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Boron—Nitrogen Adducts of 1,3,5-Triaza-7-phosphaadamantane (PTA):
Synthesis, Reactivity, and Molecular Structure
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Addition of BH; to 1,3,5-triaza-7-phosphaadamantane (PTA)
leads to the formation of the first coordination complex of
PTA in which a nitrogen and not the phosphorus of PTA is
involved in the bonding. Multinuclear NMR spectroscopy, X-
ray crystallography, and computational chemistry are utilized
in the characterization of the products. Crystal structures of
PTA-BHj; (1) and O=PTA-BH; (2) adducts are described. In
addition a coordination polymer, [CpRu(PTA),CIl(Ph3B3;053)],

(3), resulting from Lewis acid-base adduct formation be-
tween the PTA ligands of CpRu(PTA),Cl and the product of
the cyclocondensation of phenylboronic acid is described.
The polymeric compound 3 was also characterized by X-ray
crystallography.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The coordination chemistry and catalytic activity of me-
tal complexes containing aminophosphane ligands has been
explored extensively in recent years..'! Much of the interest
in this class of ligand arises from the variety of coordination
modes possible (i.e. N-bound, P-bound, or N-P chelate).
Particularly important for catalytic applications is the hemi-
labile nature of the hard nitrogen donor.”l Our group,*-!
and others,[®! have been interested in the chemistry of the
heterocyclic phosphane 1,3,5-triaza-7-phosphaadamantane
(PTA), which was first synthesized by Daigle in the 1970s
(Figure 1).I-81 The attractive properties of PTA are its resis-
tance to oxidation, small size, strong binding ability, and
water solubility. Although PTA is an aminophosphane, the
adamantane-like structure excludes the possibility of P-N
chelate formation. PTA coordinates to metal atoms through
the phosphorus atom, with only one known example of a
PTA complex containing a nitrogen—-metal dative bond; a
polymeric structure formed through the coordination of a
nitrogen of a ruthenium-bound PTA ligand to silver.[’! Be-
cause metals preferentially bind to the phosphorus of PTA,
the amine functionalities of PTA are the preferred site of
alkylation and protonation.[”-'%7 We have been interested in
the coordination chemistry of PTA and, specifically, why
transition metals bind to the phosphorus site and other
Lewis acids, such as H" and R™*, bind preferentially, al-
though not exclusively, to the nitrogen sites. Methylation of
PTA with Mel leads to N-methylated PTA (PTA-Me) with
a small amount, < 5%, of the P-methylated PTA (Me-
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PTA).['%"] The synthesis of P-alkylated PTA derivatives
may be accomplished by starting with phosphane sources
such as R-PH, or P(CH,OH);, Scheme 1.[1>13]
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Figure 1. PTA.
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Scheme 1.

Herein we present experimental and theoretical data on
the addition of BH; to PTA and O=PTA, affording the first
coordination complex of PTA involving only nitrogen coor-
dination. Also described is an extended polymeric structure,
[CpRu(PTA),Cl(Ph3B303)],, held together by B-N coordi-
nation of a PTA nitrogen to triphenylboroxine.

Results and Discussion

BH; complexes of PTA and O=PTA, 1 and 2 respec-
tively, have been synthesized in good yield by addition of
BH;-THF to PTA or O=PTA. In both cases, addition of
BHj; leads to the formation of a N-B coordination complex,
Scheme 2. As it is not surprising that such complexes are
formed, compound 1 is, to the best of our knowledge, the
first example of a coordination complex of PTA in which
only nitrogen of PTA is involved in bonding. Peruzzini et
al. recently reported the first example of a coordination
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complex involving binding of a nitrogen of PTA to another
metal;) in this case the phosphorus of PTA is already coor-
dinated to ruthenium. There are still no examples in the
literature of a nitrogen-bound PTA-metal complex in which
the phosphorus is not also coordinated to a metal.
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Scheme 2.

The site of BH; binding has been determined by: X-ray
crystallography, computational chemistry, IR spectroscopy,
'H, 3'P, and "B NMR spectroscopy, all of which indicate
that addition of BHj; results in preferential B-N and not B—
P bond formation. No evidence of P-B bond formation was
observed by any spectroscopic method including !'B or 3'P
NMR spectroscopy.['413]

Addition of BH;3 to PTA or O=PTA results in a slight
shift of the 3'P NMR resonances with respect to PTA and
O=PTA. The complexes 1 and 2 exhibit 3'P NMR reso-
nances at —88.4 and —9.8 ppm, respectively, compared to
—98.3 and 2.5 ppm for PTA and O=PTA.[":8] These shift
values are similar to those observed for the methylation
of PTA; PTA(Me)" exhibits a 3'P NMR resonance at
~86.1 ppm.[® The ''B NMR spectra of 1 and 2 were ob-
tained with resonances at —10.8 ppm for 1 (quartet, 'Jgy =
98 Hz) and —12.2 ppm for 2 (quartet, 'Jgy = 95 Hz). These
values compare well with other "B chemical shifts of other
H;B-NR; compounds. For example, the ''B NMR chemi-
cal shift of the borane adducts of 1,3,5-trimethyl-1,3,5-tri
azacyclohexanel!'®l and 3,5-dimethyl-1,3,5-thiadiaza
cyclohexanel!”l were found to be —12.6 ppm (q, 'Jgy =
96 Hz) and —11.1 ppm (q, 'Jgy = 97 Hz), respectively.

The solid-state structures of 1 and 2 were determined by
X-ray crystallography. Crystals suitable for X-ray analysis
were obtained by slow diffusion of hexanes into a THF
solution of the complex at room temperature over 3 days.

Structure of PTA-BHj; (1)

A thermal ellipsoid representation of complex 1 is de-
picted in Figure 2, along with the atomic numbering
scheme. Selected bond lengths and angles may be found in
Table 1. The overall structure including bond lengths and
angles is practically identical to that of PTA. Noteworthy
is that the B-N bond length [1.58(2) A] in 1 is similar to
that found in the DABCO adduct, N(CH,CH,);N-BHj; (B-
N = 1.598 A),l'81 and is slightly shorter than the B-N bond
in the hexamethylenetetramine-borane adduct [B-N =
1.661(7) A1l Also of note is that the (B)N-C(N) bond
length, 1.505(9) A, is longer than the other N-C(N) bond
lengths, 1.458(9) A, consistent with other PTA complexes

Figure 2. Thermal ellipsoid plot of PTA-BH; showing the atomic
numbering scheme; hydrogen atoms have been omitted for clarity;
thermal ellipsoids are plotted at 50% probability.

Table 1. Bond lengths [A] and angles [°] for PTA-BH; (1).

P(1)-C(2) 1.815(9)
P(1)-C(1) 1.830(12)
(B)N(1)-C 1.505(1 1))
N(1)-B(1) 1.58(2)
N(@2)-C 1.458(9)1)
C(2)-P(1)-C(1) 95.0(4)
C(1)-N(1)-C(3) 109.3(6)

C-N(1)-B(1) 111.2(12), 110.0(7)
C-N(Q2)-C 108.0(8)-110.6(8)
N(1)-C(1)-P(1) 116.1(8)
N(2)-C(2)-P(1) 117.2(6)

[a] Average of two similar distances. [b] Average of three similar
distances.

Table 2. Comparison of the bond lengths [A] and angles [°] obtained from X-ray crystallography for 1, 2, PTA, and O=PTA.

PTA[R!22] PTA-BH; (1) O=PTAR! 22 O=PTA-BH; (2)
P-C 1.856 1.815(9), 1.830(12) 1.817 1.810 0(17)-1.8192(16)
N-C(N) 1.464 1.458(9), 1.464(9) 1.465 1.447(2), 1.468(2)
(B)N-C(N) - 1.505(11) - 1.5162(19), 1.5145(19)
N-C(P) 1.461 1.454(9), 1.504(13) 1.472 1.485(2),1411.5011(18)
N-B - 1.58(2) - 1.616(2)
P=0 - - 1.476 1.4903(11)
B-N-C - 110.0(7), 111.2(12) - 109.51(12),11 111.22(12)
C-P-C 96.07 95.0(4), 95.9(6) 100.18 100.42(7),141 101.95(8)
C-N-C 108.30 106.8(9)-110.6(8) 108.61 107.39(12)-113.15(12)
N-C-P 114.06 117.2(6), 116.1(8) 110.21 108.73(10),1a1 111.8(1)
C-P-O - - 117.66 114.08(7)-119.33(7)
[a] Average of two similar values.
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in which one nitrogen atom of PTA has been protonated or
alkylated.”®! Table 2 compares the bond lengths and angles
of 1 with PTA and other PTA complexes.

Structure of O=PTA-BHj; (2)

A thermal ellipsoid representation of complex 2 is de-
picted in Figure 3, along with the atomic numbering
scheme. Selected bond lengths and angles may be found in
Table 3. The P-O bond length in 2 [1.4903(11) A] is slightly
longer than found in O=PTA (P-O = 1.476 A).[21:22] Note-

Figure 3. Thermal ellipsoid plot of O=PTA-BH; showing the
atomic numbering scheme; hydrogen atoms have been omitted for
clarity; thermal ellipsoids are plotted at 50% probability.

Table 3. Selected bond lengths [A] and angles [°] for O=PTA-BHj,
).

P(1)-O(1) 1.4903(11)

P(1)-C 1.8100(17)-1.8192(16)
(B)N(3)-C 1.5011(18)-1.5162(19)
N(3)-B(1) 1.616(2)

N-C 1.447(2)-1.4879(19)
0-P(1) C 114.07(7)-119.33(7)
C-P(1)-C 100.21(7)-101.95(8)
C-N(1)-C 109.35(12)-113.15(12)
C-N(2)-C 109.46(12)-112.87(12)
C-N(3)-C 107.39(12)-109.58(11)
C-N(3)-B(1) 109.46(12)-111.22(12)

N@3)-C(3)-P(1)
N(1)-C(1)-P, N(2)-C(2)-P
N-C-N

111.80(10)
108.88(10), 108.57(11)
113.52(12)-113.69(12)

worthy is that the B-N bond length in 2 [1.616(2) A] is
slightly longer than the B-N distance in 1 [1.58(2) A], pre-
sumably due to the more positive nature of the formally
PV oxidation state of the phosphorus. Comparison of bond
lengths and angles in 2 with O=PTA may be found in
Table 2.

Theoretical Calculations

In an attempt to gain insight into the reactivity differ-
ences between the nitrogen and phosphorus sites of PTA,
calculations were performed modeling the alkylation and
BH; addition to PTA. Density Functional Theory (DFT)
calculations (B3LYP/LANL2DZ) were performed on 1, 1-
P, PTA, PTA-Me, and Me-PTA as described in the experi-
mental section. From these calculations we predict an en-
ergy difference of 53.6 kJ/mol between 1 and 1-P, with 1
being the more stable isomer. This is consistent with calcu-
lations comparing the alkylation of PTA at the nitrogen
atom (PTA-Me) or phosphorus (Me-PTA), which predict
that nitrogen is the preferred site of alkylation by ca.
39.1 kJ/mol. These results are in agreement with those ob-
tained by Darensbourg et al.l'?l Table 4 contains compari-
sons of calculated geometries for 1, 1-P, 2, PTA, and
O=PTA. The bond lengths and angles in Table 4 corre-
spond well that those found in the crystal structures of 1,
2, PTA, and O=PTA.

Reactivity of 1 and 2

Complexes of 1 and 2 are susceptible to hydrolytic cleav-
age of the boron—nitrogen bond in both the solid state and
in solution. BH; may also be cleanly and easily removed
from 1 or 2 by addition of excess diazobicyclooctane
(DABCO) to an acetone solution of 1 or 2 at 50° C. One of
the unusual features of 1 is that the phosphorus is now
much more vulnerable to oxidation than PTA, PTA(H)", or
PTA(Me)*. Solids of PTA-BH; were stable in air for weeks,
whereas solutions of PTA-BHj; show signs of oxidation to
O=PTA-BHj; over the course of days, Scheme 3. In con-
trast, PTA, PTAH", and PTAMe" are indefinitely stable
towards air oxidation in the solid state or solution. Both 1
and 2 must be stored under dry conditions, and 1 must be
stored under nitrogen to prevent oxidation.

Table 4. DFT calculated bond lengths and angles for 1, 2, PTA and O=PTA.

PTA-BH;N (1) H;B-PTA (1-P)P! O=PTA-BH; (2) PTA O=PTA

P-B - 2.013 - - -

p-C 1.946, 1.929 1.927 1.914, 1.903 1.955 1.919
N-C(N) 1.465, 1.488, 1.540 1.493 1.466, 1.490, 1.542 1.492 1.494
N-C(P) 1.483, 1.519 1.483 1.486, 1.518 1.484 1.488
N-B 1.652 - 1.660 - -
B-P-C - 120.2 - - -
B-N-C 109.5, 109.6 - 109.5 - -
Cc-Pp-C 94.1, 94.6 96.8 98.4, 98.5 93.8 98.0
P=0 - 1.610 - 1.614

[a] B3LYP/Lanl2dz. [b] BH; is phosphorus bound.
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Addition of BH; appears to activate the phosphorus to
alkylation as well as oxidation; addition of methyl iodide
to PTA-BHj; results in the formation of ca. 20% of the
phosphorus-methylated product (Me-PTA) and ca. 80% of
the nitrogen-methylated product (PTA-Me). Compared to
the alkylation of PTA with Mel, which results in >95%
PTA-Me and <5% Me-PTA the phosphorus in 1 is acti-
vated with respect to alkylation. This may open up new
synthetic pathways towards high-yield synthesis of phos-
phorus-alkylated PTA compounds important in the further
development of the chemistry of PTA and PTA derivatives.
Currently phosphorus-alkylated PTA is synthesized by first
alkylating P(CH,OH); followed by reaction with NH4;OAc
and formaldehyde (Scheme 1).['%13]

SyntheSiS of [CpRu(PTA)2Cl(Ph3B3O3)],,'1I2CH2C12

We have previously reported the solid-state structure of
CpRu(PTA),CL In an attempt to access the cationic
CpRu(PTA),S* complexes (where S = solvent; CH;CN,
H,0), recently described,*] we reacted NaBPh, with
CpRu(PTA),Cl in the presence of I-propanol. Instead of
the desired product, [CpRu(PTA),S][BPh,], we obtained
crystals of the polymeric complex [CpRu(PTA),-
ClI(Ph3B;05)],-3CH,Cl, in low yield (< 10%). The yield
from this reaction is very low; the product is likely obtained
due to small amounts of Ph3;B;O; impurities in the
NaBPhy, or from adventitious water reacting with the tet-
raphenylborate anion generating triphenylboroxine. This
complex was obtained in moderate yields (48 %) by reaction
of CpRu(PTA),Cl with three equivalents of phenylboronic
acid in dichloromethane, which affords large orange crystals
of [CpRu(PTA),CI(Ph;B;05)],-1/2CH,Cl, (3). The polymer
forms as a result of the cyclocondensation of phenylboronic
acid, to triphenylboroxine, followed by formation of a
Lewis acid-base adduct with the PTA ligands of
CpRu(PTA),Cl (Scheme 4); similar to the PTA-BH; com-
plexes described above. Adducts of boroxines with amines
have been reported;>*3% however, compound 3 is the first
involving PTA. Perzzuni et al. have described elsewhere the
first heterobimetallic complex in which PTA exhibits both
P and N coordination. In this case, CpRu(PTA),Cl was
treated with AgOTf leading to a polymeric structure in
which PTA is bound to both ruthenium (by phosphorus)
and silver (by nitrogen).”) Complex 3 and the complexes
described by Peruzzini are the only verifiable examples of
PTA complexes in which the nitrogen sites of PTA are in-
volved in dative bonding to another atom. It is now appar-
ent that the nitrogen sites of PTA may be far from benign in
the chemistry of PTA complexes. Unlike the water-soluble
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organometallic polymers of Peruzzini et al.,”) compound 3
does not appear to remain polymeric in aqueous solution,
presumably due to ring-cleavage hydrolysis of the coordi-
nated Ph;B;0;.

I
PiRy-c _ _PhB(OH);
k\N_I CH,Cl,
/=P,
<N
N>=N
N

[CPRU(PTA),CI(Ph3B;05)], + 3n H,0
3

Scheme 4.

The 3'P NMR of the polymeric 3 in dichloromethane
exhibits a broad singlet at —21.9 ppm, relative to the 3'P
NMR chemical shift of -25.6ppm for the parent
CpRu(PTA),Cl. The 'H NMR spectrum of 3, in CD,Cl,,
contains a sharp resonance attributed to the Cp protons
at 0 = 4.59 ppm an upfield shift of 0.16 ppm, relative to
CpRu(PTA),Cl, indicating shielding of the protons by the
phenyl groups of the boroxine as confirmed by the crystal
structure. The NCH,N protons of the PTA ligands in 3
exhibit an AB pattern centered at 6 = 4.53 ppm (*Jyaus)
= 13 Hz). The PCH,N protons of the PTA ligands also ex-
hibit an AB pattern centered at 6 = 3.98 ppm (*Janp) =
15 Hz). The PTA protons are shifted downfield due to the
deshielding effect of the N-B bonding. Two distinct reso-
nances for the phenyl rings of the boroxine are observed,
8.07 ppm (5 H) and 7.5 ppm (10 H), indicating two different
environments for the phenyl rings. ''"B NMR spectroscopy
of 3 in acetone reveals two different boron environments
with "B chemical shifts of 29.3 and 21.3 ppm indicative
of unbound and bound boron nuclei, respectively.l*!l This
suggests that 3 remains polymeric in acetone with two of
the boron atoms of triphenylboroxine coordinated to a PTA
and remaining boron uncoordinated.

Structure of [CpRu(PTA),Cl(Ph3;B;05)],:1/2CH,Cl,

The solid-state structure of 3 was determined by X-ray
crystallography. Large orange crystals suitable for X-ray
diffraction were obtained by slow diffusion of hexanes into
a concentrated solution of 3 in CH,Cl,. A thermal ellipsoid
representation of complex 3 is depicted in Figure 4, along
with the atomic numbering scheme. Selected bond lengths
and angles may be found in Table 5. The structure consists
of CpRu(PTA),Cl molecules linked together in linear
chains by Ph;B;03, cocrystallized with half a molecule of
CH,Cl,. The polymeric structure is obtained through for-
mation of a Lewis acid—base adduct from one nitrogen
atom on each PTA to a boron atom of triphenylboroxin.
Two of the three boron atoms in triphenylboroxin form N-
B bonds, which affords a linear polymer, with the geometry
about the coordinated boron sites significantly distorted
1185
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Figure 4. Thermal ellipsoid plot of 3 showing the atomic numbering scheme; hydrogen atoms have been omitted for clarity; thermal

ellipsoids are plotted at 50% probability.

from planar towards tetrahedral with O-B-O angles of
115.8(2)° and N-B-C angles of 107.46(18)°. The boron
atom, which is not coordinated to nitrogen is nearly planar
with a O-B-O angle of 122.3(3)°. The B-N bond lengths
are 1.737(3) A, significantly longer than the N-B distances
in compounds 1 and 2, but comparable to other nitrogen-
coordinated boroxin complexes which have B-N distances
of 1.73-1.84 A.[28-301 Comparison of the structure of 3 with
the parent complex CpRu(PTA),Cl and the diprotonated
form [CpRu(PTAH),CI]**, previously reported by us,>4 re-
veals that the core organometallic portion of 3 is largely
unchanged, Table 6. The P-Ru-P angle is slightly less ob-
tuse and the Ru-P bond lengths are elongated slightly (=
0.01 A) in 3 vs. the other two complexes. The biggest change
is in the (N)C-N distances within the PTA ligand, which
have been utilized to determine when a PTA ligand has
been protonated [on average the (N)C—-N distance increases

from ca. 1.46 to ca. 1.53 A upon protonation].

[20]

Table 5. Selected bond lengths [A] and angles [°] for 3.

Ru(1)-P(1) 2.2645(6)
Ru(1)-CI(1) 2.4443(8)
N(1)-C 1.449(3)-1.470(4)
N(Q2)-C 1.445(3)-1.473(3)
N@3)-C 1.498(3)-1.513(3)
N(3)-B(1) 1.737(3)
O(1)-B(2) 1.368(3)

O-B(1) 1.439(3)t)
B(1)-C(10) 1.625(4)
B(2)-C(16) 1.576(5)
P(1)-Ru(1)-P(1)#1 95.46(3)
P(1)-Ru(1)-CI(1) 90.56(2)
C-N@3)-C 107.80(18)-109.66(18)
C-N(3)-B(1) 108.67(17)!
C(6)-N(3)-B(1) 113.27(16)
B(2)-O(1)-B(1) 121.1(2)
B(1)-O(2)-B(1)#2 123.4(3)
0(2)-B(1)-0(1) 115.8(2)
O-B(1)-C(10) 112.78(19)]
O-B(1)-N(3) 103.21(16), 103.57(19)
C(10)-B(1)-N(3) 107.46(18)
O(1)#2-B(2)-0(1) 122.33)
O(1)-B(2)-C(16) 118.83(16)

[a] Average of two similar values.
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Table 6. Comparison of selected bond lengths [A] and angles [°] for
3 with those reported for CpRu(PTA),CI¥ and [CpRu-
(PTAH),CI](PF),.%!

CpRu(PTA),Cl [CpRu(PTAH),CI|(PFy), 3

Ru Cl 2.445(2) 2.455(2) 2.4443(8)
Ru P(1) 2.258(3) 2.254(3) 2.2645(6)
Ru P(2) 2.247(3) 2.257(3) 2.2645(6)
Ru-CPeent 1.852 1.855 1.850
(N)C-N 1.460(2)12! 1.448(1 1yt 1.472(3)l
(N)C-N(B/H) - 1.516(12)) 1.512(3)
P(1) RuP(2) 96.85(5) 99.05(10) 95.46(3)
P(1) RuCl  91.61(7) 85.86(9) 90.56(2)
PQ2) RuCl  86.46(7) 86.80(9) 90.56(2)!

[a] Average of 12 values. [b] Average of 8 values. [c] Average of 4
values. [d] Average of 2 values.

Conclusions

We have presented here the synthesis and characteriza-
tion of three boron-coordinated PTA complexes. Peruzzini
et al. published the first report of a PTA complex in which
a metal is bound to a nitrogen of the PTA ligand.”! Here
we reported the second such complex, in which a nitrogen
of a ruthenium-bound PTA serves as a Lewis base coordi-
nating to the Lewis basic boron of triphenylboroxin. It
should be noted that in both of these complexes the phos-
phorus atom of PTA is already bound to a metal. To the
best of our knowledge, there are still no substantiated cases
in the literature in which PTA serves only as a nitrogen
donor ligand to a metal center. We reported here the closest
example of such a structure; complex 1 represents the first
coordination complex of PTA in which on/y the nitrogen of
the PTA ligand is coordinated to another atom through a
dative bond. Finally, it should be noted that the nitrogen
sites of PTA may become involved in coordination chemis-
try and are not necessarily innocent bystanders. Complex 3
and the complexes previously reported by Peruzzini®! may
serve as a beginning for the use of PTA as a ligand in the
building of extended structures, utilizing the ability of both
the phosphorus and nitrogen sites of PTA to serve as Lewis
bases.
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Experimental Section

Materials and Methods: Unless otherwise noted all manipulations
where performed on a double-manifold Schlenk vacuum line under
nitrogen or in a nitrogen-filled glovebox. Nitrogen was purified
by passing the gas through a column of molecular sieves (Lind
13X), calcium chloride, potassium hydroxide, and dryrite. Tetrakis-
(hydroxymethyl)phosphonium chloride was obtained from Cytec
and used as received. Ruthenium trichloride hydrate, D,O, KOH,
PPh;, phenyl boronic acid, dicyclopentadiene, cyclooctadiene
(COD), and BHj-etherate were purchased from commercial
sources and used as received. 1,3,5-Triaza-7-phosphaadamantane
(PTA),[81 1,3,5-triaza-7-phosphaadamatane oxide (O=PTA),”
and CpRu(PTA),CI*3] were prepared according to the literature
procedures. Solvents were freshly distilled from standard drying
reagents or dried with activated molecular sieves. Water was dis-
tilled and deoxygenated prior to use. NMR spectra were recorded
with either a Varian Unity Plus 500 FT-MNR spectrometer, a GN
300 FT-NMR/Scorpio spectrometer, or a QE 300 FT-NMR/Aqua-
rius spectrometer. Proton spectra were referenced to residual sol-
vent relative to TMS with the exception of aqueous spectra, which
were referenced to an external standard of sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS). Phosphorus chemical shifts are rela-
tive to an external reference of 85% H;PO,4 in D,O with positive
values downfield of the reference. !B chemical shifts are relative
to an external reference of BF5 in diethyl ether, with positive values
downfield from the reference.

Synthesis of PTA-BHj; (1): PTA (1.0 g, 6.4 mmol) was dissolved in
a minimum amount of dichloromethane. The solution was then
cooled in an ice bath and 1.1 equiv. of 1.0 M borane tetrahydrofuran
complex was added via syringe (7 mL). The solution was stirred
for 2 h, after which time the solvent was removed under vacuum
leaving 1.01 g of a fine white solid (93% yield). 'H NMR
(300 MHz, [DgJacetone, 25 °C): 6 = 4.50-4.25 (m, 6 H, NCH,N),

Table 7. Crystal data and structure refinement for 1, 2, and 3.

3.88-3.66 (m, 6 H, PCH,N), 1.17 (q, 'Jgu = 98 Hz, 3 H, BH;)
ppm. ''B NMR (160 MHz, [DgJacetone, 25 °C): 6 = -10.8 (q, /gy
= 98 Hz) ppm. 3'P{'H} NMR (121 MHz, [DgJacetone, 25 °C): &
=-88.4 (s) ppm. IR (KBr): ¥V = vgy): 2365 (s), 2312 (m), 2263 (m)
em ™ vy 1174 (s) em™. IR (CHLCL): ¥ = vgny: 2370 (s), 2305
(m), 2271 (m) em™'; vpny: 1172 (s) em™. CgH sBN3P: caled. C
42.15, H 8.84, N 24.57; found C 42.20, H 8.90, N 25.02. X-ray
quality crystals were grown by slow diffusion of hexanes into a
concentrated THF solution of 1, yielding colorless needles over the
course of a week. A crystal suitable for X-ray diffraction was se-
lected and mounted under oil on a glass fiber. Crystallographic
data and data collecting parameters are listed in Table 7.

Synthesis of O=PTA-BHj; (2): The borane complex of PTA oxide
(O=PTA) was synthesized in a manner analogous to the PTA-bo-
rane complex described above. PTA=0 (50 mg, 0.29 mmol) was
dissolved in CH,Cl, (20 mL) and BH;-THF (1.0 mL, 1.0 M) was
added at room temperature with stirring. The resultant solution
turned cloudy and was stirred for an additional 1 h, after which
time the product was collected by filtration. O=PTA-BH; was ob-
tained as a fine white powder in 37% yield (20 mg). '"H NMR
(300 MHz, [Dglacetone, 25 °C): 6 = 4.5-3.8 (m, PTA), 1.47 (q, 'Jgu
= 95 Hz, BH;) ppm. "B NMR (160 MHz, [DgJacetone, 25 °C): &
= -12.2 (q, gy = 95 Hz) ppm. *'P{'H} NMR (121 MHz, [Dg]-
acetone, 25 °C): 6 = -9.8 ppm. IR (KBr): ¥ = vgp): 2389 (s), 2325
(m), 2283 (m) cm!. C¢H sBN3OP: calcd. C 38.54, H 8.09, N 22.47;
found C 38.92, H 8.51, N 22.56. Colorless X-ray quality crystals
were obtained after approximately one week by layering a dilute
solution of 2 in THF with hexane. A crystal suitable for X-ray
diffraction was selected and mounted under oil on a glass fiber.
Crystallographic data and data collecting parameters are listed in
Table 7.

Synthesis of [CpRu(PTA),CIl(Ph;B305)],-1/2CH,Cl, (3): A Schlenk
flask was charged with CpRu(PTA),Cl (50 mg, 0.097 mmol) and

PTA-BH; (1) O=PTA-BHj; (2) [CpRu(PTA),Cl(Ph3B;03)], (3)
Empirical formula CGH]SBN:;P CSHISBN:;OP [(C5H5)RU(C6H12N3)2C1(Ph3B303)]‘l/ZCHzclz
Formula mass 170.99 186.99 875.11
T (K) . 1002) K 1002) K 1002) K
Wavelength [A] 0.71073 A 0.71073 A 0.71073 A
Crystal system monoclinic monoclinic orthorhombic
Space group Cm P2l/n Ima2
a [A] 7.571(4) 6.1903(5) 22.9789(12)
b [A] 9.244(4) 11.3929(9) 15.2606(8)
c[A] 6.758(3) 12.771509) 11.4219(6)
a (°) 90 90 90
S 114.900(10) 93.339(2) 90
y[° 90 90 90
Volume [A?%] 429.0(3) 899.19(12) 4005.3(4)
Z 2 4 4
Deyieq. [mg/m?] 1.324 1.381 1.451
Abs. coefficient [mm™] 0.258 0.261 0.648

0.28 x 0.03 x 0.03
3.32 to 22.48°

Crystal size [mm)]
0 range for data collection

0.22 x 0.01 x 0.01
2.40 to 27.50°

0.775x0.18 x0.16
1.60 to 32.26°

Index ranges 8 =h=38, 8 =h=38, 34 = h = 34,
9=k=09, -4 =k = 14, 22 =k =22,
1=1=7 -l6=/=16 -17=1=17

Reflections collected 1360 10013 26436

Independent reflections 598 [R(int) = 0.1467] 2048 [R(int) = 0.0396] 7202 [R(int) = 0.0228]

Absorption correction SADABS SADABS SADABS

Data/restraints/parameters  598/2/65 2048/0/169 7202/1/261

Goodness-of-fit on F, 0.812 1.026 1.167

Final R indices [/ > 20([)]
R indices (all data)

R, = 0.0689, wR, = 0.1007
R, = 0.1247, wR, = 0.1138

R, = 0.0380, wR, = 0.0978
R, = 0.0470, wR, = 0.1028

R, = 0.0341, wR, = 0.1106
R, = 0.0344, wR, = 0.1109
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PhB(OH), (36 mg, 0.295 mmol); the solids were dissolved in a
minimum volume (= 5 mL) of dichloromethane and stirred under
nitrogen for 10 h. Addition of hexanes afforded 38 mg (48%)
[CpRu(PTA),CI(Ph;B;05)],-1/2 CH,Cl, (3) as orange crystals. '"H
NMR (300 MHz, CD,Cl,, 25 °C): 6 = 8.0-8.1 (m, 5 H, ArH), 7.35~
7.45 (m, 10 H, ArH), 4.4-4.6 (AB spin system, 2Jyanp) = 13 Hz,
17 H, Cp, NCH,N), 3.9-4.1 (AB spin system, 2Jganp) = 15 Hz,
12 H, PCH,N) ppm. "B NMR (160 MHz, [Dg]acetone, 25 °C):
d = 29.3 (s, Buncoordinated)> 21.3 (br. s, B-N) ppm. 3'P{'H} NMR
(121 MHz, CD,Cl,, 25°C): 6 = -21.9 (br. s, Ru—PTA) ppm. IR
(KBr): ¥ = vpoy: 1387, 1344, 1310 cm . C3Hy5B3CLNGOsP,Ru:
caled. C 49.35, H 5.18, N 9.59; found C 50.51, H 5.14, N 9.42.
Dark orange X-ray quality crystals were grown by slow diffusion
of hexanes into a CH,Cl, solution of 3 over the course of 4 days.
A crystal suitable for X-ray diffraction was selected and mounted
under oil on a glass fiber. Crystallographic data and data collecting
parameters are listed in Table 7.

Computational Details: Theoretical calculations were performed in
an attempt to obtain insight into the differential reactivity of the
phosphorus and nitrogen nuclei of PTA. All calculations were run
on a Beowulf cluster of 16 dual processor computers operating
under Linux. Theoretical calculations were performed using the
Gaussian 03 program package employing the LANL2DZ basis set
of Wadt and Hay!3334 as implemented in Gaussian 03.53° Density
functional (DFT) calculations were carried out on all complexes
using Becke’s three-parameter hybrid method?®®! coupled to the cor-
relation functional of Lee, Yang, and Parr (B3LYP).”! Frequency
calculations were performed on all optimized structures in order to
establish the nature of the extrema and to calculate values for AH
and AG. Full geometry optimizations were performed on 1, 1-P,
PTA, PTA-Me, and Me-PTA starting from the crystal structures
of each compound.

CCDC-288665 to -288667 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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