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ABSTRACT: The [Ni(0)(cod))/P"P-catalyzed hydroalkoxylation of butadiene to fdyaienyl ethers is studied mechanistically,
where P"P = 1,4-bis(diphenylphosphino)butane (dppb) andbis@iphenylphosphinomethyl)benzene (dppmb). Expental
studies suggest the intermediacy of T(P)Ni(0)(butadiene)] and [(PP)Ni(ll)(allyl)] intermediates and rule out the wivement

of Ni-H species. The related species [(dppb)NI@1diphenylbutadiene)l,, and [(PP)Ni(ll)(crotyl)(Cl)] complexe (PP =
dppmb) and (PP = dppb) have been synthesized and charactesizéige basis of VT NMR spectroscopy and X-ray alst
graphic studies2 and 3 are shown to be catalytically competent for thérbglkoxylation reaction. Computational studies on
[(dppmb)Ni(0)(butadiene)] indicate a facile prottina that forms a cationic allylic intermediate emb)Ni(ll)(n-CsH7)]OMe. C-

O bond formation then occurs via external attackth®y solvent-stabilized methoxide nucleophile. khgdkoxylation proceeds
with modest computed barriers of ca. 18 kcal/ma #e butenyl ether product formation is only maadliy exergonic. Overall the
results are consistent with initial kinetic contteading to the major branched isomer followed bgwersible isomerization pro-

cess operating under thermodynamic control.
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INTRODUCTION

The formation of carbon-heteroatom bonds is cruiciabr-
ganic chemistry to provide new molecular scaffollsd real-
izing this in catalytic processes is particularbsilable, espe-
cially if they occur under mild conditions and witigh stere-
oselectivity! The construction of C-O bonds in O-alkyl or -
allyl ethers has traditionally used the Williamsogaction.
However, this process necessarily results in skoicbtric salt
formation, and may also give unwanted organic pidetucts.
The development of atom economic catalytic meththddg
reduce waste and so better fulfill the criteriagofen chemis-
try is therefore of great interest.

One such process is the transition metal-mediateddtion
of ethers via the hydroalkoxylation reaction — #dalition of
the O-H bond of an alcohol over a C=C double bdssing
butadiene and alcohols in the presence of trangtietal cata-
lysts generally results in the so-called teloméiwareaction,
where the C-O bond is formed after a previous GaGpting
of two butadiene units, allowing an efficient accés octadi-
enyl ethers® First observed during butadiene dimerization in
the presence of nucleophifakis reaction is efficiently pro-
moted using low catalyst loadings of palladium sait the
presence of phosphirtes carben&ligands. Butadiene telom-
erization is important industrially as it providegcess to
higher value intermediates such as 1-octene argholtas
well as surfactants via association of the C8 liplip chains
with hydrophilic polyols® Although C8 telomers are the major

products, higher telomers containing three to sikaBliene
units can also be formédfor example with cationicnf-
allyl)palladium catalysts mixtures containing C8,6Cand C24
telomers are observédl.

The direct hydroalkoxylation of butadiene, also kmoas
degenerative telomerization, results in C4 butetlgers. The
first selective synthesis of butenyl ethers wasorem by
Dewhirst via the reaction of butadiene in ethamothie pres-
ence of high loadings of RhZf Smutny et al. observed the
hydroalkoxylation of butadiene with phenol by using
allylpalladium-based catalysts. However the reactaffered
from low yields and the formation of significant ammts of
by-products?? Subsequently the use of chelating phosphines
with strongly electron donating substituents gan®roved
selectivities. Similarly, the combination of basimnodentate
trialkylphosphines, PR (R = Et, "Bu), with =n-
allylpalladium(ll) chloride dimer precursors proeitl selective
butadiene hydroalkoxylation, as long as the reactias per-
formed under high methanol dilution conditids.
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Scheme 1. Ni-catalysed butadiene hydroalkoxylation.

The few available reports on the related nickeddgased re-
actions of 1,3-butadiene generally indicate lowficiencies
for both the hydroalkoxylation and the telomeriaatprocess-
es!* In contrast, our group has recently reported thathy-
droalkoxylation reaction can be achieved with boitth buta-
diene conversion and high selectively when usirgatalytic
system featuring zero-valent nickel in the preseofcehelat-
ing phosphines (Scheme *®)The structure of the ligand has a
strong bearing on the reaction outcome. Thuseaotion was
observed with either 1,2-bis(diphenylphosphino)ethédppe)
or 1,3-bis(diphenylphosphino)propane (dppp). Howgelig-
ands with four carbon backbones such as 1,4-
bis(diphenylphosphino)butane (dppb) and 1,2-
bis(diphenylphosphinomethyl)benzene (dppmb) prontbie
selective formation of butenyl ethers that are iolet as mix-
tures of the branched (b) and linear () isomersing mono-
dentate phosphines only led to linear butadienesdization.
The allylic structures of the branched or linedrees formed
in this hydroalkoxylation reaction - and the lack any 4-
alkoxybut-1-ene products - strongly support theolagment
of w-allylnickel intermediates rather than a direct leophilic
attack on the diene. However, the mechanism by lwhich
species are formed from an alcohol and butadiengires
unclear. In this work, we present a combined expenital and
computational study that aims to elucidate the rapdm of
the butadiene hydroalkoxylation reaction with nickatalysts
in the presence of chelating phosphines.

RESULTS AND DISCUSSION

trallylnickel species are usually obtained from tkaction
of butadiene with a nickel hydride, where the laigetypically
generated via protonation of a Ni(0) precurs®atf A,
Scheme 2§ The formation of such Ni-H intermediates under
acidic conditions has been exploited in the dinagign'’ or
hydroamination reactions of dien®s.
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Scheme 2. Pathways tac-allylnickel intermediates from butadi-
ene.

A Ni-H pathway has been also postulated under akatn-
ditions for the addition of terminal alkynes to -b@tadiené?
In this case, it is proposed that a Ni-H intermegf@rms via
oxidative addition of the terminal C-H bond of thikyne at a
Ni(0) precursor. Evidence for the intermediacy ofN&H
species in the current hydroalkoxylation reactior@s sought
by performing catalytic reactions in ethanol in firesence of
catalytic amounts of acids or bases (Table 1).

additives Conv.c 0OC4 b/l 0oc8c (C8¢
Entry (eq./Ni)° (%) €(%) ratiod (%) (%)
1 None 20 91 5.9 4 5
2 H20 (10) 18 93 3.1 3 4
Acids
AcOH
3 ) 0 - 0 0
4 TFA (1) 0 0 - 0 0
MeSGH
5 (1) 0 0 - 0 0
NH4BF4
6 (1) 0 0 - 0 0
B(OH)s
7 (10) 5 88 3.8 3 9
bases
8 E&N (1) 20 91 5.3 4 5
CsCOs
9 ) 20 91 4.9 5 4
EtONa
10 ) 24 92 5.3 6 3
EtONa
11 (10) 30 94 4.9 4 3
12 KOH (1) 25 92 5.3 4 4

dReaction conditions: Butadiene 1.5 mL (17.2 mmol)
BD/[Ni(0)(cod)]/ligand: 1250/1/1.5; ROH/BD = 10; Toluene = 3
mL; T = 80°C; t = 30 min? Number of equivalents of additive /
amount of nickel¢ Determined by GC using heptane as an inter-
nal standard — selectivities in butenyl ethers (D@4oducts of
telomerization (OC8) and products of dimerizati@8). ¢ b/l =
branched / linear ratio for OC4 ethers.

Table 1. Acids/bases additives for butadiene hydroalkoxyla-
tion with ethanol.*



Short reaction times were employed as incompleteven
sions allow for a more straightforward comparis@iween
the different reaction conditions. The presencaaids clearly
inhibits the catalytic reaction, with no conversinbutadiene
observed with a large scope of acids (entries B ©8ly boric
acid allows some conversion (entry 7), albeit $tilver than
under additive-free conditions (entry 1). Water sfdelead to
any noticeable changes (entry 2). In contrasthtieoalkoxy-
lation reaction does prove compatible with the enes of
bases. Thus Bl and CgCO; (entries 8 — 9) have no effect on
either butadiene conversion or product selectivityhile
stronger bases such as hydroxide or alkoxides lactgize
slightly higher yields (entries 10 — 12). Interegty in the
context of this mechanistic study, the nature & Holvent
showed an important effect on both the conversibri,8-
butadiene and the chemoselectivity of the reacficable 2).
Starting with the same reactions conditions astahbut after
longer reaction time (3 h) the conversion of 1,8adiene
reaches 75 % along with a very comparable selégtio-
wards OC4 ethers (compare entry 1 of table 1 witinyel of
table 2). However, by decreasing the ethanol /etwduratio
from 10 mL/3 mLto 1 mL /12 mL, the conversiohbaitadi-
ene dramatically drops. Moreover, the selectivityproducts
of butadiene dimerization (C8) increases up to 98vith an
ethanol / toluene ratio of 1 mL / 12 mL.

Solvent
Ethanol / toluene conv. 0OC4 0OC8 C8
Entry (mL/ mL) % (W (%) (%P
1 10/3 75 95 2 3
2 6.5/6,5 25 78 4 18
3 1/12 8 5 2 93

%Reaction conditions: Butadiene = 1.5 mL (17.2 mmol)
BD/[Ni(cod)z]/ligand: 1250/1/1.5; Toluene =3 mL; T = 80°Cs+ t
3 hours? Determined by GC using heptane as an internal atand
— selectivities in butenyl ethers (OC4), produdtsetomerization
(OC8) and products of dimerization (C8) - the l&tiad are very
similar in the three experiments.

Table 2. Solvent effect on butadiene hydroalkoxylation with
ethanol.?

The basic conditions are inconsistent with the ftian of a
Ni-H intermediate and indicate that another actdratmode
must be considered. One such possibility is thectlireaction
of an alcohol with a Ni(0) species coordinated Rdyuadiene

Ph Ph Ph
Ph/\/\/ PAZ\ //
Ni(cod), + dppp ~—— > /Ni., g
-2 cod P ’
Ph, 1 Ph

Scheme 3. Synthesis of [(dppb)Ni(0)(1,4-diphenylbutadiene)],
1.

As expected, Ni(0) compound 1 showed a high aisitigity
due to diene lability and facile metal oxidation ®y Howev-
er, 1 could be isolated and fully characterizedjbgctroscopic
methods in the presence of a slight excess of 1,4-
diphenylbutadiene. The room temperatéife NMR spectrum
shows a broad singlet & 29.3 ppm corresponding to two
equivalent phosphorus atoms (Figure 1). #@& NMR spec-
trum of the complex shows shielded signals for diene
carbons at 82.4 ppm and 89.6 ppm ( 129.7 ppm a8® XHpHm
for the free ligand), thus evidencing the coordovatof all
four carbon atoms of the diene to the metal. A e®al
cence/decoalescence phenomenon is observed theouaii-
able temperature study ranging from 293 K to 20(Fli§ure
1). The broad singlet initially observed in tH® NMR spec-
trum at room temperature disappears at 240 K absesuent-
ly re-emerges as two new doublets&20.8 ppm and 41.7
ppm €J.p = 30Hz) at 220 K that correspond to two inequiva-
lent phosphorus atoms. On the other hand, thedowpérature
(200 K) **C NMR spectrum still exhibits only two signals
corresponding to the four carbons of the diene tyoi€his
feature is consistent with theés coordination of they*-diene
coordinated to the metal which is undergoing adaginamic
equilibrium involving diene inversion (Figure l)imslar to
that reported in [(GPCHCH.PCy)NI(0)(n*butadiene}
and [(PLPCHCH,PP,)Ni(0)(n*isoprene)F?
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ligand Path B, Scheme 2), as suggested by Jolly in the case of

palladium catalysi$’> To assess whether this pathway may

also operate for nickel, the synthesis of
[(dppb)Ni(0)(butadiene)] was attempted from thectie of
[Ni(0)(cod)] (cod = 1,5-cyclooctadiene) with one equivalent
of phosphine and an excess of 1,3-butadiene at teopera-
ture. Unfortunately this complex, if formed, provéd be
extremely unstable and could not be unambiguousdyacter-
ized. We attribute this low stability to the higblatility of
butadiene and its facile, irreversible dissociatimm the Ni
center under vacuum during workup. Instead thetaelai
complex1 was prepared using the high boiling point model
substrate, 1,4-diphenyl-1,3-butadiene, via ligandhange
with [Ni(cod),] in the presence of dppb in toluene (Scheme 3).

Pa Pa

5 - > :
Ph \’\.h/ Ph <—— p, /l:‘ll\ Ph

Ps Ps

Figure 1. Coalescence/decoalescence  phenomena  of
[(dppb)Ni(1,4-diphenylbutadiene)] observed 3P-NMR at 162
MHz; from bottom to top: 293, 280, 260, 240, 22@ 200 K.

The inversion process involves nickel intermezhatith a
n3-diene and it is noteworthy that batf andn*-coordination
modes of a diene have been observed in [(diphos-
phine)nickel(0)] complexe®. Interestingly, despite its limited



stability, 1 can be used as a catalyst precursor for the hlydroa

koxylation reaction. The assumption thatallylnickel(ll)

species are intermediates in the Ni-catalyzed i@agrompt-
ed us to synthesize the related chloride adducks ™ [(
P)Ni(11)(C4H7)CI], (PP = dppmb2 or dppb,3) to study their

reactivity. 2 and3 can be prepared either via reaction of [(cro-

tyDNi(I)CI] 2 2 with PP or via the direct reaction of
[Ni(0)(cod),] with 1 equiv of P"P and 3 equiv of crotylchlo-
ride.

cl Cl
P P~ T
S PAN
( N,\\/ < NI\\7\
Ph_Ph R R
P /\/\CI Ph Ph Ph Ph
' SYNa ANTI a
+ Ni(cod), ——
R Et,0; 40 °C Ph Ph Ph Ph
/ P. \
Ph Ph ~ // P—_
Ni o
o i~/ P/N'—I \7\
N\, Cl nNoc
Ph Ph Ph Ph
SYNb ANTI b
Ph Ph
P dppmb 2-SYN 2-ANTI
R dppb 3-SYN 3-ANTI
ph P
Ph_Ph * 1 om
e Ph_Ph “Tiot-  PhPh ;oTf
A o SRl AN
" \\/ _— Ni—7 /NI\\/
R Et,0; RT p\/ \ R
Ph Ph pH Ph PH Ph
ligand = dppmb : 4-SYN 4-ANTI
ligand = dppb : 5-SYN 5-ANTI

Scheme 4. Synthesis of [(P P)Ni(crotyl)CI] and [(P™
P)Ni(crotyl)*]; OTf complexes — possible isomeric structures.

Four isomeric structures f& and3 can be envisaged (see
Scheme 4), although NMR data suggest that only ®Yil
and one ANTI isomer is obtained in solution in eaeke. We
cannot determine which of these isomers (i.e. SYN. &YN
b and ANTI avs. ANTI b) is present. Bott2 and 3 exhibit
fluxional behavior, as evidenced by the presencebrofid
signals at 300 K in both th#4 and 3P NMR spectra. The
SYN and ANTI structures of the allylic moieties wennam-
biguously determined by NOESY experiments. Accagdio
the integration of théH NMR resonances obtained for the
CHs groups, the SYN/ANTI ratio is 75/25 Band 50/50 ir8.

It is noteworthy that the two isomers (SYN and ANTH
complex2 are not in equilibrium with each other as no corre
lation is observed in the NOESY spectrum betweentito
methyl groups of the allylic moiety.

C30

C29

Figure 2. X-ray diffraction study of [(dppmb)Ni(ll)(croty))(,
complex2 (upper: ANTI isomer; lower: SYN isomer).

Thermal ellipsoid plots are at the 50% probabilétyel. Hydro-
gen atoms and solvent are omitted for clarity. Gel® bond
lengths (A) and angles (deg), ANTI isomer: Nil-P2.2148(5),
Nil-P2 =2.1927(5), Ni1l-C33 = 2.055(4), Ni1-C35 =025(5),
Ni1l-C34 =1.986(3), Ni1-Cl1 = 2.4371(5), C33-C34 #13(6),
C34-C35 =1.431(7), C35-C36 = 1.568(15); CI1-Ni1-P1
92.472(19), CI1-Ni1-P2 = 88.678(18), P2-Ni1-P1 =3B9(2);
SYN isomer (where only the position of the allytiarbons differ
from the ANTI isomer): Ni1l-C33A = 2.032(8), Nil-CA5=
2.115(13), Nil-C34A =2.047(6), C33A-C34A = 1.372(13
C34A-C35A =1.403(14), C35A-C36A = 1.47(3).

Suitable crystals for X-ray diffraction studies complexes
2 and3 have been grown (Figure 2 and Figure 3). For cempl
2 these showed the presence in the crystal of twmess
which differ in the conformation of the allylic negy. In one
case, the methyl is in a SYN position whereas éndther case
the methyl is located on the ANTI position (seeufgg?2). In
both structures, compleX features square-pyramidal coordi-
nation at nickel with chloride in an axial positiorhis geome-
try is comparable to related nickel methylallyl quexes
[(dippe)Ni(Il)(CH.CHCH)(Br)] (dippe = 1,2-
bis(diisopropylphosphino)ethane) and
[(dippe)Ni(Il)(CH,CHCH,)(CN)].2* The geometry oR how-
ever differs significantly from that of
[(dppb)Ni(I)(CH,CHCHCH)(CN)] which exhibits a more
pronounced trigonal-bipyramidal geometry with thethylal-
lyl in an axial positior?® Complex3 exhibits a similar geome-
try to 2. Both chelating phosphine ligands 2nand 3 show



similar bite angles of 103.69(2and 100.35(3) Although the
NMR data for comples clearly show the presence of both the
SYN and ANTI isomers in solution, only the SYN isenwas
obtained in the X-ray diffraction study.

C20

C21

Figure 3. X-Ray diffraction study of [(dppb)Ni(ll)(crotyl)CI]
complex3.

Thermal ellipsoid plot are at the 50% probabiligvél. Most
hydrogen atoms and solvent are omitted for claBglected bond
lengths (A) and angles (deg): Nil-P1 = 2.2207(7)1-R2
=2.1990(7), Ni1-C29 = 2.054(3), Ni1-C30 = 1.994(B)1-C31
=2.114(3), Ni1-CI1 = 2.4012(7), C29-C30 = 1.363(@R0-C31
=1.497(4), C31-C32 = 1.497(4); CI1-Ni1-P1 = 1063)7(Cl1-
Ni1-P2 = 92.78(3), P2-Ni1-P1 = 100.35(3).

The cationic nickel(ll) complexe$ and5 were respectively
obtained from the complex@sand3 through chloride abstrac-
tion with AgOTf in ether at room temperature (Scleed).
The *H and 3P NMR spectra in CECl, at low temperature
evidenced the presence of a mixture of one ANTI and
SYN isomers. According to the integration of thé NMR
resonances obtained for the £gtoups, the SYN/ANTI ratio
is 65/35 for4 and 80/20 fors. Similarly to the neutral com-
plexes, variabléH NMR studies evidenced a fluxionality due
to allyl inversion with both cationic complexésnd>5.

Complexes2 and 3 can be used as catalyst precursors,

providing that a base is added to the reaction amedScheme
5). Thus comple® does not catalyze the hydroalkoxylation of
butadiene in neat ethanol under standard catadgtiditions.
However, addition of 10 equiv. of NaOEt (relatia riickel)
initiates catalysis with the formation of butenyhers at a
reaction rate and selectivity (b:l ratio) that anmilar to those
obtained from the direct use of the [Ni(O)(cg)ppb system.
The cationic complexe$§(PP)Ni(crotyl)]'; OTf showed a
similar behavior and compléxwas not active under the same
catalytic conditions while high conversion wereaibed with
sodium ethoxide as additive (Scheme 5). The segldef
compare well with the results obtained from thetracom-
plex 3 thus suggesting that similar intermediates arelired.
Noteworthy, the stoichiometric reaction of the céemB with
NaOEt in ethanol at room temperature also leadheofast
formation of the butenyl ethers and the isomerimgosition

of the products compares well with that obtainedradé cata-
Iytic run (Scheme 5). AP NMR spectrum of the reaction
medium showed the rapid formation of [Ni(0)(dpgbas
major Ni-containing species.

EtOH; 80 °C; 3h

N = I + P,‘N\/\O, Et
t
1 mol% 3; 10 mol% NaOEt 81 % 19 %
1 mol% 5; 10 mol% NaOEt 83 % 17 %
Catalytic reaction
Ehz % EtONa (10 éq.) / EtOH
~_ | // a (10 éq.
= TR
P ! OFt
Ph 88 % 2%
3 Stoichiometric reaction

Scheme 5. Reactivity of complex 3 and 5.

Complementary experiments showed that this hydoogtk
lation reaction is reversible at the temperatuedusr cataly-
sis (80°C). Thus, the reaction of a butenyl ethkiee mixture
containing an enantio-enriched branched isomer%re.e.)
with ethanol as reactant and in the presence ofattgral
[Ni(0)(dppb)] catalyst leads to a full racemization within 3
hours at 80 °C (Scheme 6). In addition to the razation, it
is noteworthy that the isomeric mixture is also ffied; the
b:l ratio is decreased from 72:28 to 50%8The reversibility
was also evidenced from a trans-etherification treac For
this purpose, a first hydroalkoxylation reactiorthwieOH as
nucleophile was performed. The GC analysis of tection
crude after 3 h evidenced the formation of the esponding
methyl ethers in high yields (89 % overall yieldA large
excess of ethanol was then added to this cataigiidure
followed by stirring overnight at 80 °C The GC arsis of the
resulting crude reaction mixture evidenced the &diom of
the corresponding ethyl ethers from the methyl rsthvéth a
high conversion.

a) Racemization experiment

EtOH V &
/Y %\/\’ /\O( . %\/\’O
0 0.8% Ni(dppb)2 g’ Et”
72% 289 80°C;3h 50 % 50 %
(70 % e.e.) racemic

b) Transetherification experiment

-y o oY

/
2 mL MeOH Me + 10 mL EtOH e’ e°
P > 50% o 11% o+ 32
1% Ni(dppb)2 P 80 °C: 18 h P
-
P ‘\"«\4/\(’) '”H,./\’ %\,/\’
Me” o~ 0
39 % 9% 31 %

Scheme 6. Reversibility of the reaction: The racemization of
an enantio-enriched branched butenyl ether and tridues-
etherification experiment.

Density functional theory (DFT) calculations haween em-
ployed to probe the mechanism of these Ni-catalysehioal-
koxylation reactions. The experimental observatismggest a



cycle based on Path B in Scheme 2, i.e. via irfitiahation of
[(P""P)Ni(0)(butadiene)] adducts and proceeding vialially
intermediates. In the following, different mechdicigpossi-
bilities will initially be explored for the [(dppm)bIi(0)(trans-
butadiene)] system, with protonation to giveya-methylallyl
intermediate. This will then undergo C-O bond fotioma via
nucleophilic attack at the3(@osition to form a branched ether
product. The computational study employed the BRB&-
tional for all geometry optimizations which alsalinded the
effects of methanol solvent via the PCM approadte fiesult-
ant free energies were corrected via single pafitutations
with the wB97xD functional including methanol solvation and
using the def2-tzvp basis set. The full dppmb ldyaras used
in the calculations, this being preferred to thaenmonforma-
tionally flexible dppb ligand. Similarly, methanaias used as
the nucleophile source rather than the ethanol azpdrimen-
tally. Full computational details are provided lre tESI.

The chemical model employed in the calculationsdeee
some comment as the protonation of the coordinattadiene
in [(dppmb)Ni(0)¢rans-butadiene)] may occur in either an
intramolecular or an intermolecular fashion to gate two
possible allylic intermediates formulated either asNi-
alkoxide complex Bint-syn(), Similar to chloride complexe®
and 3) or as an ion-pair featuring a Ni-allyl cation afrde
methoxide Bexsnp), See Scheme 7). The subsequent C-O
bond formation can then also proceed via eitheintsrnal or
an external attack at the® @osition to form the branched
butenyl ether product (and thus designated (bhénlabeling
scheme). Comparing these pathways is challengiegtalthe
formal charge separation presentBatgynp) but lacking in
Bint-snv). TO address this we have employed a model with
three methanol molecules that are H-bonded to give
(MeOH); cluster (Scheme 7). Participation of the central
methanol in the protonation and (as methoxide) egsnt C-
O bond formation steps then allows for a tetraHeeinairon-
ment to be maintained around the reacting oxygeoutgh a
combination of covalent and H-bonding. The use mfea-
tended basis set should also aid the descriptiotheffree
anion.

/OfMe
O—Me H
Me—0_ H’
H\ ’ O Me
O Me 5
P,, P/,
( Ni \ﬂ N,_
P
Blnt-syn(h) Bext-syn(b) < = dppmb
internal attack external attack P

Scheme 7. Model used in the calculations, illustrated with

alternative forms of allyl intermediai

Computed reaction profiles using this model forhbibte in-
ternal and external mechanisms are shown in Figundere
free energies are reported relative to the combaremigies of
[(dppmb)Ni(0)f>trans-butadiene)] and the (MeOH}luster
computed separately and set to 0.0 kcalfh@tarting with
precursorAex-trans at +4.5 kcal/mol the external protonation of
butadiene proceeds VIBS(A-B)ex-trans With a barrier of 13.5
kcal/mol to give the ion-paBet-gyn).2® The computed geome-
try of TS(A-B)ex-trans is displayed in Figure 5 and shows the

transferring hydrogen Hto be approximately midway be-
tween G and C (the pendant terminal carbon) along with a
Ni---C8 distance of 2.53 A.

Me
/
o]
\H "
Me e
Me \ N
/ O—Hf-O
O
Me, H Me /
O H- O\ TS(A-B)int-trans P \/J
(P“-. Ni H + 1 4 Bint. -syn(h)
- N TS(B-C);
P K int-syn(b)
W \ 259
Aint-t TS(A B)exllrans ' "
il 180 TS(B-Clext.syn(b) MeOH
+214 S H17.0 00 MeQOH_ ! Me
—_— o
| “.‘< P/NI—/
Viar2 S Ve 3°im-synth1
HOMe | / ;
+45 _HOMe' o
A -H- O . L
ex“m“/ N\ Bext-syn(b} HOMe \ 1.8
/P”"'Nl—/ MeP 3 —56—Me C'_ Me
Y, # 8
Nad ( N home  men® . (-HOMe
P 1 /P/,,,' > HOMe
Ni*—/
Np”

1. Protonation 2. C-O Bond Formation
Figure 4. Computed reaction profiles (kcal/mahB97xD in
methanol) for formation of 3-methoxybut-1-ene \li@ Eexter-
nal and internal attack pathways at [(dppmb)Ni{®}fans-
butadiene)]. C-O bond formation via external nuplatc
attack at ¢ has a transition state at +16.9 kcal/mol; see text
and ESI for details.

This generates gyn-methylallyl ligand inBex-syn) at +3.9
kcal/mol in which the Ni-€distance has shortened to 2.15 A.
A methoxide anion is now in a position to effectucleophilic
attack at € and this occurs vid S(B-C)ec-snpy at +17.0
kcal/mol (O%--C3 =2.26 A, Ni--C3 = 2.58 A, Figure 5). This
forms Cex-sng) (-1.9 kcal/mol) in which the branched butenyl
ether is bound in am?fashion. Hydroalkoxylation via this
intermolecular mechanism therefore has an ovewmaflidr of
18.0 kcal/mol, corresponding to the initial Hansfer step and
is computed to be slightly exergonidG = -1.9 kcal/mol).
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ext-trans

o2 +18.0 - Me \p 1 P.. “HOMe
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. )’ Y Figure 6. Computed reaction profile (kcal/madyB97xD in
N R o ? VI methanol) for formation of 3-methoxybut-1-ene from
’ [(dppmb)Ni(0)%-cis-butadiene)] via the external pathway.
::g,,:’ g{"i»g( External nucleophilic attack at'Chas a transition state at
; N/ v + . i
6 /ﬁx@ /, { 18.5 kcal/mol; see text and ESI for details.
ext-syn(b) 4 226\\ » N
7.0 | °"¥ Experimentally, the branched product does domireite
Y o shorter timescales (e.qg. I:b ratio = 20:80 aftéio8@rs), howev-
y er, over longer periods the observed I:b ratio $etoda 50:50
Figure 5. Computed structures afS(A-B)ex-trans and T S(B- mixture. Computationally, the branched isomer @& butenyl
C)ea-sn() With selected distances in A and relative freerene ether product formed with methanol is computedeslightly
gies in kcal/mol. Phosphine H atoms omitted foritla more stable than its linear form, by 0.4 kcal/modwever

with ethanol the two are found to be equi-energetiagree-
ment with the formation of a 50:50 mixture of bqgtfoducts

The alternative intramolecular mechanism initidtesn a 4- . )
© (see Scheme 8). The overall hydroxylation reactiares also

coordinate methanol addu@jnttrans, Which has a computed

free energy of +21.4 kcal/mol. The subsequent imdlacular computed to be only marginally exergonic and thieng with
H* transfer step haé a modest.barrier of only 10al/kol, but the modest overall barriers for the various hydogylation

this still placesTS(A-B)inuwans 13.4 kcal/mol abovel S(A- processes, is consistent with the reversibilityeobsd experi-
B)ecs The transition state for C O bond formatidis(B mentally. This reversibility explains the racemiaatdepicted
ext-trans. = - . . . .
C)int-syn(n), IS also 8.9 kcal/mol higher than the equivalentpro |n_scheme.6. The allyhc ether is prone to re‘?“?““"w valent
cess vial S(B-C)ext-ynn). A clear preference for the intermo- N'(O) Species accprdl_ng to an OX'd?“Ve addltloustlgener_at-
lecular pathway is therefore computed. Full detailall struc- Ing & cationic allylic nickel |ntermed|aféAs the aI.Iyllc moie-
tures involved in the intramolecular process, alt asdetails ty rapidly interconverts (and the dppb is not ahirthe prod-

of the alternative pathways that were considereslpeovided uct is finally racemized after nucleophilic attamkthe alkox-

: ide (figure 4). The trans-etherification reactidecaproceeds
in the ESI. . - ; ) S
] ] according to a similar mechanism that involves #Hoo&
The favoured external pathway defined above resultae allylic nickel intermediate. In the presence ofiegke excess of

formation of the branched butenyl ether. HoweveQ ®ond  ethanol (see the trans-etherification experimeraieme 6),
formation via external nucleophilic attack dti€also possible  he methoxy group is exchanged with the ethoxy grofi

and would give the linear product. A transitiontstéor this ethanol thus generating ethyl ethers from theaytiformed
process was located at +16.9 kcal/mol, but asliggswithin methyl ethers.

0.1 kcal/mol of TS(B-C)ext-synpy this would imply little I:b
kinetic selectivity using thisyn-methylallyl intermediate.

We have also considered reaction via [(dppmb)Ni@®¥(s- AF + ROH _ A/ + SIOR
butadiene)] starting from the adduba-ds at +7.6 kcal/mol OR
(see Figure 6, where now only the lower energy rezie R =Me: -1.9 kcal/mol ~ -1.5 kcal/mol?
pathway is considered). Protonation dtpoceeds vid S(A- 0.0 keal/mol R=Et -1.7 kcal/mol  -1.7 kcal/mol?
B)ext-cis at +17.3 kcal/mol and forms thanti-methylallyl in-
termediate Bec-aniw). Nucleophilic attack at Tyields the acis-isomer at -0.2 kcal/mol (R = Me) and -0.3 kcal/ifRl= Et)
branched butenyl ether product Vi&(B-C)ext-antih) at +14.7
kcal/mol, whereas the alternative attack &te@tails a transi- ) )
tion state at +18.5 kcal/mol. The overall barrier feaction ~ Scheme 8. Computed energetics for the hydroalkoxylation of
from [(dppmb)Ni(0)hZcis-butadiene)] is therefore 17.3 (trans-butadiene.
kcal/mol and is thus slightly more accessible tltzat from

[(dppmb)Ni(0)6*cis-butadiene)] AG* = +18.0 kcal/mol). The overall catalytic cycle for the hydroalkoxytati reac-
Moreover, once formed, thanti-methylallyl intermediate  tion is summarized in Scheme 9. Addition of the latieg
presents a clear kinetic preference for formatidn thee phosphines (PP = dppb or dppmb) to [Ni(0)(cod)leads to
branched butenyl ether product. the formation of the [(P'P)Ni(0)] precursor complexes.
Experimental studies suggest that in the presehbatadiene,
displacement of one chelating phosphine occurst®egate a



key intermediate, [(P P)Ni(0)(butadiene)] which then reacts
on via allylic intermediates. DFT calculations seggthat a
mechanism involving the external protonation of biiadiene
ligand is favored and leads to a cationic nickel{dmplex [(P
“P)NIi(I1)(n3-C4H7)]* with an alkoxide counterion. The latter
is stabilized by H-bonding to the alcohol solvé¥iicleophilic
attack by the solvent-stabilized methoxide forms Hutenyl
ethers as a mixture of linear (CIS and TRANS respely
from the SYN and ANTI allylic isomers) and branchied-
mers. This last step generates a Ni(0) speciesfteatproduct
displacement by butadiene can enter a new cataiytie.

The choice of chelating phosphine is crucial toagbthe
selective Ni-catalyzed hydroalkoxylation reactidm.general,
a chelating phosphine will tend to impede the cowiibn of
two equivalents of butadiene to the nickel(0) centeus limit-
ing access to alternative pathways based on butadéomer-
isation. However, the dppmb and dppb appear torivégged
ligands for the C4-hydroalkoxylation reaction: thpsocess
fails with dppp or dppe. We postulate that the [,Ni(0)]
precursors are too stable
phine/butadiene exchange and so blocking acced®toata-
Iytic cycle. Calculations provide some support fbis, the
formation of [(PP)Ni(O)trans-butadiene)] (+ free PP)
from [(PTPXNi(0)] (+ free trans-butadiene) being more ac-
cessible for PP = dppb AG = +10.4 kcal/moff: 3! than for
dppp QG = +18.7 kcal/mol) or dppeAG = +17.0 kcal/mol).
The computed mechanism also suggests that thef asgrotic
solvent is also important to stabilize the chargedrmediate
formed upon diene protonation. Support for thisden exper-
imentally through the dramatic reduction in theicéincy of
the hydroalkoxylation when catalysis was attempited non-
protic solvent such as toluene (see Table 2).

Ni(cod), _—>< P \P>
=/
OR VRN
j P P
DAY
le
hydroakoxyatN
le
—dppmb
P dppb
Solvent effect: |on pair,

Ni— |
<p stabilisation via H-bonding

. “

and isomers

telomerization ] ROH

P\Nﬂ

'

=2x PRy

dimerisation J

NN

and isomers

Scheme 9. Proposed catalytic cycle for the Ni-catalysed hy-

droalkoxylation of butadiene showing potential cetipg
processes.

Comparison with related catalytic systems highghbw
control of the reaction outcome can be achievedupling
with an additional equivalent of 1,3-butadiene kdd the
formation of a bis-allylic intermediate. This spezican then
react on to form butadiene dimers through an intdeoular
proton transfer or products of telomerization (O&Bers) in
the presence of an alcol8lHere, although the use of alcohols

in this case denying -phos

or secondary amines in the presence of phosphipbasphite
has been shown to produce selectively linear dimisse
pathways are occurring only as minor side reastifor the
current nickel hydroalkoxylation catalysfsin contrast to its
nickel counterparts, palladium-based catalysts shaliferent
behavior and high selectivities toward the prodottelomer-
ization are obtained with a wide scope of phosphialed, in
particular, monodentate phosphines.

CONCLUSIONS

The mechanism of the Ni-catalyzed hydroalkoxylatieac-
tion of butadiene has been studied through a ccatibim of
experimental and computational methods. With thgbdand
dppmb co-ligands the reaction proceeds with lowalgat
loadings (0,08 mol% Ni) at 80 °C and is particuylafficient
when the alcohol is itself used as the solventalNi-interme-
diates are proposed to be likely intermediatefhiénformation
of butenyl ethers and this is supported by theatsmh of the
related [(P"P)Ni(ll)(crotyl)Cl] complexes2 and 3, both of
which are competent catalysts in the presence difiso eth-
oxide. The hydroalkoxylation catalysis tolerateghboeutral
and basic conditions, indicating that Ni-H internates are
not involved. DFT calculations show that the forimatof Ni-
allyl intermediates are accessible from the digcitonation
of the butadiene moiety in [(PP)Ni(0)butadiene]. This leads
to cationic nickel(ll) complexes of the type [(FP)Ni(ll)(n3-
C4H7)]* with an alkoxide counterion. The latter then adsa
nucleophile to form the butenyl ethers productshBsieps are
favored by H-bonding to the protic alcoholic soluefhe
computed barriers indicate an initial kinetic prefece for the
formation of the branched butenyl ether producirfrananti-
methylallyl intermediate. However, the low barriersd small
exergonicity of the hydroalkoxylation reaction am@nsistent
with reversible isomerization and racemization psses that
lead ultimately to the expected thermodynamic ratiothe
butenyl ethers.
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