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Abstract

Several di-substituted diimine8& 3f) and heteroatom-substituted unsaturated
secondary phosphine oxides (HASHa,6f) were prepared and characterized.
Compound$a-6f are regarded as pre-ligands because of theityabfli
tautomerization to heteroatom-substituted phosplsrazid (HAPA7a-7f). An
unexpecte@e-coordinated palladium dibromid®ewas observed from the reaction of
compoundse with PdBk. Molecular structures of pre-ligan@sa, 6¢, andée as well
as palladium complexe¥ were determined by single crystal X-ray diffraatio
methods. When pre-ligarth was applied to palladium-catalyzed Suzuki-Miyaura
cross-coupling reactions, satisfactory yields wabtined. Density functional theory
were employed to examine the electronic propedid4ASPO6a-6f pre-ligands,
their corresponding 1,3-dN-substituted tautomei&-7f, and the saturated
counterpar7asof 7a. Compound/ais the most effective and genuine ligand in
Suzuki-Miyaura reaction that is confirmed by itglner-lying lone-pair (LP)
molecular orbital (HOMO-1). The LP orbital @t-7f is lower-lying HOMO-5. For
each7c-7f, two conformational rotamers with minute energyedence were located.
Hirshfeld charge and population analysisof7f were also calculated in order to
comprehend the electronic properties for theserbtamers for each HAPAs.
Besides, the steric effect of HAPAs was estimatetgims of the Percent Buried
Volume (%Vuu). This model has shown thaa has similar steric property to that of

PCy, which is an effective ligand in Suzuki-couplireactions.

Keywords: C-C coupling;Heteroatom Substituted Secondary Phosphine Oxide
(HASPO); Palladium; Density Functional Theory (DF$jeric Effect.



Introduction

Modern synthetic chemistry has cherished the gramchphs concerning the
utilization of transition-metal complexes in catahg cross-coupling reactions for
making new C-X (X =C, N, O, S, etc.) bonds.[1+#]plarticular, Suzuki-Miyaura
cross-coupling reaction is one of the most usefesguns for making C($pC(sp)
bond.[6] Since its first report in 1979,[7-8] theope of this reaction has been
extensively investigated by both experimental amgutational approaches.[9-19]
Typically, the reaction is carried out with arylbarc acid and arylhalide, aryltriflate
or alkylhalide as substrates which is combined witiyand-assisted palladium
complex and well-chosen base.[20-24]

Various types and shapes of ligands play cruciakrm the success of these
kinds of transition-metal catalyzed reactions.[#§-&ccordingly, searching for
efficient and accessible ligands has been oneedfaitemost missions for synthetic
chemists.[5, 27-30Jp to the present, numerous types and shapesaliiytri or
triaryl-phosphines have long been favorite choah@s to their tunable steric and
electronic properties through delicate adjustmémh® substituents on the
phosphorus atom.[31-34] Nevertheless, these elecith organophosphines are
vulnerable to oxidation and thereafter lose theordinating abilities toward soft
metals, leading to great reduction on catalytiédgrerances. Hence, it is an
undesirable property for soft phosphine ligand®emms of long-term storage.
Recently, several promising alternatives such detérocyclic carbenes, oximes,
diazabutadienes, amines and imines are claimedav® &dvantages of low
environmental impact and less sensitivity towang35-48] In spite of the successes
of these auxiliary ligands in catalysis, phosphiresain the most favorable choice
for ligand-assisted transition-metal-catalyzed tieas, providing its inclination
towards oxidation can be avoided.[49]

The pentavalent secondary phosphine oxides (R'REBH(SPO) could be a
solution to achieve stability desperately need@j.£°0 is stable towards oxidation
and can be converted to phosphinous acid (R’'R”"P4&J,through tautomerization
(Schemel).[51-74] With the existence of metal fragtiML,], the equilibrium of
SPO-to-PA is shifted to PA for ligand associatibime formation of PA-coordinated
palladium complexes thereafter could work for vasi@ross-coupling reactions.[75-
79]
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Scheme 1The tautomerization of phosphinous acid (PA) aAecBordinated metal

complex.

In the past few years, various kinds of SPOs wegpgred and their ability as
effective ligands in cross-coupling reactions hbgen reported.[51-73, 80-83]
Recently, Ackermann had demonstrated the potesgjalication of saturated
heteroatom-substituted secondary phosphine oxidl@SPOla, II-1V in Diagram 1),
which are inexpensive and ambient-stable with Isighic hindranceia substitutions
on phosphorus atom, in various palladium-catalyzeds-coupling reactions.[63, 84-
91] Most of these ligands are effective even indhges of using arylchlorides as
substrates. When nickel-based pre-catalyst is thadiy saturated HASPO ligands,
cross-coupling reactions with unreactive electrefieient or steric-crowded aryl-
halides can be accomplished at ambient tempergaR¢83] Particularly, in the broad
field of cross-coupling reactions, many researcebhmv interests towards
diaminophosphine oxide, which has structural redande to N-heterocyclic
carbene.[94]

O\\p/H
N
Oy _H Oy _H O 6}
O\\ /H J P /P\ R R
P\ O O O e}
R~ SR R R
/e Ak
..... R R
R R R R 0, 0
Ia (saturated) ><
Ib (unsaturated) 11 I R R 1V

Diagram 1. Selected heteroatom-substituted secondary phaspiides (HASPO).

Herein we report the preparation and charactearaif several unsaturated
diaminophosphine oxidesb(-type). Their capacities as efficient auxiliarydigls in
palladium-catalyzed Suzuki-Miyaura cross-coupliagations were investigated.

Preliminary catalytic screening revealed that vifB-ditert-butyl substituted



HASPO6a a satisfactory catalytic performance was obtaifkeby, density
functional theory (DFT) and the Percent Buried Woéu(%V/p.) methods were
employed to examine the electronic and steric ptagseof saturated heteroatom-
substituted phosphinous acid (saturated HAR4 and unsaturated
diaminophosphine oxides (unsaturated HARA/f), respectively. The effectiveness
of phosphinous acid HAPAa (the genuine ligand, a tautomer of pre-ligand HASP
6a) in the Suzuki-Miyaura cross-coupling reactionsxamined by DFT calculations

in conjugation with its adequate steric propertyW(yd.

Results and Discussion
Preparation of diimines3a-3f) and heteroatom-substituted secondary phosphine
oxides (HASPO)6a-6f)

Six diimines Ba-3f) were prepared in fair to good yields from thecteas of
anilines with oxalaldehyde or biacetyl (Schemdprmediategla-4f could be
obtained in further reactions 8& 3f with PBr; in the presence of excess cyclohexene
in dichloromethane at 25C for 12 hours. Subsequently, reactiong@#f with
diethylamine at 28C for 2 hours presumably yielded intermedid&iasf. The
targeted HASOP6a-6f (Scheme 2) were obtained after the hydrolysisaebf and

thereafter workup.
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Scheme 2Preparation of diimine3&-3f) and heteroatom-substituted secondary
phosphine oxidesé-6f).



All six HASPOs,6a-6f, were characterized by spectroscopic methods495]
distinctively large coupling constanip(y) around 650 Hz for all compounds strongly
substantiates the existence of a P-H bond. Molestilactures of compoundss, 6¢
and6ewere revealed by single-crystal X-ray diffractioetinods and their ORTEP
diagrams are depicted in Figure 1. The existenamoble bonds between
P=0/alkenyl C=C on the five-membered ringaf 6¢ and6e are reflected on their
bond lengths of 1.4735(10)/1.3270(18) A, 1.4555(1.8p3(2) A and 1.4746(13)/
1.338(2), respectively. The five atoms on the fwembered ring 0oda, 6¢cor 6eare
roughly coplanar, a characteristic for the del@zdion ofreelectron density on the

ring.



Figure 1. ORTEP plots oba, 6cand6e Some hydrogen atoms are omitted for clarity.

Unexpected results from reactionséafor 6e with palladium salts

As HAPA tautomer is the genuine auxiliary ligandaicatalytic reaction,
molecular structures afa-7f are illustrated in Diagram 2. Attempts to prepare
HAPA-coordinated palladium complexes followed bwystural determination were
carried out. Monitored b$'P NMR, HASPO6ewas reacted with PdBin THF at 25
°C for 2 hours. The disappearance of the large aogipbnstant ofp.y might



indicate the conversion ékto its phosphinous acite and presumably the formation
of a7e-coordinated palladium compleixans-PdBr(7€) or cis-PdBK(7€) (Scheme 3).
Nevertheless, an unexpectgecoordinated palladium compl&e (PdBr,(3e)), was
obtained while attempting to grow crystals in a Tstffution. The crystal structure of
8ewas determined by single-crystal X-ray diffractimethods and the ORTEP
drawing is depicted in Figure 2. A closely relaRdiCh(3€) complex was reported
previously.[96] The conversion @eto 8eimplies that the P-N bond Beis weak in
the presence of trace amount of water in the duradf crystal growing process. The
formation of8e also indicates that diimine itself having the aafyaas a bi-dentate

ligand towards palladium metal.
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Diagram 2. Selected HAPA’a-7f (tautomers of pre-ligands HASF8a-6f).
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Scheme 3The formation obe-coordinated palladium compl&e



Figure 2. ORTEP diagram o8e Hydrogen atoms are omitted for clarity.

Palladium-catalyzed Suzuki-Miyaura reactions usagsf as pre-ligands

HASPOs6a-6f had been employed as ligands in palladium catel§zezuki-
Miyaura cross-coupling reactions of aryl halided ghenylboronic acid. To find out
the optimized condition for the reaction, seveaatbrs that affect the efficiency of
the reactions, including ligand/palladium ratiaslyent, base, temperature, time etc.,
had been screened. The designated procedure foatlgtic reaction is shown
below. Into a 20 mL Schlenk tube was placed withrimol of arylhalides, 1.5 mmol
of phenylboronic acid, 2.0 mol% of palladium sadtiat.0 mol% oba-6f, 1.0 mL of
solvent, and 3.0 mmol of base. The operation wasedaout under nitrogen
atmosphere. The mixture was stirred at designategérature and reaction time and
then was followed by programmed work-up. Amongfad six6a-6f, 6a stands out as
the best choice from the preliminary screening @onsistent with the common
observation that an adequately bulky ligand is tm&ble in Suzuki-Miyaura reactions
for reductive elimination, one of the three maj@neentary steps in cross-coupling
reactions. As known, arylchloride is less reacthan that of arylbromide due to the
stronger C(sf)-Cl bond. The catalytic ability dain Suzuki-Miyaura reaction could
be better discerned by using arylchlorides as ashcathar than arylbromides.
Therefore6ais chosen as the ligand and arylchlorides asdhdéhsources for the
optimization of reaction condition hereafter.

It was reported that rather low reactivity was otwed in the absence of base
for Suzuki-Miyaura reaction. The role played byédéasprobably the most ambiguous



and unpredictable one among all the factors tHattthe catalytic efficiency.[39, 97-
98] Thereby, the impact of employing different baseshanreaction yields was firstly
investigated and the results are shown in Tabderong all the bases screened, it
was found that K&u in THF is the most effective pair (Table 1, Brit); while

other bases such as NaOH 088, K,CO;, CsCO; and KPQO,:nH,O gave poor
yields of product. As suspected, the cation ofithge, besides its basicity, could be

another key factor in this reaction with arylchtt@s and usin@a as ligand.

Table 1.Suzuki coupling reactions employing various b&ses

6a/Pd(OAc), =2/1
Cl + B(OH), >
base, THF, 60°C

Entry Base Conv. (%) Conv. (%P
1 KO'Bu 90 99
2 NaOBu 43 46
3 KOH . 42
4 NaOH 5 14
3) K2COs <5 11
6 CsCOs 5 9
7 NapCO3 <5 <5
8 KsPOynH;0 <5 <5

[a] Condition: 1.0 mmol 3-chlorotoluene, 1.5 mmabkepylboronic acid, 3.0
mmol base, 2 mL THF, and 2 mol % Pd(OA¢Pd]:6a=1:2, 60°C; [b] Determined
by NMR; [c] Reacted for 5 hours; [d] Reacted forhdurs.

The solubility of substances and catalyst in aesuivs greatly affected by the
polarity of it. As a result, a proper combinatidrsolvent/base system is crucial to the
ultimate performance of the catalytic reaction.shswn, the combination of KBu
with THF leads to the best result (Table 2, En{ryid addition, the concentration of
the reactant, by changing the amount of solverfgahaffects the rate of the reaction.
The more concentrated solution, the better perfoo@at will be (Table 2, Entry 2). It
was also found that higher temperature thalCB required to reach its reasonably

catalytic performance (Table 2, Entry 3). This cbié a characteristic for loading

10



HASPO as auxiliary ligand because the HASPO-to-HA®#&omerization is an

endothermic process.

Table 2. Suzuki coupling reactions employing various sotséh

Entry Solvent Volume (ml) TempQ) Conv.(%)"
1 THF 2 60 85
2 THF 1 60 94
3 THF 1 25 <5
4 Toluene 2 60 78
5 1,4-dioxane 2 60 42

[a] Reaction condition is the same as in the fomd Table 1 except using
3.0 mmol KOBu as base and 3 hours for reaction; [b] DetermmeNMR.

Subsequently, the performances of several commadyg palladium sources
were screened for this reaction. As shown in T8bkke best yield was obtained
while using Pd(OAg)as the palladium source and the rati6®fo palladium salt is
2:1 (Table 3, Entries 1 & 3). It is consistent witie observations reported in the
literature.[99]As known, Pd(OAg)is more readily to be reduced to zero-valence in
the presence of electron-rich phosphine than tlegbaated palladium salt PdX
(Table 3, Entries 4-7).[95, 100-101] Unexpectediyher poor performance was

observed for a zero-valence palladium source(d@d) (Table 3, Entry 8).

Table 3.Suzuki coupling reactions employing various Pdreest”

Entry Pd source Pd: L Time (hrs) Conv. ()

1 Pd(OAC) 1:2 2 65
2 Pd(OAC) 1:1 2 48
3 Pd(OAC) 1:2 3 94
4 Pd(COD)C} 1:2 2 <5
5 PdCb 1:2 3 <5
6 PdBn 1:2 3 <5
7 [(n3-CsHs)PdCIL 1:2 2 5

11



8 Pd(dba) 1:2 2 <5
[a] Reaction condition is the same as in the fomtrd Table 1 except for

using different palladium sources; [b] Determingd\MR.

Further examination of the effect caused by sulestit on arylhalides such as
substituted arylchlorides and 2-chloropyridine wesieried out (Table 4). The general
observation in Suzuki-Miyaura reaction shows thaetier conversion is achieved
with aryl halides bearing an electron-withdrawihgr an electron-donating
group.[102] It is presumably held for the reactvaile the oxidative addition process
is the rate-determining-step. Nevertheless, othanticipated factors might perturb
this conclusion occasionally. As shown in Tabléw, catalytic performances did not
obey this rule in a regular pattern as stated aldewethe cases with electron-
donating substituent, -GHthe best performance is found for the substitugtht less
steric hindrance (Entries 3 vs. 2). Relatively pperformance was observed for 1-(4-
chlorophenyl)ethanone, substance with an electrtimdvwawing group (Entry 4). By
contrast, it performed rather effectively for 1-aid-4-(trifluoromethyl)benzene
(Entry 5). Generally, poor performance has beenmdhelt for using heterocyclic ring
as halide source. Nevertheless, fair efficiency alaserved for pyridyl case (Entry 6).
Finally, 92 % in yield was observed for the elentdonating case of 1-chloro-4-
methoxybenzene even after 24 hours in reactiorryEit

In general, the performance @d as a phosphine source in Suzuki-Miyaura
coupling reactions for various aryl chlorides istbethan that of its saturated
counterpart from Ackermann’s work.[8%he reactions usinga as a phosphine

ligand took shorter time to reach better yields.

Table 4. Suzuki-Miyaura coupling reactions employing vasaryl chlorided!

Entry Aryl halide Product Time (h) Yield(%%)
1 ) < )pm s 22
Cl Ph
3 @a @Ph 5 94

12



Me Me
5 nc@—a nc@—% 5 93
6 = = 5 81
\ / Cl \ / Ph

7 MeO@—CI MeO@—Ph 24 92

[a] Condition: 1.0 mmol arylchloride, 1.5 mmol plydsoronic acid, 3.0 mmol KBu,
1 mL THF, 2 mol % Pd source, [P6=1:2, 60°C; [b] Yield of isolated product.

For comparison, Suzuki-Miyaura coupling reaction4ebromoacetophenone
with phenylboronic acid was carried out employietested diamines3¢-3m) and
HASPOs 6e-6f). Preliminary results showed that HASPOs exhiblietler catalytic
efficiency than that of using diamines as ligaritisxdicates that the active species in
the reaction while using HASPO as pre-ligand cdaddlifferent from the diamine-
chelated palladium complex, although a crystalcstme of this type of comple8e
was obtained and determined from the reactiodeatith PdBe.

Computational Studies of electronic and steric proprties
Density functional calculations (DFT)

DFT calculations were carried out to clarify thgpesmental observation that
HAPA 7ais superior t&/b-7f as auxiliary ligand in the Suzuki-Miyaura cross-
coupling reaction. Geometry optimization and fragpyecalculations were done with
the B3LYP functional in conjugation with 6-311+(3ddr phosphorus and 6-
311+(2d,p) for the other atoms. Optimized strudwrere confirmed to be a local
minimum on the potential energy surface by all pesielements in their

corresponding Hessian matrix.

HASPOG6a-6f and cis- and trans-rotamers of HAFA-7f and 7as

Two rotamers of HAPA'a7f were located on the potential energy surface
during geometry optimization (Diagram@s+otamerl with -OH group pointing to
the same side with phosphorus lone pair electwhse that oftrans+rotamer 2

points to the opposite side).[10B}sis the saturated HAPA counterpart/at The

13



relative energies of two rotamers for each HARA/f (E = E(cis) — E(trans)) and
their corresponding Hirshfeld charges on phosphanastwo nitrogen atoms are
listed in Table S1.

U =& U R

R—N2 R—N2
H /S < / <
7O N1 PH Q \Nl ¢2H
Y
R H R H
rotamer 1 rotamer 2

Diagram 3. Model molecular structures for two rotamers ofatnsated HAPA
ligands.

As revealed, the rotam&rof HAPA 7a-7b, is more stable than rotamkby
1.02 and 0.63 kcal/mol, respectively. On the cogtnatamerl of HAPA 7¢-7f is
more stable by 0.60-1.10 kcal/mol. As shown in &®1, molecular dipole moment
of rotamer2 is generally larger than rotamkbecause of the orientation of -OH is
transto the lone pair (LP) of phosphorus (Diagram 3).

The Hirshfeld charge analysis shows that phosphatars in rotamet (less
positive) possesses more electron density thanrtliatamer2 (more positive). This
is due to the better atomic orbital interactionnmetn 7£type atomic orbital of oxygen
ando- andTtetype atomic orbitals of phosphorus in rotarheand therefore a better
T-electron donating from hydroxyl group to the phosus atom (Table S2).[104]
Additionally, the charge density on phosphorus 8PA 7as(0.258) is slightly larger
than that of its unsaturated counterpa{0.274) Besides, all HASP&x-6f pre-
ligands are more stable than their HAP&7f counterparts, which is in accordance
with the previous experimental and computationalenbations.[105-107] With
respect to rotamer 1 @&-7f, the relative stabilized energiesGz#6f are 5.72, 5.24,
7.52, 5.97, 7.38 and 6.94 kcal/mol, respectively.

Lone pair (LP) molecular orbital for HAP2a- 7f

Recently, Martin and Buonet al. investigated the-donating ability of acyclic
HAPAs with HAPA-coordinated metalcarbonyls bothdxperimental and theoretical

14



means.[108] In their study, the LP-donating abitifydialkylphosphinous acids can
actually outperform phosphines and N-heterocyditbenes. When two neutral
saturate five-membered heterocyclic HAPAs are erath(i.e. O-P-O and N-P-N),
the decreased LP-donating ability than their acyahiunterparts is observed based on
the stretching frequency of metal-coordinated caybbigands from DFT
calculations.[109]

The HOMO and LP molecular orbitals 6é-7b and7c-7f are shown in Figure 3
and Figure 4, respectively. It was found LP molacokbitals of7a-7f are not
HOMO, which is in consistent with the Martin andd®w’s computational
results.[108] HOMOs of HAPA & 7f are mostly consisted aftype atomic orbitals
from two nitrogen atoms (population > 0.13) andtthe unsaturated alkenyl carbons

(population > 0.21) on the five-membered ring.

Ta-rotamer 1 Ta-rotamer 2 7aS-rotamer 1 TaS-rotamer 2

-t -

L g 5 ‘f’ ¥ o ey X.*
" >~ 9 L e

3 g v > s =3 9

HOMO: -4.78 ¢V HOMO: -4.88 eV HOMO: -5.64 ¢V  HOMO: -5.92 ¢V
W j = }5 H e ® =
. 4 o~ 9
- l "l . o v’
] ' & J { 9 ] ‘g‘ 4 &, =
HOMO-1: -6.75 eV HOMO-1: -6.99 ¢V HOMO-1: -6.05 eV HOMO-1: -6.17 eV
7b-rotamer 1 7b-rotamer 2

p . » 4
b - A a4 ] 9 -] -l 4
*w *w HOMO-2: -7.20 6V HOMO-2: -7.27 eV

HOMO: -4.74 eV~ HOMO: -4.84 ¢V

HOMO-1: -6.90 eV HOMO-1: -7.02 eV

IR 459

HOMO-2: -6.94 eV HOMO-2: -7.17 eV

15



Figure 3. Selected occupied frontier molecular orbitalstieo rotamers o¥a, 7b and

7as LP molecular orbitals are highlighted in blue.

7c-rotamer 2

7e-rotamer 1
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L e

HOMO: -5.11 eV

HOMO: -5.15 eV

e
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-“‘ * -
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HOMO-5: -7.29 eV  HOMO-5: -7.50 eV

7d-rotamer 1 7d-rotamer 2

Ealid ¢ 3 a
s g

HOMO: -5.00 eV

:HN‘ Jﬁ B ,&’?4

S HOMO-5:

HOMO: -5.09 eV

-7.20 eV  HOMO-5: -7.40 eV

7e-rotamer 2

IEX:
A ¥

HOMO: -4.81 eV
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o

g %78
A
4-‘ f—)

HOMO: -4.81 eV

“—J k -".fa
HOMO-5: -7.04 eV HOMO-5: -7.26 eV

7f-rotamer 1 7f-rotamer 2

g ¥ L g
o' e’ 2

HOMO: -4.70 eV HOMO: -4.84 eV

R g

HOMO-5: -6.96 eV~ HOMO-1: -7.15 eV

Figure 4. Selected occupied frontier molecular orbitalstioo rotamers o¥c-7f. LP

molecular orbitals are highlighted in blue.

Levin had shown that phosphine wittdonating substituent has higher-lying

LP orbital as a result of the lone pair-lone paieraction between phosphorus atom

and the substituent.[110] The LP molecular orletadrgy of7a-7f is closely related

to the directionality of -OH substituent becaudeetiero,-t mixing between

phosphorus and oxygen is observed in rotamer7a@f (Table S2). In consistent

with Levin’s theoretical calculations, we found thiae better P-@,-1t mixing in the

higher lying the LP molecular orbital (Table S2heN-alkyl substituted’a-7b have
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LP orbitals lay at HOMO to HOMO-2 (Figure 3). LFodal energies for HAPAa
are -6.75 eV (HOMO-1) in rotamer 1 and 6.99 eV (HOM) in rotamer 2; for
HAPA 7asare -6.05 eV (HOMO-1) in rotamerl and -5.92 eV (WQ) in rotamer 2,
respectively.

LP orbitals of7c-7fare lying even lower (HOMO-5). The low-lying LP
orbitals of7c-7f corresponding nicely to the poor catalytic perfante in Suzuki-
Miyaura reactions as shown in our preliminary sciteg catalytic experiments, since
the coordination of such phosphine ligands to saftsition metals are kinetically
unfavourable. On the contrary, higher LP orbitaH&@@MO-1 in HAPA7a s the
reason for its best catalytic performance amongimlHAPA 7a-7f. Although LP
orbitals of7c-7f are very low-lying, we note that the anionic depnated form of/c-
7f, i.e. monomeric [P-OJr dimeric [P-O 'HO-PJ bi-dentate ligands,[111-112]
could be a remedy and could have better performiamno®ss-coupling
reactions.[108] The better P-@,-rtmixing can be expected in [P-@Jr dimeric [P-
O HO-PJ because p-type atomic orbital energy on the neggtcharged oxygen
will be higher than that on the -OH group.[109] iden[P-O] or dimeric [P-O'HO-
P] could be equipped with higher LP molecular orbital

Steric effects estimated with percent buried vol(¥hd,,,)

Based on the definition of Clavier and Nolan,[11f8]} steric effect of
phosphines quantified by percent buried volume {3\an be roughly classified
into three categories when a putative metal is A 28vay from phosphorus atom. It
is regarded as sterically rather hindered ligandei#Vy, > 35.0 %; a middle or
normal range for 35.0 % > %\ > 30.0 %; low steric effect for %\ < 30.0 %.
Accordingly, P{Bu); locates at the lower limit of the large stericdrance, while
PCy; near the lower limit of middle range, respectivéligble S3). Note that Bu)s
and PCy are two commonly used auxiliary phosphine ligaimdsSuzuki-Miyaura
cross-coupling reactions.

HAPA 7c and7ereveals significant steric hindran@@\.r > 42.0 %), much
larger than PBu);and PCy. Although neutraVd (% Vo ~ 34.0 %)and7f has similar
guantified steric property to Pe{#oViur ~ 32.0 %), its LP orbital (HOMO-5) is too
low-lying to be an effective ligand. The low catatyperformance forc and7eas

ligands can also be attributed to the same readatfe their high steric ranking could
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be a merit for reductive elimination in the Suzikiyaura catalytic cycle. On the
contrary, the very low steric hindrance offeredm(%Vyur ~ 24.0 %), could be one
of the reasons for its lower catalytic performati@n7a (i.e. LP orbital of7b lies in
HOMO-1 of rotamer 1 and HOMO-2 of rotamer 2, respety.)

Compoundrais the tautomer of pre-ligar@h, and is the best ligand for
Suzuki-Miyaura reactions carried out in this stutllyis is due not only to HAP&a
(%Vour ~ 32.0 %) has nearly identical steric effect agffit also to it owns the
highest-lying LP molecular orbital (i.e. HOMO-1) ang7a-7f. Considering steric
and electronic effects as a whole, it is rationatamment that employingga as
ligand shows the best catalytic yield in our schegmests. Model ligand/as is the
saturated analogue @&. Although7asmay not be superior e, based on the
previous two facts, we anticipate tifatscould be as effective &ain the Suzuki-

Miyaura reactions at least.

Conclusion

In this study, six new HASP6&-6f pre-ligands have been synthesized and
characterized, and crystal structures for thretheh Ga, 6¢, 6e) have been well
resolved 6a-6f can undergo tautomerizationTe-7f as genuine phosphine ligands.
Diimine-coordinated3e-coordinated) mono-palladium complex was obtained
unexpectedly during the reaction@gand PdBs. Moreover, attempting to synthesize
6¢c-coordinated palladium complex was not succesbfatead, an intriguing di-
palladium complex bridged by two phosphide- ligan@s obtained. These two
complexes were characterized by X-ray studiesulmpeeliminary screening of using
6a-6f as pre-ligands in Suzuki-Miyaura cross-couplingteas, onlya gave
satisfactory catalytic performance. Therefore,Hertcatalytic conditions were
optimized for6a. The optimized catalytic conditions are summariasdhe
combination oBa/Pd(OAcyKO'Bu/THF/60°C. At room temperature, the poor
catalytic yield could reflect that the chemical giguum of HASPO-to-PA
tautomerization favours HASPO.

The effectiveness dfa and disability obb-6f as pre-ligands are fully
supported by DFT studies together with the quatisiteric property. Based on the
DFT calculations, the highest occupied moleculartar of 7a7cis not LP molecular
orbital. Rather, LP orbital is HOMO-1 or HOMO-2 féa-7b and HOMO-5 for7¢-7f,
respectivelyNotably, the steric property quantified byl reveals thata
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(tautomer o64a) is as bulky as PGya useful ligand for Suzuki-Miyaura cross-
coupling reactions). The higher-lying LP orbitagébher with adequate steric
property provided byaaccount for the satisfactory catalytic performarice
improve the catalytic performance, we suggest eypdpthe anionic deprotonated
form of 7c-7f (i.e. monomeric [P-Olor dimeric bi-dentate [P-CHO-PJ as ligands
for future development of HASPO). It is becauseahm®nic form would result in
higher-lying LP molecular orbitals, which is essalnfor phosphines as effective

auxiliary ligands in catalytic reactionga bettero,-rtmixing of P-O.

Experimental Section
General Procedures

All reactions were carried out under a nitrogencapiere using standard
Schlenk techniques or in a nitrogen-flushed glowe. IFreshly distilled solvents were
used. All processes of separations of the produete performed by Centrifugal Thin
Layer Chromatography (CTLC, Chromatotron, Harristodel 8924) or column
chromatography. GC-MS analysis was performed oAglent 5890 gas
chromatograph (Restek Rtx-5MS fused silica capiltaiumn: 30m, 0.25mm,
0.5pm) with an Agilerft 5972 mass selective detector. RoutiHeNMR spectra were
recorded on a Varian-400 spectrometer at 400.44%.MHe chemical shifts are
reported in ppm relative to internal standards Te&S 0.0).*'P and™*C NMR
spectra were recorded at 162.1 and 100.7 MHz, céspl. The chemical shifts for
the former and the latter are reported in ppmiraddd internal standardszAO, (6 =
0.0) and CHQ (6 = 77), respectively. Mass spectra were recordediaffl. JMS-
SX/SX 102A GC/MS/MS spectrometer. Electrosprayzation-high resolution mass
spectra (ESI-HRMS) were recorded on a FinniganffioeQuest Mat 95 XL mass

spectrometer.
Synthesis and characterization3at3f and 6a-6f

Procedures for the preparations3af3f were modified from literature.[114)
the same measure, preparation6abtf were followed the modified procedures of

reports elsewhere.[52, 115-116]

Synthesis and characterization3# and3b
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Similar procedures as the previous one for thegregjwn of 3a and 3b were
carried out. Into a 250 mL round-bottomed flask wixed 70.0 mmol (7.42 ml) tert-
butylamine or tert-cyclohexylamine (100.0 mmol,48L.ml) in 50 mL deionized
water. In ice bath, then, the solution of GlyoxaD{ ml, 40 wt % in KO, 35.0 mmol
or 5.73 g, 40 wt % in pO, 50.0 mmol) was added slowly to the flask. White
participation was observed in the bottom of theklalhe solution was stirred for 45
minutes at room temperature. It was then filteredugh frit at C The collected
product was washed by ethanagHmixed solution at OC. A white solid3a (5.01 g,
29.79 mmol, 85 %) oBb (10.24 g, 46.50 mmol, 93 %) was obtained aftevestlwas
removed by vacuum.

t Selected spectroscopic data 8a; ‘*H NMR (CDCk, 8/ppm): 1.22 (s, 18 H,
CHs), 7.90 (s, 2H, NCH)**C NMR (CDC}, 8/ppm): 157.8 (N-C), 58.1i{so-Cizy),
29.3 (Gay)-

1 Selected spectroscopic data 8 *H NMR (CDCk, /ppm): 7.93 (s, 2 H,
NCH), 3.15 (m, 2 H, NCH), 1.19-1.82 (m, 10H, §H3*C NMR (CDCE, 8/ppm):
160.0 (N-C), 24.5, 25.4, 33.9, 69.4(C

Synthesis and characterization3uf and3d

Into a 500 mL round-bottomed flask was placed ol (10.63 g) 2,6-
diisopropylaniline (or 60.0 mmol 2,4,6-trimethylane) in 130 ml ethanol. Then, the
solution of Glyoxal (4.35 g, 40 wt % in,B, 30.0 mmol) was added slowly to the
flask which was placed in ice bath beforehand. ddleur of solution changed to
golden-yellow. It was then refluxed for 12 hour$doe cooling down to room
temperature. The volume of the solution was theneged to 100 mL under vacuum.
Subsequently, the solution was filtered throughdatiO°C. The collected product was
washed with ethanol4 mixed solution at C. A golden-yellow solidBc (6.89 g,
18.31 mmol, 61 %) d8d (6.87 g, 23.51 mmol, 47 %) was obtained aftesalvent
was removed by vacuum.

t Selected spectroscopic data 8oy *H NMR (CDCh, 8/ppm): 1.22 (dJn-
4=7.1 Hz, 24H, CH(CH),), 2.96 (mJu.4=6.7 Hz, 4H, CH(CH),), 7.20 (m, 6H,
overlapping GHs), 8.12 (s, 2H, NCH)**C NMR (CDCE, 8/ppm): 163.0 (N-C), 147.9
(ipSO-Cwe), 136.6 0-Cted), 125.0 (+-Cives), 123.1 p-Cuied, 27.9 [Pr CH), 23.3'Pr
CHj).
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t Selected spectroscopic data 8ok ‘H NMR (CDCk, 8/ppm): 2.15 (s, 12 H,
2,6-(CH),-CeHy), 2.29 (s, 6H, 4-CECgHy), 6.90 (s, 4H, 6H>), 8.09 (s, 2H, NCH);
13C NMR (CDCE, 8/ppm): 163.3 (N-C), 147.350-Cues), 126.4 0-Ces), 128.9 (-
Cwmes), 134.1 p-Cues), 18.1 0-CHs), 20.6 p-CHy).

Synthesis and characterization3g 3f

Into a 100 mL round-bottomed flask was placed 12@n@ol (22.9 mL) 2,6-
diisopropylaniline in 50 ml methanol. Then, fornaicid (6.9 mL) was added slowly.
The colour of solution changed to pale coffee.dswhen added 2,3-butanedione
(60.0 mmol, 5.32 mL) and stirred for 0.5~1.0 holliyellow participation was
observed. Gold-yellow solid participate was reaulipe isolated after 2 hours of
stirring. Firstly, the solution was cooled t6© and filtered through frit at that
temperature. The solvent was removed completelgmuvacuum. The collected
product was washed with methangmixed solution at 6C. A golden-yellow
solid 3e (13.68 g, 56 %) was obtained after all solvent weasoved by vacuum.
Similar procedures were taken for the preparatiosf.orhe yield of the yellow
product of3f is 58 % (11.15 Q).

1 Selected spectroscopic data 8ef *H NMR (CDCk, 8/ppm): 1.18 (d, J =
7.2 Hz, 24H), 2.71 (septet, J=6.4 Hz, 4H), 7.176ht), 2.07 (s, 6H)'*C NMR
(CDClg, 8/ppm): 16.57, 22.69, 22.97, 28.47, 122.97, 123185,04, 146.13, 168.16.

t Selected spectroscopic data 8y*H NMR (CDCk, 5/ppm): 1.98 (s, 12H),
2.00 (s, 6H), 2.27 (s, 6H), 6.87 (4HJC NMR (CDCE, 8/ppm): 15.82, 17.79, 20.78,
124,55, 128.64, 132.41, 145.95, 168.37.

Synthesis and characterizationGz-6f

A 100 mL round-bottomed flask contained 2 mmol @fresponding diimine
3a-3f, 5 mL dichloromethane and 6 mmol cyclohexene. Aeoflask in Glove box
was placed with 2 mmol PBand 5 mL dichloromethane; it was then placedén ic
bath till reached OC. The solution of the first flask was transferssalvly into the
second one and stirred at room temperature fool2shPresumablya-4f were
formed by judging from their large down-fieldedfsii 3P NMR, ranges from
170~200 ppm around. Without further purificatiorQ@ molar equivalent of HNEt
was subsequently added into the flask. The colgohftion changed to yellow. Then,
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the solvent was removed completely after stirringpam temperature for 2 hours.
Presumably, the correspondibg5f were formed. The residue was extracted twice
by ethylacetate and separated by column chromaibgrdhe hydrolyzed products
(63, 6b, 6¢, and6d) are in the yield of 39 % fda (0.17 g, 0.78 mmol), 30 % f@b
(0.16 g, 0.60 mmol), 29 % fdc (0.25 g, 0.59 mmol), 35 % f&d (0.24 g, 0.70
mmol), 35 % foree (1.27 g, 2.22 mmol), 30 % f&f (0.88 g, 2.39 mmol).

1 Selected spectroscopic data 6a; ‘*H NMR (CDCk, /ppm): 8.67 (dJp.
4=648.0 Hz, 1H), 7.34-7.18 (m, 6H), 5.93 (dd, 2HESB(M,Js-+=6.7 Hz, 1H), 3.18
(m, 4.n=6.7 Hz, 2H), 1.34 (dJ4.»=6.3 Hz, 6H), 1.27 (dJu.1=7.1 Hz, 6H), 1.25 (d,
Jun=7.1 Hz, 6H), 1.24 (dJ4.1=6.7 Hz, 6H);*C NMR (CDCE, &/ppm): 117.1/117.2
(N-C), 123.8/124.5/128.9/132.3/147.9/149.8 (are2®)3/28.6 'Pr CH),
24.0/24.0/24.9/25.2Rr CHy); *'P NMR (CDCE, 8/ppm): 4.8 ppmJp.;= 648.0 Hz).

t Selected spectroscopic data ébx *H NMR (CDCk, 8/ppm): 2.29/2.27 (s,
12H,0-CHj3), 2.4 (s, 6Hp-CHs), 6.92/6.96 (s, 4H, §,), 5.90 (d,Jy-1=16.39, 2H,
NCH), 8.73 (d, 1HJp.n = 649.2, PH)**C NMR (CDC}, 8/ppm): 115.7/115.9 (N-C),
128.9/129.6/132.4/136.8/138.0/139.0 (arene), 18.8/p-CHs), 20.9 p-CHs); 3P
NMR (CDCl, 6/ppm): 1.3 ppmJp.4 = 649.2 HZz).

t Selected spectroscopic data 6oy ‘H NMR (CDCh, 8/ppm): 1.43 (s, 18 H,
CHs), 5.95 (dd J4.4=16.01, 2H, NCH), 8.60 (d, 1Hp.1=647.91, PH)*C NMR
(CDCls, 8/ppm): 110.2/110.3 (N-C), 53.860-Ciay), 29.9 (Gay); *'P NMR (CDCE,
d/ppm): 4.0 ppmIp.y= 647.91 Hz).

t Selected spectroscopic data 6ok *H NMR (CDCk, 8/ppm): 5.84 (dd, 2 H,
NCH), 1.07-2.01 (m, 11 H, ¢Bl11), 8.64 (d, 1H,Jp.s=640.4, PH)*C NMR (CDC},
8/ppm): 111.1/111.2 (N-C), 25.5/33.2/33.9/54.5JC'P NMR (CDC}, 8/ppm): 6.1
ppm QJp.4= 640.4 Hz).

t Selected spectroscopic data 6y ‘H NMR (CDCk, /ppm): 1.24 (d, J =
6.80, 12H), 1.25 (d, J = 7.20, 6H), 1.61 (s, 6H)63septet, 2H), 3.55 (septet, 2H),
7.18 (d, J = 7.60, 2H), 7.25 (d, J = 8.39, 2H)57t32H), 8.54 (d, J = 635.2, 1H)C
NMR (CDCl, 8/ppm): 11.07, 24.21, 24.31, 25.09, 25.27, 28.2(828117.48,
117.59, 123.79, 124.58, 128.82, 130.37, 148.53.8058/P NMR (CDC}, 8/ppm):
5.23 ppm, g4 = 635.2 Hz.

1 Selected spectroscopic data 66r*H NMR (CDCk, 8/ppm): 1.57 (s, 6H),
2.21 (s, 6H), 2.29 (s, 6H), 2.43 (s, 6H), 6.9®), 6.95 (s, 2H), 8.57 (d, J = 637.22,
1H); **C NMR (CDCE, &/ppm): 10.63, 18.25, 18.95, 20.98, 116.53, 116188,86,
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129.52, 130.88, 137.61, 137.78, 140%8;NMR (CDC}, 5/ppm): 0.57 ppm, el =
637.22 Hz.

General procedure for the Suzuki-Miyaura cross-dimggpreactions

Suzuki-Miyaura cross-coupling reactions were penfd according to the
following procedures. The four reactants, palladaource, ligand, boronic acid and
base, were placed in a suitable oven-dried ScHlask. It was evacuated for 0.5 hour
and backfilled with nitrogen gas before adding salvand aryl halide through a
rubber septum. The aryl halides being solids atnréemperature were added prior to
the evacuation/backfill cycle. The flask was seal#tt a rubber septum and the
solution was stirred at the required temperaturelésignated hours. Then, the
reaction mixture was diluted with ethyl acetaten[B) and the cooled solution poured
into a separatory funnel. The mixture was washed agueous NaOH (1.0 M, 5 mL)
and the aqueous layer was extracted with ethybte¢? x 5 mL). The combined
organic layer were washed with brine and dried aithydrous magnesium sulfate.
The dried organic layer was concentrategacuo The residue was purified by

column chromatography to give the desired product.

X-ray crystallographic studies

Suitable crystals oba, 6¢, 6 and8ewere sealed in thin-walled glass
capillaries under nitrogen atmosphere and mournteal Bruker AXS SMART 1000
diffractometer. Intensity data were collected ibQ3rames with increasing (width
of 0.3 per frame). The absorption correction was basetthi@symmetry equivalent
reflections using SADABS program. The space groeteminination was based on a
check of the Laue symmetry and systematic abseandsyas confirmed using the
structure solution. The structure was solved bgaimethods using a SHELXTL
package.[117] All non-H atoms were located fromcegsive Fourier maps and
hydrogen atoms were refined using a riding modalsétropic thermal parameters
were used for all non-H atoms, and fixed isotrgg@cameters were used for H
atoms.[118] Crystallographic data for the strudtarelysis have been deposited in
the Cambridge Crystallographic Data Center, CCDC906104, 900105, 900106,
and 900107 fo6a, 6¢, 6 and8e, respectively.
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Computational Details

All calculations were performed witBaussian 0uantum-chemistry
packages.[119] Geometry optimizatioa{ssiarkeyword: opt) were carried out
with the B3LYP density functional in conjugationtivi6-311+(2d,p) for oxygen,
nitrogen, carbon and hydrogen atoms and 6-311+{8df)hosphorus atom. All
optimized geometries were confirmed to be localiménby frequency calculations
(Gaussiarkeyword: freg=noraman). Hirshfeld charge analyss used to analyse
the population of electron densitf@gussiarkeyword: pop=hirshfeld).[120] In
addition, orbital analysis was done to identify #temic orbital contributions to
HOMO and LP molecular orbital&aussiarkeyword:
pop=(orbitals,threshorbitals=3)). Contributionsnfratomic orbitals greater than 3 %

will be printed out, and the threshold value isqdse for our purposes.

Percent Buries Volume (%))

Due to the success of the percent buried volumé,(¥in addressing the
steric hindrance of NHC and phosphine ligands,[1P3)] we employed this
approach to access the bulkiness of the HAPA ligdodqualitative mutual
comparison. Cartesian coordinates of HAPA are abthirom the DFT-optimized
geometries. Noteworthy, W,s are linearly proportional to the values estimatét
the definition of Tolman cone angle for commonlgdiphosphine ligands.[113]
Samb/ca is a web application for such purpose estalditlyeCavalloet al[122-

123] %V, is estimated from the percent ratio between tjemlil occupied space and
the sum of ligand unoccupied free space and ligexedpied space in a hemisphere
centered on a putative metal center (TM) (sphatiisas fixed as 3.5 A). In our
study, the TM-Lignad bond lengths were set to 200 2.28 A, respectively, along
the axis including phosphorus and the center oftiteee atoms (N, N and O) bonded
to phosphorus. Hydrogen atoms are excluded in@gulations. More computational
details regarding how to estimaté/g§@ can be found in the original paper and the

Samb/ca website.
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Highlights

» Severa di-substituted diimines and heteroatom-substituted unsaturated secondary
phosphine oxides (HASPO pre-ligands) have been prepared and characterized.

» Four crystal structures were presented.

» Computational studies were pursued to evaluate the relative effectiveness of heteroatom-
substituted phosphinous acids (HAPAS), which are in genuine ligand format of their
corresponding HASPOs, as auxiliary ligands in Suzuki reactions.

* Preligand of HASPO 6a/ligand of HAPA 7a was found to give satisfactory cata ytic
performances in cross-coupling reactions.



