tris(2,2,2-trifluoroethyl)borate Chloroform —76.8 —80.30 —78.26 —86.42 —80.68
B3LYP/ B3LYP/ B3LYP+GD3B]J/ B3LYP+GD3B]J/
Molecule Solvent Peak (ppm) Def2-svpp aug-cc-pvdz aug-cc-pvdz Def2-svpp
1-Fluoro-2-nitrobenzene Acetonitrile —120.5 —103.11 —125.62 —125.37 —102.90
2,2,3,3,4,4,5,5-Octafluoropentan-1-ol Chloroform —122.5 —118.86 —130.40 —133.75 —117.95
—125.7 —120.63 —137.42 —137.08 —120.93
—130.2 —125.10 —142.06 —141.48 —124.87
—137.2 —133.86 —150.76 —150.14 —133.42
—137.3 —134.49 —151.37 —150.81 —133.96
Trifluoro(4-fluorophenyl)borate DMSO -118.7 —108.55 —134.17 —133.78 —108.19
—138.9 —141.90 —169.80 —169.38 —141.50
Tris(2,2,2-trifluoroethyl)borate Chloroform —76.8 —78.49 —89.86 —89.61 —77.67

Table 8 Absolute errors and RMSD using eqn (4) applied to the 1°NMR chemical shifts (ppm) for testing set 1

Molecule Solvent Peak (ppm) ®B97xd/aug-cc-pvdz ©B97xd/Def2-svpp ©B97xd/aug-pcSseql MP2/aug-cc-pvdz
1-Fluoro-2-nitrobenzene Acetonitrile —120.5 3.69 8.08 4.93 7.98
2,2,3,3,4,4,5,5-Octafluoropentan-1-ol Chloroform —122.5 0.22 1.17 0.67 1.97
—125.7 0.18 1.31 0.87 3.15
—130.2 0.33 1.55 0.34 1.38
—-137.2 2.14 4.47 2.19 0.30
—137.3 2.63 4.80 2.57 0.22
Trifluoro(4-fluorophenyl)borate DMSO —118.7 3.37 2.50 1.75 4.22
—138.9 12.77 6.21 12.68 8.92
Tris(2,2,2-trifluoroethyl)borate Chloroform —76.8 2.36 15.21 3.15 1.06
RMSD 4.77 6.58 4.84 98.99
B3LYP/ B3LYP/ B3LYP+GD3B]J/ B3LYP+GD3B]J/
Molecule Solvent Peak (ppm) Def2-svpp aug-cc-pvdz aug-cc-pvdz Def2-svpp
1-Fluoro-2-nitrobenzene Acetonitrile —120.5 10.22 6.05 5.92 10.40
2,2,3,3,4,4,5,5-Octafluoropentan-1-ol Chloroform —122.5 3.63 3.44 0.19 2.74
—125.7 2.24 0.18 0.24 2.55
—130.2 2.23 0.17 0.01 2.02
—137.2 4.06 1.60 1.40 3.63
—137.3 4.59 2.10 1.95 4.07
Trifluoro(4-fluorophenyl)borate DMSO —118.7 2.94 4.03 4.04 3.28
—138.9 10.46 18.35 18.37 10.07
Tris(2,2,2-trifluoroethyl)borate Chloroform —76.8 8.68 2.99 3.09 7.90
RMSD 6.31 6.81 6.70 6.06

computational tool may no longer be necessarily considered a
rapid one, which was one of our objectives in this study.

We concluded our examination of ionic species by investi-
gating seven further solution-phase ionic compounds from
Roseneau et al.'® (entries 88, 90-92, 97, 100 and 111 as
referenced in the Roseneau tabulation), in this case without
including their counter-ions. The experimental chemical shifts,
the calculated '°F NMR chemical shifts and the absolute errors
for the estimated shifts can be found in Table 11, while their
structures can be found in Fig. 6.

This journal is © the Owner Societies 2022

We notice, as have others, that N-F bonds seem to be a
significant source of errors, which is not surprising since these
types of bonds are very electron rich and hence more highly
correlated than e.g. C-F bonds. We do not report the values
here but note that O-F bonds were also sources of large errors
(sometimes >50 ppm, with a 400 ppm error on the F,0,),
for the same reason. B-F bonds tend to occur on anionic
components, which appear to have a slightly higher systematic
error than neutral and cationic C-F systems (Table 11) and are
discussed in more detail below.
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Table 9 CCDC reference, experimental and chemical *°F chemical shifts
and counter-cation closest approach (A)

Compound Experimental Calculated Absolute error Distance
CARKIR —142*%* —150.64 8.64 2.62
FUYDOT —136.58"%2 —146.19 9.61 3.05
0ZOJOD —133.3'% —144.71 11.41 3.26
SEGMO] —138.6"** —140.67 2.07 2.81
SEGMUP —135.6"** —141.53 5.93 2.86
SEGNAW —137.6"* —144.51 6.91 2.97
YOWJIG —143.33'% —153.99 10.66 2.82
ZUCWAY —142.21%¢ —151.76 9.56 2.97
ZUCZOP —143.5'%¢ —154.12 10.62 2.68
GABCEV —133.2"%° —141.22 8.02 2.73
®
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Fig. 3 Absolute error (ppm) as a function of the closest approach distance
(A) of the counter-cation for the fluoroborane motif as listed in in Table 9.

Anion 97 contains an Si-F bond for which two isomers were
calculated, one with both fluorines axial and one axial and the
other equatorial. The match to the experimental value for the

(b)

e
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Table 10 'F NMR chemical shifts (ppm) and absolute errors evaluated
using eqn (4) at the ®B97xd/aug-cc-pvdz level for the fluoroborate part of
trifluoro(4-fluorophenyl)borate

Na' complexed Na* complexed Na* complexed

Experimental No Na® to F to DMSO to 6 DMSO
—138.9 —153.62 —151.39 —149.88 —142.23
Absolute error 12.77 10.56 9.07 3.33

diaxial isomer —104 ppm is better than the isomer. The error of
8.8 ppm for the diaxial isomer appears not to be due to the
basis set lacking diffuse functions, as often used for anionic
species (but ameliorated by the use of an anion-compactifying
solvent field). Thus use of the d-aug-cc-pvdz basis (only
available for first row elements) on F results in a predicted
shift of —104.5 ppm, a slightly larger error than that observed
without diffuse functions. A similar error was found for tetra-
fluoroborate anion itself (Table 9, entry 111) and the error is
more probably due to lack of included counter-ion in the
calculation as noted above. Cation 100 contains a C-F bond
and is predicted well.

Cation 92 also with a C-F bond was calculated as two
rotameric orientations for the four isopropyl groups. Of these
the conformation with the CH of the isopropyl being anti to the
heterocyclic group had an error of 10.2 ppm and the other
with the CH group syn was 1.0 ppm, which again shows that
conformational analysis using this nucleus may be reliable. In
general most cations are predicted accurately, which might
suggest that the position and nature of the counter-anion may
not be important, whereas anions may be more vulnerable to
omission of a cationic counterion.

3.3.2 Testing set 2. Rosenau et al.'® provide in their ESI
(Table S6.2) a list of chemical shifts for 138 molecules. Eliminating
the overlaps between this new set of molecules and our learning
set (4), the molecules that have elements that lack basis set

Fig. 4 Structures and Cambridge Refcode identifier of the trifluoro-(4-fluorophenyl)-borane like compounds. (a) CARKIR, (b) FUYDOT, (c) OZOJOD,
(d) SEGMOQJ, (e) SEGMUP, (f) SEGNAW, (g) YOWJIG, (h) ZUCWAY, (i) ZUCZOP and (j) GABCEV.
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(d)

Fig. 5 Structures for trifluoro(4-fluorophenyl)borate complexed with Na* showing (a)

(d) Na* complexed to 6 DMSO.

Table 11 Experimental and calculated *°F NMR chemical shifts (ppm)
evaluated using egn (4), with absolute errors of the estimated chemical
shifts for entries 88, 90-92, 97, 100 and 111 selected from Roseneau
etall®

Entry Experimental shift  Calculated shift ~ Absolute errors
88 48.16 18.05 30.11
90 16.03 —3.29 19.32
91 46.98 27.04 19.94
92 —107.51 —106.52 0.99
97, ax,eq —95.20 —121.94 26.74
97, ax,ax —95.20 —102.79 7.59
100 —53.11 —-53.79 0.68
111 —152.84 —158.99 6.15

support, e.g. iodine (12) and these too far removed from the
learning set such as hypercoordinate systems illustrated by
4-nitro(pentafluoro-sulfanyl)benzene (21), leaves 220 chemical
shifts to be tested. We used these peaks as testing set 2, for both
regression eqn (3) and (4) at the ®B97xd/aug-cc-pvdz level. Fig. 7
contain the plot of the predicted chemical shifts of these
molecules as a function of the experimental ones. All the
structures and chemical shifts can be found in the FAIR data
repository collection.'®” Despite pushed to its limit, since many
molecules in this new testing set are different from the learning
set, such as these containing bromine or sulphur, we reach a
RMSD of 3.16 ppm for eqn (4) with this new set over a range of
175 ppm, indicating the robustness of our prediction model.
This RMSD was calculated using:

N 5calc +0.2534 2
;(5“"_( 10112
RMSD = 330 (6)

If we instead used this testing set as a learning set, obtaining a
new a linear regression on these calculated peaks included in

This journal is © the Owner Societies 2022

View Article Online

Paper

Table 6 and a lower RMSD (2.31 ppm). This further reduction in
RMSD may also be also due to the very carefully calibrated set of
chemical shift values used in this set, which emphasises the
need to take especial care over referencing when making
'F measurements. A Bland-Altman plot (Fig. 8) again shows
that more than 95% of the values are contained within the
interval mean +2¢ and no obvious linear correlation appears.

4 Applications
4.1 Rotamers and stereoelectronic effects

A general problem in regard to predicting chemical shifts is for
conformationally mobile systems. We evaluated one example of
this, 2,2,3,3,4,4,5,5-octafluoropentan-1-ol in which stereo-
electronic (gauche effect) alignments are possible. A search of
the CSD (crystal structure database)'*® based on the substructure
X-0-CH,-CF,-CFR-R'R” (X = H, C) was conducted in two parts.
The first search was for rotations about bonds 1 and 2 (Fig. 9) for
examples that possessed both a primary alcohol or ether function
and a fluorinated aliphatic side-chain and the second search for
bonds 3 to 5 was for examples with fluorinated side-chains. This
reveals a preponderance of syn-periplanar orientations (~ 60°) for
vicinal heteroatom groups (Fig. 10).">%7"%°

The five bonds about which three-fold rotations can occur in
2,2,3,3,4,4,5,5-octafluoropentan-1-ol results in 3> = 243 possible
rotamers. The crystal structure search (Fig. 9) suggests these
could be dominated by gauche effects for all five rotational
bonds. Approximate coordinates for these conformers were
initially generated using the GMMX conformer dialogue in the
Gaussview 6 program and then all were subjected to full energy
minimisation and NMR calculation using the recommended
®B97xd/aug-cc-pvdz procedure. Applying eqn (4) leads to pre-
diction errors that are only modestly larger than experimental

Phys. Chem. Chem. Phys., 2022, 24, 20409-20425 | 20417
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errors.’® The global free energy minimum emerged as having
nine gauche and several antiperiplanar orientations.

We compared 5 different sets: (i) those with all 225 non-
duplicated rotamers, (ii) with the 20 (iii) 10 (iv) or 5 highest
populated conformations and finally (v) the set with all 28
conformations having a population greater than 1%. The
averaged chemical shifts and the populations can be found in
the associated FAIR data repository, while the final corres-
ponding RMSDs can be found in Table 12."*° We note that
these results are stable toward increasing the DFT quadrature
to the more accurate superfine grid; 1.647 ppm for entry i, a
potential source of error noted by Wheeler et al.**'

This system is unusual in that selecting the 5 or 10 con-
formation subsets (iii) and (iv) produces a clearly inferior
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Fig. 8 Bland—Altman plot for testing set 2.

prediction and even selecting the set with populations >1%
(set v) shows a significantly higher error than the full conformer
set. In solution intermolecular hydrogen bonds and other
effects can influence populations depending on the concen-
tration of the NMR sample. These are not modelled here, but
nonetheless the quality of the prediction using rotamer set i
suggests that these may be less important than the desirability
of including a full conformer space in the calculation.

4.2 Dissociative equilibria between 3- and 4-coordinate boron

1°7 as well as

The experimental values reported by Oisaki et a
Kim et al.®® for difluoro(phenyl)borane (Table 1) in coordinating
solvents do not align with these reported by Shmakov et al.®> or

Kim et al°® in non-coordinating chloroform. Tetrahyrofuran
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Fig. 9 A search of the CSD for molecules similar to 2,2,3,3,4,4,5,5-octafluoropentan-1-ol for values of bond torsions 1-5.

Fig. 10 The two predicted lowest energy conformations of 2,2,3,3,4,4,5,5-octafluoropentan-1-ol exhibiting nine gauche-effect orientations, showing
torsion angles.
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values in parentheses using eqn (4) the '°F NMR spectra in these two solvents at the ®B97xd/aug-cc-
Set of pvdz level, for both the complexed and the free forms
rotamers (i) (i) (i) (iv) v) (Fig. 11 and 12) with values reported in Table 13.

RMSD  3.18 (1.65) 3.95 (2.34) 4.49 (2.96) 4.42 (3.10) 3.83 (2.22) The combined energies of difluoro(phenyl)borane and one

molecule of either thf (tetrahydrofurant) or acetonitrile as
solvent can be obtained in two ways. Summing the computed
(thf) and acetonitrile both might complex with the 3-coordinate free energies of the individual solute and solvent molecules as
boron atom in difluoro(phenyl)borane to form a 4-coordinate model (a) or using the free energy of the combined weakly
species, these being of particular interest in understanding the interacting supermolecule as model (b), with both energies

(cc)

(a) (b)

Fig. 11 Structures for (a) the complexed and (b) free difluoro(phenyl)borane in thf, showing the weak dispersion interactions for the two species treated
as a supermolecule.
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Fig. 12 Structures for (a) the complexed and (b) free difluoro(phenyl)borane in acetonitrile, showing the weak dispersion interactions for the two species

treated as a supermolecule.

Table 13 Calculated (eqn (4), ®B97XD/aug-cc-pvdz) and reported °F
NMR chemical shifts for difluoro(phenyl)borane in aprotic coordinating
solvents

'9F chemical shift Reported

Solvent Form in ppm (eqn (4)) value

thf 4-Coordinate bound —155.6 —142°°
3-Coordinate unbound —95.2

Acetonitrile  4-Coordinate bound —157.6 —127.9%
3-Coordinate unbound —96.2

Pyridine 4-Coordinate bound —166.8 —154.6
3-Coordinate unbound —95.9

Thiophene  4-Coordinate bound n/a —
3-Coordinate unbound —93.6

Sulfolane 4-Coordinate bound —144.9 —
3-Coordinate unbound —96.1

obtained with a solvent continuum solvation model applied.
The first model corresponds approximately to an infinitely
dilute solution of the two components and the second to a
0.041 M equimolar solution (equivalent to a standard state of
1 atm@298 K) in which weak dispersion interactions between
the two components can reduce the entropy of separation.
Since the solvent is in higher concentration (16 M for thf,
31 M for acetonitrile), this also favours the intermolecular
equilibrium towards a greater concentration of the solvent-
bound 4-coordinate form. The calculated relative free energy
of the 4-coordinate species using acetonitrile as solvent is
+3.4 keal mol™" using model (a) and —1.2 kcal mol™" using
model (b). Decreasing the free energy of the bound form by
—3.9 keal mol " to approximate the effect on the equilibrium of
the high molar concentration of acetonitrile via the expression
RTLn(31/0.041), T = 298 K and using model (a), indicates that
the resulting concentration of unbound 3-coordinate and of
solvent-bound 4-coordinate difluoro(phenyl)borane are approxi-
mately equal (populations ~0.5:0.5).

The calculated "°F chemical shifts can now be used as
limiting values for the 4-coordinate bound and 3-coordinate
unbound molecules to get an experimental estimate of the

20420 | Phys. Chem. Chem. Phys., 2022, 24, 20409-20425

equilibrium. The shift for the 4-coordinate, formally anionic
borate form of difluoro(phenyl)borane, may be predicted to be
too negative by ~6 ppm, as shown by the value for BF, itself
(Table 11). Applying this approximate correction suggests that
the relative populations of bound/unbound solutes are approxi-
mately equal in acetonitrile, deriving from the measured
chemical shift of difluoro(phenyl)borane being intermediate
between the 3- and 4-coordinate forms in this solvent.

For thf as solvent, combining the calculated corrected limit-
ing chemical shifts for the two forms with the observed value
suggests the equilibrium favours 4- over 3-coordinated species
by a population ratio of 0.85/0.15. The calculated relative free
energy of bound 4-coordinate species for thf as solvent is
—0.5 kecal mol™" using model (a), or —4.0 if approximately
corrected for the 16 M concentration of thf. This corresponds
qualitatively to the measured '°F chemical shift in this solvent
distinctly favouring the 4-coordinated form. These results also
hint that model (a) might be better for obtaining free energies
for weakly interacting separated components in solution.
It remains to be established if model (b) might be better for
more concentrated solutions of components interacting more
strongly through e.g. one or more strong hydrogen bonds.

In predictive mode, we investigated three further aprotic
coordinating solvents, pyridine, thiophene and sulfolane.
Thiophene has no minimum for the bound 4-coordinate
isomer, dissociating to the unbound form. With pyridine, the
4-coordinate isomer is now significantly more stable in free
energy than the unbound form by —11.7 kcal mol . We then
measured the '°F and ''B shifts in this solvent, finding the
former 13 ppm closer to if not actually at the bound limit
than with thf as solvent. The calculated "B shift (+6.8 ppm)
is in close agreement with the measured value (6.3 ppm) which
supports the inference that the equilibrium for difluoro-
(phenyl)borane indeed favours the fully 4-coordinated form in
pyridine and which is supported by the energy difference of
—11.7 keal mol ™" between it and the unbound 3-coordinate
form.
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Sulfolane is predicted to be similar to thf, with the bound
form 0.34 kcal mol " less stable than the unbound separated
components, but is favoured if a correction (3.0 kcal mol ") for
the higher molar concentration of the solvent (6.6 M) is
applied.

Further insight was obtained by searching for crystal structures
containing the sub-structure C-BF-X (X = O, N) and analysing
seven such structures, five of which form an intramolecular B-X
bond and two of which are sterically inhibited from doing so
(Fig. 11 and 12). The former set are examples of potential intra-
molecular equilibria in which a boron atom could display either a
tri- or a four-coordinated form."*"'*>"**® These seven molecules are
shown in Fig. 13 and the chemical shift values in Table 14.

Of the species shown in Fig. 11, ZICMIJ has no formal
stationary point for a 3-coordinate species, but it does appear

op””
/\N

/

A

Z

Iz

(d)

FsC

FaC

(e)

View Article Online

Paper

as an inflexion in the energy surface typical of a ‘“hidden
intermediate” and can be estimated to be 13.7 kcal mol " higher
in free energy than the 4-coordinate isomer. True intramolecular
3-coordinate forms can be located as formal stationary points for
CU]JSEG (+40.7 keal mol ™), LOCNOJ (+32.3 kecal mol "), CICPEM
(+23.5 keal mol ') and NUJQUE (+19.3 kcal mol %), with their free
energies relative to the 4-coordinate forms shown parentheses.
The values suggest that in all cases the 4-coordinate form is the
only one with a significant population (1.00) in solution.

The reported 'F shift for the methylamino substituted
NUJQUE (and of its octylamino derivative) of —54.5 ppm (com-
pounds 15 and 16 in the article,"*® "°F nmr reference not stated)
is anomalous in comparison with the other compounds shown
in Fig. 11 and also with the predicted '°F. The "B shifts for
NUJQUE reported as —15 ppm agree well with a calculated value

/
\

CF,
CF,

(g

Fig. 13 Structures and Cambridge Refcode identifier of the test set for 4/3-coordinate-boron equilibria. (a) ZICMIJ, (b) CUJSEG, (c) LOCNQOJ,
(d) CICPEM, (e) UYELAN, () NUJQUE and (g) TAKWIO. The crystal structures can be found in the data repository.}*’
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Table 14 Experimental '°F shifts in ppm, with calculated values (eqn (4),
®B97XD/aug-cc-pvdz) for the test set shown in Fig. 13

4-Coordinate  3-Coordinate

Compound Experimental form form
ZICMIJ —149.1'* —154.7 —82.8
CUJSEG —163.8'%° —171.9 —75.3
LOCNOJ —161.84"¢ —164.2 —92.3
CICPEM —165.1™* —164.3 —65.2
NUJQUE —54,58 —137.8 —90.1
UYELAN —56.4'%° —134.0 —58.1
TAKWIO  —56.6 (CF;), —11.0 (BF)"** —57.0, —136.9 —58.0, —12.9

of —13.3 ppm using B(OMe); as reference, indicating the
molecule probably has the constitution indicated. This in
turn suggests the unstated '°F reference for the measured
shift'*®* may not be CFCl; but CF;H (calc. —57.5) or more
probably trifluoroacetic acid (calc. —60.9). Assuming the latter,
re-referenced with respect to CFCl; the measured value for
NUJQUE emerges as —131.5 ppm, in reasonable agreement with
the predicted value for a 4-coordinate boron species.

UYELAN and TAKWIO are examples of fluoroboranes in
which steric hindrance inhibits formation of a 4-coordinate
form. For UYELAN, 4-coordination via the oxygen of thf results
in a species that is 8.6 kcal mol " higher than the individual
dissociated components, and so this form is predicted to have
no significant population in solution. TAKWIO is also sterically
hindered and the 4-coordinate form in thf is 11.1 kcal mol™*
higher in free energy than the non-coordinated form, again
unpopulated. The '°F chemical shifts are all well predicted as
3-coordinate for these systems, suggesting that predictive NMR
can be used to estimate positions of 3-/4-coordinate dynamic
equilibria where they might occur.

5 Conclusions

F NMR is a powerful tool that can used for the structure
determination of fluorinated molecules. We provide herein
computational tools to help estimate *°F chemical shifts using
reasonable computer resources and with an accuracy of
3-4 ppm or better, providing an additional asset to the synth-
esis or the study of catalytic mechanisms in which fluorine is
exploited as an analytic probe.
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