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The first a-phosphanyl amino acetic acids (phosphanyl glycines) with a chiral N-substituent 1a-g have
been synthesized by one-pot three-component condensation of diphenylphosphane and enantiomerically
pure primary amines of the type (L)- or (R)-R'"R*CHNH, with glyoxylic acid monohydrate in diethyl ether
at room temperature. Crystals of the N-(1S)-phenylethyl derivative 1d-MeOH, grown from methanol, con-
tained only the (1S,aS)-diastereoisomer. In [dg]THF or CD;0D solution, however, two diastereoisomers

gﬁywol:ds" were always observed for 1a-g, usually in a diastereoisomeric ratio in the range 67:33% to 80:20%.
Ch(i)rsali I\(I)-rsuusbstituent This, together with the general sensitivity of the phosphanylglycines to hydrolysis, H-D exchange at the
Amino acids acidic o-CH and facile air oxidation in CD30D solution and decarboxylation on heating in aprotic solvents

are serious shortcomings and militate against the use as ligands, e.g. in Rh- or Ir-catalyzed asymmetric
hydrogenations. Nickel catalysts, generated in situ with Ni(COD), in THF and/or 1-hexene, proved how-
ever more stable and allowed selective oligomerization of ethylene at 100 °C, probably by formation of
a stabilizing P—C—C(0)O~ hybrid ligand in the catalyst backbone. Complexes and catalysts of this type
might thus offer chances for use of this facile available asymmetric ligands.

Multicomponent reactions
Transition metal catalysts

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Enantiomerically pure (“enantiopure”) phosphanes have proved
to be versatile ligands in a variety of enantioselective homogenous
transition-metal-catalyzed organic transformations [1]. A fre-
quently used synthetic strategy is to generate such ligands by
introduction of a phosphanyl group into asymmetric precursor
compounds. Early reports on combinations of secondary
phosphanes with natural rL-amino acids used a Mannich-type
condensation with formaldehyde [2], yielding enantiopure
N-phosphanylmethyl amino acids [3]. Later these studies were
extended to primary phosphanes, which with paraformaldehyde
and glycine or other amino acids led to six-membered 1,3,5-
diazaphosphorinane [4] and a variety of eight-membered 1,5,3,
7-diazadiphosphacyclooctane derivatives [5]. N-Phosphanyl-
substituted amino acid esters were prepared by direct reaction
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with diphenylchlorophosphane [6]. The first sulfur-protected
phosphanyl amino acid derivatives with phosphorus in B- to
e-position to the center of asymmetry were synthesized about
twenty years ago by various methods [7,8] and were investigated
with respect to their suitability for generation of synthetic peptide
libraries, their phosphane complexes with late transition metals
and the catalytic applications of these complexes. Use of the phos-
phanyl peptide catalysts led to moderate ee’s in various asymmet-
ric organic syntheses [7,8]. To find out whether o-phosphanyl
glycine ligands with chiral N-substituent might be isolable in enan-
tiopure form, usable in transition-metal-catalyzed reactions and
capable of inducing enantioselectivity, we employed our recently
reported facile one-pot three-component synthesis of N-monosub-
stituted o-phosphanyl glycines [9] with a variety of commercially
available asymmetric primary amines and tested a crystallograph-
ically characterized phosphanyl amino acid with 1S,aS-configura-
tion for use as a ligand in Ni-catalyzed ethylene oligomerization
and in selected asymmetric Rh- and Ir-catalyzed hydrogenations.
We report here on the first phosphanyl glycines with chiral sub-
stituent at nitrogen, their structural properties and the results of
the catalytic tests.
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2. Results and discussion
2.1. Synthesis

A number of commercially available enantiopure primary
amines with a stereogenic carbon atom in o-position to nitrogen
were mixed with one equivalent of diphenylphosphane and then
converted with glyoxylic acid monohydrate (GAH) in ethereal
solution at room temperature. In order to achieve reproducible
results, complete dissolution of GAH is required before combining
its solution with the ethereal solution of the amine and phosphane.
To accelerate the rather slow dissolution and suppress self-
condensation reactions of GAH, [10] dilute solutions (ca. 0.5¢g
GAH in 15-20 mL) were prepared in an ultrasound bath at room
temperature. After mixing with the solution of amine and
phosphane, a primary precipitate was usually formed, which for
some amines redissolved and after some hours formed a secondary
precipitate, or converted without perceptible dissolution to a crude
product, after crystallization from methanol identified as the corre-
sponding phosphanyl amino acetic acid 1a-g (henceforth termed
phosphany! glycines). For some amines, however, no precipitation
was observed. In these cases ether and water, liberated in the con-
densation reaction, were removed under vacuum as far as possible.
The crude products were all very soluble in methanol and formed
methanol solvates 1a-g-xMeOH (x = 0.6 for 1e, otherwise x=1);
these were less soluble and crystallized or precipitated from the
solution (Scheme 1). Attempts at recrystallization from hot metha-
nol led to partial decomposition; such problems were avoided by
the use of a sufficiently large excess of dry methanol for complete
dissolution of the crude product at room temperature and concen-
tration under vacuum, if necessary, for isolation.

Concerning the mechanisms, the primary and secondary precip-
itates in ether are probably transient organoammonium glyoxylates
and phosphanyl glycolates 2, respectively, which slowly convert to
1a-g, at the latest during crystallization from methanol. Compounds
of type 2 have been detected as intermediates in analogous reac-
tions with tert-butylamine, 1-adamantylamine or some primary
N-arylamines to the corresponding N-monosubstituted phosphanyl
glycines and as equilibrium species in reactions of the latter with
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small amounts of water [9], whereas N-secondary and tertiary
organoammonium phosphanyl glycolates are isolable and have
been characterized by NMR data and crystal structure analysis [11].

2.2. Structure elucidation and chemical properties

Small single (but twinned) crystals of 1d-MeOH were studied by
X-ray diffraction using Cu Koi-radiation. The compound crystallizes
in the monoclinic space group P2;, and contains two zwitterionic
molecules and two methanol molecules in the asymmetric unit.
The two molecules of 1d are closely similar, both possessing (18,
aS)-configuration at the asymmetric carbon sites (Fig. 1), but differ-
ing slightly in ring orientations and particularly in the orientation of
the methoxy group. The planes of phenyl ring 2 and the carboxylate
group are arranged nearly perpendicularly to the P1—C1 axis
[C1—P1—C21—C22 90.8(3), 90.4(3)°; P1—C1—C2—01 -89.4(3),
—87.3(3)°] whereas the plane of phenyl ring 3 at phosphorus is
rotated by about 60° from the same axis [C1—P1—C31—C32 —-29.8
(4), —38.1(3)°] in a propeller-like arrangement.

Both molecules pack via translational symmetry to form
separate chains parallel to the short x axis; hydrogen bonds
NH- - -OCcarboxylate cOnnect adjacent molecules, and the correspond-
ing graph set is C(5). The methanol molecules are attached to the
chains via hydrogen bonds NH: - -OHmethanol’ - “OCcarboxylate, fOrming
rings of graph set R3(8). The packing, depicted in Fig. 2, shows two
chains of the molecules 1 (arbitrarily numbered) in the region z = 12
and two chains of the molecules 2 in the region z=0 and 1.

The CP-MAS 3'P NMR spectra of 1d-MeOH confirmed the phos-
phanyl glycine nature of the product. The phosphorus resonance
appeared at —8.8 ppm, about 9 ppm upfield from the solution 3'P
NMR signal of solvated 1d, while the CP-MAS 3C NMR spectrum
clearly proved the P—CH—N structure by superimposed P—CH—N
and N—CH(Me)aryl signals around 62 (broad sh) and 60 (br)
ppm. We detected no signal that would indicate the P—CH—O
structure of the assumed intermediate, which should appear at
70-75 ppm (see below). The signal widths however prevented a
decision as to whether one or two diastereoisomers of 1d-MeOH
were present.

R (H") COO“"HOMe
*
PhoPH + HoN—CH_ - > PhoP—+ ., R
R2 -2 H,0 H2N_CH
(HO),cHCoOH 5 T2 It R?
+
2 2. MeOH) 1a-g - MeOH
(GAH)
-H,0 l H* +H*
-H,0 H,0
COO . +H* COOH
PhyP HsNCHR'RZ <= Ph2P4< w_ | NH,CHR'R?
OH HY Con
1 a b ¢ d e f g
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Scheme 1. Three-component synthesis of methanol solvates of phosphanyl glycines 1a-g with chiral N-substituent, and hydrolytic equilibrium in solution between 1 and 2.

(S)
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Fig. 1. Molecular structure of 1d-MeOH in the crystal (ellipsoids with 30% probability). Selected bond lengths (A) and angles (°) of molecule 1: P(1)—C(1) 1.896(3), P(1)—C(21)
1.842(4), P(1)—C(31) 1.845(4), N(1)—C(1) 1.505(4), N(1)—C(3) 1.510(4), C(1)—C(2) 1.534(5); C(1)—P(1)—C(21) 101.19(15), C(1)—P(1)—C(31) 102.76(16), C(21)—P(1)—C(31)
104.41(17), N(1)—C(1)—C(2) 108.9(3), N(1)—C(1)—P(1) 107.4(2), C(2)—C(1)—P(1) 115.0(2), O(2)—C(2)—0(1) 127.2(3); C(1)—P(1)—C(21)—C(22) 90.8(3), C(1)—P(1)—C(31)—C
(32) —29.8(4), N(1)—C(3)—C(11)—C(12) 119.8(4), P(1)—C(1)—C(2)—0(1) —89.4(3). Values for molecule 2 (atom names with primes) may be obtained from the deposited

material.

Fig. 2. Packing of 1d-MeOH in the crystal. The shortest hydrogen bonds (D—H- - -A, d(D—H) d(H- - -A), d(D- - -A), <(DHA)) are N(1’)—H(02’)- - -O(1’)#1 [0.88(2), 1.81(2), 2.695(4),
176(4)], N(1)—H(02)---O(1)#1 [0.89(2), 1.85(3), 2.714(4), 166(4)], O(99)—H(099)- - -O(2) [0.83(4), 1.89(4), 2.713(4), 172(5)], and O(98)—H(098)- - -0(2') [0.83(4), 1.89(4), 2.722

(4), 175(5)]. The symmetry operator #1 is an x axis translation.

The solution NMR spectra of this compound in [dg]THF or
CD50D always displayed two sets of signals, which represent two
diastereoisomers A and B in a molar ratio of 75:25% to 80:20%. Sim-
ilarly, for all the other phosphanyl glycine methanol solvates two
diastereoisomers were observed in solution by NMR spectroscopy.
The molar ratio varied from ca. 5:4 for 1a-MeOH and ca. 2:1 for
1c-MeOH and 1g-MeOH to ca. 3:1 to 4:1 for 1b-MeOH, 1e-0.6 MeOH
and 1f-MeOH. The P—CH—N nature of both solution isomers fol-
lowed from characteristic upfield shifts of the '3*C NMR doublets
(5 =58.0-61.2 ppm, ‘Jpc = 13.6-19.7 Hz) compared to P—C—0 '3C
doublet signals observed in organoammonium phosphanyl glyco-
lates (6=71.1-75.7 ppm, 'Joc =23-26Hz, [9,11]). Interestingly,
the 3'P resonances of 1d-MeOH and the other phosphanyl glycines
also appear somewhat upfield (6=-0.6-1.0 ppm) from the
signal range of the organoammonium phosphanyl glycolates
(6 =4-8 ppm, [9,11]) and thus allow an easy distinction between
the two types of compounds. Complete assignments of all other
significant 3C and proton signals on the basis of typical shift
ranges, coupling constants and intensity ratios allowed
unambiguous structure elucidation. The formation of a second

diastereoisomer may be attributed to the kinetic lability of
phosphanyl glycines [9], leading to a solution equilibrium of
diastereoisomers, controlled by the relative thermodynamic stabil-
ity of the solvated molecules. During crystal growing, matrix
effects may favor crystallization of only that diastereoisomer
which under the given conditions leads to the more stable crystal
structure, as shown for the crystal of 1d-MeOH analysed by XRD;
no other types of crystal were discovered for 1d-MeOH, but an
exhaustive search was not conducted. Whether single crystals of
the other phosphanyl glycines with chiral N-substituent can
accommodate only one enantiomer or both diastereoisomers
would require further crystal structure studies. The low kinetic sta-
bility and dominance of one of the two diastereoisomers in solu-
tion suggest, however, that during crystallization only that
diastereoisomer yielding the more stable crystal structure will be
incorporated.

Apart from the isomerization, slow decarboxylation was also
observed for all of the above-mentioned phosphanyl glycines in
[dg]THF solution at room temperature during prolonged NMR
measurements or after storage of NMR samples (2-6 d). This was
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indicated by 3'P NMR trace signals at = —19 ppm (compound type
Ph,PCH,NHR, cf. [9a]) and sometimes by an additional smaller trace
signal at 6 = —27 ppm (compound type (Ph,PCH;),NR, cf. [12]). The
decarboxylation becomes more extensive on heating and is fast in
refluxing THF or CDCl; or on heating without solvent at ca. 100 °C.
This decomposition is attributable to intramolecular protonation
of the phosphorus atom and has been studied mechanistically in
detail for diphenylphosphanyl acetic acid [13]. Small signals of Ph,-
PH (6 3'P = —40 ppm) in the solution spectra of 1a-g-MeOH indicate
solvolysis equilibria, with replacement of the Ph,P-substituent by
the methoxy group of methanol, and were strongest in the case of
1a-MeOH (in [dg]THF at 25 °C ca. 10% by 3'P integration). Residual
water from the condensation reaction would lead preferably to sig-
nals of 2, as shown in the case of 1b-MeOH by addition of water to
the NMR sample (2b, 6 3'P = 6.8 ppm) and observed in studies of
hydrolysis equilibria of N-aryl- and N-alkyl diphenylphosphanyl
glycines [9]. In CD30D solution at room temperature decarboxyla-
tion was suppressed or very slow, while H-D exchange of the acidic
proton at the ai-carbon atom led to low intensity or disappearance of
the o-CH signals. The aforementioned partial replacement of the
Ph,P group by CH30 and CD3;0-substituents and formation of equi-
librium amounts of Ph,PH and Ph,PD may be responsible for the
increased sensitivity to air oxidation. Thus, storage or prolonged
NMR measurements of CD30D solutions of 1b-MeOH in tubes,
closed with plastic caps that obviously allowed slow diffusion of
air, led to 3'P NMR signals for a variety of oxidation products (&
range 26-35 ppm), which were not further studied.

2.3. Catalytic tests

The kinetic lability of the phosphanyl glycines is a serious draw-
back for coordination chemical and catalytic studies. Tests of
1d-MeOH as ligand precursor in Rh- and Ir-catalyzed hydrogena-
tions of various substituted acrylic acid ester derivatives using
1 mol% [Rh(COD);]BF4 or [Ir(COD)CI], and ligand/metal ratios of
2:1 and 1:1 in CH,Cl, or methanol solution were not successful
and led at a pressure of 2.5 bar hydrogen at 24 h/25 °C to very
low (acetamidoacrylic acid methylester) or insufficient hydrogena-
tion (2-methylene-succinic acid dimethylester, (E)-methyl-3-
acetamidbut-2-enoate, 6-28%) without any enantioselectivity.

However, the use of suitable phosphanyl glycines for transition
metal catalysts with PO~ hybrid ligands as backbones to stabilize
the active site may have a better chance of success. This has been
shown for suitable N-aryl or sufficiently bulky N-alkyl phosphanyl
glycines by the generation of nickel catalysts for the oligomeriza-
tion of ethylene, and inspired us to conduct further catalytic tests.
1b-MeOH and 1d-MeOH were found to form precatalysts with Ni
(COD), in THF; these were activated and converted ethylene under
pressure at ca. 100 °C selectively to linear olefins, mainly with vinyl
and methyl end groups (Scheme 2, Table 1, entries 1 and 2). In the
presence of 1-hexene, the ethylene conversion was slower (Fig. 3)
because of competition of ethylene and hexene for coordination at
nickel, but the insertion into the growing chain remained selective
for C2. 1-Hexene was not incorporated into the chains, as shown by
the NMR spectra of the waxy oligomers (Table 1, entries 3 and 4).
The average chain lengths became greater for a lower content of
the O-donor solvent, which also competes for coordination at

[ 1+ Ni(1,5-COD), |

n CoHy >
THF and/or 1-hexene
100 °C

H—(C2H,) —~CH=CH,

Scheme 2. Ethylene oligomerization by catalysts, generated in situ from phos-
phanyl glycines and Ni(COD),, molar ratio 1:1, in THF, THF/1-hexene or 1-hexene.

Table 1
Screening of 1b-MeOH and 1d-MeOH in Ni-catalyzed oligomerizations of C;Hy.
Entry Catalyst;® Conversion Wax (g); Wax
C,H,4 g (mmol); (%), TON liquid: C4, M.p. M

(mol/mol-h) C6, C8 etc.”
(%)

solvents (mL) ). D° [g/mol],

(g/cm®) Vin/
CH=CH"

10; 18,31, 117- 1054,

1 1b/Ni; 12.8 (456); THF 88, 3357

(20) 26,16,6,3 119; 93:7
0.94
2 1d/Ni; 11.2 (314); THF 95, 3821 2.0; 51, 38, 100; 370,
(20) 8,3 0.90 85:15
3 1d/Ni; 11.5 (322); 1- 77, 3143; 8.2; n.d. 105; 910,
hexene (10), THF (10) 0.89 80:20
4 1d/Ni; 11.9 (333); 1- 87,3679 8.8; 17,39, 112; 1550,
hexene (20) 25,19 0.91 74:26

¢ Catalyst prepared from solutions of 1b-MeOH (120 pumol) or 1d-MeOH
(100 umol) and equimolar amounts of Ni(COD), in THF, stirring the mixture for ca.
15 min at 0-10 °C, transfer to autoclave, pressurizing with ethylene to 40-50 bar
and heating to 100 °C for ca. 15 h.

b Estimated composition of volatile oligomers in the flash distillate by GC; C4
partly lost.

¢ Density of PE wax estimated from tablets, pressed at ca. 10 kbar.

4 Mymr and Vin/CH=CH ratio estimated by 'H NMR integration of CH, and CHs
signals versus vinyl and CH=CH signals; measurement after 1 d swelling at 100 °C
in CgDsBr.

70
60
50

40 |

pressure (bar)

30 A

20 A

10 4

time (h)

Fig. 3. Pressure-time plots of ethylene oligomerization catalyzed by 1d-MeOH/Ni
(COD), in (a) THF (solid line), (b) in THF/1-hexene (1:1) (dashed line) and c) in 1-
hexene (dotted line). The plot for the ethylene consumption by catalysis with
1b-MeOH/Ni(COD), in THF is similar to that in Fig. 3a.

nickel. Addition of styrene blocked the catalyst. The high selectivity
for formation of linear a-olefins suggest a similar oligomerization
mechanisms to that proposed for nickel catalysts generated with
diphenylphosphanyl acetic acid [14]. The o-branched N-sub-
stituent seems to be sufficient bulky to hinder or prevent interfer-
ing interactions of the amino group with the catalyst metal. The
maintenance of the catalytic activity at ca. 100 °C is remarkable,
and contrasts with the quite rapid thermal decomposition of unco-
ordinated diphenylphosphanyl acetic acid or its amino derivatives
1 at this temperature. This hints at higher thermal stability of the
metal-coordinated P—C—COO-ligands.

3. Conclusions

Enantiopure primary amines undergo a one-pot three-compo-
nent condensation with secondary diarylphosphanes and glyoxylic
acid hydrate in solvents such as diethyl ether. After separation
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from moist ether and crystallization from methanol phosphanyl
glycine methanol solvates were obtained. As shown for 1d-MeOH,
the crystals may consist of only one enantiomer, while solution
NMR spectra detect equilibrium amounts of two diastereoisomers.
The kinetic lability of the phosphanyl glycines in solution pre-
vented separation of the diastereoisomers and limits applications
in transition metal complex chemistry and catalysis. The reaction
with Ni(COD), to nickel precatalysts, which by heating with ethy-
lene under pressure lead to formation of efficient oligomerization
catalysts, shows however that the phosphanyl glycines may form
transition metal compounds that are sufficiently stable to act as
catalysts. The same high selectivity for oligomerization of ethylene
to linear a-olefins as observed for (organo)nickel phosphanyl acet-
ate catalysts, even in the presence of excess 1-hexene, suggest for-
mation of organonickel(Il) PACOO -chelate complexes and that
other types of (organo)transition metal P*COO~-chelate complexes
might also be accessible from the new ligands by suitable methods
and perhaps be usable as catalysts.

4. Experimental
4.1. General remarks

All manipulations were carried out under nitrogen atmosphere
using Schlenk techniques. The solvents were dried by standard
methods and freshly distilled before use. Diphenylphosphane
was synthesized from triphenylphosphane by cleavage of a phenyl
group with two equivalents of sodium in liquid ammonia and neu-
tralization with dry NH4CI [15]. Other chemicals were purchased
and used without further treatment. NMR spectra were recorded
on a multinuclear FT-NMR spectrometer ARX300 or Avance300
(Bruker) at 300.1 ('H), 75.5 (13C), and 121.5 (3'P) MHz. For longer
NMR measurements, tubes should be sealed by melting or closed
by glass stoppers to prevent oxidation by air, which slowly diffuses
through commercial plastic caps. Chemical shifts § are given in
ppm and referred to tetramethylsilane for 'H and >C and HsPO,
(85%) for 1P or to solvent signals calibrated with these references.
Coupling constants refer to Jyy in 'H NMR and to Jpc in 3C NMR
data unless stated otherwise. Assignments of the P-phenyl signals
(two sets for each diastereoisomer) are indicated by i, o, m, p, by A
and B for different diastereoisomers (if distinguishable) and by an
additional apostrophe (’) for phenyl signals of the N-substituent.
The assignments are tentative and based on characteristic shift
ranges, coupling constants and intensity ratios, for 1d-MeOH addi-
tionally supported by HH- and CH-COSY experiments. >!P integrals,
referring to AQ 0.33 s and D1 2.0 s, are not quantitative but compa-
rable for closely related substances with similar relaxation times.
ESI-HRMS spectra of 1d were recorded with a high-resolution mass
spectrometer APEX IV (Bruker Daltonik). Because of the isomeriza-
tion in solution the specific rotation ([«]) of polarized light was not
given for the new asymmetric compounds. Melting points (uncor-
rected) were determined with a Sanyo Gallenkamp melting point
apparatus, elemental analysis with a CHNS-932 analyzer from
LECO using standard conditions.

4.2. [(1S)-(1,2-Dimethyl-propylamino)]-diphenylphosphanyl-acetic
acid methanol solvate (1a-MeOH)

A solution of Ph,PH (1.01 g, 5.42 mmol) and (2S)(+)-2-amino-3-
methylbutane (0.47 g, 5.45 mmol) in diethyl ether (10 mL) was
added at room temperature (ca. 22 °C) to a solution of glyoxylic
acid hydrate (0.50 g, 5.43 mmol) in diethyl ether (20 mL), freshly
prepared in an ultrasound bath. After few minutes a precipitate
was observed. Stirring was continued overnight, the precipitate

separated, washed with ether and dried in vacuum to give 0.90 g
(50%) of a white powder. Crystallization from methanol afforded
small colorless crystals of 1a-MeOH. Anal. Calc. for C;9H;4NOs3-
P-CH30H (361.41): C, 66.46; H, 7.81; N, 3.88; found: C, 66.46; H,
7.91; N, 3.86%. The solution NMR spectra in [dg]THF displayed
two diastereoisomers (A, B) and minor amounts of Ph,PH by partial
solvolysis (molar ratio after 4-6h ca. 50:38:12, after 1d ca.
37:33:30 by integration of 0o-CH '*C NMR signals). '"H NMR ([ds]
THF): 6=0.74 (d, 3/=6.8 Hz, 3H, Meg), 0.78 (d, 3/=7.0 Hz, 3H,
Meg), 0.81 (d, 3/=6.8Hz, 6H, 2Mepg), 0.87 (d, 3J=6.5Hz, 3H,
Me,), 0.90 (d, 3J=6.4Hz, 3H, Mea), 1.16-1.74 (m, 2H, 2CHag),
2.43-2.55 (m, 2H, 2NCHpg), 4.14 (d, %Jpy; = 2.5 or 4.5 Hz, 1H, PCHp),
4.15 (d, ¥Jpy = 3.2 or 5.4 Hz, 1H, PCH,), 5.70 (v br s, 3H, NH, OH),
7.21-7.34 (m, 6H, Ph), 7.40-7.67 (m, 4H, Ph); 3.26 (s, 3H, MeOH)
ppm. >C{'"H} NMR and DEPT-135 ([dg]THF): 6=15.46, 16.20,
16.96, 17.93, 18.91, 19.49 (6 CHz), 32.03 (CHg), 34.27 (CHa),
58.01 (d, 3] = 7.9 Hz, NCHp), 59.36 (d, ] = 8.4 Hz, NCH,), 60.53 (d,
=15.1Hz, PCHg), 62.09 (d, !J=14.1Hz, PCH,), 128.49 (d,
3]=5.1Hz, m-CH), 12855 (d, 3J=4.1Hz, m-CH), 128.61 (d,
3]=4.3 Hz, m-CH), 128.70 (d, 3/ = 5.4 Hz, m-CH), 128.96, 129.09,
129.68, 129.88 (4 p-CHpg), 133.86 (d, ?J = 17.5 Hz, 0-CH,), 134.10
(d, ?J=18.6 Hz, 0-CHj), 135.21 (d, %J=21.1 Hz, 0-CH), 135.44 (d,
2] =21.1 Hz, 0-CH), 136.96 (br d, 'J=14.6 Hz, i-C,), 137.85 (br d,
J=18.2 Hz, i-C,), 174.09 (d, J = 9.4 Hz, CO0 "), 174.84 (br, CO0");
49.77 (s, MeOH) ppm; 3'P{'H} NMR ([dg]THF): 6=0.3, 0.7 (A, B)
(integral ratio 45:55) ppm.

4.3. Diphenylphosphanyl-[(1R)-(1-phenyl-ethylamino)]-acetic acid
methanol solvate (1b-MeOH)

A freshly prepared solution of glyoxylic acid hydrate (534 mg,
5.8 mmol) in diethyl ether (20 mL) was added at room temperature
to a solution of diphenylphosphane (1.08 g, 5.8 mmol) and
R(+)-methylbenzylamine (0.74 mL, 5.8 mmol) in diethyl ether
(10 mL). The solution was stirred overnight and separated from a
small amount of a sticky precipitate. The solvent was removed in
vacuum and methanol added (>20 mL). The solid residue dissolved
immediately, but shortly afterwards the methanol solvate of 1b
started to crystallize, forming a thick precipitate. It is much less
soluble in cold methanol than the primary product and insoluble
in Et;0. Crystallization from slightly warmed methanol (max.
30 °C), washing with diethyl ether and drying under vacuum pro-
vided 1.5 g (65%) of colorless needles, mp. (dec.) 104-105 °C. Anal.
Calc. for Cy,H,,NO,P-CH30H (395.43): C, 69.86; H, 6.63; N, 3.54;
found: C, 69.93; H, 6.71; N, 3.67%. The solution NMR spectra in
[dg]THF revealed two diastereocisomers A and B, molar ratio
75:25% by integration of proton NMR signals. '"H NMR ([dg]THF):
5=1.24 (d, 3J=6.5Hz, 3H, Me,), 1.25 (d, 3]=6.6 Hz, 3H, Meg),
3.71 (br q, 3/ = 6.7 Hz, 2NCHag), 3.77 (d, ¥Jpy = 3.2 Hz, 1H, PCH,),
4.20 (d, ¥py = 1.2 Hz, 1H, PCH3), 4.5-6.0 (v br, 3H, NH, OH), 7.12-
7.43, 7.50-7.60 (m, 15H, 3 Ph); 3.26 (3H, MeOH) ppm. '>C{'H}
NMR and DEPT-135 ([dg]THF): 6=22.76 (Meg), 24.91 (Mea),
57.80 (d, 3] =9.1 Hz, NCHp), 58.63 (d, 3] = 9.6 Hz, NCH,), 60.71 (d,
1J=14.2 Hz, PCH,), 60.93 (d, !J=19.7 Hz, PCHg), 127.38 (p'-CH,),
127.53 (p’-CHg), 127.68 (20'-CHg), 128.28 (20'-CH,), 128.59 (d,
3] =6.7 Hz, 4 m-CH,), 128.63, 128.77 (br, superimp. sh, 2m’-CHag,
2m-CHg), 128.82 (d, 3] = 7.7 Hz, 2m-CHp), 129.04 (p-CHjg), 129.14
(p-CHa), 129.69 (p-CH,), 129.78 (p-CHg), 133.92 (d, 3J=18.5 Hz,
20-CHg), 134.08 (d, %J=18.7 Hz, 20-CH,), 135.17 (d, %J=21.2 Hz,
20-CH,), 135.38 (d, %/=20.9 Hz, 20-CHg), 136.48 (d, 'J=18 Hz,
i-Ca), 137.08 (d, J = 17.2 Hz, i-C,), ca. 137.7 (d, noise level, 2i-Cg),
145.16 (i'-Ca), 146.60 (i'-Cg), ca. 173.2 (d, noise level, COOg),
173.84 (d, ?J =12.0 Hz, CO0,); 49.76 (MeOH) ppm. >'P{'H} NMR
([dg]THF): 6 = 1.0, 0.3 (A, B, integral ratio 73:27) ppm.
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4.4. Diphenylphosphanyl-[(1S)-(1-phenyl-ethylamino)]-acetic acid
methanol solvate (1c-MeOH)

Reaction of glyoxylic acid hydrate (300 mg, 3.26 mmol),
diphenylphosphane (600 mg, 3.22 mmol) and S(—)-methylbenzy-
lamine (390 mg, 3.22 mmol) in ethereal solution (15+5 mL) and
workup as described for 1b-MeOH gave 800 mg (63%) white pow-
der, mp. (dec.) 97-103 °C. Anal. Calc. for C,;H;;NO,P-CHs;0H
(395.43): C, 69.86; H, 6.63; N, 3.54; found: 69.88; H, 6.53; N,
3.62%. The solution NMR spectra in [dg]THF showed two
diastereoisomers A and B, molar ratio 67:33% (by integration of
proton NMR signals. 'H NMR ([dg]THF): 6=1.24 (d, 3/=6.5 Hz,
3H, Me,), 1.25 (d, 3= 6.5 Hz, 3H, Meg), 2.30-3.15 (s br, 3H, NH,
OH), 3.70 (br q, 3] = 6.5 Hz, 2H, NCHag), 3.76 (d, ?Jpy = 3.2 Hz, 1H,
PCHp), 4.19 (d, %Jpy = 1.2 Hz, 1H, PCHg), 7.12-7.60 (m, 15H, 3 Ph);
3.25 (s, 3H, MeOH) ppm. *C{'H} NMR ([dg]THF): &=22.76 (s,
Meg), (Mea superimp. by solvent), 57.81 (d, 3] =5.4 Hz, NCHp),
58.63 (d, 3J=9.9 Hz, NCHp), 60.70 (d, YJ=13.6 Hz, PCH,), 60.94
(d, 'J=16.3 Hz, PCHg), 127.38 (p'-CHg), 127.53 (p'-CHp), 127.68
(20'-CHg), 128.28 (20'-CH,), 128.58 (d, 3J=6.6Hz, 4 m-CH,),
128.63, 128.77 (superimposed, 2m’'-CH,, 2m’-CHg, 2m-CHpg),
128.82 (superimposed d, */=7.9 Hz, 2m-CHg), 129.03 (p-CHp),
129.14 (p-CHp), 129.69 (p-CHn), 129.81 (p-CHp), 133.95 (d,
2] =22.5Hz, 20-CHg), 134.08 (d, ?J=18.7 Hz, 20-CH,), 135.19 (d,
2J=21.1Hz, 20-CH,), 135.31 (d, ¥ =20.9 Hz, 20-CHg), 136.46 (d,
1]=14.0 Hz, i-Ca), 137.10 (d, 'J = 14.0 Hz, i-Cg), ca. 173.20 (d, noise
level, COOg), 173.84 (d, %] = 12.6 Hz, CO0,), i'-C at noise level; 49.76
(MeOH) ppm. 2'P{'"H} NMR ([dg]THF): 5 = 0.6, —0.03 (A,B, integral
ratio 64:36) ppm.

4.5. Diphenylphosphanyl-[(1S)-1-(4-methoxy-phenyl)-ethylamino]-
acetic acid methanol solvate (1d-MeOH)

A solution of Ph,PH (1.0 g, 5.37 mmol) and S(—)-4-methoxy-o-
methylbenzylamine (0.81 g, 5.36 mmol) in diethyl ether (10 mL)
was added to a solution of glyoxylic acid hydrate (0.50g,
5.43 mmol) in diethyl ether. Translucent striations appeared in
the solution, then a sticky clump which after stirring for 24 h
turned to a precipitate. Filtration, washing with diethyl ether and
drying in vacuum gave a white powder, easily soluble in methanol
and instantaneously crystallizing as a less soluble methanol sol-
vate. Filtration and drying under vacuum afforded 1.88 g (88%)
white powder. Crystallization from MeOH by slow concentration
of a saturated solution led to crystals containing only molecules
with (1S,05)-configuration. Crystal data are compiled in Table 2,
selected bond lengths and angles are given in Fig. 1. Anal. Calc.
for C;3H,4NO3P-CH30H (425.46): C, 67.75; H, 6.63; N, 3.29; found:
C, 67.35; H, 6.35; N, 3.27%. HRMS (ESI in CH3CN solution): [M+H"]
(C24H24NO5P) Calc. 394.1572, found 394.1569. The [dg]THF solu-
tion NMR spectra of 1d-MeOH displayed two diastereoisomers in
a molar ratio 75:25 to 80:20 (by 'H integration). 'H NMR and
HH-COSY ([ds]THF): 6=1.22 (d, 3/=6.5Hz, 3H, Me,), 1.23 (d,
3]=6.3 Hz, 3H, Meg), 3.66 (d, 3] =6.5Hz, 1H, NCHp,), 3.70 (s, 3H,
OMeg), 3.71 (superimp. d, 3J=6.3 Hz, 1H, NCHg), 3.74 (s, 3H,
OMe,), 3.77 (d, )Jpy = 3.3 Hz, 1H, PCH,), 4.17 (d, ¥Jpy = 1.2 Hz, 1H,
PCHg), 4.2-6.2 (s br, 3H, NH, OH), 6.75 (m, 2H, m’-H,), 6.78 (m,
2H, m’-Hg), 7.08 (m, 2H, 0’-H2 H, 2’-CH,), 6.78 (m, 2H, o’-Hp),
7.17-731 (m, 6H, m-CH, p-CH), 7.32-7.43 (m, 4H, o0-CH,),
7.50-7.60 (m, 4H, 0-CHjg); 3.25 (s, 3H, MeOH) ppm. *C{'H} NMR,
DEPT-135, CH-COSY ([dg]THF): 5=22.87 (Meg), 25.04 (Mey),
55.26 (OMeag), 57.28 (d, 3] =9.0 Hz, NCHg), 57.99 (d, 3/ =9.8 Hz,
NCH,), 60.64 (d, 'J=14.3 Hz, PCH,), 61.05 (d, 'J = 16.6 Hz, PCHp),
114.20 (2 m’-CH,), 114.28 (2m’-CHg), 128.42 (20'-CHp), 128.65
(superimp. d, | = 6.6 Hz, 4m-CH,, 2m-CHjg), 128.71 (d, 3/ =10.3 Hz,
2m-CHg), 129.08 (p-CHg), 129.17 (p-CHap), 129.29 (20'-CH,),
129.75 (p-CH,), 129.83 (p-CHg), 134.00 (d, %/ =18.1 Hz, 20-CHp),

Table 2

Crystal data and structure refinement of 1d-MeOH.
Empirical formula Co4HgNO4P
Formula weight 425.44

T (K) 100(2)

Wavelength (A) 1.54178
Crystal system Monoclinic
Space group P24

Unit cell dimensions

a(A) 5.9546(5)
b (A) 10.3969(7)
c(A) 36.903(3)
B(°) 92.133(3)
V (A3) 2283.0(3)
z 4

Dcalc (Mg/ma) 1.238
Absorption coefficient (mm™') 1.304
F000) 904

Crystal size (mm?) 0.28 x 0.11 x 0.05

0 range for data collection 2.40-69.36°
Independent reflections 8765
Completeness to 0 = 69.36° 97.2%

Absorption correction

Maximum and minimum transmission
Refinement method full-matrix least-squares on F?
Data/restraints/parameters 8765/8/566

Goodness-of-fit on F? 1.097

Final R indices [I > 2a(I)] Ry =0.0429, wR;, = 0.1300

R indices (all data) R; =0.0441, wR, =0.1373
Absolute structure parameter 0.01(2)

Largest difference peak and hole (e A=)  0.35 and —0.32

semi-empirical from equivalents
0.938 and 0.846

134.12 (d, ?J=18.7 Hz, 20-CH,), 135.29 (d, %J=21.2 Hz, 20-CH,),
135.39 (d, ¥J=21.2Hz, 20-CHg), 136.63 (d, J=15.0Hz, i-Cqa),
136.87 (s, -Cqa), 13698 (d, J=17.6Hz, i-Ce), 137.28 (d,
17=17.1 Hz, i-Cqa), 137.83 (d, [J=17.9 Hz, i-Cqp), 138.47 (s, I'-Cqp),
159.83 (s, p'-Cqp), 160.01 (s, p'-Cqa), 173.32 (d, ?J = 10.6 Hz, COOp),
173.96 (d, % = 12.1 Hz, CO0,); 49.85 (s, CH;0H) ppm. >'P{'H} NMR
([dg]THF): 6=0.5, —0.1 (A, B, integral ratio 75:25); at —50°C
6 =—2.0, —2.4 (integral ratio 78:22) ppm. After storage for few days
or short heating at 40 °C, stronger at 55 °C, signals of decarboxyla-
tion products appeared, ¢ = —19.2, weakly 6 = —27.6 ppm.

4.6. Diphenylphosphanyl-[(1R)-(1-phenyl-propylamino)]-acetic acid
methanol solvate (1e-0.6MeOH)

A solution of Ph,PH (1.01 g, 5.42 mmol) and R(+)-a-ethylbenzy-
lamine (0.77 g, 5.69 mmol) in diethyl ether (10 mL) was added to a
solution of glyoxylic acid hydrate (0.50 g, 5.43 mmol) in diethyl
ether. After few minutes a white precipitate formed. It was sepa-
rated after stirring the mixture overnight, washed with diethyl
ether and dried in vacuum to give 1.60 g (78%) white powder. Crys-
tallization from MeOH gives small colorless crystals of a solvate
with ca. 0.6 MeOH per molecule, mp. (dec.) 97-100 °C. Anal. Calc.
for C;3H,4NO,P-0.6CH50H (396.65): C, 71.46; H, 6.71; N, 3.53;
found: C, 71.61; H, 6.60; N, 3.41%. The [dg]THF solution NMR spec-
tra displayed two diastereoisomers in a molar ratio A:B of 75:25 to
80:20 (by 'H integration). "H NMR ([ds]THF): 6 = 0.66 (t, 3] = 7.5 Hz,
3H, CH3 ), 0.72 (t, 3] = 7.5 Hz, 3H, CH3 ), 1.45-1.81 (m, 4H, CH, Ap),
3.44 (t br, 3] = 6.8 Hz, 1H, NCH,), 3.49 (superimp. t, 1H, NCHg), 3.75
(d, %Jpy = 3.3 Hz, 1H, PCH,), 4.14 (br s, 1H, PCHg), 7.11-7.43 (m,
14H, Ph), 7.50-7.57 (m, 1H, Ph); 3.25 (s, 2.5H, 0.6 MeOH) ppm.
13C{'H} NMR ([dg]THF): 6=10.76 (s, CHs g), 10.82 (s, CHs A),
30.12 (s, CHy ), 31.91 (s, CHy ), 60.35 (d, 'J=14.5 Hz, PCHp,),
61.16 (d, 'J=17.2 Hz, PCHp), 64.75 (d, 3] = 8.9 Hz, NCHg), 65.29 (d,
3]=9.4Hz, NCH,), 127.57 (p'-CHg), 127.76 (p'-CHa), 128.24,
128.74 (0'-CHg, m'-CHg), 128.57 (d, 3] =6.4 Hz, 2m-CH,), 128.60
(d, 3=9.5Hz, 2m-CHp), ca. 128.62 (superimp. d, */=6Hz,
2m-CHg), 128.69, 128.99 (0’-CHp, m'-CHp), 129.07 (p-CHp), 129.15
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(p-CHa), 129.68 (sh, p-CHg), 129.70 (p-CHp), 134.10 (superimp. d,
2J=18.8 Hz, 20-CHp, 20-CHg), 135.18 (d, %J=21.1Hz, 20-CH,),
135.20 (d, %/ =20.8 Hz, 20-CHg), 136.46 (d, 'J=15.1Hz, i-Cqa),
13692 (d, 'J=17.2Hz, i-Cq), 136.98 (d, J=17.2Hz, i-Cga),
137.64 (d, 'J=17.6Hz, i-Cqp), 143.69 (i-C,a), 144.67 (i-Cp),
173.08 (d, 3J=9.7 Hz, COOHg), 175.79 (d, ¥J=12.3 Hz, COOH,);
49.76 (MeOH) ppm. 3'P{'H} NMR ([dg]THF): 6=0.4, —0.6 (A, B,
integral ratio 80:20) ppm.

4.7. Diphenylphosphanyl-[(1R)-(1-naphthalen-1-yl-ethylamino)-
acetic acid methanol solvate (1f-MeOH)

A solution of glyoxylic acid hydrate (0.54 g, 5.80 mmol) in
diethyl ether (20 mL) was added to a solution of Ph,PH (1.09 g,
5.85mmol) and  R(+)-1-(naphth-1-yl)ethylamine  (0.99 g,
5.77 mmol) in diethyl ether (10 mL). A precipitate formed immedi-
ately which dissolved after 15 min to give a sticky, pale yellow
clump. After 15 h the ether was decanted off and the substance
washed with ether. On drying in vacuum a foam was formed.
Methanol was added in 10 mL portions (in total 40 mL). The sub-
stance dissolved only partially and on shaking formed a suspension
of the methanol solvate. This was filtered, washed with diethyl
ether and dried in vacuum to give 1.36 g (53%) white powder. Anal.
Calc. for Cy6H4NO,P-CH50H (445.49): C, 72.79; H, 6.34; N, 3.14;
found: C, 72.45; H, 6.31; N, 3.22% 3'P{'"H} NMR (CDsOD):
6=0.78, 0.44 (A, B, integral ratio 80:20) ppm. Attempts at crystal-
lization from warm methanol led to partial decomposition, with
occurrence of signals from Ph,PD and decarboxylation products.

4.8. Diphenylphosphanyl-[(1S)-(1-naphthalen-2-yl-ethylamino)-
acetic acid methanol solvate (1g-MeOH)

A solution of Ph,PH (1.0 g, 5.37 mmol) and S(—)-1-(naphth-2-
yl)ethylamine (0.85 g, 4.96 mmol) in diethyl ether (10 mL) was
added to a solution of glyoxylic acid hydrate (0.50 g, 5.43 mmol)
in diethyl ether. Translucent striations appeared in the solution,
then a sticky clump, which after stirring for 24 h converted to a
precipitate. This was filtered off, washed with diethyl ether and
dried in vacuum. The white powder was easily soluble in methanol
(40-50 mL) and instantaneously formed a less soluble methanol
solvate. Filtration and drying under vacuum afforded 1.92 g (87%
ref. to amine) microcrystals. Anal. Calc. for CygH,4NO,P-CH;0H
(445.49): C, 72.79; H, 6.34; N, 3.14; found: C, 72.63; H, 5.96; N,
3.07%. The solution NMR spectra in [dg]THF displayed two
diastereoisomers in a molar ratio A:B of ca. 67:33 (by 'H integra-
tion). 'H NMR ([dg]THF): 6 = 1.39 (d, 3] = 6.6 Hz, 3H, Me,), 1.40 (d,
3]=6.4Hz, 3H, Meg), 3.90 (d, %Jpu=2.9Hz, 1H, PCHa), 4.31 (d,
2Jpy = 1.1 Hz, 1H, PCHpg), 4.62 (2 q superimposed, 3] = 6.4 Hz, 2H,
CHMepg), 7.10-8.20 (m, 17H, aryl); 3.25 (s, 3H, MeOH) ppm. '3C
{'H} NMR ([dg]THF): 6 =22.0 (s, Meg), 24.55 (s, Mep), ca. 54.6 (d
br, 3/=10Hz, NCHpg), 60.73 (d, }J=17.3 Hz, PCHg), 61.12 (d,
1]= 14.5 Hz, PCH), 123.76, 124.01, 124.04, 125.20, 125.73, 125.84,
126.12, 126.15, 126.27, 127.91, 127.96 (CH, naphag), 128.59 (d,
3]=6.7Hz, m-CH,), 128.68 (d, 3/=6.5Hz, m-CH,), 128.73 (d,
3] = 6.6 Hz, m-CHg), 129.12, 129.36 129.36, 129.43, 129.68, 129.78
(CH, naphag and p-CHag), 132.52 (Cq napha), 134.03 (d,
2] =18.6 Hz, 0-CHg), 134.45 (d, %/=19.7 Hz, 0-CH,), 135.09 (C,,
naphA), 135.15 (d, %/=20.8 Hz, 0-CH,), 135.26 (d, ?/=20.6 Hz,
0-CHp), 136.33 (d, 'J=14.6Hz, i-Cg), 136.83 (d, 'J=17.0Hz,
i-Cqa), 140.76, 142.26 (C,, naphag), 173.34 (d, %/ = 10.6 Hz, CO0,),
174.11 (d, ?/=11.7 Hz, COOg); some signals superimposed, 49.76
(MeOH) ppm. 3'P{"H} NMR ([dg]THF): 6=0.8, 0.1 (A, B, integral
ratio 67:33), trace of decarboxylation product § = —18.4 ppm.

4.9. Ethylene oligomerization

The equipment and procedure for the screening of 1b-MeOH
and 1d-MeOH in the Ni-catalyzed ethylene oligomerization
(batch-test) was the same as reported earlier for other P,O™ ligands
[16]. Quantities of catalyst, ethylene and solvents, reaction condi-
tions, yields and characteristic product data are compiled in
Table 1.

4.10. Crystal structure analysis of 1d-MeOH

X-ray diffraction data for 1d-MeOH were recorded on a Bruker
SMART 6000 CCD diffractometer at 100 K using monochromated
Cu Ko-radiation. The sample seemed to be optically uniform. Sev-
eral crystals were inspected, but all proved to be twins. Finally, a
dataset was recorded using a crystal twinned by 180° rotation
about c*. The structure was solved by direct methods and refined
by full-matrix least-squares methods on F? for all unique reflec-
tions (sHeLxL-97) [17] using the “HKLF 5” method (all equivalent
reflections are merged during the untwinning process, so that the
calculated number of reflections may not be reliable). All non-
hydrogen atoms were refined anisotropically. The OH and NH
hydrogens were refined freely but with distance restraints.
Methyls were refined as idealized rigid groups allowed to rotate
but not tip. Other hydrogens were included using a riding model
starting from calculated positions. The absolute configuration
was determined unambiguously, with a Flack parameter of 0.01(2).
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CCDC 1456453 contains the supplementary crystallographic
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Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
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