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This article is dedicated to Professor Rainer Streubel, an inspirational pioneer of novel phosphorus compounds.

ortho-Phosphinophenol (oPP) is an unusual example of an air-
stable primary phosphine and a valuable precursor to a variety
of useful organophosphorus compounds. The presence of PH,
and OH functionalities offers the possibility of intermolecular
and intramolecular P--HO hydrogen bonding (HB). The close
proximity of these two groups also offers the opportunity for
intramolecular PH,--HO dihydrogen bonding (DHB). This work
provides experimental and computational evidence for these
various types of interactions. In the solid state, oPP is associated
by significant intermolecular P--HO hydrogen bonds as revealed
by a single crystal X-ray structural determination. Multinuclear

Introduction

Hydrogen bonding (HB) is a key feature in determining
secondary structures within and between molecules, with
impacts across diverse fields such as biology, chemistry, and
material science.’® While weaker than covalent bonds, the
presence of hydrogen bonds is ubiquitous in nature, and the
impacts of such forces scale with the number of hydrogen
bonds. Conventional hydrogen bonding involves a combination
of (a) electrostatic interactions between H and A atoms and (b)
bonding interactions involving donation of electron density
from lone pair electrons on the hydrogen bond acceptor (A)
with a o* orbital of the hydrogen bond donor (X—H) to form an
X—H--A array (Scheme 1, left). Linear X—H--A geometries afford
maximum interaction. This interplay between these two inter-
actions has been described as electrostatics being the engine
and the orbital interactions the steering wheel.” Typically X is
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NMR and IR spectroscopic studies, coupled with DFT computa-
tional studies, suggest that oPP adopts multiple conformations
in solution whose nature varies with the identity of the solvent.
In the gas phase or non-polar solvents (such as cyclohexane) an
equilibrium between four conformations of oPP is proposed.
Interestingly, in silico, a conformational isomer having bifur-
cated intramolecular PH,--HO DHB (PP4) is found to be more
stable than a conformational isomer having intramolecular
P--HO HB (PP1). In polar solvents (S), NMR studies indicate
intermolecular OH--S HB plays a dominant role in modulating
*'P NMR chemical shifts over a 17 ppm range.

& O 5 5* 5

@ X—HD->A
\/n

HB DHB

Scheme 1. Comparing hydrogen bonding (HB) to dihydrogen bonding
(DHB).

an electronegative atom (such as N, O, S, or F) having a
polarized X—H bond which enhances the positive charge on H,
as well as leads to a reduction of the XH o* acceptor orbital
energy.

More recently, attention has been given to dihydrogen
bonding (DHB), in which attractions between oppositely
polarized hydrogen atoms X—H--H—Z are important (Scheme 1,
right).”® The Z atom in DHB is generally a metal or electro-
positive element, so that polarization of the Z—H results in
hydridic character onto the hydrogen atom, which can then
better interact with the acidic or positively charged hydrogen
atom of X-Y. Less prevalent than HB interactions, DHB
interactions can be weaker and more subtle than conventional
HB interactions. As one might expect, as the difference in
electronegativity of Z and H, and/or X and H, grows smaller, the
strength of both HB and DHB interactions would be reduced
due to decreased electrostatic interactions. HB involving non-
polar phosphorus-hydrogen bonds, for example, are less
common than those involving nitrogen-hydrogen bonds.

Interest in DHB involving phosphorus centers has grown
tremendously with the reports of reversible activation of
dihydrogen by Frustrated Lewis Pairs (FLP) systems.” The
heterolytic splitting of dihydrogen across select P and B centers

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Scheme 2. Example of previously examined PH--HSi DHB systems.

can produce close H--H contacts suggesting the presence of
bridging DHB across some newly generated phosphonium and
borohydride centers."” Thus, DHB may be implicated as playing
a role during reversible activation of dihydrogen by main group
compounds."" While most studies of DHB involving PH bonds
involve polar BH bonds of various FLP systems, evidence for
cases of DHB involving PH bonds with relatively non-polar EH
bonds is much more limited. For example, protonation of 4-
diphenylphosphino-5-dimethylsilyl-9,9-dimethylxanthene leads
to cationic species XnPSi (Scheme 2, left), which shows short
PH--HSi contacts."? Computational studies are consistent with
the presence of attractive DHB interactions for these neighbor-
ing hydrogen atoms. Upon calculation of isodesmic reactions,
the PH--H-Si interaction energy was estimated to be small (ca
—0.05 kcal/mol).

Protonation of 4-diphenylphosphino-6-dimethylsilyldiben-
zofuran to generate the closely related cationic species BF-PSi,
however, did not lead to DHB interactions. These results show
that weak interactions involving two sets of non-polar EH bonds
can be realized if geometries of the EH units are predisposed
appropriately. In the case of the BF-PSi cation, computations
also predicted that PH--O interactions (BF-PSi’) would be
favored over DHB.

Part of the challenge of studying HB and DHB involving
neutral organophosphorus compounds lies in the typically air-
sensitive nature of organophosphorus compounds, especially
those having one or two P—H bonds. In particular, many primary
phosphines (RPH,) are not only unstable in air, but pyrophoric.
Also, the presence of sterically encumbered groups on
phosphorus often introduced to render kinetic stability to P—H
functionalities can hinder studies of P-H, A and PH,-H-Z
interactions.

ortho-Hydroxyarylphosphines have a very rich chemistry
that has been exploited in numerous applications including as
building blocks for heterocyclic compounds, ligands for
catalysis, dental materials, and functional materials."® ortho-
Phosphinophenol (oPP) can be considered the parent com-
pound of this important class of materials. It was first prepared
over 40 years ago,"*'¥ and is an unusual example of an air-
stable primary phosphine.®'” Our group has found great utility
of this small molecule and its analogues for synthesis of a large
variety of luminescent materials featuring low coordinate
phosphorus centers."®

oPP has been examined by computational methods
previously. The earliest report provided an estimate of the
rotational barrier about the PC bond (2.6 kcal/mol) at the HF/3-
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21G(d) level of theory." This study identified the lowest energy
conformational isomer as having the OH group directed
towards the P atom and the P lone pair directed away from the
OH group (PP4, Scheme 3).

A subsequent DFT study on over sixty 2-substituted phenols
examined intramolecular hydrogen bonding using B3LYP/6-
31G(d,p) methodology.” Included in this study was oPP. Three
conformational isomers of oPP were identified (PP1-PP3,
Scheme 3). PP1 was determined to be lower in energy than the
other two isomers (AG=-0.9-1.0 kcal/mol). An estimate for
AH,ae Of 0.8 kcal/mol was made based on differences in
energies between PP1 and PP3 having the OH unit directed
either towards or away from the P atom. No mention of an
isomer of the form PP4 was made in this particular study,
however.

We became interested in the fine details of oPP while
examining its oxidation to the oxide oPP-oxo, and the
subsequent disproportionation of oPP-oxo to yield oPP and
ArP(=0)(OH)H (oPP-oxo-hydroxy, Equation (1)).?" During our
theoretical calculations on the starting material oPP, we
revisited the four potential conformational isomers PP1-PP4.

H, 0O HO, O

e e
H-r u-P PH;
OH OH OH
2 — + (M
oPP-oxo oPP-oxo-hydroxy oPP

During our study, a systematic DFT analysis of potential
conformers for oPP (©®B397X-D/6-31G*) confirmed that PP1-
PP4 indeed represent minima, and that structure PP4 lies very
close in energy to PP1 (vide infra). This unusual low energy
structure piqued our interest, as one might have anticipated
PP4 as being higher in energy than the isomer having favorable
geometry for intramolecular HB (PP1). If DHB is active between

H, H H
o b .
H—P H /P P\ P\ H
5 2 o "o Hob
\H \H
PP1 PP2 PP3 PP4

Scheme 3. Four conformations of oPP.
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PH, and OH groups, however, this result might imply that for
oPP the strength of PH--HO dihydrogen bonding rivals or bests
the energy for conventional P--HO hydrogen bonding in PP1.

An alternative proposal that has received study involves
P--HO hydrogen bonding acting in a different and unconven-
tional manner. In these studies, two types of dimers of H,P and
H,O were determined to be stable in silico. One dimer is
associated by a conventional intermolecular P--HO hydrogen
bond (syn), and another is associated with an intermolecular
P--HO hydrogen bond whereby the hydrogen bond acceptor
(6*(OH)) avails itself to the electron density located in the
backside of the lobe formally containing the phosphorus lone
pair (anti, Scheme 4). The two studies came to different
conclusions.

The first study found a P--H distance of 2.9075A and a
OH--P bond angle of 169.8° (HF/6-311 + + G(3df,3pd) and MP2/
6-311 + 4+ G(3df,3pd) methods).?? After consideration of weak
interaction energies, IR data, NBO and AIM analyses, it was
concluded that the attraction that holds the anti dimer together
is not attributable to hydrogen bonding but is mostly stabilized
by dispersion energy. A second study revisited this unusual
interaction at the MP/aug-cc-pVTZ level of theory.” This work
also identified an anti form of the water-phosphine adduct,
having a P--H distance of 2.919 A and a OH--P bond angle of
165.1°. Both studies found E;.qing €nergies of ~1 kcal/mol, but
the later study concluded, after probing the association by
further suite of theoretical analyses, that a hydrogen bond
exists. This study also ponders the existence of finding
experimental evidence for this phenomenon, acknowledging
the challenges that (a) molecules larger than H,O and PH; will
face steric forces arising when groups larger than H are present

H H
Hal: HO
P-o-oe. —H----p
H H H
syn anti

Scheme 4. Conventional (syn) and unconventional (anti) HB between water
and PH,.

and (b) electronegative substituents having lone pairs will
complicate this weak interaction. Interestingly, oPP offers a
unique opportunity to examine this possibility for it is relatively
unhindered at the phosphorus center and the hydrogen bond
acceptor is located in close proximity to phosphorus.

Herein we present experimental evidence for intramolecular
and intermolecular HB for the air stable primary phosphine
ortho-phosphinophenol (oPP). Furthermore, we present compu-
tational evidence for previously unrecognized DHB in oPP, and
that the intramolecular P—H--H—-O DHB can compete with
intramolecular P--H—O HB in oPP in the gas phase or non-polar
solvents.

Results & Discussion

A search of potential conformers of oPP (oB97X-D/6-31G*) by
systematic rotation about CP and CO bonds located the four
conformational isomers PP1-PP4 (see Sl). At this level of theory
isomer PP1 was lower in energy that PP4 by only 0.08 kcal/mol.
These initial four structures were then further minimized at the
®B97M-V/DEF2-QZVPPD level of theory. The ®B97M-V density
functional is a combinatorially optimized range-separated
hybrid meta-GCA which has been shown to give high-quality
results for main group compounds, especially when large basis
sets are used.” Interestingly, the ordering of stabilities agrees
with the results using the HF/3-21G(d) level of theory, showing
that structure PP4 is indeed predicted to be the lowest energy
isomer (Table 1).

This relative ranking was also confirmed by a variety of
other higher quality methods and basis sets (including B3LYP-
D3 and MP2), all of which consistently placed isomer PP4 as the
lowest energy species (see Sl) in the gas phase. Several methods
were explored that included corrections for solvent effects.
These did not change the fact that in silico PP4 was consistently
predicted to be favored by ca 0.3-1.3 kcal/mol over the next
lowest energy isomer PP1 having intramolecular hydrogen
bonding. Interestingly, at the MP2/aug-cc-pVQZ level [IEFPCM
Cyclohexane] of theory the energy ordering remains as seen for
the gas phase (PP4 <PP1<PP3<PP2), using IEFPCM solvent
corrections (Integral Equation Formalism Polarizable Continuum

Table 1. Calculated thermodynamic values for four oPP conformations (oB97M-V/DEF2-QZVPPD//®B97M-V/DEF2-QZVPPD).

o
¢ ' ¢
PP4 PP1 PP3 PP2
A E,. (kcal/mol) 0.00 0.98 157 1.89
A G (kcal/mol) 0.00 0.91 1.30 1.57
A H (kcal/mol) 0.00 0.94 1.46 1.76

Eur. J. Inorg. Chem. 2024, 27, €202400260 (3 of 15)

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

2SUDOI'T SUOWIWOY) dANRAIY) o[qeat[dde dyy £q PouIoA0S ore SA[OIIE V() ‘oS JO SN 10§ AIeIqIT dUI[UQ AI[IA UO (SUOIIPUOI-PUB-SULID} WO KI[1m ATRIqIour[uo//:sd)y) suonipuoy) pue swia [, Ay} S “[$702/90/L0] uo Areiqry auruQ A[IA 092004207 1R/Z001°01/10p/wod Ko[im Kreiqrjourjuo-adoina-Ansiuayoy/:sdny woiy papeojumod sz ‘ol 078906601



Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/ejic.202400260

EurJIC

European Journal of Inorganic Chemistry

1.418 A \\\\\\\\H

o

Scheme 5. Comparison of selected computed structural parameters for PP4 vs PP1 (#B97M-V/DEF2-QZVPPD//®B97M-V/DEF2-QZVPPD).

Model) for either dichloromethane or acetonitrile the ordering
changes to PP4<PP2<PP3<PP1. Reordering of the isomer
energies may thus lead to solvent dependent IR and/or NMR
spectra (vide infra).

Selected computed structural details for PP4 and PP1
(0B97M-V/DEF2-QZVPPD) are shown in Scheme 5. Both feature
short OH--P contacts (2.583 and 2.437 A, respectively) that are
below the sum of the van der Waal radii (2.94 A). PP1 also
displays a PCC bond angle of less than 120° (118.3°), both
attributes being consistent with attractive and conventional HB
interaction between lone pair on the P atom and the hydroxyl
unit. While isomer PP4 also has a similarly shortened OH--P
contact, the feature is accompanied by an increased PCC bond
angle which is greater than 120° (124.0°) suggesting OH--P
repulsion. Such a repulsive interaction is not consistent with the
presence of an unconventional (anti) hydrogen bonding
interaction. Interestingly, the proximal H--H contacts in PP4 of
2.17 A are slightly less than the sum of the van der Waal radii
(2.20 A) and could indicate favorable attractions and DHB. If
attractive PH--HO DHB interactions were present, they might be
limited by P--HO repulsive interactions (vide infra).

In order to determine the experimental structure of oPP,
crystals of oPP were grown by vapor diffusion of pentane into a
concentrated solution of oPP in CH,Cl, (DCM), and the results of
single crystal X-ray diffraction are shown in Figure 1. Hydrogen
atoms on the O and P atoms were successfully located in the
difference maps and their positions refined (other H atoms at
idealized positions).

Metrics within the molecule are not unusual, and the overall
structure is quite similar to that computed for isomer PP2.
Scheme 6 shows a side by side comparison of the metrics for
experimental structure and the calculated structure (#B97M-V/
DEF2-QZVPPD). The main exception noted is that the exper-
imentally determined PH and OH distances are shorter due to
the nature of single crystal X-ray diffraction studies which rely
on diffraction from electrons.

The molecules of oPP in the crystalline solid state associate
via intermolecular hydrogen bonds from neighboring P and OH
functionalities. This type of aggregation was previously re-
ported for (Ar)(Ph)'BuP (Ar=4-Me-2-OH-CH;),* which showed

Eur. J. Inorg. Chem. 2024, 27, €202400260 (4 of 15)

Figure 1. Structure of oPP in solid state highlighting intermolecular P--HO
hydrogen bonds linking individual molecules in the unit cell. For selected
bond distance and angles see Scheme 6 (left).

a P--H distance of 2.42 A and an OH--P angle of 152° (166.0° for
PP2). By contrast, the structure of related (Ar)(Ph)'BuP (Ar=
3,5-'Bu,-2-OH-C¢H;) finds the hydroxyl group oriented toward
the P atom suggesting intramolecular hydrogen bonding (P--H
distance of 2.48 A and OH--P angle of 123.6°).

Hydrogen bonds can often be inferred by bond critical
points during examination by the Atoms in Molecule theory,”
and also be visualized by regions of attractions produced by
non-covalent interaction (NCI) plots.?” One pair of molecules
from the X-ray structure of oPP were analyzed at the B3LYP-D3/
6-311 4 +G(2d,2p) level of theory (after adjusting PH and OH
bond lengths for artificial contractions produced by X-ray
method). The NCI plot (Figure 2, left) shows a blue-green disc
indicative of a strong attraction between the hydroxyl-H and P
atoms. A bond critical point (Figure 2, right) between the H and
P atoms reinforces the proposal of a significant HB between
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Scheme 6. Comparison of selected X-ray crystallographically determined structural parameters of oPP vs corresponding computed parameters for PP2

(0B97M-V/DEF2-QZVPPD//wB97M-V/DEF2-QZVPPD).

Figure 2. NCl plot (left) for oPP in solid state crystal structure. The surface color red indicates repulsions, green van der Waals attractions and/or weak
interactions, and blue stronger attractive interactions. BCPs (right) from AIM analysis for oPP in solid state crystal structure.

these atoms. The analysis also suggests weak intermolecular
interactions in the solid state between the O atoms and
neighboring CH groups. The favorability of oPP adopting the
form of PP2 for packing in the solid state is probably driven by
the ability to adopt of near linear OH--P geometries which are
unobtainable by intramolecular HB.

Having rigorously established the presence of OH--P HB for
oPP in the solid state, it was of interest to investigate the
reasons for conformational isomer PP4 having the lowest
energy, and to collect evidence (computational and experimen-
tal) for previously unrecognized bifurcated PH--HO DHB as a
stabilizing force in oPP. Also of interest is an unusual
opportunity to compare and contrast HB and DHB within the
same molecule and functional groups.

Applying similar analyses as employed above, the four
lowest lying conformational isomers of oPP were examined
using MP2/aug-cc-pVTZ//®B97M-V/DEF2-QZVPPD level of calcu-
lations, and the wavefunctions analyzed by Multiwfn and
AIMAIL2® The resulting contour line maps of the Laplacian of
electron density with bond paths and bond critical points of
electron density for PP1 and PP4 are shown in Figure3
(corresponding figures for PP2 and PP3 available in SI).

A bond critical point is found along the OH--P HB path for
PP1, with a rho value of 0.0195 au, while none were located
that would correlate for OH--HP DHB in PP4. The lack of an
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OH--HP bond critical point in and of itself can not be taken to
indicate the absence of hydrogen bonding.” For example, it
has recently been shown that certain 1,n-alkanediols can lack
bond critical points yet show evidence for hydrogen bonding in
electron density plots.”

The corresponding non-covalent interaction (NCI) plots
(Figure 4a and b, insets), however, reveal both similarities and
differences (Figure 4a and b). Both feature regions of attractive
and repulsive interactions between the H and P atoms (surface
color red indicates repulsion, green weak attractions). An
attractive surface for PP1 is located directly between the H and
P atoms. The green color indicates the attraction is weaker than
that observed for intermolecular HB in crystals of oPP which are
indicated in blue.

The attractive NCI surface regions for PP4, however, are
concentrated between the three hydrogen atoms, consistent
with the presence of dihydrogen bonding. Looking at the
details for the computed structures of PP1 and PP4 (Scheme 5),
one notes that the CCP bond angle is 7.7° larger (124°) in PP4
than PP1, consistent with OH---P repulsive interactions. The HPH
bond angle in PP4 is 2° smaller than that in PP1, which might
be taken as a distortion induced as the chelating phosphorus-
hydrogens’ embrace the hydrogen on the hydroxyl group.
These data also argue that the unconventional hydrogen

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 3. Contour line maps of Laplacian of electron density with bond paths, and CPs (green spheres) and RCPs (red spheres) in au for PP1 (left) and PP4

(right).
20 0.020

(a) 18 0.015 electron density). Isomer PP4, however, contains two such
1.6 ; 0010 attractive interactions, thus contributing to the order of overall
14 g'ggz stability. Similarly the repulsive P--H interactions found in PP4
0 1(2} o 0 005 are 'smaller than in PP1, although, again, one must be

o ~0.010 considered for each bound hydrogen.
3'2 - -0.015 Another means to probe these interactions in PP1 and PP4
oa j—gsg is by Natural Bond Orbital (NBO) methods.®" This approach
- _0:030 allows one to visualize localized orbitals and to explore
0.0 . 0,035 interactions between pairs of NBOs. Overlapping relevant NBOs
g§ 3 8 8 5 8 g § 8 & 8 for PP4 and PP1 are shown in Figure 5. The lone pair on
AR phosphorus is shown either directed away from or towards the
signirolp (a.u.) hydrogen atom and associated o*(OH) orbital for each isomer.
(b) g'gfg The key output of the second order perturbation theory analysis
0:010 of the Fock matrix in NBO for the two isomers reveals, perhaps
0.005 not unexpectedly, a much weaker interaction (6.6 times) for
0.000 PP4 relative to PP1. If one accepts that conventional hydrogen
o i -0.005 bonding exists in PP1, and that it is worth ca 1 kcal/mol, then it
« -0.010 stands to reason that at least the donor-acceptor part of
:g'g;i hydrogen bonding of PP4 is worth at most 0.15 kcal/mol (15 %)
_0:025 of that in PP1. This much greater lack of spatial overlap may
~0.030 contribute to the lack of a bond critical point in the AIM analysis
; -0.035 for PP4. Donor-acceptor interactions between PH and OH

g é g g g. S g § = § é bonds in PP4 were not identified by this analysis, indicating
that these potential interactions are probably below the thresh-
sign(Ap)p (a.u.)

Figure 4. Reduced density gradient (RDG) plots for PP1 (a) and PP4 (b) with
corresponding insets for the NCI plots. The surface color red indicates
repulsions, green van der Waals attractions and/or weak interactions, and
blue stronger attractive interactions.

bonding (anti) suggested between water and phosphine dimers
does not play a role here.

The reduced density gradient (RDG) data (Figure 4) for these
two conformational isomers highlights the interesting fact that
the HB interaction in PP1 is stronger (ca 0.020 au electron
density) compared to the DHB interaction in PP4 (ca 0.015 au

Eur. J. Inorg. Chem. 2024, 27, 202400260 (6 of 15)

old for printing.

Furthermore, examination of the NBO atomic charges
suggests that the P—H hydrogens are negatively polarized,
which can thus collectively contribute to electrostatic attrac-
tions between the two P—H hydrogens and acidic (positively
charged) hydroxyl proton (P: 0.466, PH: —0.081, OH: 0.483, see
also Figure S54 in SI). The presence of dihydrogen bonding
between non-polar main group hydrides and alcohols is not
without precedent. For example, trialkylsilanes (R;SiH) have
been shown to interact with various acidic alcohols.®? In
cyclohexane, the association of perfluoro-tert-butanol
((CF;);COH) with trihexylsilane by Si—H:-H—O interactions was
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Donor NBO (i)

Acceptor NBO (j)
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BD*( 1)O 14-H 15

0.60 1.22 0.024

PP1 LP( )P 2 BD¥ 1)O 14-H

PP4 J

Figure 5. NBO analysis of conformational isomer PP4 vs PP1 (MP2/aug-cc-pVTZ//©B97M-V/DEF2-QZVPPD).

measured as 0.8 M™" and computed to be equally small in the
gas phase. As noted in this work, gas phase calculations do not
appropriately account for dampening effects of competitive
dispersion with solvent. Combined spectroscopic (laser-induced
fluorescence and IR) and theoretical (DFT) study of the
interactions of diethylmethylsilane (Et,MeSiH) and triethylsilane
(TES, Et;SiH) with phenol revealed the presence of multiple
types of possible isomers.” For TES-phenol dimers, four
adducts were observed with red shifted v,y bands (31-78 cm™)
by IR-UV double resonance spectroscopy. Structures analyzed
by DFT methods (M05-2X/6-311+ +G(3d,2p)) showed red
shifted vo, bands (5-82 cm™).

As a means to provide further assessment of energetics for
DHB and HB in PP1 and PP4, a pair of isodesmic calculations
(MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ) were carried out on the
reactions in Scheme 7(left). The results show values of
—2.57 kcal/mol for bifurcated DHB in PP4 and —1.7 kcal/mol for

H—p O/H
4
H H
+
H\p

/ o
H N "
.

H

H—P----. |_{ H
o} H
+
PP1

o

_H H
5 H
+

PP4

15 3.97 1.23 0.062

J PP1

HB in PP1. Interestingly, upon exchange of one H atom in oPP
for a methyl group (HMePP, Scheme 7right), the order is
reversed and HB is favored over DHB (—2.38 vs —1.73 kcal/mol).
An example of a structure having potential bifurcated PH,-HN
DHB has been reported, but the H--H contacts are longer at
2.27 and 2.35 A as determined by single crystal X-ray diffraction
studies.®¥ Bifurcated SiOH--H,B DHB has also been recently
reported.”™ Computational studies on a different type of
intramolecular bifurcated DHB having two rings have also been
reported.t®

Since these attractive interactions are weak, it is clear that
other factors will play an important role in dictating which
structure is realized in the wild (i.e., ex silico). As already
presented, in the solid state oPP adopts the form of PP2 which
can maximize stronger intermolecular HB assembly. In solution,
it is highly probable that solvation effects will play a strong role.
It was thus of interest to examine NMR and IR spectroscopic

HsC,
H4Con. H
H— H H I o~
o H H H H
+ +
HMePP1
WH.
P H3Con.., H
H P o~
Ned | H u’
0 H H H
+ +
HMePP4

Scheme 7. Isodesmic reactions used to assess energies of HB and DHB for oPP and HMePP.
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properties for oPP in various solvents. Given that the energy
differences between the four conformational isomers is small
(< 2 kcal/mol), and that energy profile scans (©«B397X-D/6-31G¥,
see Sl) of rotations about the PC and OC bonds suggest barriers
less than 4 kcal/mol, interconversions of the four potential
isomers might be expected to be rapid on the NMR timescale,
and possibly be solvent dependent.

3P NMR spectroscopic studies of oPP in various solvents
(Table 2) reveal a significant solvent dependency (ca 17 ppm)
for the *'P NMR chemical shifts. In general, chemical shifts move
upfield as the solvent becomes less polar. No significant
changes in the PH coupling constant are induced however.
While the shifts in general track with solvent polarity, plots of
data against standard types of solvent parameters (such as
dielectric constant, dipole moment, refractive index, and
normalized transition energies) were not linear (see Sl). The 'H
NMR chemical shifts of the PH, protons varied slightly between
3.54 and 4.02 ppm, and in a fashion not also readily correlated
with solvent polarity. The '"H NMR signals for the hydroxyl
proton shifted greatly, presumably in response to varying types
and degrees of hydrogen bond interactions.

The significance of hydrogen bonding on *'P NMR shifts is
easily demonstrated by noting the impact of HB acceptors to
solutions of oPP. In CDCl;, addition of 1.5 equivalents of NEt; to
oPP induces a shift of the *'P NMR resonance from § —154.2 to
—140.6 ppm with virtually no change in Jy; (204-205 Hz).
Likewise, addition of 1.5 equivalents of pyridine to oPP In CDCl,,

induces a shift of the *'P NMR resonance from § —154.2 to
—141.5 ppm, again with virtually no change in Jp, (203-205 Hz).
Interestingly, this chemical shift is near that found for oPP in
neat pyridine-ds (5 —140.2 ppm). The impact of HB on the 'H
NMR resonances for the PH, protons is less pronounced, with &
3.77 vs & 3.70 (w/1.5 NEt; added) and & 3.84 (w/1.5 pyridine
added). The OH protons, however, shift dramatically with 6 4.97
for pure oPP in CDCl;, vs 8 11.35 (w/1.5 NEt; added) and & 10.59
(very broad, w/1.5 pyridine added). By contrast, even when oPP
is dissolved in acetic acid, no evidence for protonation of
phosphorus is noted.

A method to quantify the hydrogen bonding acceptor
capabilities of solvents has been developed based on the F
NMR chemical shifts of para-fluorophenol relative to para-
fluoroanisol.?¥ Using solvatomagnetic B, values that are avail-
able for specific solvents in Table 2, one can correlate the *'P
chemical shifts for ortho-phosphinophenol with B, values, as
shown in Figure 6. Interestingly, the *'P NMR shift for oPP in
acetic acid follows the trend for other solvents, thus indicating
this solvent acts primarily as a HB acceptor despite the
potentially basic phosphorus center. Overall, these results show
that direct solvent interactions are much more significant on
the 3'P NMR shifts than those induced by simple computed field
effects.

Despite the fortuitous structural similarities between para-
fluorophenol and ortho-phosphinophenol, the relationship is
not perfect. Discrepancies from linearity are likely attributable

Table 2. *'P and 'H NMR data for oPP in different solvents (and selected solvent parameters).
Solvent Dielectric Solvatomagnetic PH, PH, OH
Constant B, 3P NMR "H NMR 'H NMR
©) 3 (ppm), Jup (H2) 3 (ppm) 5
D,0 80.1 0.37 —1445, 211 3.75 4.75
Dimethylsulfoxide-d 46.7 0.71 —139.3, 204 3.71 9.93
Acetonitrile-ds 375 037 —144.6, 203 3.78 7.31
Dimethylformamide-d, 36.7 0.69 —142.3, 201 3.77 10.21
Methanol-d, 32.7 0.54 —146.1, 202 3.73 4.91
Acetone-d¢® 20.7 0.49 —144.6, 202 3.77 8.77
Pyridine-ds 124 0.69 —140.2, 202 4.10 1217
Dichloromethane 8.93 - —152.4, 204 - -
Acetic acid 6.17 0.38 —145.8, 200 - -
Chloroform-d 4.81 - —154.2, 205 3.77 4.97
Chloroform-d + 1.5 eq NEt; - - —140.6, 204 3.70 11.35
Chloroform-d + 1.5 eq py - - —141.5, 203 3.84 10.59
Chloroform-d + 1.5 eq MeCN - - —149.2, 204 3.78 6.06
Diethyl Ether 4.33 0.59 —146.1, 198 - -
Carbon Disulfide 2.64 - —153.7, 201 4.02 5.51
Toluene 2.38 0.15 —152.9, 202 - -
Benzene-dg 2.27 0.14 —153.6, 203 3.54 4.41
Carbon Tetrachloride 2.24 - —156.0, 206 3.89 5.38
Cyclohexane-d,, 2.02 0 —160.0, 202 3.61 5.28
Pentane 1.84 0 —161.7, 199 - -
[a] Reaction occurs.””

Eur. J. Inorg. Chem. 2024, 27, €202400260 (8 of 15)

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

2SUDOI'T SUOWIWOY) dANRAIY) o[qeat[dde dyy £q PouIoA0S ore SA[OIIE V() ‘oS JO SN 10§ AIeIqIT dUI[UQ AI[IA UO (SUOIIPUOI-PUB-SULID} WO KI[1m ATRIqIour[uo//:sd)y) suonipuoy) pue swia [, Ay} S “[$702/90/L0] uo Areiqry auruQ A[IA 092004207 1R/Z001°01/10p/wod Ko[im Kreiqrjourjuo-adoina-Ansiuayoy/:sdny woiy papeojumod sz ‘ol 078906601



EurJIC

European Journal of Inorganic Chemistry

Research Article
doi.org/10.1002/ejic.202400260

Chemistry
Europe

European Chemical
Societies Publishing

0.8
Pyridine-d
yHang | pmso-d,
0.7 DMF-d, , e
Et,0
0.6 ”
L]

0.5 Methanol-d, ‘
a4 " Acetone-dg
&)
2 04 " Acetic Acid
f:’ 4 ® o D,0
@
g 03 Acetonitrile-d,
o
=
©
>
= 02 _
w

; o ® Toluene
0.1 .~ Benzene-dg
Cyclohexane-d,, -
Pentane \ .
0 . .-
-165 -160 -155 -150 -145 -140 -135

31p NMR Shift (ppm)

Figure 6. Plot of solvatomagentic B, values versus *'P NMR chemical shifts of oPP in various solvents.

to a combination of secondary factors. These include the fact
that the 3'P NMR “reporter” PH, group in oPP is located on a
non-innocent ortho-position in the phenol, thus allowing for
the possibility of competitive intramolecular HB/DHB interac-
tions. One or more of the following phenomena could also
influence *'P NMR chemical shifts: (a) intramolecular proton
transfer from O to P to produce equilibrium amounts of a
zwitterion salt, (b) a changing distribution of oPP isomers (PP1-
PP4 above) with solvent polarity, (c) self aggregation of the
PP1-PP4 into dimers (oPP), or aggregates of higher order, and
(d) unique solvent (S) associated species oPP*S formed by
combination of hydrogen bonding and/or m-interactions that
not only include OH but also PH, functionalities. Possibilities a—
d are assessed by combined computational and IR spectro-
scopic studies below.

1.418A \\\\\\H\
92 " 22172 A
RGP

DFT calculations (®B97M-V/DEF2-QZVPPD//®B97M-V/DEF2-
QZVPPD) on the zwitterionic form of oPP (PPZ) were under-
taken. The key differences between the computed structures of
PP4 and PPZ are compared in Scheme 8. The zwitterionic form
displays severe distortions to bring the sites of opposite charge
towards one another, creating about a 30° difference between
the two CCP bond angles. The predicted energy differences
between oPP isomers PP4 and PPZ is 26.6 kcal/mol in the gas
phase. Likewise, using the B3LYP-D3(BJ)/6-311 + + G(d,p) meth-
odology gave a comparable geometry for PPZ (see S| Fig-
ure S66) and energy difference (28.4 kcal/mol). Since the charge
localization may be stabilized by polar solvents, calculations
with solvent corrections B3LYP-D3(BJ)/6-311 + + G(d,p) [IEFPCM
Solv]//B3LYP-D3(BJ)/6-311 + +G(d,p) [IEFPCM Solv] (S= di-
chloromethane or DMSO) were undertaken. The energy differ-
ences for dichloromethane and DMSO dropped to 20.7 and

1.393A H

N

I'1I 421 A )
—p° 110.6 °
@P\

Scheme 8. Comparison of selected computed structural parameters for PP4 vs PPZ (oB97M-V/DEF2-QZVPPD//®B97M-V/DEF2-QZVPPD).
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Table 3. Computed *'P NMR shifts for oPP conformational isomers.

¢

@ ¢ ¢

PP4 PP1 PP3 PP2
DFT Methods & Basis Sets o] o] o o
PBE1PBE/6-311G + + (2d,2p)// —209.3 —178.1 —193.1 —1504
PBE1PBE/6-311G + +(2d,2p)
PBE1PBE/6-311G + + (2d,2p) [IEFPCM CH,Cl,]// —207.2 —178.4 —191.9 —150.0
PBE1PBE/6-311G + + (2d,2p) [IEFPCM CH,Cl,]
PBE1PBE/6-311G + + (2d,2p) [IEFPCM Water]// —206.6 —178.4 —191.5 —150.0
PBE1PBE/6-311G+ +(2d,2p) [IEFPCM Water]

19.1 kcal/mol, respectively. These energies alone would suggest
insufficient PPZ is present that could influence the *'P NMR
chemical shifts. While specific hydrogen bonding is not
included in these calculations, the lack of significant impact of
J(PH,) values across the broad range of solvents supports the
proposition that the phosphorus center in oPP in solution
remains largely unprotonated.

Averaged *'P NMR chemical shifts could also conceivably
vary across different solvents if the distribution of conforma-
tional isomers PP1-PP4 occurs with changing solvents, and if
the isomers have significant *'P NMR chemical shift differences
(vide supra). Calculations of the 3P NMR chemical shifts of
isomers PP1-PP4 were thus undertaken to examine predicted
differences in chemical shifts between the isomers. The
PBE1PBE/6-311G DFT method, that has been shown to give
good results across a range for organophosphorus compounds,
was employed.?**”! The results show (Table 3) that the shifts are
remarkably dependent on the specific orientations of PH, and
OH functional groups with respect to one another (A 6>
50 ppm). Interestingly, the calculated chemical shift of
—150 ppm for isomer PP2 (the X-ray determined isomer), falls
within the range of the shifts experimentally determined and
could be considered a reasonable match. The three other
isomers are predicted to display shifts notably further upfield.
Examination of some other methods for calculating *'P chemical
shifts gave comparable results (see SI). Calculations of *'P NMR
shifts using solvent corrections (polarizable continuum model
IEFPCM) produced only small A 3 <3 ppm for individual isomers
upon going from gas phase to a very polar solvent such as
water. Polarizable continuum models are limited, however, to
solute-solvent interactions of electrostatic origin. Combined
with calculations that predict only subtle shifts in isomer
distribution across several solvents (vide supra), these results
add further support the finding that intermolecular hydrogen
bonding is a key contributor to solvent effects on *'P NMR
shifts.*? Solvents can also play a large role in disrupting
intramolecular hydrogen bonding. Furthermore, self-aggrega-
tion for related compounds, such as phenol, is well docu-
mented. It also should be mentioned that calculations of *'P
NMR shifts are reliable to approximately a mean absolute

Eur. J. Inorg. Chem. 2024, 27, €202400260 (10 of 15)

deviation/root mean square deviation (MAD/RMSD) between 4-
10 ppm depending on exact methodology and if (and which)
training sets are used.*?

Hydrogen bonded association of phenol in solution has
been studied by combined IR and theory methods.*® In order
to gain deeper insights into the solution phase behavior of oPP,
infrared (IR) spectroscopic studies of oPP in solution were
undertaken. Infrared spectroscopy operates on a much faster
timescale and offers the opportunity to identify individual
isomers in solution. oPP features a polar OH bond which can be
used as a spectroscopic handle to ascertain hydrogen bonding.
IR spectroscopic studies of phenol and substituted phenols
have revealed a plethora of ways by which self aggregation and
association with solvents might occur.*”

IR data were thus collected in several representative
solvents having suitable transparent windows to allow observa-
tion of OH, and in some cases, PH, modes. These data, along
with solid-state data, are presented in Table 4. In solution, the
behavior can be grouped into three groups: dichloromethane,
aromatic (benzene and toluene), and non-polar (CS, CCl,,
cyclohexane and pentane) solvents. The data from the non-
polar solvents (where solvent-solute intermolecular HB is

Table 4. Selected solid-state and solution phase IR data for oPP.

OH PH,

Solid 3407 (sh), 3308 (s, br),
3217 (sh)

( 2345 (m), 2297 (s)
(
Dichloromethane 3684 (w), 3570 (s, br),
(
(

2312 (m), 2293 (m)
3548 (sh), 3501 (sh)

Benzene 3543 (s, br) 2300 (m, br),
2279 (sh)

Toluene 3536 (s, br) 2296 (m, br),
2276 (sh)

Carbon 3582 (s), 3546 (s), 3498 (m) -

Disulfide

ccl, 3606 (s), 3558 (s), 3506 (m) 2303 (s), 2270 (s)

Cyclohexane 3612 (s), 3559 (s), 3512 (m) 2298 (s), 2268 (s)

Pentane 3617 (s), 3563 (s), 3513 (m) 2299 (s), 2271 (s)
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expected to be minimal) are similar and show multiple OH
bands. The similarity of spectra across these solvents is
particularly intriguing and could indicate the coexistence of the
four isomers PP1-PP4.

For the non-polar solvents, the IR data could be analyzed
and 4 bands could be deconvoluted, not just the 3 that are
discerned by eye. Figure 7 shows the results from analysis of
oPP in cyclohexane (for similar analyses for CS,, CCl, and
pentane, see Sl). The observed OH modes are higher than what
would be expected if strong OH-+H or OH--P hydrogen bonding
was present (compare to solid oPP, Table 4).

3509 cm’!
3538 cm’
3559 cm’
3610 cm™!
Cumulative

1

Absorbance (AU)
o
N

Thus it was of interest to determine if experimental data
could be assigned using computed IR frequencies for PP1-PP4.
The harmonic OH and PH, modes for PP1-PP4 using (a)
®B97M-V/DEF2-QZVPPD//mB97M-V/DEF2-QZVPPD, (b) MP2 aug-
cc-PVTZ [IEFPCM Cyclohexanel//MP2 aug-cc-PVTZ [IEFPCM
Cyclohexane], and (c) B3LYP-D3(BJ)/6-311+ +G(d,p) [IEFPCM
Cyclohexane]//B3LYP-D3(BJ)/6-311+ + G(d,p) [IEFPCM
Cyclohexane] methods are shown in Table 5. For the ®B97M-V/
DEF2-QZVPPD//®wB97M-V/DEF2-QZVPPD method, optimal scal-
ing factors for this combination of method and basis set do not
appear to be available, thus those reported for def2-TZVPPD
(0.95) were used.””’

Experimental
Cumulative

Absorbance (AU)
2
1

0.3 1 0.3
0.2 1 0.2
0.1 4 0.1
0.0 T T T T 1 0.0 T T T T 1
3300 3400 3500 3600 3700 3800 3300 3400 3500 3600 3700 3800
Wavenumbers (cm™') Wavenumbers (cm™)
Peak Wavenumbers (cm™) Width at Half Height Integrated Values
Fit Peak 1 3509 (w) 16.13 0.0686
Fit Peak 2 3538 (w, br) 108.85 0.4370
Fit Peak 3 3559 (s) 10.85 0.2469
Fit Peak 4 3610 (s) 14.75 0.2475

Figure 7. Deconvolution and fitting of IR data for oPP in cyclohexane.

Table 5. Computed IR data (cm™") for PP1-PP4, using (a) ®B97M-V/DEF2-QZVPPD//®B97M-V/DEF2-QZVPPD, (b) MP2 aug-cc-PVTZ [IEFPCM Cyclohexanel//
MP2 aug-cc-PVTZ [IEFPCM Cyclohexane], and (c) B3LYP-D3(BJ)/6-311+ +G(d,p) [IEFPCM Cyclohexane]//B3LYP-D3(BJ)/6-311+ +G(d,p) [IEFPCM
Cyclohexane].
®»B97 M-V MP2 B3LYP-D3(BJ)
Isomer Mode # Freq Scaled Freq Freq Scaled Freq Freq Scaled Freq Freq
(Harmonic) (Harmonic) (Harmonic) (Harmonic) (Harmonic) (Harmonic) (Anharmonic)
PP1 33 2440.4 23184 2475.4 2376.4 24014 2305.3 23133
34 2446.4 23241 2483.3 2384.0 2404.6 2308.4 23113
39 37514 3563.8 3689.4 3542.2 37014 35534 3505.2
PP2 33 24213 2300.2 2455.6 2357.3 2379.2 2284.0 2281.6
34 2429.3 2307.8 2469.8 2371.0 2392.6 2296.9 2291.2
39 3864.9 3671.6 3805.5 3653.3 38303 3677.1 3596.1
PP3 33 2416.1 2295.3 2456.1 2358.0 2381.9 2286.0 2286.0
34 2420.9 2299.9 2460.1 2361.7 23824 2286.5 2290.2
39 38534 3660.7 3796.9 3645.8 38215 3668.7 3675.3
PP4 33 23814 2262.3 2424.9 23279 2349.0 2255.0 2213.8
34 23874 2268.0 2428.0 23309 2350.8 2256.7 22258
39 3804.7 3614.5 3752.0 3601.9 3773.2 3622.3 35727
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The three methods yield harmonic OH modes for the four
isomers that span the ranges of (a) 3564-3672 cm™', (b) 3542~
3653 cm™, and (c) 3553-3675 cm™, respectively. Thus all three
methods are near the range of experimentally observed OH
modes in cyclohexane that span 3509-3610 cm™". All three
methods yielded the lowest frequency OH modes for isomer
PP1 (by 51-69 cm™' to the isomer having the next lowest OH
frequency). The lower frequency for PP1 compared to the other
isomers is consistent with the presence of a conventional
intramolecular HB. The order of frequencies for all three sets of
harmonic data is PP1 <PP4 <PP3 <PP2.

The observed PH modes in cyclohexane are 2298 and
2268 cm™' (see SI). The three computational methods yield a-c
harmonic PH modes for PP1-PP4 that span the ranges of (a)
2262-2324 cm™', (b) 2328-2384 cm™, and (c) 2255-2308 cm™',
respectively. PP1, by all three methods, exhibits the highest
frequency PH modes, resulting from the presence of the HB
interaction. The frequencies for the PH modes in PP4,
corresponding to the DHB interaction, displays the lowest
frequency PH modes across all methods. Unlike with the OH
calculations, for which 4 distinct modes could be experimentally
discerned, only two could be resolved for the PH modes. If all
four isomers are represented in solution, it is likely the smaller
dispersions of the PH frequencies will lead to overlapping bands
that are not readily resolved.

While the calculated range of harmonic frequencies is in the
ballpark of experimental values, we also undertook calculations
of anharmonic frequencies to check on the quality of the results
since it has been reported that significant errors can occur for
even simple PH containing phosphorus molecules such as
PH,.* The Generalized Vibrational Second-order Perturbation
Theory (GVPT2) approximation®” within Gaussian 16 was used
(anharmonic method allowing calculation of overtones and
combination bands with fundamental frequencies) in conjunc-
tion with the computationally less expensive B3LYP-D3(BJ)/6-
311+ +G(d,p) method." In general, the anharmonic PH modes
for PP1-PP3 are in very good agreement with the correspond-
ing harmonic PH modes (<10cm™). For isomer PP4, the
differences in PH frequencies are notably larger (31-41 cm™).

The OH modes determined by anharmonic method show
much greater variance compared to those computed using
harmonic values (method c). The OH frequencies are lowered
by 48-81 cm™ for PP1, PP2, and PP4, while increased slightly
for PP3, yielding a range of values that span from 3505-
3675 cm™' (compare experimental observed in cyclohexane,
3509-3610 cm™'). While none of the sets of harmonic and
anharmonic calculated frequencies are an exact match, all three
sets cast a reasonable net over the range of observed OH
frequencies and support the assignment of the spectra
attributable to four isomers of oPP coexisting in non-polar
solvents, considering the limitations of these computational
methods and assumptions. However, we note that one of the
observed OH modes is particularly broad relative to the others
(3538 cm™"), suggesting that this particular mode is likely
attributable to one isomer (PP1) having intramolecular HB. This
assignment, however, is at odds with the expectation that HB
should produce the lowest frequency (as predicted by calcu-
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lation). This might signify that one (or more) of the observed
bands could be attributed to aggregation of oPP in solution
(vide infra).

The IR spectra of oPP in benzene and toluene are notably
different than in non-polar solvents, and a single OH stretching
mode is observed at 3543 and 3536 cm™’, respectively (Table 4).
Interestingly, the IR spectra of phenol in benzene and toluene
show a single OH stretching mode at 3556 and 3550 cm™,
respectively.***? These studies and others® have shown
computational evidence for the phenol-benzene/toluene
dimers having a T-shaped geometry and OH-n and CH-=m
interactions. It was thus expected that similar interactions for
oPP in these aromatic solvents would be present. Minimization
of PP2 and PP3 isomers (the two oPP isomers having OH
directed away from the P atom) with benzene did indeed afford
two very similar T-shaped dimers differing by only 0.2 kcal/mol.
The NCI plots show green (attractive) surfaces for the two types
of OH--w and CH-m interactions.

Applications of counterpoise corrections for Basis Set Super-
position Error (BSSE) allowed estimation of complexation
energies of —6.1 kcal/mol, which are close in agreement with
those values determined for phenol-benzene dimer (—4.9 kcal/
mol).*" The observed OH frequency at 3543 cm™' compares
most favorably with the anharmonic OH frequency of
3545 cm™' for the lower energy PP3--benzene dimer, and is
only off by 23cm™ from the value calculated for the
PP2--benzene adduct. *'P NMR shift calculations on the PP2
and PP3 adducts of benzene yield —121.1 and —178.7 ppm,
respectively, which if averaged (—149.9), are near the observed
value of —153.6 ppm in benzene. It is thus likely some mixture
of these two oPP adducts with benzene is present in this
solvent.

By analogy to past studies on phenol, it is very likely that
oPP has significant associations with other solvents such as
dichloromethane. These numerous possibilities, however, were
not investigated further in this study. There is yet another
different phenomenon worth examining in regards to the IR
data obtained in the non-polar solvents. Since phenol and its
related derivatives have shown self-aggregation behavior in
solution, usually at higher concentrations, we have thus under-
taken preliminary studies of possible dimers (and trimers) of
oPP. In order to limit this line of inquiry, attention was directed
to selected examples having the OH group directed away from
the phosphorus atom so as to maximize opportunities for
intermolecular OH---P and OH--x interactions (Table 6).

The X-ray structure of oPP revealed PP2 monomers bridged
by intermolecular OH--P hydrogen bonding (vide supra).
Subjecting a hypothetical pair of these PP2units to full
minimization (B3LYP-D3(BJ)/6-311+ +G(d,p) results in the
dimer undergoing reorganizing to a stacked dimer with OH---P
bonds, as shown in Table 7. In this dimer, some lesser degree of
P--HO hydrogen bonding (non-linear) is retained, but in return
adds n-m stacking interactions as well as additional OH--m
interactions. Using the PP2-PP2 dimer as a starting geometry,
but rotating one of the PC bonds so as to establish an initial
PP2-PP3 dimer, followed by minimization leads to a compara-
ble structure that is 0.3 kcal/mol different in total energy. Both
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Table 6. Computed structures with overlayed NCI plots, calculated energies for oPP-solvent dimers, and computed IR data B3LYP-D3(BJ)/6-311+ + G(d,p)//

B3LYP-D3(BJ)/6-311 + + G(d,p)).

PP2-Benzene

PP3-Benzene

complexation energy (corrected, kcal/mol) —6.11
IR (OH Modes, anharmonic, cm™") 3521.6

IR (PH, Modes, anharmonic, cm™)

2298.2,2261.0

—6.09
3544.8
2293.8, 2290.1

Table 7. Computed structures with overlayed NCI plots, calculated energies for oPP-oPP dimers, and computed IR data B3LYP-D3(BJ)/6-311+ + G(d,p)//

B3LYP-D3(BJ)/6-311 + +G(d,p)).

» o <&
— = ~d

, g 5 £ ‘f% s 3‘

L= R ‘
S ) s

. ‘a 5

PP2-PP3 PP2-PP2 PP3-PP4 PP3-PP3
complexation energy (corrected, —-12.10 —12.41 —7.86 —8.48

kcal/mol)
3586.1,3522.3
2311.8,2314.9, 2294.2,

IR (OH Modes, anharmonic, cm™")

IR (PH, Modes, anharmonic, cm™)

3580.2, 3480.9

2304.4,2311.7, 2316.5,
2280.4 2290.3

3556.7, 3474.1 3635.7, 3486.6
2274.9, 2269.2, 2244.7, 2304.5, 2309.4, 2286.1,

2232.5 2286.5

structures show extensive regions of green surfaces in the NCI
plots for the n-m interactions. Also visible are green discs for the
weak OH--P HB present.

There is a delicate balance of forces dictating the structures
of such dimers. Using the same (X-ray) starting geometry, but
rotating the PC and/or OC bonds to represent potential PP3-
PP4 or PP3-PP3 dimers, and again minimizing, leads to
different types of dimers. The PP3-PP4 dimer that is generated
largely retains the original form of hydrogen bonding shown in
the X-ray structure, but the PP3-PP3 dimer favors OH--O(H) HB
over OH--P HB. The HB in these two dimers is stronger than in
the first two, as shown by the blue discs in the corresponding
NCI plots. Counterpoise calculations with corrections for BSSE
show complexation energies of —12.1 to —12.4 kcal/mol for
PP2-PP2 and PP2-PP3 dimers, —7.9 kcal/mol for PP3-PP4, and
—8.5 kcal/mol for PP3-PP3 dimers. An exhaustive search for
other possible dimers were not undertaken due to the rather
large number of possible structures.

The predicted OH frequencies of 3586 and 3522 cm™' for
the PP2-PP3 dimer fall within the 3506-3610 cm™' observed in
cyclohexane, thus based on IR data alone, one can not rule out
the presence of oPP dimers in solution, either solely or in
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equilibrium with monomers PP1-PP4. Past studies of phenol
would suggest that at the low concentrations used on the IR
studies, aggregation should be minimal. In order to probe this
question experimentally, we have undertaken studies of oPP in
cyclohexane-d,, using diffusion ordered spectroscopy (DOSY).”?
This method can assess the number of species in solution,
provided they are sufficiently different in size from one another.
Diffusion coefficients for each species are also provided (see SI).
This method often employs an external calibration curve so that
the diffusion coefficients can be correlated into molecular
weights for each species.” This methodology was used
recently to assess intramolecular versus intermolecular HB in
phosphoryl-containing secondary alkanols.*¥ For our present
purposes, as the measurement of diffusion coefficients is
dependent on not only MW but also the hydrodynamic radii (ie,
shape of the molecule), we chose to record DOSY NMR spectra
with and without o-chlorotoluene (oDCT), which has essentially
the same molecular weight and hydrodynamic profile as oPP.
Such experiments revealed that oPP and oDCT have essentially
the same diffusion coefficients in cyclohexane (<1% differ-
ence), supporting the hypothesis that formation of dimers and
higher self-aggregates in this solvent is minimal.
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Conclusions

Extensive theoretical calculations on the primary phosphine
oPP have identified four low energy conformations PP1-PP4 in
the gas phase. The lowest energy isomer PP4 features
bifurcated dihydrogen bonding as ascertained by RDG and NCI
plots. The isomer PP1 features a weak intramolecular hydrogen
bond. This finding is unusual in that DHB interactions, especially
involving non-polar EH bonds, are often of lower energy than
HB interactions, but in this particular case, a pair of DHB
interactions is more favorable than a single HB interaction. In
the solid state, the molecules of oPP are bridged by
intermolecular P--HO HB as determined by single crystal X-ray
diffraction studies. In solution, NMR and IR spectroscopic studies
suggest that oPP behaves much like phenol in that OH--z HB
dimers with aromatic solvents such as benzene occur. Signifi-
cant changes in the *'P NMR shifts of oPP with varying solvents
can be correlated against solvatomagnetic B, parameters that
quantify solvent hydrogen bond accepting capabilities. In non-
polar solvents such as cyclohexane, oPP is monomeric as
ascertained by 'H DOSY NMR methods. Four OH modes are
observed in non-polar solvents, which have been attributed to
the four conformations PP1-PP4 found by computational
methods. Calculations of the anharmonic OH modes agrees in
general with this assignment. Further definitive assignments to
each isomer may require costlier higher level theoretical
analyses and/or specialized experiments such as 2D IR spectro-
scopy or laser-induced IR spectroscopy, such as has been used
for studies of o-cresol that show rather strong solvent depend-
ency for the UV-visible spectra.?**
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