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Stereospecific Protodeauration/Transmetalation Generating
Configurationally Stable P-Metalated Nucleoside Derivatives

Marcia E. Richard, Rosa M. Ciccarelli, Kevin J. Garcia, Erica J. Miller, Stephanie L. Casino, Robert. D.

Pike, and Robert A. Stockland Jr*

Abstract: Highly efficient transmetalation between gold phosphites
and iodopalladium species is presented. In addition to successful
transfer of cyclic and acyclic phosphites, studies involving P-chiral
substrates revealed that an initial protodeauration as well as the target
transmetalation were both stereospecific, and that the overall process
occurred with retention of configuration at phosphorus. Building on
the mechanistic work, a catalytic approach to the synthesis of chiral
P-arylated nucleoside derivatives was developed. This chemistry has
the potential to be easily adapted for the preparation of a diverse
group of P-chiral species.

The transfer of organic fragments between metal centers
along with the concomitant exchange of a ligand such as a
halogen (transmetalation) remains a key step in many catalytic
transformations as well as the construction of discrete
organometallic species. Main group organometallics such as
organoboron reagents!! along with tin and zinc compoundst?!
have been among the most common transmetalating agents used
in these reactions. Recently, organogold complexes have
received significant attention,® 4 and a number of mechanistic
and catalytic investigations have been reported demonstrating
that gold is an effective transmetalating agent for a number. of
other metals including Pd,™ Fe,® Ru,®! Sn,® Rh," Ni, and
others.®: ® A subtle balance of electronic and steric factors
controls the direction of transmetalation, and the reverse reaction
has been observed!'” with boron!'" 2 and transition metals
including Pd,!"® Cu,!"* 11 Rh,['81 Sn, [l and Zr.['8

The mechanistic and catalytic studies involving gold-based
transmetalating agents have focused on carbon bound fragments
and little attention has been given to the transfer of functional
groups that were attached to the gold through a heteroatom such
as phosphorus. For [M](P(O)(OR)2) species, there are additional
complications that must be taken into account when predicting
reactivity patterns.  Descriptions of the bonding, solution
speciation, as well as their reactivity with other metals can be
quite complex.['¥ Even simple classification of the [P(O)(OR)2]
group as a X or L type ligand®?° can be challenging (Figure 1).
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For P-metallated examples, the [P(O)(OR)2]- group can be
described as either an P(lll) O-anionic phosphito or aP(V)
phosphonato ligand (Figure 1).'% These rigid explanations define
the ends of the continuum, and many M[P(O)(OR)2] species are
likely to reside between these extremes. Spectroscopic evidence
(®'P NMR, vide infra) as well as a recent computational study
suggest that the metal-phosphorus bonding is often more
consistent with the former (L-type ligand).?%

Bonding descriptions:

® ¢ Q
[MI—P(OR), [MI—P(OR),
«'-P(1ll) «'-P(V)
O-anionic phosphito phosphonato
Typical reactivity:
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This work:
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[M]*F’(OR)ZW<> [M]—P(OR),  (2)

Figure 1. Descriptions for [M](P(O)(OR)z) species and their reactivity.

In terms of their reactivity, coordination of the oxygen from the
P-O- fragment to a second metal center dominates the reactivity
between organophosphonate and [M](P(O)(OR)2) species with
additional metal complexes (eqn 1, Scheme 1).2-%8 Kl&ui-type
metalloligands remain some of the most well studied examples of
this class and provide an all oxygen donor environment for a host
of metal centers.?”-3%  While the metal-phosphorus bond in Klaui
ligands and other [M](P(O)(OR):2) species is typically robust,
cleavage of these bonds in suitably functionalized substrates can
be remarkably facile.®'-3 Interest in this alternate reactivity has
been driven by a need to understand and predict the reactivity of
key intermediates in metal catalyzed P-C bond forming
reactions.l34-37]

The ability to transfer the [P(O)(OR)z] group from one metal
to another is the subject of this work. Upon successful transfer,
the [P(O)(OR)2] fragment can attach to the new metal through
phosphorus or as a k'-O-phosphite. To expose the reaction
pathways between gold and palladium, the reactivity of discrete
gold complexes bearing [P(O)(OR)2] groups with representative
iodopalladium precursors has been studied.

The initial studies utilized the iodopalladium complex (1) and
(JohnPhos)Au(P(O)(OEt)2) (2) as representative substrates
(Scheme 1).182 38 Although 2 could be accessed from alkyl® or
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alkynylgold®® precursors, we found that arylgold species were
superior. The bulky dialkylbiaryl phosphine ligand (L") was used
as the supporting ligand on the gold center to inhibit dynamic
processes!*? and generate a single species in solution.l® In terms
of the bonding description for 2, the 2'P chemical shift for the
[P(O)(OEt)2]" group in 2 (5§ = 111.4)88% is shifted over 100 ppm
downfield from HP(O)(OEt);, and is in the range of simple
phosphite gold complexes such as ((MeO)sP)AuCI“! (§ = 121.0)
and ((PhO)sP)AuCI¥2 (5 = 109.7) . Indeed the chemical shift of 2
is further downfield than ((MeO)2(OH)P)AuCI# (§ = 109.7). This
phosphinous acid complex was generated through displacement
of dimethylsulfide from Me2SAuCI by the phosphite tautomer of
HP(O)(OMe)2. This suggests that the bonding of the [P(O)(OEt)2]
group 2 is consistent with the O-anionic P(lll) phosphito
description (Figure 1).

LAu(CgH4'Bu)
[a]lHP(O)(OR)z

LAUP(O)(OR), P(OR)

| P(OR),
Some 29 O e aw pg” M
[Pd] o] (THF. 60°G) [Pd]@a [Pd] e
Me - LAl Me Me
1 (6,7)
S
o §° © Q
LAu—P(OEt), LAu—P—Q,

(')\gvMe
41, 78% \Me

2:L",91%
3:12 94% 5:12,71% Me
”””” o T Twme
Q oo Me
® /P(OEt)z o Me
[Pd] Me ® /0 Me
[Pd]_  Me
Me @ [Pd] = (Buzbipy)Pd
1=
6: 92% from 2 Me L= Jous
7: 95% from4  L°="BuXPhos
Scheme 1. Protodeauration/transmetalation.?  Reaction  conditions:

eI AuCgH4'Bu (0.22-0.27 M sol. in THF) and HP(O)(OR)2 (1 equiv for R = Et, 1.5
equiv for R = Pin), 60 °C, 16 h. 1 2-5 (0.13-0.16 M sol. in THF) and 1 (1 equiv),
THF, 60 °C, 12-16 h. [ isolated yields.

Stirring a solution of 1 with 2 (THF, 60 °C) cleanly generated
P-palladated 6 in high yield along with (JohnPhos)Aul. Monitoring
this reaction by 3'P NMR spectroscopy showed gradual loss of
the signals for 1 and 2 along with growth of the signals for 6 (*'P
8 = 71.2) and (JohnPhos)Aul (*'P & = 65.3). No oxygen
coordination or bridged species were detected by NMR
spectroscopy. The 3'P chemical shift of the [P(O)(OEt)]
fragment in 6 is ~40 ppm upfield relative to 2, suggesting the
possibility of increased contribution from the k'-P(V) phosphonato
form. Thus, the bonding in 6 could lie between the two extremes
listed in Scheme 1. Thankfully, transmetalation between 1 and 2
was fast relative to reductive elimination from 6, and no traces of
reductive elimination products were detected. Building on this
observation, the chemistry was successfully extended to cyclic
secondary phosphites. The transmetalation was sensitive to the
steric bulk of the phosphine ligand on the gold phosphite as 2 and
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4 reacted with 1 faster than 3 or 5. Furthermore, the reaction was
not reversible under these conditions (see supporting information).

To assess the stereochemical outcome of the process, (Rp)(-)
menthyl phenylphosphinate (8) was generated and screened
(Scheme 2).4%431  The protodeauration between 8 and
JohnPhosAu(CsH4'Bu) was stereospecific and cleanly generated
the gold phosphinate intermediate as a configurationally stable
single diastereomer (9) (*'P & = 114.3, 67.0, Jrp = 396.8 Hz).
Similar to 2, the 3'P chemical shift of the [P(O)Rz] fragment in 9 is
indicative of an O-anionic phosphito ligand. The transmetalation
between (bipy)Pd(2,6-CsHsMez)l and 9 was also stereospecific
and generated the palladium complex 10 as a single diastereomer
(3'P & = 79.0). The transformation of 8 into 10 could be carried
out in steps or as a one-pot process (Scheme 2). X-ray quality
crystals of 10 were grown and analysis of the structure revealed
an Sp configuration at phosphorus.*®  Thus, the overall
protodeauration/transmetalation process was stereospecific and
proceeded with a net retention of configuration at phosphorus.

0
BH

O (JohnPhos)Au (CsHa'Bu) ‘
. CeHe, 115 °C, 16 h R—AI—R
7 o7 e 70 hy B
PN PN
8 (Ro) 9 (dr = 90:1)
(dr = 90:1) bipyPd(1)(2,6-CH3Me3)
CeHg, 65 °C, 16 h

Me” o Me
(e} @
0

AN
10 (S,)
70% (dr = 90:1)
[Pd] = (bipyPd)

Scheme 2. Stereospecific protodeauration/transmetalation using a P-Chiral
menthyl phosphinate. Reaction conditions for step 1: LAuCeH4'Bu (0.13 M sol.
in CeHs) and 8 (1 equiv), 115 °C, 16 h. Step 2: (bipy)Pd(2,6-CsHsMe2)! (1 equiv)
was added (65 °C, 16 h). Yields are based upon isolated material, and the
diastereomeric ratios were determined using 'H NMR spectroscopy. Molecular
structure of 10 (Sp) with thermal ellipsoids at 50% and hydrogens omitted.

Due to their importance in medicine and chemical biology,
significant effort has been devoted to designing and synthesizing
new functionalized nucleosides.*”l  While metalation of
nucleoside purine and pyrimidine bases is common, metalation at
phosphorus is remarkably rare.*8! To this end, we surmised that
a nucleoside derived secondary phosphite (11) would be a
convenient entry point for the metalation chemistry. Indeed,
protodeauration of JohnPhosAu(CeH4'Bu) by 11 (dr = 52:48)
generated the P-metallated gold complex (12, dr = 51:49,
Scheme 3). As a consequence of the methodology used for the
synthesis of 11,1%l a mixture of diastereomers was generated due
to the presence of the unresolved phosphorus center. Separation
of the diastereomers of 11 prior to the protodeauration step was
challenging; however, the metalated species (12) were
separable® and found to be configurationally stable in solution.
Transmetalation between 12 (dr = 51:49) and bipyPd(2,6-CsH3
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Mez2)! successfully generated the palladium nucleoside (13) (dr =
50:50) as well as JohnPhosAul. This process was also
stereospecific as single diastereomers of 13 (13a and 13b) were
generated using 12a and 12b.

Ph
HN*O

DMTO
L'Au(CgH,'Bu)

N~ "0
Lo
CeHs, 60 °C, 24 h

/
OQP’O\/\CN

o0/ o
I"J \/\CN
©Au 12 93% (dr = 51:49)
Lt 12a 40% (dr = 50:1)
12b 32% (dr = 1:35)

(bipy)Pd(1)(2,6-CsHsMe)
THF, 60 °C, 12 h
-L'Aul

H 11 (or=5248)

Ph

13 90% (dr = 50:50)
13a 88% (dr = 50:1, from 12a)
13b 82% (dr = 1:41, from 12b)

Reaction

Scheme 3.
conditions: Preparation of 12: LAuCsH4'Bu (0.27 M sol. in THF) and 11 (1 equiv)
were heated at 60 °C for 24 h. Preparation of 13: 12 (0.08 M sol. in THF) and
(bipy)Pd(2,6-CeHsMe2)l (1.1 equiv) were heated at 60 °C for 12 h. Yields are
based upon isolated material, and the diastereomeric ratios were determined
using "H NMR spectroscopy.

Stereospecific protodeauration/transmetalation.

Building on the mechanistic work, a base-free stereospecific
cross-coupling for the preparation of P-arylated nucleosides was
devised (Scheme 4). Historically, these base-assisted P-C bond
forming reactions have been challenging to extend to these
substrates due to the sensitivity of the cyanoethyl protecting group
to the amine or mineral bases typically used in coupling
reactions.®'!  Furthermore, the acid generated in the cross-
coupling reaction cannot simply be ignored due to the acid
sensitivity of the trityl protecting group. A recent solution to this
problem entailed the use of an epoxide as an HX scavenger./®:52
For the chemistry described herein, using 12 as the [P(O)(OR)2]
source alleviates the need for additives since the Au/Pd
transmetalation generates the requisite palladium phosphite
intermediate directly. A ligand screening study was used to
identify an effective catalyst system (see S/).B53 |t should be
noted that the gold was not sacrificial and could be readily
recovered as JohnPhosAul.  The catalytic process was
stereospecific and generated single diastereomers of the P-
arylated nucleoside derivative when the metalated nucleosides
(12a and 12b) were used. This is a valuable method for the
stereospecific synthesis of P-C bonds due to its mild conditions
and tolerance of sensitive protecting groups.
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Ph Ph
HNAO HN S0

N/&o CeHsl DMTO. A
T o Pddbas (2.5% Pd)
o

DMTO
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THF, 70 °C, 18 h
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12 (dr = 51:49)
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12b (dr = 1:35)
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Scheme 4. Base-free stereospecific P-arylation. Reaction conditions: 12 (0.08
M sol. in THF), iodobenzene (1.1 equiv), Pd2dbas (2.5% Pd), and DPEPhos
(2.5%) were heated at 70 °C for 18 h. Yields are based upon isolated material,
and the diastereomeric ratios were determined using 'H NMR spectroscopy.

In summary, the transmetalation between P-metalated
phosphites and iodopalladium precursors was found to be quite
facile. The gold and palladium species presented herein could
represent different regions of the [P(O)(OR)2] bonding continuum.
Despite these differences, stereochemical studies using P-chiral
substrates revealed that the protodeauration and transmetalation
reactions were both stereospecific, and the overall process
occurred with retention of configuration at phosphorus. Building
upon this, the preparation of chiral P-arylated nucleosides was
devised. This method has the potential to be easily adapted to the
preparation of a diverse group of P-chiral species. A strength of
this approach is the tolerance of process to both acid and base
sensitive functional groups. Future work will focus on extending
the scope of the P-C bond forming reaction and investigating
further applications of P-metallated nucleosides.
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A stereospecific protodeauration/transmetalation sequence facilitated the synthesis
of configurationally stable P-metalated species. Mechanistic studies using model
systems revealed the overall process to occur with retention of stereochemistry.
This methodology was adapted for the synthesis of chiral P-arylated nucleoside
derivatives.
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