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Michael-Type Addition of Amines to the Vinyl Core of Dendrons —
Application to the Synthesis of Multidendritic Systems
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Michael-type additions of functionalized amines to CH,=
CH-P=N-P=S linkages located at the core of phosphorus-
containing dendrons allowed for the grafting of functions

suitable to join these dendrons together or to various dend-
ritic molecules. This reactivity led to original multidendritic
systems incorporating different types of subunits.

Introduction

Tailored approaches to dendritic architectures incorpor-
ating different subunits with various constitutions or topo-
logies appear to be among the most promising fields of re-
search in dendrimer synthesis.'"! An interesting way of ob-
taining such dendritic assemblies consists in using den-
drons! as subunits, taking advantage of the presence of
one reactive function located at the core level, in addition
to the numerous other functions located on the surface. The
nature of this unique function is crucial when a divergent
process is used, since it must not react during the synthesis
of the dendron, but must be easily activated later. In the
course of our studies concerning phosphorus-containing
dendrimers,’] we have demonstrated that the P=N—P=S
linkages™ exhibit a versatile reactivity, including al-
kylation™ and complexation!® properties induced by the
polarity of this linkage (P*—N=P—S~). We reasoned that
such a polarity could also lead to the use of this linkage as
an activating group of alkenes in Michael-typel”! additions
that could be used to introduce various new functions at the
core level, suitable to graft the dendron to various dendritic
molecules. Taking into account the large number of func-
tionalized primary and secondary amines easily available,
we decided to focus our work on the use of such com-
pounds in Michael-type additions to CH,=CH—-P=N-P=
S linkages. The subsequent reactions of the functions intro-
duced in this way ought to lead to original multidendritic
systems, which would be difficult or impossible to synthes-
ize by other methods.

Results and Discussion

The activated vinyl group is obtained by using a Staud-
inger reaction between diphenylvinylphosphane and the az-
ide 1 (Scheme 1). This reaction gives compound 2a-G’'y,
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possessing a P=N—P=S linkage conjugated with the vinyl
group, and two aldehyde groups. The dendron is grown
starting from the aldehyde groups. The alternative use of
H,NNMeP(S)Cl, and 4-hydroxybenzaldehyde sodium salt
leads to the dendron 2a-G,, (n = 1—3). The grafting of di-
verse phenol salts (b: phenol, ¢: p-cyanophenol, d: p-di-
phenylphosphanylphenol, e: m-dimethylaminophenol) at
the last step gives dendrons coated with various functional
groups (Figure 1). The growing of the dendron was stopped
at the third generation, in order to be able to easily detect
all the changes induced by the reactions we intended to per-
form at the core level. Every step of the synthesis of den-
drons is easily monitored by 3'P, 'H, and '*C NMR, and IR
spectroscopy. Only the signal corresponding to CH—(P=
N—-P=S) is undetectable in '3C NMR, owing to the coup-
ling with both phosphorus atoms and to the overlap with
other peaks. The purity of the dendrons is also checked by
size exclusion chromatography, which gives a narrower sig-
nal than the narrow-distribution polystyrene standards with
polydispersity M, /M, = 1.03.

In order to check the feasibility of the Michael-type addi-
tion of amines, our first attempts consisted of the reaction
of functionalized monoamines, either primary amines such
as propargylamine and tyramine or secondary amines such
as diallylamine and thiomorpholine with dendrons 2-G'3
(Scheme 2). In all cases, the reactions were first carried out
at room temperature, with excess amine, and monitored by
3IP NMR. If no reaction occurred or if the reaction rate
was very slow, the reaction mixture was heated and amount
of amine was further increased. In fact, it appeared to be
difficult to predict the conditions to use, and no clear trend
could be inferred from the nature and the structure of the
amine, as was already observed in the reaction of amines
with vinylphosphoryl derivatives.[®! These reactions led to
the grafting of the alkyne, phenol, alkene or thioether group
at the level of the core. In all cases, the addition was unam-
biguously monitored by examination of the signals in the
3IP NMR corresponding to the P=N—P=S linkage. The
doublet corresponding to the PPh, group was deshielded
from approximately 6 = 10—12 for 2-G'3 to approximately
& = 17—18 for 3b-G'3, 4e-G'3, 5b-G'3, 6¢-G'5, and a slight
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Scheme 1. Synthesis of dendrons

shielding of the signal of the P=S group (Ad ca 1 ppm) was
observed. In the case of tyramine, only the amino group
reacted, as shown by the deshielding of the signal corres-
ponding to the C¢HsCH,CH,N group in '3*C NMR from
& = 43.7 for tyramine to 6 = 50.7 for the dendron 4e-G'3.
This fact is not surprising, since it has been shown that the
addition of alcohols must be catalyzed by BuLi or NaOH."!

The use of diamino reagents gave less clear results. In
fact, two cases must be distinguished: either the diamine
possesses two analogous amino groups or the diamine pos-
sesses two different amino groups (one primary and one
secondary). Both cases were considered with second and
third generation dendrons (Scheme 3). In the former case,
the use of a very large excess of diamine (several hundred
equivalents) should allow for the prevention of the coupling
of two dendrons. This was evidenced by 'H and also by '3C
NMR spectroscopy, which shows a loss of symmetry of the
initially symmetric diamine. For instance the reaction of
trans-diaminocyclohexane with 2e-G', led to the appear-
ance of one singlet for the CH-NH group (8§ '3C = 55.1)
and of one singlet for the CH-NH, group (8 '*C = 63.5) of
7e-G',. Analogous behavior was observed for the reaction
of ethylenediamine with 2b-G’3 which led to 9b-G'; charac-
terized by the appearance of 4 signals assigned to the
HzNCHchzNHCHchzp linkage in ]3C NMR.

In the case of the presence of two different amino groups,
the main point is that one function must be much more
reactive than the other one. We have chosen to use methyl-
hydrazine as a special type of unsymmetrical diamine. Ex-
cess methylhydrazine (30 equiv.) were treated with dendrons
2¢-G',, 2b-G'3, and 2e-G'5 at room temperature (Scheme 3).
The reaction proceeded rapidly, leading to a single product
in all cases, i.e. dendrons 8¢c-G’,, 8b-G';, and 8e-G';, re-
spectively. At this step, it was difficult to ascertain from
NMR spectroscopic data whether the (Me)N—H or the
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NH, group of methylhydrazine had reacted; however, it has
been already noted that the more substituted nitrogen reacts
preferentially in the Michael addition of hydrazines.'! Fur-
thermore, the reactivity of these dendrons 8 with aldehydes
demonstrates that the former addition occurred only with
the (Me)NH group (see later).

With several dendrons functionalized at the core level in
hand, we decided to use them as building blocks for the
synthesis of more complex molecular architectures. In a
first attempt, we tried to graft together two identical den-
drons. Schiff condensations between two equivalents of the
dendron 8e-G'; and the dialdehyde N;P(S)(OCsH4CHO),
led to the bis(dendron) 10e-[G’s]l, (Scheme 4). The con-
densation led to the shielding of the singlet corresponding
to the CH;—NCH, group in '*C NMR from § = 50.4 for
8e-G’'; to 6 = 37.7 for 10e-[G’3],, and the appearance of a
singlet at 8 = 134.9, corresponding to the formation of the
CH=N-N(Me)CH,CH, linkages. Such a reaction demon-
strated that the addition of methylhydrazine to dendron 2e-
G'; occurred with the (Me)NH group. The presence of an
azido group at the core allows for the consideration of the
bis(dendron) 10e-|G'3], as another building block for the
synthesis of more complex dendritic structures, as will be
evidenced later.

In a second step, we tried to synthesize unsymmetrical
dendrimers, grafting two different dendrons by their core
(Scheme 5, Figure 1). The first attempt involved the second-
generation dendrons 2b-G’, and 7e-G', (100% excess). The
Michael type addition occurs with the primary amino
group of 7e-G',, leading to compound 11-G',-G’,, as evid-
enced by the increased symmetry of the core detected by
13C NMR. Only one singlet for the carbons of the cyclohex-
ane ring o to nitrogen was observed at & = 55. However,
compound 11-G’,-G'; as a whole is unsymmetrical, owing
to the presence of two different end groups, phenoxy and
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16-G';

Figure 1. Schematic drawing of dendrons and multidendritic systems

amino phenoxy. The two N—H functions remaining at the
core, could result in an interesting reactivity, leading to the
grafting of a third or even a fourth arm. However, our first
attempts in this field failed up to now.

Our second attempt to graft together two different den-
drons consisted of reacting two third-generation dendrons

Eur. J. Org. Chem. 2000, 3555—3568
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2d-G’; and 9b-G'5 (100% excess), leading to compound 12-
G'3-G';3 (Scheme 6, Figure 1). We tried to purify and separ-
ate compound 12-G'3-G'3 from the excess 9b-G'3 by size
exclusion chromatography. The process allowed for the
elimination of 9b-G';, but resulted in the total oxidation of
the diphenylphosphanyl groups of 12-G';-G';, leading to

3557



FULL PAPER

V. Maraval, R. Laurent, S. Merino, A.-M. Caminade, J.-P. Majoral

Ph Me
/\PNP O—Q—CHNNP<0 CHNNP<—©—CHN (—O))
Ph S S

2b-G'3, 2¢-G' 3 2e-G' 3

HC=CCH,NH,
——————

(HyC=CHCH,)oNH \\—\ Ph
S ot \/\
— P=N-P o-< >-CH N- N P
/ Ph S <
S NH
./
—_—

S HO—< >ﬁ ,N\/\p =N- P 04 _)-CH:N-N- P<O CH:N-K- P<O-®-CH :N-N- P~< —Q >
NMey 72/,

X f Ph Me Me Me
\\/N\/\F"=N-ﬁ O-@-CH=N-N-ﬁ O-@-CH=N-N-II?<<O'©‘CH=N-N-I3~(O-©))
ph S S S S 2ha)a),

3b-G';

)

4e-G';

Dromiyo-Oramiino) ) )

5b-G'3

/N Ph
=N- =NNPO CHNNPO CHNNP(O CN)
I Anegfo- Gramfo- om0 Oresl)))

6¢c-G'3

Scheme 2. Reactivity of the core of dendrons with various monoamines

<o—©—cn-| :N-N- P(

NH,
e -

2¢-G'p, 26-G'p

/NH,
“INH,
Me oy
'(\Zise"'szl;*z > H,N N\/\P =N- P O-@-CHN

Ph

Ph
P
MeNHNH,

(excess)
8b-G'3, 8e-G';

(excess)

Scheme 3. Reactivity of the core of dendrons with various diamines

13-G'3-G'3 which was isolated and characterized. The
Michael addition with the primary amino group was again
demonstrated by '3C NMR, which showed that the
PCH,CH,NHCH,CH,NHCH,CH,P linkage is totally
symmetric (only 3 signals for the CH, groups). However,
here again the molecule as a whole is not symmetric, owing
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to the presence of phenoxy groups as end groups on one
side and phosphane oxide groups on the other.

The oxidation observed during workup prevented the use
of 13-G'3-G'; as a precursor for more complex macromol-
ecules. However, the fact that we could not isolate com-
pound 12-G'3-G'3 did not prevent its use as starting mat-
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Scheme 6. Synthesis of a third-generation dendrimer composed of two dendrons having different end groups

erial, provided that the reagent used to react with it cannot
also react with the excess 9b-G';. We thus treated crude
12-G'3-G'; with an excess of the azido dendron 10e-|G';5],
(Scheme 7, Figure 1). The Staudinger reaction led to the
formation of compound 14, incorporating sixteen new
C¢H,Ph,P=N—-P=S linkages (8 3'P = 13.0 for P=N) dif-
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ferent from the CH,Ph,P=N-—P=S linkages already pre-
sent in 12-G’3-G'3 and 10e-|G'5], (§ 3'P = 17.7 for P=N).
The formation of these linkages was also characterized in

e 3C NMR spectrum by the appearance of one doublet
at & = 134.3 (3Jcp = 12 Hz) corresponding to the carbon
ortho to phosphorus in the CgHy part, different from the
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Scheme 7. Grafting of dendrons on half of the surface of a dendrimer

doublet corresponding to the same carbon in the initial
phosphane (8§ = 135, 2Jcp = 20.5 Hz) or in the oxide 13-
G'5-G'5 (8 = 133.7, 2Jcp = 10.9 Hz).

Another way of using dendrons as building blocks con-
sists in reacting them with the functions located on the sur-
face of dendrimers. We carried out this type of experiment
with the second-generation dendrimer 15-G', and an excess
of dendron 8b-G'; (Scheme 8, Figure 1). The reaction was
monitored by the disappearance of the signal corresponding
to the CHO end groups of dendrimer 15-G’, in the 'H
NMR and IR spectra. The reaction was slow and went to
completion only after 18 days, but we decided to wait an-
other two days before working up the reaction, in order to
maximize the chance of substituting all the end groups. This
reaction thus led to the formation of the sixth generation
dendrimer 16-G'4 from a second generation dendrimer in a
single step. An analogous reaction carried out with the
third generation dendrimer 15-G’; (24 CHO end groups)
did not go to completion, even after 40 days: a weak signal
corresponding to CHO groups was still distinguishable in
the '"H NMR spectrum, with its integration corresponding
to approximately 1/24 of the CHO functions remaining un-
changed. Thus, steric hindrance renders 15-G'; reluctant to
the incorporation of 24 dendrons, which would have led dir-
ectly to synthesis of a seventh generation dendrimer. How-

ever, it must be noted that we have already obtained sev-
enth- and higher-generation dendrimers using a different
strategy.PPl3¢l It is thus clear that it is easier to incorporate
a large number of small molecules than a small number of
large molecules.

In order to demonstrate the versatility of the use of den-
drons as building blocks, we finally tried to graft them to
the internal layers of a dendrimer. The experiment was car-
ried out with the second-generation dendron 8¢-G', and the
dendrimer 17-G'3 possessing 12 internal aldehyde groups
(Scheme 9, Figure 1). The condensation was relatively slow.
The reaction required 10 days to go to completion and was
monitored by '"H NMR spectroscopy. However, it must be
emphasized that this very complex multidendritic species
18-G'5-G'4 was obtained in a single step starting from 17-
G';, whereas the formation of a similar type of compound
required at least 6 steps, using a divergent growth from the
aldehyde groups of 17-G'5.15

All the multidendritic systems reported in this paper have
been characterized by multi-nucleus NMR and IR spectro-
scopy. All attempts to use the MALDI-TOF technique to
detect structure defects failed up to now, since the laser light
used by this technique (337 nm) induces the cleavage of a
number of hydrazino bonds, owing to the very broad UV-
absorption at 210—360 nm of all these dendritic species.!'!]
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Scheme 8. Grafting of dendrons on the surface of a dendrimer

3560

'
CHN- N\/\p \- p<o@-c»+ N-N- p<o@cm NP (OQCH i "<°@) >z))

Eur. J. Org. Chem. 2000, 3555—3568



Michael-Type Addition of Amines to the Vinyl Core of Dendrons

FULL PAPER

Y0))

" 2% )
o CHO 6
s 2 17-G';

wrploO-omiir (OQCH N-N-,,(OQCN))

8¢c-G'p

¢

Ph
oo cren g éN OQCH N <0@CH N p( @))

Dot Forfo ot TR S )

18-G'3-G's

Scheme 9. Grafting of dendrons inside a dendrimer

However, the narrow signals obtained in all cases by size
exclusion chromatography confirmed the high purity of
these dendritic species. Furthermore, a plot of the SEC elu-
tion time versus the logarithm of the molecular weight of
these compounds gave a straight line (Figure 2), a tendency
already reported for other dendritic species.!?!

61

3 T T T d
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Time {min)

Figure 2. Plot of elution time of Size Exclusion Chromatography
versus Log(Molecular Weight) of dendrons and multidendritic spe-
cies

Conclusion

We have demonstrated in this paper that the P=N—-P=S
linkage is a good activating group of alkenes, which facilit-
ates the Michael-type addition of various functionalized
amines. The subsequent reaction of the function introduced
in this way at the core of dendrons allowed for the synthesis
of several original dendritic architectures, through
core—core, core—surface and core—internal layer coup-
lings. These dendritic architectures incorporate various su-
bunits having different constitutions and topologies, for in-
stance two types of functional groups located in definite
areas on the surface of the macromolecule. The functional
groups reported in this paper (phenoxy, m-dimethylamino-
phenoxy, p-diphenylphosphanylphenoxy, p-cyanophenoxy)

Eur. J. Org. Chem. 2000, 3555—3568
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constitute only examples, which could easily be extended to
other substituents in order to bring about specific proper-
ties. It must also be emphasized that all these multidendritic
species include several P=N—P=S linkages which could be
used later to afford even more complex compounds, since
we have shown that these linkages react cleanly and quantit-
atively with electrophiles.l!

Experimental Section

General: All manipulations were carried out with standard high-
vacuum and dry-argon techniques. — 'H, '3C, 3'P NMR spectra
were recorded with Bruker AC 200, AC 250, or AMX 400 spectro-
meters. References for NMR chemical shifts are 85% H;PO, for
3IP NMR, SiMe, for 'H and '*C NMR. The assignment of '3C
NMR signals was carried out using J,,04, two-dimensional HMBC,
and HMQC, Broad-Band or CW 3'P-decoupling experiments when
necessary. The numbering scheme used for NMR is depicted in
Figure 3 and Figure 4. Compounds 1,2l HOC¢Hp-PPh,,['3! 15-
G',,B873¢ and 17-G' ;0% were prepared according to published pro-
cedures.

Preparative size exclusion chromatography was performed using
Bio-Beads S-X1 beads (operating range 600—14000 g-mol~!) from
Bio-Rad company, with THF as eluent. SEC analytical data were
obtained at 37 °C using a Waters 410 differential refractometer,
three 5pm Waters Styragel” HR columns (300 X 8 mm) connected
in series in order of decreasing pore size (10000 A, 1000 A, 100 A)
and THF as eluent with a nominal flow of 1.2 mL/min.

Synthesis of 2a-G'y: To a solution of diphenylvinylphosphane
(2.000 g, 9.434 mmol) in CH,Cl, (10 mL) was added at 0°C one
equivalent of the azide 1 (3.276 g, 9.434 mmol). Ten minutes after
the end of the addition, the mixture was warmed to room temper-
ature and stirred for 3 h. The solvent was then removed under
vacuum. The product was washed with a THF/pentane mixture
(1:5) to give a pale yellow powder (3.61 g, 72%).

2a-G'o: *'P{'H} NMR (CDCLy): § = 10.6 (d, 2Jpp = 31.3 Hz, P'y),
50.9 (d, 2Jpp = 31.3 Hz, Py). — 'H NMR (CDCly): & = 6.1 (ddd,
3up = 243 Hz, gy, = 182 Hz, 2y = 1.0Hz, 1 H, Hy), 6.4
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Figure 3. Numbering scheme used in NMR for dendrons

(ddd, 3Jgp = 58.5 Hz, 3Jyua = 12.4 Hz, 2Jgy = 1.0 Hz, 1 H, Hy),
6.8 (dddd, 2Jyp = 25.2 Hz, *Jyye = 18.2 Hz, 3Jym, = 12.4 Hz,
“Jup = 1.2 Hz, 1 H, H,), 7.2—7.8 (m, 18 H, CH,om). 9.9 (s, 2 H,
CHO). — BC{'H} NMR (CDCl;): § = 121.9 (d, *Jcp = 5.6 Hz,
Co?), 127.2 (dd, "Jep = 97.2 Hz, 3Jcp = 2.4 Hz, i-C¢Hs), 128.7 (d,
3ep 13.1 Hz, m-C¢Hs), 129.8 (dd, 'Jep 135.9 Hz, 3Jcp
4.7 Hz, CH,=), 131.1 (s, Co*), 131.9 (d, 2Jcp = 11.3 Hz, 0-C¢Hs),
132.5 (s, Co*), 132.7 (d, *Jep = 2.6 Hz, p-CcHs), 136.9 (s, CH,=),
156.6 (d, 2Jcp = 8.5 Hz, Cy'), 190.9 (s, CHO). — IR (KBr): 1702
(Ve—o) em ™! — CogHo3NOLP,S (531.5): caled. C 63.27, H 4.36, N
2.63; found C 63.12, H 4.38, N 2.57.

General Procedure for the Synthesis of 2a-G,, (» = 1—3): To a solu-
tion of 2a-G',,_; (typically 2.00 g) in THF was added a small excess
of dichloromethylhydrazinothiophosphane as a solution in chloro-
form. The mixture was stirred at room temperature for 12 h. After
evaporation of the solvents, the product was washed several times
with a THF/pentane mixture (1:5) to give 2a-G, (n 1-3) as
white powders.

General Procedure for the Synthesis of 2a-e-G’, (n = 1-3): To a
solution of 2a-G, (typically 2.00 g) in THF (typically 20 mL) was
added a small excess of sodium salt NaOC4H4R (a: R = p-CHO;
b: R = H; ¢: R = p-CN; d: R = p-PPh,; e R = m-NMe,). The
resulting mixture was stirred at room temperature for 12 h. The
solution was first centrifuged, then evaporated under vacuum. The
product was washed several times with a THF/pentane mixture
(1:5) to give a white powder for 2a-d-G',, or a brown powder for
2e-G',,.
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2a-G.: (2.83 g, 88%). — *'P{'"H} NMR (CDCLy): 5 = 11.8 (d,
2Jop = 32.2 Hz, P'y), 52.7 (d, 2Jpp = 32.2 Hz, Py), 63.5 (s, P,). —
'H NMR (CDCLy): & = 3.4 (d, 3Jyp = 14.1 Hz, 6 H, P,-N-CH,),
6.1 (ddd, 3Jup = 242 Hz, *Jyua = 18.3 Hz, 2y = 1.0 Hz, 1 H,
H.), 6.4 (ddd, 3Jyp = 46.0 Hz, *Jypa = 12.4 Hz, 2y = 1.0 Hz, 1
H, Hy), 6.8 (dddd, 2Jyp = 252 Hz, 3June = 18.3 Hz, 3o
12.4 Hz, *Jyp = 1.0, Hz 1 H, H,), 7.2—7.7 (m, 20 H, CH,,o,,,, CH=
N). — 3C{'H} NMR (CDCl): = 31.8 (d, 2Jep = 13.1 Hz, P;-
N-CH,), 122.0 (d, 3Jep = 4.3 Hz, Cy?), 128.0 (dd, 'Jep = 97.2 Hz,
3ep = 4.5 Hz, i-CeHs), 128.4 (s, Co?), 128.8 (d, *Jep = 13.6 Hz,
m-CgHs), 130.2 (s, Co), 130.4 (dd, 'Jep = 135.9 Hz, 3Jcp = 4.7 Hz,
CH,=), 132.1 (d, 2Jcp = 11.0 Hz, 0-CgHs), 132.7 (s, p-CgHs), 136.9
(s, CH,=), 141.4 (d, *Jcp = 18.2 Hz, Ci*-CH=N), 153.6 (d, 2Jcp =
9.7 Hz, Cy'). — C3oHaoClNsO,P,S; (853.5): caled. C 42.21, H 3.42,
N 8.20; found C 42.10, H 3.39, N 8.14.

2a-G'y: (2.66 g, 95%). — *'P{'H} NMR (THF): § = 9.8 (d, 2Jpp =
31.5 Hz, P'y), 52.2 (d, 2Jpp = 31.5 Hz, Py), 60.3 (s, P,). — 'H NMR
(CDCly): & = 3.4 (d, *Jyp = 11.1 Hz, 6 H, P,-N-CH,), 6.1 (ddd,
3ap = 242 Hz, . = 182 Hz, 2/ = 1.1 Hz, 1 H, Hy), 6.4
(ddd, 3Jyp = 45.9 Hz, *Jypa = 12.4 Hz, /4 = 1.1 Hz, 1 H, Hy),
6.8 (dddd, 2Jyp = 25.3 Hz, *June = 182 Hz, 3y, = 12.4 Hz,
4Jup = 1.1 Hz, 1 H, H,), 7.2—7.9 (m, 36 H, CH,,o;m, CH=N), 9.9
(s, 4 H, CHO). — BC{'H} NMR (CDCly): & = 32.8 (d, 2Jcp =
13.0 Hz, P,-N-CHa), 121.9 (d, 3Jep = 5.2 Hz, Co2, C,2), 127.8 (dd,
ep = 91.2 Hz, 3Jep = 4.5 Hz, i-CgHs), 127.9 (s, Co?), 128.6 (d,
3ep = 13.0 Hz, m-CeHs), 130.4 (s, Co), 131.3 (s, C,%), 132.0 (d,
2Jcp = 10.8 Hz, 0-C¢Hs), 132.6 (d, *Jep = 2.3 Hz, p-C4Hs), 133.4
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Figure 4. Numbering scheme used in NMR for multidendritic species

(s, C\%), 136.7 (s, CH,=), 140.1 (d, 3Jcp = 13.7 Hz, Cy*-CH=N),
153.1 (d, ZJep = 10.4 Hz, Cy), 155.0 (d, 2Jep = 7.0 Hz, C,Y). —
IR (KBr): 1701 (ve—o) em ™! — CssHyoNsO;oP4S5 (1196.1): caled.
C 58.24, H 4.12, N 5.85; found C 58.17, H 4.08, N 5.73.

2a-Gy: (2.86g, 93%). — 3'P{'H} NMR (CDCly): & = 11.9 (d,
2Jpp = 30.2 Hz, P'y), 52.8 (d, 2Jpp = 30.2 Hz, Py), 62.1 (s, P,), 63.3
(s, P,). — '"H NMR (CDCly): & = 3.4 (m, 18 H, P,-N-CH;, P,-N-
CHa), 6.1 (ddd, 3Jyp = 24.2 Hz, 3Jupa = 18.3 Hz, 2Jyy = 1.1 Hz,
1 H, H,), 6.4 (ddd, *Jyp = 459 Hz, 3Jypa = 124 Hz, 2Ty =
1.1 Hz, 1 H, Hy), 6.8 (dddd, 2/yp = 25.2 Hz, *Jype = 18.3 Hz,
ame = 124 Hz, 4y = 1.1Hz, 1 H, H,), 7.2—7.8 (m, 40 H,
CH,rom, CH=N). — 3C{'H} NMR (CDCly): = 31.9 (d, 2Jcp =
13.1 Hz, P,-N-CHs), 33.1 (d, 2Jcp = 12.7 Hz, P,-N-CHs), 122.0 (d,
3ep = 6.7 Hz, Co2, C,2), 128.0 (dd, 'Jep = 91.2 Hz, 3Jcp = 3.6 Hz,
i-CeHs), 128.0 (s, Co¥), 128.7 (s, C,%), 128.8 (d, 3Jep = 12 Hz, m-
CeHs), 130.3 (s, CoY), 131.5 (s, C;%), 132.1 (d, 2Jep = 11.2 Hz, o-
CeHs), 132.7 (s, p-CeHs), 136.7 (s, CH,=), 139.4 (d, 3Jcp =
132 Hz, C*-CH=N), 141.1 (d, *Jep = 18.4 Hz, C,*-CH=N),
151.6 (d, 2Jep = 6.2 Hz, C;Y), 153.3 (d, 2Jep = 9.2 Hz, Cyl). —
CeoHe ClgN1304PgS, (1840.1): caled. C 40.46, H 3.34, N 9.89;
found C 40.28, H 3.28, N 9.75.

2a-G'y: (2.58 g, 94%). — 3'P{'H} NMR (CDCL): & = 11.9 (d,
2Jop = 29.3 Hz, P'y), 52.9 (d, 2Jpp = 29.3 Hz, Py), 60.6 (s, P»), 62.4
(s, P;). — 'H NMR (CDCL): § = 3.4 (d, 3Jyp = 10.9 Hz, 18 H,
P,-N-CH;, P,-N-CHs), 6.1 (ddd, *Jyp = 24.1 Hz, *Jyyp, = 18.3 Hz,
2Jun = L1Hz, 1 H, H), 6.4 (ddd, 3Jup = 459 Hz, e =
124 Hz, 2Jyy = 1.1Hz, 1 H, Hy), 6.8 (dddd, 2Jyp = 25.2 Hz,
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e = 183 Hz, 3y = 124 Hz, “/yp = 1.1Hz, 1 H, H,),
7.2—7.8 (m, 72 H, CH,,0m: CH=N), 9.9 (s, 8 H, CHO). — 3C{'H}
NMR (CDCLy): § = 32.7 (d, 2Jcp = 13.6 Hz, P,-N-CH3), 32.8 (d,
2Jep = 13.3 Hz, P,-N-CH,), 121.8 (d, 3Jep = 4.3 Hz, C2 C2,
C2), 127.5 (dd, 'Jep = 91.2 Hz, 3Jep = 3.8 Hz, i-CeHs), 127.8 (s,
Cod), 128.1 (s, C,3), 128.6 (d, 3Jep = 12.5 Hz, m-CgHs), 130.7 (s,
CoY), 131.2 (s, CoY), 131.6 (s, C/*), 132.0 (d, 2Jep = 10.8 Hz, o-
CeHs), 132.5 (d, *Jep = 2.7 Hz, p-C4Hs), 133.4 (s, C,*), 136.7 (s,
CH,=), 139.5 (d, 3Jep = 13.7 Hz, C,*CH=N), 140.0 (d, 3Jcp =
13.8 Hz, Cy*-CH=N), 151.4 (d, 2Jep = 7.5Hz, C,"), 153.1 (d,
2Jep = 9.8 Hz, Co1), 154.9 (d, 2cp = 7.4 Hz, C,'), 190.6 (s, CHO).
— IR (KBr): 1701 (ve—o) cm~". — Cy1sH 01N 1305,P5S, (2525.4):
caled. C 56.12, H 4.03, N 7.21; found C 55.98, H 3.98, N 7.14.

2a-Gy: (2.81g, 93%). — *'P{'H} NMR (CDCly): & = 11.9 (d,
2Jop = 31.1 Hz, P'y), 52.7 (d, 2Jpp = 31.1 Hz, Py), 62.1 (s, P)), 62.3
(s, P»), 63.3 (s, P3). — '"H NMR (CDCLy): & = 3.4 (m, 42 H, P,-N-
CH,, P»-N-CH;, P;-N-CHs), 6.1 (ddd, *Jyp = 24.2 Hz, 3y, =
183 Hz, 2Jyy = 1.1Hz, | H, H), 6.4 (ddd, 3/yp = 45.8 Hz,
e = 124 Hz, 2Jyy = 1.1Hz, 1 H, Hy), 6.8 (dddd, 2Jyp =
25.2 Hz, e = 18.3 Hz, 3y = 124 Hz, *yp = 1.1 Hz, 1 H,
H,), 7.2—=7.7 (m, 80 H, CH,om CH=N). — 3C{'H} NMR
(CDCly): 8 = 31.7 (d, 2Jcp = 13.3 Hz, P3-N-CHs), 32.9 (d, 2Jcp =
13.1 Hz, P;-N-CHs, P»-N-CH3), 121.8 (s, Co%, C;2 C,2), 127.9 (s,
Cod), 1282 (s, C,%), 128.4 (d, 3Jep = 14.5 Hz, m-CgHs), 128.6 (5,
C?), 130.1 (5, Coh), 130.6 (s, C/%), 131.3 (s, C,%), 132.0 (d, 2Jcp =
10.7 Hz, 0-C4Hs), 132.6 (s, p-CeHs), 136.7 (s, CH,=), 139.1 (d,
3ep = 120Hz, CA-CH=N, C/*CH=N), 140.7 (d, *Jep =
18.8 Hz, C,*-CH=N), 151.4 (d, 2Jop = 7.1 Hz, C,"), 153.1 (d,
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*Jep = 8.9 Hz, Col, CiY). — Cia6Hi25CligN29014P 16515 (3813.4):
caled. C 39.68, H 3.30, N 10.65; found C 39.57, H 3.25, N 10.56.

2b-G'y: (2.30 g, 92%). — 3'P{'H} NMR (CDCly): & = 11.7 (d,
2Jop = 29.4 Hz, P'y), 53.0 (d, 2Jpp = 29.4 Hz, Py), 62.6 (s, P,), 62.8
(s, P,). — 'H NMR (CDCLy): 8 = 3.3 (d, 3Jyp = 10.4 Hz, 18 H,
P,-N-CHj, P,-N-CH3), 6.1—6.5 (m, 2 H, CH,=), 6.6—7.7 (m, 81
H, CH=CH,, CH,,,;,, CH=N). — 3C{'H} NMR (CDCly): § =
33.1 (d, 2Jep = 13.0 Hz, P,-N-CH;, P,-N-CH3), 121.4 (d, 3Jcp =
3.7 Hz, C,2), 121.8 (d, 3Jep = 3.6 Hz, C,2), 122.0 (d, 3Jcp = 4.3 Hz,
Co2), 125.4 (s, Co%), 128.0 (s, Co), 128.3 (s, C,%), 128.7 (d, 3Jcp =
13.3 Hz, m-C4Hs), 129.5 (s, C,%), 130.9 (s, Co), 132.2 (d, 2Jcp =
11.9 Hz, 0-C4Hs), 132.3 (s, C;%), 132.7 (s, p-CeHs), 136.8 (s, CH,=
), 138.5 (d, *Jep = 13.6 Hz, C,;*-CH=N), 139.6 (d, 3Jcp = 13.6 Hz,
Co*-CH=N), 150.7 (d, 2Jep = 6.4 Hz, C,Y), 151.3 (d, 2ep =
7.4 Hz, C,"), 153.2 (d, 2Jep = 9.0 Hz, Co'). — C110H101N15014PsS;
(2301.3): caled. C 57.41, H 4.42, N 7.91; found C 57.25, H 4.34,
N 7.78.

2b-G'5: (2.31g, 93%). — 3'P{'H} NMR (CDClLy): & = 11.9 (d,
2Jop = 31.0 Hz, P'y), 53.0 (d, 2Jpp = 31.0 Hz, Py), 62.5 (s, P»), 62.7
(s, P3), 62.9 (s, P,). — '"H NMR (CDCLy): & = 3.3 (m, 42 H, P,-N-
CH,, P,-N-CHs, P;-N-CHs), 6.1 (ddd, Jup = 24.2 Hz, 3y =
183 Hz, 2Jyy = 1.1Hz, 1 H, H), 64 (ddd, *Jyp = 45.8 Hz,
e = 124 Hz, 20y = 1.1 Hz, 1 H, Hy), 6.8 (dddd, 2/yp =
25.2 Hz, 3Jyme = 18.3 Hz, 3y, = 124 Hz, 4y = 1.1 Hz, 1 H,
H,), 7.2—=7.7 (m, 160 H, CH,om CH=N). — BC{'H} NMR
(CDCLy): § = 32.9 (d, 2Jcp = 13.0 Hz, P,-N-CH;, P,-N-CH,, P5-
N-CHs), 121.3 (d, 3Jep = 42 Hz, C2), 121.7 (d, 3Jep = 3.9 Hz,
C2, Cp2, C2), 125.2 (s, C5%), 127.8 (s, Co¥, C}%), 128.1 (s, Cod),
128.6 (d, *Jep = 13.2 Hz, m-CgHs), 129.4 (s, C5%), 130.7 (s, Co?),
130.9 (s, C;%), 132.0 (d, 2Jep = 10.7 Hz, 0-CeHs), 132.1 (5, C,%),
132.6 (s, p-CsHs), 136.7 (s, CH,=), 138.3 (d, *Jcp = 13.7 Hz, C,*-
CH=N), 138.9 (d, 3Jcp = 13.5 Hz, Cs*-CH=N, C,*-CH=N), 150.4
(d, 2Jep = 7.2 Hz, C3), 151.1 (d, 2Jcp = 7.0 Hz, C,'), 152.8 (d,
2Jep = 8.1 Hz, Co', C,'). — CazrHaosNagO30P 16815 (4736): caled. C
56.30, H 4.36, N 8.57; found C 56.18, H 4.31, N 8.42.

2¢-G'5: (2.58 g, 95%). — 3P{'H} NMR (CDCly): § = 12.0 (d,
2Jop = 30.4 Hz, P'y), 53.1 (d, 2Jpp = 30.4 Hz, Py), 60.7 (s, Py), 62.4
(s, P)). — 'H NMR (CDCLy): 8 = 3.4 (d, 3Jyp = 11.0 Hz, 18 H,
P,-N-CH;, P,-N-CHa), 6.1 (ddd, 3Jyp = 24.1 Hz, 3y, = 18.3 Hz,
2Juw = L.1Hz, 1 H, H), 6.4 (ddd, 3Jup = 459 Hz, 3y, =
124 Hz, 2Juy = 1.1Hz, 1 H, Hy), 6.8 (dddd, 2/yp = 25.2 Hz,
3ane = 18.3Hz, 3y = 124 Hz, “/4p = 1.1Hz, 1 H, H,),
7.2-7.6 (m, 72 H, CH,,om, CH=N). — 3C{'H} NMR (CDCl,):
§ = 32.8 (d, 2Jcp = 13.4 Hz, P,-N-CHs), 32.9 (d, 2Jcp = 13.0 Hz,
P,-N-CH3), 109.4 (s, C»¥), 117.9 (s, C=N), 121.8 (s, Cs%, C,2), 122.2
(s, Cr2), 127.9 (s, Co?), 128.2 (s, C,%), 128.6 (d, 3Jep = 13.1 Hz, m-
CeHs), 130.7 (s, Co¥), 131.4 (s, C;*), 132.0 (d, 2Jcp = 11.1 Hz, o-
CeHs), 132.6 (d, “Jep = 2.2 Hz, p-C4Hs), 133.8 (s, Co?), 136.7 (s,
CH,=), 139.8 (d, 3Jep = 13.6 Hz, C,*-CH=N), 140.4 (d, *Jcp =
14.0 Hz, C,*-CH=N), 151.5 (d, 2Jep = 7.0 Hz, C,"), 153.0 (d,
2Jep = 8.6 Hz, Co'), 153.4 (d, 2Jep = 7.3 Hz, C,'). — IR (KBr):
2227 (Veen) cm~ . — C;15Ho3N510,14PgS, (2501.4): caled. C 56.66,
H 3.74, N 11.75; found C 56.51, H 3.68, N 11.67.

2¢-G'3: (2.50 g, 93%). — 3'P{'H} NMR (THF): § = 10.0 (d, 2Jpp =
31.0 Hz, P'y), 52.3 (d, 2Jpp = 31.0 Hz, Py), 60.2 (5, Ps), 61.6 (s, P,
P,). — 'H NMR (CDCL): § = 3.4 (d, 3Jup = 10.8 Hz, 42 H, P;-
N-CHs, P,-N-CHs, Py-N-CH3), 6.2 (m, 2 H, CH,=), 6.8 (m, | H,
CH=), 7.2-7.7 (m, 144 H, CH,,o,, CH=N). — BC{'H} NMR
(CDCly): & = 33.0 (d, 2Jcp = 12.8 Hz, P;-N-CHy), 33.1 (d, 2Jcp =
12.1 Hz, P;-N-CHs, P»-N-CHj), 109.5 (s, C5%), 118.1 (s, C=N),
122.0 (s, Cy2, C12, Cr2), 122.4 (d, 3Jcp = 3.8 Hz, C52), 128.1 (s, Co’,
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C%), 128.4 (s, Co%), 128.8 (d, *Jep = 12.4 Hz, m-CgHs), 130.4 (s,
CoY), 130.9 (s, C1%), 131.6 (s, Co*), 132.2 (d, 2Jcp = 9.7 Hz, 0-CeHs),
132.8 (s, p-CeHs), 134.0 (s, C5%), 136.9 (s, CH,=), 139.3 (d, 3Jcp =
13.1 Hz, C,;*-CH=N), 140.1 (d, 3Jcp = 13.8 Hz, C;*-CH=N, C,*
CH=N), 151.4 (d, 2Jcp = 7.0 Hz, C,"), 151.7 (d, 2Jcp = 6.8 Hz,
C,Y), 153.1 (d, 2Jep = 8.8 Hz, CyY), 153.2 (d, 2Jcp = 7.2 Hz, C3Y).
— IR (KBr): 2227 (veen) cm™". — CrigH 1590NasO30P16S15 (5136):
caled. C 55.66, H 3.71, N 12.27; found C 55.54, H 3.66, N 12.16.

24-G'5: (3.83 g, 95%). — 3'P{'H} NMR (CDCLy): § = - 6.3 (s, P',),
11.0 (d, 2Jpp = 30.5 Hz, P'y), 52.7 (d, 2Jpp = 30.5 Hz, Py), 61.3 (s,
Py), 62.0 (s, P, P,). — 'H NMR (CDCL): & = 3.3 (d, 3up =
9.4 Hz, 42 H, P-N-CH3), 6.0- 6.5 (m, 2 H, CH,=), 6.7—6.9 (m, 1
H, CH=), 7.2—7.7 (m, 304 H, CH,m, CH=N). — BC{'H} NMR
(CDCly): § = 33.0 (d, 2Jcp = 13.1 Hz, P,-N-CH,, P,-N-CHs, Ps-
N-CHy), 121.4 (d, 3Jep = 3.8 Hz, C32), 121.9 (s, Cp2, C.2, Cr2),
128.3 (5, Co, C,3, Co%), 128.6 (d, 3Jep = 6.5 Hz, m-C'¢H's),128.8
(d, 3Jep = 12.5 Hz, m-CgHs), 128.9 (s, p-C'¢H's), 131.0 (s, Co?),
131.5 (d, 2Jep = 10.5 Hz, 0-C4Hs), 132.1 (s, /%), 132.2 (5, Co*, p-
CeHs), 133.7 (d, 2Jep = 19.6 Hz, 0-C'¢H's), 1343 (d, Jep =
12.1 Hz, C3%), 135.1 (d, 2Jep = 20.7 Hz, C5%), 136.7 (s, CH,=),
137.1 (d, Jep = 11.4 Hz, i-C'¢H's), 138.9 (d, 3Jp = 13.9 Hz, Co*-
CH=N, C*-CH=N, C,*-CH=N), 151.4 (d, 2Jcp = 7.7 Hz, C,',
C\L, Gy CiY). — CaraHss0N20030P3:S 5 (7683): caled. C 64.72, H
4.57, N 5.28; found C 64.81, H 4.63, N 5.14.

2e-G'5: (2.59 g, 90%). — 3'P{'H} NMR (CDCl;): & = 11.1 (d,
2Jpp = 30.1 Hz, P'y), 52.5 (d, 2Jpp = 30.1 Hz, Py), 62.2 (s, Py, P»).
— 'H NMR (CDCl;): 6 = 2.8 (s, 48 H, NMe,), 3.3 (d, 3Jyp =
10.1 Hz, 18 H, P,-N-CHj3;, P,-N-CHj3), 6.0—6.5 (m, 2 H, CH,=),
6.5—7.7 (m, 73 H, CH=, CH,,,,, CH=N). — BC{!H} NMR
(CDCl5): & = 33.2(d, 2Jcp = 12.1 Hz, P;-N-CH3, P,-N-CHj), 40.3
(s, NMe,), 105.6 (d, *Jcp = 3.9 Hz, C,?), 108.9 (s, C,°), 109.3 (s,
G, 121.8 (d, 3Jcp = 3.8 Hz, C;?), 122.0 (d, 3Jep = 3.9 Hz, C?),
128.0 (s, Co?), 128.1 (s, C;3), 128.8 (d, 3Jep = 13.5 Hz, m-CgHs),
129.6 (s, C5°), 130.9 (s, Co*), 132.1 (d, 2Jep = 10.5 Hz, 0-C¢Hs),
132.5 (s, C%), 132.7 (s, p-CeHs), 136.8 (s, CH,=), 137.8 (d, 3Jcp =
13.8 Hz, C\*-CH=N), 139.5 (d, 3Jcp = 13.6 Hz, Cy*-CH=N),
151.2 (d, 2Jep = 6.7Hz, C'), 151.5 (s, C5%), 151.7 (d, *Jep =
7.1 Hz, C,Y), 153.2 (d, 2Jcp = 9.0 Hz, Cy'). — C26H 41N 014PsS,
(2645.9): caled. C 57.19, H 5.37, N 11.11; found C 56.98, H 5.30,
N 11.04.

2e-G'3: (2.59 g, 91%). — *'P{'H} NMR (THF): § = 9.9 (d, 2Jpp =
31.0 Hz, P'y), 52.3 (d, 2Jpp = 31.0 Hz, Py), 61.4 (s, P3), 61.8 (s, P,
P,). — 'H NMR (CDCly): § = 2.8 (s, 96 H, NMe»), 3.3 (d, *Jyp =
9.5 Hz, 42 H, P-N-CH,), 6.1 (m, 2 H, CH,=), 6.4—7.7 (m, 145 H,
CH,om, CH=N, CH=). — 3C{'H} NMR (CDCLy): § = 32.9 (d,
2Jep = 12.7 Hz, P;-N-CHs, P»-N-CH3), 33.1 (d, 2Jcp = 12.4 Hz,
P;-N-CHs), 40.2 (s, NMes), 105.4 (d, 3Jep = 4.4 Hz, C52), 108.6
(d, 3Jep = 3.4 Hz, C9), 109.1 (s, C3%), 121.6 (d, 3Jep = 4.0 Hz,
Co2, C2 G, 127.7 (s, o, C2), 128.0 (5, CoY), 128.3 (d, 3Jcp =
13.1 Hz, m-CgHs), 129.4 (s, C5%), 130.4 (s, Co*), 132.0 (C;%), 132.0
(d, 2Jcp = 10.4 Hz, 0-CgHs), 132.4 (s, Co), 132.6 (s, p-CeHs), 136.7
(s, CH,=), 137.6 (d, 3Jep = 13.7 Hz, C,*-CH=N), 138.9 (d, *Jcp =
13.4 Hz, C;*CH=N), 139.3 (br d, C;*-CH=N), 151.0 (d, 2Jcp =
72 Hz, C,', C,Y), 151.3 (s, C3), 151.5 (d, 2Jep = 6.6 Hz, C51), 153.0
(d, 2Jep = 8.2 Hz, Cy'). — CasyHagsNusOsz0P S5 (5425): caled. C
56.23, H 5.29, N 11.62; found C 56.14, H 5.21, N 11.51.

Synthesis of 3b-G’5: To a solution of 2b-G'3 (0.200 g, 0.042 mmol)
in THF (10 mL) was added propargylamine (290 pL, 4.223 mmol,
100 equiv.). The resulting mixture was stirred at 80 °C for 30 h.
The solvent was then removed under vacuum and the product was
washed with a THF/pentane mixture (1:5) to give 3b-G';3 as a pale
brown powder (0.186 g, 92%).
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3b-G'5: 3'P{'H} NMR (C¢Dyg): 8 = 17.0 (d, 2Jpp = 34.5 Hz, P'y),
51.7 (d, 2Jpp = 34.5Hz, Py), 61.7 (s, P, P, P5). — 'H NMR
(CDCLy): 8 = 2.1 (m, 1 H, HC=), 2.9 (m, 4 H, N-CH,-CH,-P'y),
3.3 (br s, 44 H, CH;-N-P, CH,-C=), 7.2—7.7 (m, 160 H, CH,,om,
CH=N). — BC{'H} NMR (CDCly): 8 = 24.0 (d, 'Jep = 65 Hz,
CH,P), 30.9 (s, CH»-C=), 33.0 (d, 2Jep = 13.2 Hz, P,-N-CHs, P»-
N-CH,, Py-N-CHs), 38.0 (s, CH,-CH,-P'y), 72.0 (s, CH=), 81.5
(s, -C=), 121.4 (s, C52), 121.8 (s, Cp%, C,2, C»2), 125.4 (s, C), 127.9
(s, Co¥, C13), 128.2 (s, Cr%), 128.8 (d, *Jep = 13.2 Hz, m-CeHs),
129.5 (s, C5), 131.3 (s, Cg*), 1315 (s, C), 1322 (d, 2Jep =
11.6 Hz, 0-CgHs), 132.3 (s, Co¥), 132.4 (s, p-CeHs), 138.5 (d, 3Jcp =
13.5 Hz, C,*-CH=N), 139.0 (d, J¢p = 13.5 Hz, Cy*-CH=N, C,*-
CH=N), 150.7 (d, 2Jcp = 6.6 Hz, C31), 151.3 (d, 2Jcp = 7.0 Hz,
Col, 11, CoY). = CansHaoN3gO30P16S 5 (4791): caled. C 56.40, H
4.42, N 8.77; found C 56.28, H 4.37, N 8.62.

Synthesis of 4e-G'3: To a solution of 2e-G'3 (0.200 g, 0.037 mmol)
in THF (10 mL) was added tyramine (0.051 g, 0.368 mmol, 10
equiv.). The resulting mixture was stirred overnight at 50 °C, and
the solvent was then removed under vacuum. The product was
rapidly washed with MeOH to give 4e-G'; as a brown powder
(0.195 g, 95%).

4e-G'3: 3'P{'H} NMR (CDCLy): § = 17.4 (d, 2Jpp = 31.6 Hz, P'y),
52.0 (d, 2Jpp = 31.6 Hz, Py), 62.1 (s, P, P, P5). — 'H NMR
(CDCly): § = 2.8 (br s, 100 H, NMe,, CH,CH,P'y), 3.3 (br d,
3Jyp = 8.9 Hz, 46 H, CH;-N-P, CH,-CH,-CgH,), 6.5—7.7 (m, 148
H, CH,om CH=N). — BC{'H} NMR (CDClLy): § = 24.1 (d,
'Jep = 64 Hz, CH,P), 33.2 (m, P;-N-CHs, P,-N-CHj, P;-N-CH;),
34.9 (s, CHy-C4Hy), 40.4 (s, NMe,), 42.2 (s, CH,-CH,-P'), 50.7 (s,
CH,-CH,-CgH,), 105.7 (s, C32), 108.9 (s, C:°), 109.3 (s, C5%), 115.5
(s, C%), 121.8 (s, Co%, C12 C,2), 127.9 (s, Co?, C,3), 128.2 (s, CoY),
128.9 (d, 3Jep = 12.7 Hz, m-CeHs), 129.6 (s, C53), 131.0 (s, Co?,
C%), 131.3 (d, 2Jep = 10.2 Hz, 0-CgHs), 132.2 (s, p-CeHs), 132.5
(s, Co%), 137.8 (d, 3Jep = 13.6 Hz, C,-CH=N), 139.1 (d, *Jcp =
13.1 Hz, C,*-CH=N, C,*-CH=N), 151.2 (d, 2Jcp = 6.9 Hz, C,!,
G, 151.5 (s, C3%), 151.7 (d, 2ep = 6.4 Hz, C31), 152.9 (d, 2Jcp =
10.7 Hz, Cy'), 154.6 (5, C*). — CagoHa0eN4sO31P16S15 (5562): caled.
C 56.57, H 5.36, N 11.58; found C 56.63, H 5.40, N 11.45.

Synthesis of 5b-G'5: To a solution of 2b-G’5 (0.200 g, 0.042 mmol)
in THF (10 mL) was added a large excess of diallylamine (1.6 mL,
13.0 mmol). The resulting mixture was stirred at 60 °C for 40 h.
The solvent was then removed under vacuum and the product was
washed with a THF/pentane mixture (1:5) to give Sb-G';3 as a pale
brown powder (0.184 g, 90%).

5b-G'5: 3'P{'H} NMR (C¢Dy): § = 17.6 (d, 2Jpp = 33.1 Hz, P'y),
51.8 (d, 2Jpp = 33.1Hz, Py), 61.4 (s, P, P, P5). — 'H NMR
(CDCLy): § = 2.7 (m, 4 H, N-CH,-CH,-P'y), 3.0 (m, 4 H, =CH-
CH,-N), 3.3 (m, 42 H, CHy-N-P), 5.1 (m, 4 H, CH,=), 5.7 (m, 2
H,-CH=), 7.2—7.7 (m, 160 H, CH,m, CH=N). — *C{'H} NMR
(CDCly): § = 24.3 (d, 'Jep = 64.0 Hz, CH,-P'y), 33.1 (d, 2Jep =
13.0 Hz, P,-N-CH,, P,-N-CHs, P3-N-CH3), 45.8 (s, CH,-CH,-P'y),
56.3 (s, =CH-CH,-N), 117.8 (s, CH,=), 121.5 (s, C5?), 121.8 (s,
Co2 C2 C2), 1254 (s, C%), 1283 (s, Co, €3, C,?), 128.8 (d,
3ep = 12.2 Hz, m-CgHs), 129.5 (s, C33), 130.8 (s, Co¥), 131.1 (s,
C%), 1314 (d, 2Jep = 9.6 Hz, 0-CHs), 132.1 (s, C,%), 132.3 (s, p-
CeHs), 134.9 (s, -CH=), 138.5 (d, 3Jep = 13.5 Hz, C~CH=N),
140.0 (d, *Jep = 13.5Hz, C,*-CH=N, C,;*-CH=N), 150.6 (d,
2Jep = 6.7Hz, C3Y), 1513 (d, 2Jep = 7.0 Hz, Co!, C,', C,). —
CagHa16N30030P 16515 (4833): caled. C 56.66, H 4.50, N 8.69; found
C 56.45, H 4.42, N 8.59.

Synthesis of 6¢-G'3: To a solution of 2¢-G'3 (0.200 g, 0.039 mmol)
in THF (10 mL) was added thiomorpholine (390 pL, 3.878 mmol,
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100 equiv.). The resulting mixture was stirred at room temperature
for 40 h. The solvent was then evaporated under vacuum and the
product was washed with a THF/pentane mixture (1:5) to give 6c¢-
G'; as a white powder (0.184 g, 90%).

6¢c-G'5: *'P{'H} NMR (CDCls): § = 18.3 (d, 2Jpp = 38.1 Hz, P),
52.1 (d, 2Jpp = 38.1 Hz, Py), 60.2 (s, P3), 61.9 (s, P, P5). — 'H
NMR (CDCl;): § = 2.3 (m, 4 H, S-CH,-CH,-N), 2.5 (m, 4 H, S-
CH,-CH,-N), 2.7 (m, 2 H, CH,-CH,-P’), 2.8 (m, 2 H, CH,»-P’),
3.3 (d, 3Jup = 10.5Hz, 42 H, CH5-N-P), 7.1-7.7 (m, 144 H,
CH,rom» CH=N). — BC{'H} NMR (CDCl5): § = 23.8 (d, Jep =
66.5 Hz, CH»-P'y), 27.6 (s, S-CH,-CH,-N), 329 (d, *Jep =
13.5 Hz, Ps-N-CH3), 33.1 (d, 2Jcp = 11.7 Hz, P;-N-CHj;, P,-N-
CH3), 51.5 (s, CH,-CH,-P'y)), 54.3 (s, S-CH,-CH,-N), 109.5 (s,
C34, 118.1 (s, C=N), 121.9 (s, Cy%, C% C?), 122.4 (d, 3Jep =
3.8 Hz, C5?), 128.1 (s, Cy’, C;?), 128.3 (s, C5%), 128.8 (d, 3Jcp =
12.4 Hz, m-CgHs), 130.4 (s, Co*), 130.9 (s, C;%), 131.4 (d, *Jcp =
10.2 Hz, 0-C¢Hs), 131.6 (s, C»*), 132.1 (s, p-C¢Hs), 134.0 (s, C53),
139.2 (d, 3Jep = 14.8 Hz, C;*-CH=N), 140.0 (d, 3Jcp = 13.8 Hz,
C,*-CH=N), 140.5 (d, 3Jcp = 13.5Hz, C,*-CH=N), 151.4 (d,
2Jep = 6.4 Hz, C1), 151.6 (d, 2Jcp = 7.1 Hz, C,1), 153.1 (d, 2Jcp =
7.9 Hz, Cy'), 153.6 (d, 2Jcp = 7.0 Hz, C3'). — IR (KBr): 2227
(Ve=n) cm™ L — CayoH 0gNugO30P16S15 (5239): caled. C 55.48, H
3.80, N 12.29; found C 55.37, H 3.77, N 12.14.

Synthesis of 7e-G',: To a solution of 2e-G', (0.400 g, 0.151 mmol)
in THF (20 mL) was added a large excess of trans-diaminocy-
clohexane (4.5mL, 37.794 mmol). The resulting mixture was
stirred at room temperature for 12 h. The solvent was then evapor-
ated under vacuum and the product was washed several times with
a mixture of diethyl ether/pentane (1:3) to give 7e-G', as a brown
powder (0.376 g, 90%).

7e-G'5: 3'P{'H} NMR (CDCLy): 8 = 17.9 (d, 2Jpp = 33.2 Hz, P'y),
52.3 (d, 2pp = 33.2 Hz, Py), 62.6 (s, P»), 62.8 (s, ;). — '"H NMR
(CDCly): & = 1.1-2.3 (m, 13 H, C4H,o, NH,, NH), 2.8 (br s, 52
H, NMe,, CH,-CH,-P'y), 3.3 (d, 3Jyp = 9.8 Hz, 18 H, CH;-N-P,,
CH4-N-P,), 6.5—-7.7 (m, 72 H, CH,,om, CH=N). — 3C{'H} NMR
(CDCly): & = 25.1 (s, C*, C%), 28.1 (d, Jep = 64.8 Hz, CH,-P'y),
31.1 (s, C°), 33.0 (d, 2Jep = 12.9 Hz, P,-N-CH3), 33.2 (d, 2Jcp =
12.6 Hz, P,-N-CHs), 35.6 (s, C3), 39.6 (s, CH,CH,P), 40.3 (s,
NMe,), 55.1 (s, C'), 63.5 (s, C2), 105.6 (d, 3Jep = 3.7 Hz, C,?),
108.9 (s, C°), 109.3 (s, C,%), 121.8 (d, 3Jep = 3.3 Hz, C;2), 122.0
(d, 3Jep = 3.7Hz, Cg2), 128.0 (5, Co), 128.1 (s, C,3), 128.8 (d,
3ep = 12.4 Hz, m-CgHs), 129.5 (s, C,%), 130.9 (s, Co%), 131.3 (d,
2Jep = 10.3 Hz, 0-C¢Hs), 132.5 (s, C/*, p-CeHs), 137.7 (d, 3Jcp =
13.6 Hz, C;*-CH=N), 139.5 (d, *Jcp = 13.5Hz, Cy*-CH=N),
151.2 (d, 2Jep = 7.0Hz, C,), 151.5 (5, Co¥), 151.7 (d, 2Jcp =
6.3 Hz, C,'), 153.1 (d, 2Jcp = 9.2 Hz, Co!). — C13H,55N»0,4PsS;
(2760.1): caled. C 57.44, H 5.66, N 11.67; found C 57.48, H 5.61,
N 11.59.

General Procedure for the Synthesis of 8b-G'3, 8¢-G',, and 8e-G';:
To a solution of 2b,e-G'5 or 2¢-G', (typically 1.000 g) in THF was
added methylhydrazine (30 equiv.). The resulting mixture was
stirred at room temperature for 3 h. Then, the solvent was evapor-
ated under vacuum and the product was purified by washing with
a mixture of THF/pentane (1:5). Compounds 8b-G'; and 8¢-G',
were obtained as white powders and 8e-G'3 was obtained as a pale
brown powder.

8b-G'5: (0.959 g, 95%). — 'P{'H} NMR (C¢Dy): & = 17.8 (d,
2Jop = 33.8 Hz, P'y), 51.8 (d, 2Jpp = 33.8 Hz, Py), 61.8 (s, Py, Ps,
P;). — 'H NMR (CDCly): & = 2.3 (s, 3 H, CHy-N-NH,), 2.5 (m,
2 H, CH,-CH,-P'), 2.7 (m, 2 H, CH,-P'y), 3.0 (br s, 2 H, NH,),
3.3 (m, 42 H, P-N-CH;), 7.2—7.7 (m, 160 H, CH,o,,, CH=N). —
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3C{'H} NMR (CDCly): & = 25.4 (d, 'Jep = 65.7 Hz, CH,-P'y),
33.1 (d, 2Jep = 12.4 Hz, P,-N-CH,, P»-N-CH,, P;-N-CH3), 50.6
(s, CH5-N-NH,), 54.4 (s, CH,-CH,-P'y), 121.4 (s, C5?), 121.8 (s,
C% Cp2, C), 1254 (s, C5%), 127.9 (s, Co¥, C,3), 128.2 (s, CoY),
128.8 (d, 3Jep = 12.2 Hz, m-C¢Hs), 129.5 (s, C5), 130.9 (s, Co),
1311 (s, %), 131.3 (d, 2Jep = 10.7 Hz, 0-CgHs), 132.1 (s, CoY),
132.3 (s, p-CeHs), 138.4 (d, 3Jep = 13.6 Hz, C*-CH=N), 139.0 (d,
3Jep = 13.4 Hz, C;*-CH=N), 139.5 (d, 3Jcp = 14.3 Hz, C,*-CH=
N), 150.7 (d, 2Jcp = 7.0 Hz, C31), 151.3 (d, 2Jep = 7.9 Hz, C,Y),
153.0 (d, 2Jcp = 8.0 Hz, Cy', C,). — CansHa N3 030P S5 (4782):
caled. C 56.01, H 4.44, N 9.08; found C 55.95, H 4.38, N 9.00.

8c-G'5: (0.968 g, 95%). — 3'P{'H} NMR (CDCl;): § = 18.2 (d,
2Jpp = 32.7 Hz, P'y), 52.2 (d, 2pp = 32.7 Hz, Py), 60.3 (s, P»), 62.1
(s, P). — 'H NMR (CDCly): 8 = 2.3 (s, 3 H, CHy-N-NH,), 2.6
(m, 2 H, CHy-CH,-P'y), 2.9—3.2 (m, 4 H, CHy-P'o, NHa), 3.3 (d,
3Jup = 11.1 Hz, 18 H, P;-N-CHs, P»-N-CHs), 7.2—7.7 (m, 72 H,
CH,,om, CH=N). — BC{'H} NMR (CDCly): 5 = 25.2 (d, Yep =
66.9 Hz, CHo-P'y), 32.9 (d, 2Jcp = 13.6 Hz, P»-N-CHs), 33.1 (d,
2Jep = 13.3 Hz, P-N-CHs), 50.4 (s, CH;-N-NH,), 54.4 (s, CH,-
CH,-P'y), 109.5 (s, Co%), 118.1 (s, C=N), 122.0 (d, 3Jep = 3.5 Hz,
Co2, Cp2), 122.4 (d, *ep = 3.8 Hz, C2), 128.1 (s, Co?), 128.3 (s,
C/3), 128.9 (d, 3Jcp = 12.3 Hz, m-C4Hs), 130.9 (s, Cy*), 131.4 (d,
2Jep = 10.7 Hz, 0-C¢Hs), 131.6 (s, C1%), 132.6 (s, p-CoHs), 134.0 (s,
C,3), 140.0 (d, 3Jcp = 13.7 Hz, Cy*-CH=N, C;*-CH=N), 151.7 (d,
2Jep = 7.1 Hz, ), 153.1 (d, Zep = 7.8 Hz, Co1), 153.6 (d, 2cp =
6.6Hz, C,). — IR (KBr): 2227 (ve—n) cm . —
C11oHooN»3014PsS; (2547.5): caled. C 56.10, H 3.91, N 12.64;
found C 56.01, H 3.88, N 12.55.

8e-G'5: (0.968 g, 96%). — *'P{'H} NMR (THF): 5 = 17.8 (d,
2Jop = 33.1 Hz, P'y), 51.9 (d, 2Jpp = 33.1 Hz, Py), 61.4 (s, P3), 61.8
(s, P, P,). — '"H NMR (CDCly): 5 = 2.3 (s, 3 H, H,N-N-CH),
2.6 (m, 2 H, CH»-CH»-P'y), 2.8 (br s, 98 H, N-(CH;),, CH,-P'y),
3.0 (br s, 2 H, NH,), 3.3 (d, 3Jep = 8.4 Hz, 42 H, P-N-CH,),
6.5—7.7 (m, 144 H, CH,,om, CH=N). — BC{'H} NMR (CDCl,):
§ = 252 (d, Jep = 66.7 Hz, CH,-P'y), 32.9 (d, 2Jcp = 12.6 Hz,
P,-N-CHj, P,-N-CH3), 33.1 (d, 2Jcp = 12.8 Hz, P5-N-CH3), 40.2
(s, NMe,), 50.4 (s, CH3-N-NH,), 54.2 (s, CH,-CH»-P',), 105.4 (d,
3ep = 4.6 Hz, C3?), 108.6 (d, 3Jcp = 2.8 Hz, C5°), 109.1 (s, C5*),
121.5 (d, 3Jep = 4.1 Hz, Ci2, C.2, C2), 127.7 (s, Co%, C;%), 128.0
(s, C5%), 128.6 (d, *Jep = 12.8 Hz, m-CgHs), 129.4 (s, C5%), 130.8
(s, CoY), 131.1 (d, 2Jcp = 10.2 Hz, 0-C¢Hs), 131.2 (s, C;*), 131.9 (s,
p-CeHs), 1324 (s, Co%), 137.6 (d, *Jep = 13.9 Hz, C,*-CH=N),
138.8 (d, 3Jcp = 13.8 Hz, C;*-CH=N), 139.4 (br d, Cs*-CH=N),
151.0 (d, 2Jep = 7.2 Hz, C,', CoY), 151.3 (s, C5), 151.5 (d, 2Jcp =
69Hz, Ci), 1529 (d, 2Jep = 82Hz, GC,). -
CrssHaoiN47O30P16S 5 (5471): caled. C 55.98, H 5.36, N 12.03;
found C 55.80, H 5.28, N 11.89.

Synthesis of 9b-G'5: To a solution of 2b-G'5 (0.500 g, 0.106 mmol)
in THF (10 mL) was added a large excess of ethylenediamine
(2.8 mL, 42.231 mmol). The resulting mixture was stirred at room
temperature for 3 h. The solvent was then evaporated and the prod-
uct was washed with a mixture of THF/pentane to give 9b-G'5 as
a white powder (0.486 g, 96%).

9b-G'5: 3'P{'H} NMR (CDCLy): § = 17.5 (d, 2Jpp = 33.3 Hz, P'y),
52.0 (d, 2Jpp = 33.3Hz, Py), 62.2 (s, P, P, P5). — 'H NMR
(CDCly): § = 2.5 (m, 2 H, H,N-CH,-CH,-NH), 2.6 (m, 2 H, H,N-
CH,), 2.8 (m, 4 H, CH,-CH»-P'y), 3.3 (d, 3Jyp = 7.6 Hz, 42 H,
CH-N-P,, CH;-N-P,, CH-N-P5), 7.2—7.7 (m, 160 H, CH,om,
CH=N). — BC{'H} NMR (CDCLy): & = 27.0 (d, 'Jep = 68.9 Hz,
CH,-P'y), 33.1 (d, 2Jcp = 12.4 Hz, P,-N-CH,, P,-N-CH;, P5-N-
CHs), 41.3 (s, HoN-CH,), 42.3 (s, CHo-CH»-P'y), 51.7 (s, H,N-
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CH,-CH,-NH), 121.4 (d, 3Jep = 4.6 Hz, C3?), 121.9 (s, Co% C,2
C2), 125.4 (s, C5%), 127.8 (s, Co¥), 128.0 (s, C,), 128.3 (s, C.?),
128.9 (d, 3Jcp = 13.1 Hz, m-CgHs), 129.5 (s, C53), 130.9 (s, Co*),
131.3 (d, 2Jep = 11.6 Hz, 0-C4Hs), 132.2 (s, C,%), 132.3 (5, oY),
132.6 (s, p-CgHs), 138.5 (d, *Jcp = 13.8 Hz, C,*-CH=N), 139.0 (d,
3ep = 13.5 Hz, C*-CH=N, C,*CH=N), 150.7 (d, 2Jcp = 6.7 Hz,
G, 1513 (d, e = 74Hz G, C) G -
Ca4H,13N3,030P 16815 (4796): caled. C 56.09, H 4.47, N 9.05; found
C 55.96, H 4.40, N 8.93.

Synthesis of 10e-[G'3];: To a solution of 8e-G';5 (0.500 g,
0.091 mmol) in THF (10 mL) was added the azide 1 (0.015g,
0.043 mmol). The resulting mixture was stirred at room temper-
ature for one week in the presence of molecular sieves. After filtra-
tion, the product was purified by SEC, and the solvent was removed
under vacuum to give 10e-|G';3], as a pale brown powder (0.499 g,
97%).

10e-[G'3],: >'P{'"H} NMR (CDCly): & = 17.7 (d, 2Jpp = 34.7 Hz,
P'y), 52.5 (d, 2Jpp = 34.7 Hz, Py), 59.6 (s, N3Py), 62.6 (s, P,, Ps,
P;). — 'H NMR (CDCLy): 8 = 2.8 (br s, 198 H, N-(CH;),, N-N-
CH,), 3.1 (m, 8 H, CH»-CH»-P'y), 3.3 (d, 3Jyp = 8.6 Hz, 84 H,
CH;-N-P), 6.5—6.9 (m, 298 H, CH,om, CH=N). — *C{'H} NMR
(CDCLy): § = 25.0 ("Jep = 66 Hz, CH,-P'y), 33.0 (m, P,-N-CH,
P,-N-CH;, P;-N-CHs), 37.7 (s, CH;3-N-N), 40.2 (s, NMe,), 51.3 (s,
CH,-CH,-P'y), 105.4 (d, 3Jcp = 4.2 Hz, C32), 108.6 (s, C5°), 109.1
(s, C3%), 121.6 (s, C2, Co2 C12, Cr2), 126.6 (s, C.3), 128.0 (s, Co’,
C3, G, 128.7 (d, 3Jep = 12.6 Hz, m-CgHs), 129.4 (s, C5°), 130.8
(s, CoY), 1311 (d, 2Jep = 103 Hz, 0-CeHs, Ci%), 131.5 (s, C%),
132.0 (s, p-CeHs), 132.4 (s, Co¥), 134.9 (s, C*-CH=N), 137.6 (d,
3Jep = 13.5 Hz, C,-CH=N), 138.9 (d, 3Jcp = 14.1 Hz, C*-CH=
N, C,*-CH=N), 149.0 (br s, C,"), 151.0 (d, 2Jep = 7.1 Hz, C,!,
Gy, 1513 (5, C3%), 151.5 (d, 2ep = 6.9 Hz, C31), 152.8 (d, 2Jcp =
6.8 Hz, Cy'). — Cs24HsgsNoyOoP33S5, (11254): caled. C 55.93, H
5.27, N 12.07; found C 55.71, H 5.18, N 11.99.

Synthesis of 11-G',-G';: To a solution of 7e-G', (0.250 g,
0.090 mmol) in THF was added 2b-G'; (0.105 g, 0.045 mmol). The
resulting mixture was stirred at 100 °C for 3 d. The solvent was
then evaporated under vacuum to give a brown powder. The excess
7e-G', was removed by size exclusion chromatography (THF) to
give 11-G',-G', as a brown powder (0.196 g, 85%).

11-G',-G': *'P{'H} NMR (CD,CL): § = 20.2 (d, 2Jpp = 33.5 Hz,
P'o, P'oo), 54.2 (d, 2Jpp = 33.5 Hz, Py, Pyo), 64.6 (s, Py, Pyy), 64.8
(s, P5, P2y). — '"H NMR (CD,CL,): & = 1.0—2.0 (m, 12 H, C¢H,,
NH), 2.8 (br s, 56 H, NMe,, CH,-CH,-P'y, CH,-CH,-P"0), 3.3 (d,
3Jyp = 9.5 Hz, 36 H, CH;-N-P), 6.6—7.7 (m, 152 H, CH,om, CH=
N). — BC{'H} NMR (CD,Cl,): = 26.7 (s, C?), 28.0 (d, "Jep =
66.0 Hz, CH,-P'o, CH,-P'(), 31.6 (s, C2), 34.8 (m, CH;-N-P), 39.2
(s, CHo-CH,-P’, CH,-CH,-P' (), 42.0 (s, NMe»), 55.0 (s, C1), 107.2
(d, 3Jep = 4.7 Hz, C2), 110.3 (d, 3Jep = 3.0 Hz, G5, 111.1 (s,
CyY), 1232 (d, 3Jep = 3.8 Hz, Cpp?), 123.6 (br s, Cp2, Ci2 Coo,
C112), 127.3 (s, Con®), 129.8 (s, Co®, Coo?), 130.0 (s, C,5), 130.1 (s,
C3, C1d), 130.7 (d, 3Jep = 12.2 Hz, m-CgHs), 131.4 (s, Ca»Y), 132.9
(s, Co*, Coo), 133.2 (d, 2Jep = 10.1 Hz, 0-C4Hs), 1343 (s, C\%,
C1%), 134.5 (s, p-CeHs), 140.1 (d, *Jep = 13.5 Hz, C;*-CH=N),
140.7 (d, *Jep = 13.5Hz, C;;*+CH=N), 141.6 (d, 3Jcp = 13.5 Hz,
Co*-CH=N, Cy*-CH=N), 152.6 (d, 2Jep = 7.0Hz, C,', C;;"),
153.2 (d, 2Jep = 6.5 Hz, Cs»'), 153.5 (d, 2Jcp = 6.3 Hz, C,'), 153.6
(s, G, 1549 (d, 2Jep = 92Hz, G, Cpb). -
Ca45H,56N34045P 16814 (5061): caled. C 57.42, H 5.09, N 9.96; found
C 57.35, H 5.01, N 9.90.

Synthesis of 12-G'3-G'; and 13-G'3-G'3: To a solution of 9b-G';3
(0.250 g, 0.052 mmol) in THF (10 mL) was added 2d-G'3 (0.200 g,
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0.026 mmol). The resulting mixture was stirred at 90 °C for 12 h.
The solvent was then evaporated under vacuum to give a white
powder containing 12-G'3-G'5 and the excess 9b-G';. Purification
by size exclusion chromatography (THF) resulted in the oxidation
of the phosphane end groups to give the oxide 13-G'3-G';3
(0.272 g, 82%).

12-G'5-G's: 'P{'"H} NMR (THF): 8 = —6.7 (s, PPhy), 17.1 (d,
2Jpp = 35.1 HZ, P’()(), P’()), S1.8 (d, 2Jpp = 35.1 HZ, Poo, P()), 61.0
(s, P3), 61.8 (s, Py, Py, Py, Po, Ps3).

13-G'+-G'5: 3'P{'H} NMR (CDCLy): & = 17.2 (d, 2Jpp = 33.4 Hz,
Py, P'oo), 28.4 (s, P'y), 52.1 (d, 2Jpp = 33.4 Hz, Py, Pyo), 60.5 (s,
Py), 61.2 (s, Py, P, Py, Pa, Py3). — 'H NMR (CDCLy): § = 2.8
(m, 4 H, NH-CH,-CH,-NH), 3.3 (br d, 3Jgp = 9.6 Hz, 92 H, CH,-
CH,-P'y, CH,-CH,-P'y, CH3-N-P), 7.1—=7.7 (m, 464 H, CHroms
CH=N). — BC{'H} NMR (CDCly): § = 27.0 (d, 'Jep = 60.0 Hz,
CH,-P'y, CH,-P'y), 32.9 (d, 2Jep = 13.0 Hz, CH3-N-P), 41.2 (s,
CH,-CH,-P'y, CHo-CH»-P' ), 51.0 (s, NH-CH,-CH,-NH), 121.2
(d, 3Jep = 42 Hz, C32, C33%), 121.6 (d, *Jep = 4.5Hz, C2%, C2
C2, CooZs C112 Cd), 121.8 (d, Jep = 110.0 Hz, C3%), 125.2 (s,
Cy3h), 128.1 (s, Co, Ci, o3, Coo’, Ciidy Can?), 1284 (d, 3ep =
12.5 Hz, m-C¢Hs, m-C'¢H's), 129.3 (s, Cs5%), 131.8 (d, 2Jep =
10.5 Hz, 0-CgHs, 0-C'¢H's), 131.9 (d, Jep = 104.8 Hz, i-C'¢H's),
131.9 (s, p-C'¢H's), 132.5 (s, p-CsHs), 133.7 (d, 2Jcp = 10.9 Hz,
C), 1384 (d, 3Jep = 13.6 Hz, C,*-CH=N, C,,*-CH=N), 138.9
(d, 3Jep = 13.5Hz, Co*-CH=N, C,*-CH=N, Co*-CH=N, C,*
CH=N), 150.4 (d, 2Jcp = 7.1 Hz, Cs3)), 151.1 (d, 2Jp = 6.9 Hz,
Col, C,1, o', Cooly €1ty Col), 153.1 (d, 2Jep = 7.5 Hz, C31). —
Ce3sHs6:NgoO76PasS30 (12734): caled. C 60.17, H 4.44, N 6.59;
found C 60.08, H 4.38, N 6.51.

Synthesis of 14: To a solution of 12-G'3-G'5 (0.020 g, 1.60 pmol)
in THF (10 mL) was added 10e-[|G’5], (0.500 g, 0.045 mmol). The
resulting mixture was stirred at room temperature for 5 d. The solv-
ent was then removed under vacuum. The product was purified by
size exclusion chromatography (THF) to give 14 as a brown powder
(0.246 g, 80%).

14: 3'P{'H} NMR (CDCls): § = 13.0 (d, 2Jpp = 31 Hz, P',), 17.7
(d, 2Jpp = 35.3 Hz, P'y, P, P’s), 52.4 (d, 2Jpp = 35.3 Hz, Py, Py,
P4, Ps), 62.5 (s, Pg), 62.7 (s, Py, Pos, P33, Py, Py, P5, Pg, Py). — 'H
NMR (CDCl;): 6 = 2.8 (s, 3168 H, NMe,, CH;-N-CH,), 3.3 (br
d, 3Jup = 8.9 Hz, 1568 H, P-N-CH;, CH,), 6.4—7.7 (m, 5232 H,
CH,om, CH=N). — BC{'H} NMR (CDCls): § = 30.0 (d, 'Jep =
65.0 Hz, CH,-P’'y, CH,-P’(y, CH,-P’5), 33.1 (m, P-N-CHs), 37.9 (s,
CH;3-N-CH,), 40.3 (s, NMe,), 41.2 (s, CH,-CH»-P'y, CH,-CH>-
P’g9), 51.0 (s, NH-CH,-CH,-NH), 52.0 (s, CH,-CH,-P’5), 105.6 (s,
Cg?), 108.8 (s, Cs°), 109.3 (s, Cg*), 121.7 (s, Co%, C,2, C2, C3%, C2,
Cs2, Ce2, C2, Cop?s Cii2, Cn?, Cs32, C3Y), 125.4 (s, Cs3*), 128.2 (s,
Co?, €2, G, €, Cs%, G, CF, Coo?s €1y, CppY), 128.8 (d, P =
12.3 Hz, m-C¢Hs, m-C'¢H's), 129.6 (s, Cs5°, Cg°), 131.3 (d, 2Jcp =
10.4 Hz, 0-C¢Hs, 0-C'¢H's), 132.1 (s, Co*, C*, Co*, C4, Cs* Cgt,
C%, Coo*, Cii?, sz4)7 132.5 (s, C;*CH=N, p-CeHs, p-C'¢H’s),
134.3 (d, 2Jep = 12.0 Hz, C5%), 137.8 (d, 3Jcp = 13.3 Hz, C;*-CH=
N), 139.0 (d, 3Jep = 11.9 Hz, CH=N), 151.1 (d, 2Jcp = 6.3 Hz,
Co', Cil, Gl G, G4, Gsl, G6l, Cily Cools Crils Caoly Cash),
151.5 (s, GCg%, 151.7 (d, 2Jep = 63Hz, GCg'). -
Co02:H9970N158001052P576S526 (192080): caled. C 56.41, H 5.23, N
11.52; found C 56.29, H 5.17, N 11.40.

Synthesis of 16-G'4: To a solution of 15-G’, (0.050 g, 0.015 mmol)
in THF (10 mL) was added 8b-G’, (1.050 g, 0.219 mmol). The re-
sulting mixture was stirred at room temperature for 20 d in the
presence of molecular sieves. After filtration, the solvent was evap-
orated under vacuum. The excess 8b-G'; was removed by size exclu-
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sion chromatography (THF) to afford 16-G'¢ as a white powder
(0.798 g, 90%).

16-G'¢: 3'P{'H} NMR (CDCly): 8 = 17.3 (d, 2Jpp = 33.3 Hz, P'5),
52.0 (d, 2Jpp = 33.3 Hz, P3), 62.2 (s, Py, P», P,, Ps, Pg). — 'H NMR
(CDCly): 8 = 2.7 (br s, 36 H, CH,-N-CH3), 3.3 (br d, *Jyp =
9.3Hz, 579 H, CH;-N-P, CH,-CH>-P'), 7.2—7.7 (m, 2025 H,
CH,poms CH=N). — BC{'H} NMR (CDCly): & = 26.0 (d, Jep =
66.0 Hz, CH,-P'3), 33.1 (d, 2Jop = 13.3 Hz, CH;-N-P), 37.9 (s,
CH;-N-CH,), 53.5 (s, CH,-CH,-P'3), 121.4 (d, 3Jcp = 4.0 Hz, C),
121.9 (s, Cy2, C,2, G2, C32, C2, C52), 125.4 (s, Cet), 128.3 (s, Co,
C3, G, i, CP, CsY), 128.9 (d, *Jep = 13.0 Hz, m-CHs), 129.6
(s, C6d), 131.3 (d, 2Jcp = 11.1 Hz, 0-C4Hs), 132.3 (s, Cof, C1%, Co*,
Cs%, G4 Cst), 1385 (d, 3Jep = 13.8 Hz, Cs+-CH=N), 139.0 (d,
3Jep = 13.0 Hz, CH=N), 150.7 (d, 2Jcp = 7.4 Hz, Cg'), 151.3 (d,
2Jep = 67Hz, G, C, Gl G C), Cs). -
Cag39H640N3000351P202S 190 (60583): caled. C 56.14, H 4.39, N 9.01;
found C 56.01, H 4.30, N 8.96.

Synthesis of 18-G'5-G'4: To a solution of 17-G’3 (0.100 g, 6.069
umol) in THF (10 mL) was added 8¢-G'; (0.371 g, 0.146 mmol).
The resulting mixture was stirred at room temperature for 10 d in
the presence of molecular sieves. After filtration, the solvent was
evaporated under vacuum. The excess 8¢-G', was removed by size
exclusion chromatography (THF) to afford 18-G'3-G'4 as a white
powder (0.242 g, 80%).

18-G'5-G'y: *'P{'H} NMR (CDCLy): & = —13.0 (dd, 2Jpp =
21.1 Hz, 2Jpp = 51.1 Hz, P,), 7.8 (s, Po), 13.2 (d, 2Jpp = 21.1 Hz,
P')), 17.6 (d, 2Jpp = 32.8 Hz, P'5y), 45.8 (d, 2Jpp = 51.1 Hz, P})),
52.0 (d, 2Jpp = 32.8 Hz, P»), 60.2 (s, Pay), 62.1 (s, Ps, P3, Py3). —
'H NMR (CDCL): § = 2.6 (br s, 54 H, CH;-N-CH,), 3.3 (d,
3Jup = 10.5 Hz, 372 H, CH3-N-P, CH,-CH,-P',), 4.6 (br s, 12 H,
CH,-P')), 7.1-7.6 (m, 1434 H, CH, 0., CH=N). — 3C{'H} NMR
(CDCly): 8 = 24.4 (d, 'Jep = 60.9 Hz, CH,-P'5,), 37.8 (s, CH3-N-
CH,-CH,-P'5,), 39.0 (s, CHy-N-CH,-P"}), 51.6 (s, CHo-CH,-P'5,),
109.5 (s, Cag®), 118.1 (s, C=N), 121.4 (s, C;2), 121.8 (s, o2, C,2,
C2, C112), 1220 (5, Co? Cs3d), 122.4 (d, *Jep = 3.4 Hz, Cud),
125.4 (s, C5%), 126.4 (s, Cy®), 128.1 (s, C,3, C3, €113, Csy?), 128.4
(s, C33%), 128.9 (d, 3Jep = 12.8 Hz, m-CgHs), 129.5 (s, C5?), 131.0
(s, C*, Cip%, Co', C-CH=N, C,*-CH=N), 131.3 (d, 2Jcp =
9.8 Hz, 0-C4Hs), 131.6 (s, Cs3%), 132.3 (s, C,%), 132.6 (s, Co*, p-
CHs), 134.0 (s, Ca?), 138.6 (d, *Jep = 14.1 Hz, C/*-CH=N, C,*
CH=N), 140.1 (d, 3Jep = 13.4 Hz, C»*CH=N, C;;*-CH=N),
149.8 (br s, Co'), 150.6 (d, 2Jep = 6.4 Hz, C31), 151.2 (d, 2Jcp =
6.5Hz, C,'), 151.7 (d, 2Jep = 6.2Hz, Cs3'), 152.3 (d, 2Jcp =
7.6 Hz, C,1), 153.1 (d, 2Jcp = 8.4 Hz, Cy,Y, Can'), 153.6 (d, 2Jcp =
68Hz, Cu'). — IR (KBr): 2227 (veen) cm™ .
Coo14H1575N3750270P 538126 (49831): caled. C 56.78, H 4.02, N
11.21; found C 56.60, H 3.95, N 11.07.
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