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The reaction of the lithiated phosphine—borane adducts Li[PPhR-BHs] or Li{CH,—PR,+BH3] with Me,NH-BH,Cl afforded
the hybrid linear species Me,NH-BH,-PPhR—BH; (1, R = Ph; 2, R = H) or Me,;NH-BH,—CH,—PR,—BH; (3, R
= Ph; 4, R = Me). Single-crystal X-ray diffraction studies on 1 and 3, the first for linear hybrid aminoborane/
phosphinoborane adducts, confirmed the expected four-coordinate N-B—P—-B and N-B—C—P-B frameworks. In
addition, interactions between the protic N-H and hydridic B-H hydrogen atoms resulted in short intermolecular
H---H contacts for 1, whereas 3 was found to possess an exceptionally short intramolecular H-+-H distance of
1.95 A. Solution and solid state infrared studies on 3 and 4 also suggest that these dihydrogen interactions were
maintained even in dilute solution. Hydrogen bond strengths in the range of 7.9 to 10.9 kJ mol~* indicate the
presence of a relatively weak interaction. The thermal and catalytic dehydrocoupling reactivities of 1-4 were also
investigated. Chain cleavage reactions were observed for 1 and 2 upon thermolysis at 130 °C to afford species
such as Me,NH-BH;, [Me;N-BH,],, PhPRH-BH; (R = Ph, H), PhPRH (R = Ph, H), Ph,PH-BH,~PPh,~BH3, and
also the low molecular weight polyphosphinoborane [PhPH-BH,], (M\, ~ 5000). Similar products were observed
for the attempted catalytic dehydrocoupling reactions but under milder reaction conditions (50 °C). Thermolysis of
3 at 130 °C yielded the six-membered ring [BH,—CH,—PPh,]; (5), which presumably results from the dissociation
of Me;NH-BH3 from 3. Thermolysis of 4 at 90 °C afforded Me,NH-BH3; and MesP-BHs, in addition to a product
tentatively assigned as [BH,—CH,—PMe;], (6).

Introduction been prepared from the Zr-catalyzed homodehydrocoupling
of bis(phosphine) precursots$n addition, tetraphenyldiphos-
phine (PRP—PPh) has been found to result from the
dehydrocoupling of P#PH in the presence of a Rh catalyst,

Thermal and transition-metal-catalyzed dehydrocoupling
of main-group hydrides has recently emerged as a promising
synthetic method for the synthesis of new cyclic and linear
species involving group 13 and group 15 eleméntsFor (5) Vogel, U.; Timoshkin, A. Y.; Scheer, Mingew. Chem., Int. EQ001,

example, phosphorus macrocycles such have 40, 4409.
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R.; Sneddon, L. GChem. Mater1995 7, 1942. (b) Fazen, P. J.; Beck,
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Linear Hybrid Aminoborane/Phosphinoborane Chains

and the thermal dehydrocoupling of-Pl and Al/Ga—H and would be expected to influence the thermal or catalytic
bonds has been employed to yield donor stabilized phos-dehydrocoupling reactivity. Correlation between preton
phanylalane and -gallane specieEhermal heterodehydro-  hydride bonding and the observed dehydrocoupling chemistry
coupling of borazine has also been shown to afford poly- is of clear interest and will also be discussed.
borazylene, which is a useful polymeric precursor for the
synthesis of boron nitride cerami€€ur group has recently
reported that the catalytic dehydrocoupling of secondary Synthesis and Characterization of MeNH—BH,—
phosphine-borane adducts yields either linear or cyclic PPhR—BH; (1, R = Ph; 2, R = H). Recently, we have
oligophosphinoboranes, while the primary adducts give high found that reaction of RIH-BH,Cl with Li[NR »*BHj] results
molecular weight polyphosphinoboranes of the type [RPH  in the linear adducts RIH—-BH,—NR,—BHs (R = Me; R
BH2]n (R = Ph, 'Bu, etc.)’° We have also shown that = 1,4-GHg) in moderate yield$! This appears to be a
secondary amineborane adducts undergo dehydrocoupling general method for the synthesis of linear adducts with
at 25°C in the presence of Rh precatalysts to yield the cyclic variousN-substituents, particularly on the internal nitrogen
dimers [RN—BH;],, while reactions with primary adducts atom. When the same method was applied but a lithiated
or NHs*BHjs yield borazine [RN-BH]3 derivatives? 11 phosphine-borane adduct was used, the linear hybrid adducts
During the course of our work on aminéoranes, we Me,NH—BH,—RPPh-BHz (1, R = Ph; 2, R = H) were
discovered that the catalytic dehydrocoupling of the linear synthesized (eq 1). For example, the treatment oPPh
adducts RNH—BH;—NR,—BHj3 yields the cyclic [RN— BH; with "BuLi gave Li[PPh-BHs], which was then reacted
BH2]>.* This suggested that if the dehydrocoupling of with Me,NH-BH,CI to give 1 in 48% yield. Compound
analogous linear species could be induced by either thermalwas fully characterized biH, B, 13C, and®'P NMR, mass
or catalytic methods, the formation of novel heterocyclic or spectrometry, infrared spectroscopy, elemental analysis, and
polymeric products would result. In the early 1970s, Keller also single-crystal X-ray diffraction. TH&8 NMR spectrum
and co-workers reported the synthesis of the hybrid adductsof 1 shows two resonancesd@t-11.3 and—39.9 ppm, which
RsN—BH,—PMe,—BHs (R = H, Me) from the reaction of  were assigned to the internal f8H,—P) and terminal (P

Results and Discussion

the appropriate aminesR with the salt Li[BH—PMe,— BH3) boron atoms, respectively. These chemical shifts agree
BH3].12 High temperature (156240°C) thermolysis of these  with those found for RN—BH,—PMe,—BH3, which vary
compounds resulted in the formation of [pFe-BH;]; in all betweend —6.2 and—11.2 ppm for the Bk group, andd
cases, and the appropriate amitrane adduct N-BH; —35.2 and—37.6 ppm for the BH group?? The 3P NMR

or their thermal decomposition products (e.g. fMe-BH>]», spectrum displays one resonance at19.9 ppm, which is

[MeN—BH]s, [HN—BH]s). However, the compounds were indicative of a PPh unit between two boron atonis:.c
not structurally characterized, and lower temperature (e.g.
<150 °C) thermal and catalytic dehydrocoupling reactions Me,NH—BH,Cl + LiRPhP—BHj3

were not investigated. In this paper, we present the synthesis - LiCl
and characterization of a series of new linear hybrid adducts MeoNH—BH,—PPhR—BH3 (1)
with N—B—P—B (1 and2) and N~-B—C—P-B (3 and 4) ; g= E'h

frameworks, as well as an exploration of their thermal and
catalytic dehydrocoupling chemistry.

As a further consideration, the presence of unconventional
proton—hydridé bonds (M*:--°"H) have been detected in
the solid state structures of the linear amtb®rane adducts
RoNH—BH,>—NR,—BH3.2%1* This unique type of hydrogen
bonding between protic and hydridic hydrogen atoms has
been found to be highly directional in nature and moderately
strong (13-29 kJ mof!) and can exert an influence on solid
state physical and chemical propertties?® Such proton
hydride interactions would be anticipated in speciest,

Further characterization df was performed using X-ray
crystallography, and this species represents the first example
of a structurally characterized, linear hybrid adduct with a
N—B—P—B backbone. The molecular structurela shown
in Figure l1a, while a list of the selected bond lengths and
angles can be found in Table 1. Bond lengths of 1.598(2),
1.964(2), and 1.935(2) A were found for the terminatB|,
internal B-P, and terminal PB bonds, respectively. A
similar arrangement of longer internal/shorter terminalFB
bonds was found in the crystal structures of other linear
(12) Schwartz, L. D.; Keller, P. dnorg. Chem.1972 11, 1931. phosphine-borane adduct$ ¢1°The angles around the four-
82 th;"’+’;]t§rfr?§2°g%3f‘v§ "’I"nsgrg?g?]g;slgigbsﬂg%ﬁihydmge“ bonds. coordinate nitrogen, boron, and phosphorus atoms were all
(15) For some recent reviews, see: (a) Desiraju, GA&. Chem. Res.  found to be approximately tetrahedral. An interesting feature
5822132,3565- (b) Custelcean, R.; Jackson, J.Ghem. Re. 2001, is the association of the chains in the solid state. Proton
(16) (a) Klooster, W. T.; Koetzle, T. F.; Siegbahn, P. E. M.; Richardson, hydride bonds (B-++-H) between N-H and B-H hydro-

T. B.; Crabtree, R. HJ. Am. Chem. So&999 121, 6337. (b) Crabtree,
R. H.; Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A. L.; Koetzle, (18) For example, cyclotrigallazane jJBa—NH;]; possesses NH -«

T. F. Acc. Chem. Red.996 29, 348. 9~H—Ga interactions in the solid state, which leads to the formation
(17) For NMR studies on H-H interactions, see: (a) &ado-Rodiguez, of cubic GaN upon pyrolysis: (a) Campbell, J. P.; Hwang, J. W.;

M.; Ariza-Castolo, A.; Merino, G.; Vela, A.; Nib, H.; Bakhmutov, Young, V. G., Jr.; Von Dreele, R. B.; Cramer, C. J.; Gladfelter, W.

V. |.; Contreras, RJ. Am. Chem. So@001, 123 9144. (b) Gizado- L. J. Am. Chem. S0d998 120, 521. (b) Jegier, J. A.; McKernan, S.;

Rodrguez, M.; Flores-Parra, A.;"8ahez-Ruiz, S. A.; Tapia-Bena- Purdy, A. P.; Gladfelter, W. LChem. Mater200Q 12, 1003.

vides, R.; Contreras, R.; Bakhmutov, V.lhorg. Chem.2001, 40, (19) Greenwood, N. N.; Kennedy, J. D.; McDonald, WJSChem. Soc.,

3243. Dalton Trans.1978 40.
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Figure 1. Molecular structure of. All hydrogen atoms bonded to carbon
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observed in the structures of Mé¢H—BH,—NMe,—BH3
and (1,4-GHg)NH—BH>—N(1,4-CHg)—BH3.1t

For compound2, which was synthesized in 83% yield,
similar chemical shifts were observed in tH8 (6 —12.8
and —41.5 ppm) and*P (© —54.8 ppm) NMR spectra. In
addition, further evidence for afH bond was found in the
IH-coupled®P NMR spectrum, in which the resonanceat
—54.8 ppm was found to split into a doublel = 344
Hz). In the'H NMR spectrum, the PH resonance occurs
as a doublet of sextets resulting from coupling to one
phosphorus nucleus and five adjacent protons on bakgn (
= 6 Hz). The crystal structure &f was also of interest as
N—H--*H—B and P-H---H—B contacts may be present
simultaneously in the solid state, leading to a highly
aggregated, proterhydride bonded network. A low resolu-
tion X-ray structure was obtained which showed that the
packing of the molecules did not allow for a favorable
alignment for any PH--*H—B or N—H---H—B proton—
hydride interactions. However, numerous attempts to obtain
a more accurate X-ray analysis were hampered by the
formation of low quality crystals.

Attempted Thermal and Catalytic Dehydrocoupling of
1 and 2. Previous work has shown that thermolysis of the
linear hybrid adducts Rl—BH,—PMe,—BH3; (R = H or Me)
at temperatures of 15240 °C results in skeletal bond
cleavage (vide suprdj.We found that thermolysis of at
130 °C for 20 h also resulted in backbone cleavage, with
the formation of a complex mixture of products (eq 2a).
PhPH (trace), P¥PH—BH,—PPh—BHj3 (ca. 15%), MeNH-

are omitted for clarity. Selected bond lengths and angles are presented inBH3 (ca. 10%), [MgN—BH;], (ca. 40%), PkPH-BH; (ca.

Table 1.

Table 1. Selected Bond Lengths (A) and Angles (deg) foand [1]»

N(1)-B(1) 1.598(2)  N(1}B(1)-P(1) 110.25(9)
B(1)-P(1) 1.964(2)  B(1}P(1)-B(2) 115.19(7)
P(1)-B(2) 1.935(2)  C(1}¥N(1)-C(2) 110.6(1)
N(1)—H(LN) 0.81(2) C(1¥N(1)-B(1) 109.8(1)
N(1)—C(1) 1.493(2)  C(2XN(1)-B(1) 114.3(1)
N(1)—C(2) 1.471(2)  B(L}P(1)-C(9) 107.48(6)
P(1)-C(3) 1.828(1)  B(LFP(1)-C(3) 109.49(7)
P(1)-C(9) 1.821(1)  B(2XP(1)-C(9) 110.16(7)
B(2)—P(1)-C(3) 111.15(7)
H(N)-H(3%  2.2# N(1%—H@AN)-H(@E)  131.3
H(IN)-H(4%)  2.06 N(19—H(IN)-H(4)  159.2
H(IN)-H(5%) 2.9 B(2)—H(4)—H(1N*) 85.4
B(2)—H(3)—H(1N*) 94.02

aUsing the normalized bond distancesdfN—H) = 1.03 A andd(B—
H)y =1.21A.
gen atoms link two molecules together to form a dimeric
structure as shown in Figure 1b. Normalizing the M and
B—H bond distances to 1.03 and 1.22%®respectively, two

short interaction distances of 2.24 and 2.06 A were found.

A third distance of 2.99 A was found but is well beyond the

35%), and unreactetiwere all identified by their respective
1B and 3P NMR shifts. In contrast, we found that the
thermolysis of was complete in ogl2 h at 130°C, resulting
solely in the formation of [MgN—BH,], and the polymer
[PhPH-BH_], (eq 2c), which was isolated in quantitative
yield after precipitation into pentane. The polymer [PRPH
BH,], was characterized b+, 1'B, and®'P NMR spectros-
copy, which gave spectra identical with those of samples
previously synthesized in our group by the Rh-catalyzed
dehydrocoupling of PhPFBH; at 90-130°C.72>9Dynamic
light scattering (DLS) on a solution of [PhPHBH],, in THF
resulted in a bimodal size distribution with peak values of
Dy~ 1.8 and 163 nm. As previously observed, the two peaks
may arise from the presence of single polymer chaihs (
~ 1.8 nm) and large polymer aggregat& & 163 nm)’°
Indeed, after 4 days only a single size distribution was
observed withD, ~ 1.4 nm, indicating that the larger
aggregates had dissociated in a manner similar to that noted
previously’™ The smallDy, values of -2 nm suggest that
low molecular weight polymer is formed. Previous work on

sum of the van der Waals radii for two hydrogen atoms (2.40 [PNPH=BHz], has shown that samples withDs, of 1 nm

A).20Linear N—H-++H angles of 131.3and 159.2 and bent
B—H---H angles of 85.4 and 94.0 were found and are
consistent with other NH---H—B proton—hydride bonded
structures14162 proton-hydride bonding interactions to

correspond to an absolute weight-average molecular weight
(M,,) value of ca. 5000 by static light scattering (SI’SyVe
hoped that by utilizing a transition-metal catalyst, dehydro-
coupling of 1 might proceed at lower temperatures to yield

yield dimeric species in the solid state have also been €Yclic or polymeric [MeN—BH,—RPPh-BH,], species.

(20) Bondi, A.J. Phys. Chem1964 68, 441.
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products were again observed (eq 2b). Thus, after 24 h at
50 °C, signals associated with éH-BH; (ca. 5%),
[Me,N—BH,], (ca. 45%), and P#*H-BH3 (ca. 50%) as well

as unreacted were observed in théB and 3P NMR
spectra. After 48 h, an additional resonance due to freeHPh
(trace) was observed in th8P NMR. Compoundl was
found to be completely consumed after 10 days. In contrast,
under the same conditions in the absence of catalyst, only
35% conversion ofl was detected. Similarly, whe&was
treated with 1.3 mol % of [Rh(1,5-codHCl)]. at 50 °C,
complete conversion to MBH-BH; (ca. 10%), PhPH
(trace), [MeN—BH.]. (ca. 40%), and PhP}BH; (ca. 50%)
was detected after 10 days (eq 2d). In contrast, under the

same conditions in the absence of catalyst, only 10% Figure 2. Molecular structure o8. All hydrogen atoms bonded to carbon

conversion of2 was detected.

in the phenyl rings are omitted for clarity. Selected bond lengths and angles
are presented in Table 2.

MeoNH—BH,—PPhy—BH3; —
1

PhoPH—BH,—PPhy—BHj3
130°
soc + PhoPH—BH3 + PhoPH + (2a)

[MegN—BHz] + Me,NH—BH;
2

[Rh]
[MezN—BHz] + MeoNH—BH; (2b)
2

50°C
+ PhoPH + PhPH—BHg

Table 2. Selected Bond Lengths (A) and Angles (deg) or

130°C

[MezN—BHZ]z + [PhPH—BHg]n (2c)

Me,NH—BH,—PPhH—BH; ——
2

[Rh]

Me;NH—BHg + PhPH,—BHj (2d)
50°C

+ [MeN—BH] + PhPHp
2

Synthesis and Characterization of MgNH—BH,—CH,—
PR,—BH3 (3, R= Ph; 4, R= Me). The incorporation of a
spacer unit into the skeleton of compourtisind 2 may
prevent chain cleavage and might potentially allow the
formation of larger cyclic species or polymeric products via
dehydrocoupling. A methylene group can be easily incor-
porated through the use of a tertiary phosphiherane
adduct containing a methyl group MefPBH; (R = Ph, Me).
Treatment witH'BuLi affords Li[CH,—PRx*BH3], which was
then reacted with M@&\NH-BH,CI to yield MeNH—BH,—
CH,—PR,—BHj3 (3, R = Ph;4, R = Me) in yields of 20%
and 32%, respectively (eq 3). The low yields result from a
side reaction between the-NH proton of MeNH-BH,CI
and Li[CH,—PR:BH;3] regenerating MePRBH3 and form-
ing LIINMe»-BHCI]. The latter product then eliminates LiCl
to form [Me;N—BHj],, which was frequently detected in the
reaction mixture. Thé'P NMR spectra o8 and4 showed
broad quartets and & 16.6 Jre = 79 Hz) and 3.1 ppm
(Jps = 70 Hz), respectively. Thé'B NMR spectrum of3
showed two resonances for the Bend BH; groups ato
—11.7 and—40.2 ppm, respectively. SimilatB shifts were
observed fod, but with resolved B-H couplings; a triplet
atd —9.9 Jsn = 98 Hz) and a quartet of doubletsdat-40.2
ppm {Jep = 70 Hz, Jzgy = 94 Hz). The most interesting
feature of the'3C NMR spectra arises from the resonance
associated with the internal GHroup, which gave broad
signals atd 10.9 and 14.2 ppm foB and 4, respectively,
due to the nearby quadrupolar boron nucleus. Fh&IMR

N(1)-B(1) 1.619(2) N(1)}-B(1)—C(1) 112.4(1)
B(1)-C(1) 1.634(2) B(1)}C(1)-P(1) 114.6(1)
C(1)-P(1) 1.801(2) C(BP(1)-B(2) 113.40(8)
P(1-B(2) 1.928(2) N(1>-H(1N)—H(5) 151.8(2)
N(1)—H(1N) 0.85(2) N(1}-H(IN)—H(5) 149.3
B(2)—H(5) 1.12(2) B(2)-H(5)—H(1N) 105.0(1)
H(LN)—H(5) 2.13(2) B(2)-H(5)—H(1N) 102.9
H(1N)—H(5) 1.95

aUsing the normalized bond distancesiifl—H) = 1.03 A andd(B—H)
=121A

spectra of3 and 4 also show the presence of a broad
resonance due to the internal €gtoup até 1.31 and 0.54
ppm, respectively. Further characterization3fvas per-

MegNH_BHQCI + LICHg_RQP—"BH:; T
- Ll
Me,NH—BH,— CH,—PR,——BHs 3)
3:R=Ph
4:R=Me

formed using X-ray crystallography, the molecular structure
of which is shown in Figure 2. A list of the selected bond
lengths and angles foB can be found in Table 2. The
terminal N-B and P-B adduct bonds were determined to
be 1.619(2) and 1.928(2) A, respectively, and are typical of
N—B and P-B adduct bond distances. The internat-8
and C-P distances were found to be 1.634(2) and 1.801(2)
A, respectively, which are also normal distances for these
types of bonds. One noteworthy feature of interest was the
presence of amtramolecular proton—hydride interaction
between the terminal NH and B-H hydrogen atoms,
effectively giving a seven-membered heterocycle. Using
normalized B-H and N—H bond distances (vide supra), a
H-+-H contact distance of 1.95A was found. This is much
shorter than the H-H distances found il (2.06 and 2.24
A), in which the bonding interaction is intermolecular in
nature. This distance is also shorter than the shortesHH
distance (2.02(3) A) found in the neutron diffraction study
of NH3'BH3.1651

Attempted Thermal and Catalytic Dehydrocoupling of
3 and 4. Thermolysis of3 at 130°C for 6 h was found to
result in solidification of the initially liquid reactant. The
NMR spectra of the reaction mixture indicated partial

Inorganic Chemistry, Vol. 43, No. 3, 2004 1093



conversion to a new produ&;, with the presence of new
resonances at7.7 ¢'P) and—33.6 ppm {!B). The'B NMR
spectrum also showed resonances &t5 and—13.4 ppm
which were assigned to [MHM—BH,], and MeNH-BH;,
respectively. Further heating of the solid for 24 h was found
to result in full conversion to the six-membered cyclic dimer
[BH,—CH,—PPh], (5) in 98% yield (eq 4a). Th&C NMR

of 5 showed a broad resonanceda6.3 ppm attributed to
the internal CH group. The mass spectrum bfwas also
indicative of a dimeric species, with the parent ion for both
the dimer and monomer occurringratz = 424 (10%) and
212 (6%), respectively. Heating dfat 90°C in the absence

Ha

_C_ MeNH—BH;
130°C  H,B PPh,
MeNH—BH,—CH,—PPh,—BHj (4a)
1d  PhP( _BH,
c MeoN—BH
) ¢ [MeaN—BHg]
5
Ho
c —
90°C B~ pMe,  MeeNH—BHs
MeoNH—BH,;—CH,—PMe,—BH; ——— | . (4b)
3d MeP BH,
4 Hy MegP—BHjz

6

of solvent for 3 days was found to result in mainly
sublimation of the volatile starting material. Howevét,
1B, and®'P NMR spectra of the reaction mixture indicated
partial conversion (ca. 50%) cf to Me;NH-BH3, MesP-
BH3, and a product that may be the cyclic dimer [BH
CH,—PMegj], (6). Evidence for the formation o6 was
obtained from théH (6 1.52 (d), Me),*'B (6 —30.5 (dt)),
13C (6 10.6 (d), Me), and'P NMR (6 6.0 (q)) spectra. This
assignment is tentative, as the anticipated bfthdnd*C
resonances for the GHyroup were not observed due to
overlapping signals. Attempts to isol@drom the reaction
mixture by fractional sublimation were unsuccessful. Heating
of 4 at 130°C in solution was found to result in complete
conversion to [MeN—BH,], and MeP-BHs. The presence
of MesP-BHj3 in the thermolysis reaction af suggests that
a different chain cleavage pathway is operating compared
to that of3, as MePPhBH; was not observed in the latter
case.

Catalytic dehydrocoupling trials performed on b&tand
4 with [Rh(1,5-cod)-Cl)]2 (1—5 mol %) at either 25 or 50
°C were found to result in no observable reaction. Upon
heating to 90°C, 3 and4 were completely consumed after
20 h. The only products that could be identified by NMR
were MePPhBH; (for 3) and MeP-BH; (for 4). Blank
reactions for bott8 and4 at 90°C in the absence of catalyst
were found to result in no significant conversion after 20 h.

The cyclic5 was further characterized by X-ray crystal-
lography, the molecular structure of which is shown in Figure
3. A list of the selected bond lengths and anglesS@an
be found in Table 3. The six-membered ring adopts a chair
conformation, with typical B-P, P-C, and B-C bond
lengths of 1.937(2), 1.800(2), and 1.645(3)A, respectively.

The angles around the four-coordinate P and B atoms are

all approximately tetrahedral, ranging from 104.89(8)
113.2(1y for phosphorus and 102.8¢1jo 113.5(1) for
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Figure 3. Molecular structure 05. All hydrogen atoms bonded to carbon
in the phenyl rings are omitted for clarity. Selected bond lengths and angles
are presented in Table 3.

Table 3. Selected Bond Lengths (A) and Angles (deg) For

P(1)-B(1) 1.937(2) C(1¥P(1)-B(1) 110.4(1)
P(1)-C(1) 1.800(2) C(I}P(1)-C(2) 108.28(9)
P(1)-C(2) 1.816(2) C(1}P(1)-C(8) 108.3(1)
P(1)-C(8) 1.815(2) B(LFP(1)-C(2) 111.5(1)
B(1)-C(1)* 1.645(3) B(1}-P(1)-C(8) 113.2(1)
P(1)-B(1)-C(1)* 109.4(2)
P(1)-C(1)-B(1)* 112.1(1)

boron. There are three previous examples describing the
synthesis of six-membered BCP ringsyith [EtBR—CH,—
RPPh} (R = 1,3-EtGC=CMe—SiMeg,) being the lone example
which has been characterized by X-ray crystallography to
date?2Interestingly, the synthesis of [BHCHPh-PHMes*}
(Mes* = 2,4,6-tritert-butylphenyl) is facilitated via dis-
sociation of BH and THF from the linear adduct BH
PHMes*-CHPh-BH,—THF 21¢

Evaluation of Solid State Intra- or Intermolecular
Proton—Hydride Interactions in 1 —4 by Infrared Spec-
troscopy. To confirm the presence of protetydride
bonding interactions inl—4, solid state and solution IR
spectroscopy was used. It has been acknowledged that the
presence of hydrogen bonding in molecules can be inferred
from the appearance of broadened, lower frequency stretch-
ing absorptions when compared with non-H-bonded systems.
In particular, amine-borane adducts have been shown to
participate in protorrhydride bonding through either self-
associatioh14162gr the presence of protic H atom sources
(e.g. O-H or N—H).?2-25 In these cases, the hydrogen bond
acceptor becomes the hydridic H atoms attached to boron
(or the B-H bond itself)?¢ despite the lack of a lone pair of

(21) (a) Kaster, R.; Seidel, G.; Mier, G.; Boese, R.; Wrackmeyer, B.
Chem. Ber.1988 121, 1381. (b) lonkin, A. S.; Ignata, S. N;
Nekhoroshkov, V. M.; Efremov, J. U. J. A.; Arbuzov, B. A.
Phosphorus, Sulfur Silicon Relat. Eled®9Q 53, 1. (c) Yoshifuji,
M.; Takahashi, H.; Toyota, KHeteroatom Cheni999 10, 187.

(22) Brown, M. P.; Heseltine, R. W. Chem. Soc., Chem. Comm868

551.

(23) Brown, M. P.; Heseltine, R. W.; Smith, P. A.; Walker, PJ.JChem.
Soc. A197Q 410.

(24) Burg, A. B.Inorg. Chem.1964 3, 1325.

(25) Patwari, G. N.; Ebata, T.; Mikami, N.. Phys. Chem. 2001, 105
8642.
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Table 4. Selected IR Stretching Frequencies for Compouhelg 2

compound Y(NH)  v(BH)asym  v(BH)sym
MesN-BH3 2382 2263
MeoNH-BH3 3204 2372 2260
Me;NH-BHjz (pure liquidy 3180 2366 2265
Me;NH-BH3 (0.0021 M in CChc 3300
NHz:BH¢ 3317 2329 2281
NHz-BHz# 3386 2427 2340
1 3178 2337 2260
1(0.005 MYy 3224 2376 2279
2 3178 2342 2267
2(0.005 MYy 3232 2391 2271
3 3215 2370 2282
3(0.005 MYy 3209 2380 2284
4 3200 2345 2286
4(0.005 MY 3204 2363 2285

aSpectra were obtained as Nujol mulls unless otherwise specified.
reported in cmt. ® Reference 24¢ Reference 224 Spectra obtained as a
pressed KBr pellett Spectra obtained as isolated §BH; in an argon
matrix on a Csl window at liquid hydrogen temperature. Reference 28.
f Solution spectra were obtained in dry &Ep.

electrons or ar system. However, to establish these preton
hydride interactions, values for the non-H-bonding M and
B—H stretching absorption were required. This was ac-
complished by obtaining theyy andvgy stretching absorp-
tions for the amine borane adducts MBI-BH3, Me;NH-
BH3, and NH-BH3, and alsdl—4 (Table 4). For MeN-BHj,
which lacksvnyu, non-H-bonded values ot were observed
at 2382 and 2263 cm, for the asymmetric (asym) and
symmetric (sym) modes, respectively. For JM&l-BHs, in
which intermolecular N-H---H—B interactions are present
in the solid state, values of 3204 chand of 2372 and 2260
cm ! were found forvyy and vgy (asym and sym),
respectively. Brown has reported a value of 3300 tfor
the non-H-bondedvyy for Me:NH-BH3 in dilute CCl
(0.0021 M)?2 Thus, there is a frequency shift ofy = 96
cm! for vyy in H-bonded and non-H-bonded samples of
Me,NH-BHs.2” There appears to be little difference in the
values ofvgy between MeN-BH; and MeNH-BH3, with
Av values of 10 (asym) and 3 crh(sym). The protor
hydride interactions in M&H-BH; are also preserved in
the liquid state, with values of 3180 cifor vny, and 2366
and 2265 cm? for vgy (asym and sym), respectively To
confirm that vgy does shift to lower frequency upon
association via dihydrogen bonding, the spectrum ofNH
BH; was obtained as a KBr disk yielding values of 2329
and 2281 cm'?® This was compared with that of an
unassociated sample obtained in a rare gas matrix, which
yielded values of 2427 and 2340 ch?® Thus, there is a
large frequency shift oAy = 98 and 59 cm! for vgy on
going from unassociated to associated samples Gf Bi.

In addition, a large shift of\v = 69 cm ! results forvyp.

(26) Li, J.; Zhao, F.; Jing, FJ. Chem. Phys2002 116, 25.

(27) The frequency shiftAv) can be defined ag\v = v(XH)fee —
V(XH)H-bondeaWhere X= N or B.

(28) A reviewer suggested the possible formation of K§BH from KBr
and NH:-BHs. However, evidence for a NB stretch was observed
at ca. 950 cmt in the IR spectrum. In addition, solid state CP-MAS
11B NMR on samples of NtBH3 and KBr/NHs-BH3 (from the KBr
pellet) showed identical resonancesbat —35 ppm.

(29) Smith, J.; Seshadri, K. S.; White, D.Mol. Spectroscl973 45, 327.

TheseAv values are reasonable as the solid state structure
of NH3z*BH3; has been shown to be highly associated, with
the presence of many long and short-range-H inter-
actionst6a.30

In the case ofl, the solid state IR spectrum shows
absorptions at 3178 crhdue tovny, and at 2337 and 2260
cm ! due tovgy (asym and sym) vibrations, respectively.
Compared with unassociated pH-BH;3 in CCly, there is
a large frequency shift oAv = 122 cm! in the value of
vnu- When compared with M@l-BH3;, Av values of 45 and
3 cm! are obtained fowgy (asym and sym, respectively).

It has been noted that the asymmetrielB stretch is affected

by H-bonding to a greater extent than the symmetric stretch,
resulting in a largerAv value?® When the solution IR
spectrum ofl was obtained in CECl, (0.005 M), there was

an observed increase in the frequencies of the stretching
absorptions to 3224 cm for vy, and to 2376 and 2279
cm! for vgy (asym and sym), respectively. This results in
Av values between the solid and solutions samples of 46,
39, and 19 cm?, respectively. Thus, in dilute solution the
intermolecular protorthydride interactions id are disrupted,

as the stretching frequencies approach values for that of the
unassociated molecules. Byrsimilar Av values of 54 cm?

for vau, and 49 and 4 cmit for vgy (asym and sym),
respectively, between the solid state and solution IR spectra
were obtained, indicating the presence of pretbgpdride
interactions only in the solid state.

In the case of3, the solid state IR spectrum shows
absorptions at 3215 crh for vy, and at 2370 and 2282
cm ! for vgy (@asym and sym), respectively. Again, there
is a largeAv value of 85 cm? for vyy when compared to
the value of the free NH stretch in MgNH-BHs. However,

a small Av value of 12 cm? results for the asymmetric
vgH, While the symmetriwgy shows an increase in frequency
(Av = —19 cml) when compared to the values obtained
for MesN-BH3. When the solution IR spectrum was obtained
in CH,CI, (0.005 M), only minor frequency shifts are
observed. In fact, the frequency efiy decreases to 3209
cm™%, resulting in aAv value of —6 cn1?, while the
frequency ofvgy increases to 2380 and 2284 cthresulting

in Av values of 10 and 2 cnm for the asymmetric and
symmetric modes, respectively. Frsimilar minor shifts

in the stretching frequenciea¢ = 4 cmi* for vy, 18 and
—1 cnr? for vgy (asym and sym), respectively) were also
observed between the solid state and solution samples. One
explanation for the small changes infrom solid state to
solution may be due to the type of protonydride interaction
present in3 and 4 compared tol and 2. In 1 and 2,
intermolecular protorthydride bonding is present between
molecules, which can easily be disrupted by high dilution.
However, in3 and4, intramolecular protorhydride bonding

is present within the same molecule. High dilution would
have little effect as the NH and B—H bonds are still in
close proximity to one another and the protdrydride
bonding would be unaffected.

(30) Additional evidence for K --9~H interactions in NH-BH3z has been
provided by Raman spectroscopy: Trudel, S.; Gilson, D. An&g.
Chem.2003 42, 2814.
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The frequency shiftsAv) can be used to estimate the
hydrogen bond strengths &f-4 in the solid state by using
an empirical equation proposed by logansen (et} @jhich
correlatesAH® with the change in the stretching absorption
upon hydrogen-bond formation. Farand 2, values ofAv
= 122 cm! result in protor-hydride bond strengths d&fH°
= —2.61 kcal mof* (—10.9 kJ mot?). Compounds and4
(Av = 85 and 100 cm', respectively) yield values of1.9
and—2.20 kcal mot? (—=7.9 and—9.20 kJ mot?) for AH®,

Jaska et al.

ends may effectively prevent dissociation at lower temper-
atures, and also help to sterically shield the active sites from
the catalyst, thereby preventing chain cleavage. At higher
temperatures{90°C), the protor-hydride interactions may
be disrupted, enabling dissociation and/or catalytic chain
cleavage to occur.

Summary

Novel examples of linear hybrid aminoborane/phosphino-

respectively. These hydrogen bond strengths are on the lowel, 5 a6 species have been synthesized and structurally

end of the range of values{3¥ kcal mol?; 12.6-29.3 kJ
mol~1) determined for unconventional’tt-+9~H hydrogen
bonds, and are thus considered to be weak interactions.

AH° = —18Av

" Av+720 )

Mechanism for the Skeletal Cleavage Reactions for
1-4. Although the thermolysis chemistry df-4 led to a

characterized by X-ray crystallography. The compouhds
and2 possess intermolecular protehydride interactions in
the solid state, as indicated by both single-crystal X-ray
diffraction and IR studies, which are disrupted in solution.
Compounds3 and4 possess intramolecular protehydride
interactions in the solid state, which are preserved even in
dilute solution as indicated by negligible IR frequency shift
(Av) values for the N-H and B—H stretching absorptions

complex range of products, many of these can be explainedbetween solid state and solution samples. The hydrogen bond
by simple mechanistic considerations. The mechanism for strengths ofl—4 have been estimated to be in the range of

the chain cleavage reactions t&f4 in the presence or

7.9 to 10.9 kJ mott, which is indicative of weak interactions.

absence of catalyst may involve the initial dissociation of The thermolysis of2 and 3 yields, for example, low

Me;NH and BH; from the termini. The dissociation may

molecular weight poly(phenylphosphinoborane) [PPhH

occur simultaneously, or as a two-step process, to yield theBHz]a (Mw = ca. 5000) and the six--membered rigs chain

monomers PhPRBH, (R = Ph, H; from1 and2) or BH,—
CH,—PR; (R' = Ph, Me; from3 and4) as transient species

cleavage products, respectively. Rather than catalytic dehy-
drocoupling, catalytic chain cleavage reactions were observed

(eq 6). Oligomerization of these species would then give, for 1—4 in the presence of [Rh(1,5-cod)Cl)]., yielding

for example, low molecular weight [PhPHBH], (from 2)
or the cyclic [BH—CH,—PPh]; (from 3). The free MgNH
and BH; would be expected to combine to form BiH-

mixtures of amine-boranes, aminoboranes, and phosphine
boranes. Interestingly, these results suggest that transition
metals may be capable of inducing tbieavage of B—N

BHs, which has been previously shown to undergo dehy- and B-P bonds, and this possibility will be the subject of

drocoupling at 130C?? or in the presence of Rh precata-
lysts'®11 to yield [Me;N—BH,],. In the uncatalyzed chain
cleavage reactions, products such as PHBH; and PhPH:

more detailed studies.

Experimental Section

BHs cannot be explained by the dissociative mechanism  General Procedures and Materials All reactions and product

postulated. These species may form as a result of complexmanipulations were performed under an atmosphere of dry nitrogen
thermally induced hydrogen transfer reactions. In the caseusing standard Schlenk techniques or in a glovebox. All solvents
of the catalytic chain cleavage reactions, the mechanisticwere dried over the appropriate drying agents such as Na/

scenario is even more complex as oxidative addition/ Penzophenone (toluene, hexanes, THROFr Caf (CH.Cl)
reductive elimination reactions at the transition-metal center @d distilled prior to use. B¥SMe,, BH'THF (1.0 M in THF),

may also lead to the formation of the observed products.

H,B—PPhR + MeoNH—BH; +
Me;NH—BH,—PPhR—BH —_—
z ? ¢ MeoNH + BHg [ RPH—BH, ]
1or2 "
(6)
Ha
/C\

BH;—CH,—PR; HoB PRy
Me,NH—BH,;—CH,—PR,——BH; =—= _ | |
+ MeoNH + BHg FaEP\C/BH2
Hp

+ MeoNH—BHj

3ord

The lack of catalytic chain cleavage at 5@ for
compounds3 and4, in contrast to the cases bfand2, may
be due to théntramolecularproton—hydride bonding present
in solution. The N-H---H—B interactions between the chain

(31) logansen, A. VHydrogen BongNauka: Moscow, 1981, as cited in:
Beringhelli, T.; D’Alfonso, G.; Panigati, M.; Mercandelli, P.; Sironi,
A. Chem. Eur. J2002 8, 5340. Equation has units of kcal mél

(32) Burg, A. B.; Randolph, C. L., Jd. Am. Chem. S0d.949 71, 3451.
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"BuLi (1.6 M in hexane), HCI (1.0 M in &O) (Aldrich), Me;NH-
BH3, MesP, MePPh, Ph,PH, and PhPH(Strem Chemicals) were
purchased and used as receivedPPhBH3, " PhPH:BH3,”® MesP-
BH3,%2 and [Rh(1,5-cod){-Cl)],** were synthesized via literature
procedures.

Equipment. NMR spectra were recorded on either a Varian
Gemini 300 MHz or a Unity 400 MHZ'C) spectrometer. Chemical
shifts are reported relative to residual protonated solvent péaks (
13C) or external BE-Et,O (1'B) and PO, (3P) standards. Spectra
were obtained at 300 MHZHK), 96 MHz (!B), 75 or 100 MHz
(*3C), and 121 MHz {¥P). Infrared spectra were obtained on a
Perkin-Elmer Spectrum One FT-IR spectrometer using KBr win-
dows. Mass spectra were obtained with a VG 70-250S mass
spectrometer operating in electron impact (EI) mode. Melting point
determinations were performed in sealed capillaries and are
uncorrected. Elemental analyses were performed by Quantitative

(33) Schmidbaur, H.; Weiss, E.; Mer, G. Synth. React. Inorg. Met.-Org.
Chem.1985 15, 401.
(34) Giordano, G.; Crabtree, R. #horg. Synth.1979 19, 218.
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Table 5. Crystallographic Data and Summary of Data Collection and
Refinement for Structure$, 3, and5

1 3 5
emp formula G4H2oBoNP CisHo4BoNP CisH14BP
fw 256.92 270.94 424.04
temp (K) 150(1) 150(1) 150(1)
2 (A) 0.71073 0.71073 0.71073
cryst syst monoclinic orthorhombic monoclinic
space group P2,/c Pbca Ri/n
cryst size (mm) 0.3k 0.30x 0.40x 0.35x  0.22x 0.10x
0.20 0.30 0.08
a(h) 11.2250(3) 11.9203(2) 6.7219(3)
b (A) 9.3830(3) 9.6239(3) 21.27300(10)
c(A) 15.3070(5) 28.7897(7) 8.4366(5)
o (deg) 90 90 90
p (deg) 106.4140(13) 90 102.033(2)
y (deg) 90 90 90
V (A3) 1546.49(8) 3302.75(14) 1179.88(9)
z 4 8 2
Dc (g/cn) 1.103 1.090 1.194
u (mmY) 0.160 0.153 0.195
F(000) 552 1168 448
6 range (deg) 3.6127.49 2.81-27.48 2.65-25.09
index ranges —14<h=<14 0=<h=15 O0<h=8
—10=k=12 O0=sk=12 O0<k=<25
-19=<1=<19 -—-37=<1=0 —10=1=<9
reflns collected 11694 20296 8458
indep reflns 3523 3776 2083
Rint 0.0404 0.042 0.067
GOF onF? 1.034 1.020 1.056
R12 (1 > 20(1)) 0.0373 0.0405 0.0422
wR2P (all data) 0.0982 0.1038 0.1082
peak/hole (e A3)  0.244/-0.319  0.252+0.266  0.268/-0.312

ARL= 3 [|Fo| — [Fell/3|Fol. PWR2 = { 3 [W(Fo? — Fe?)/ 3 [w(Fe?)Z]} 12

Technologies Inc., Whitehouse, NJ, or were obtained on a Perkin-
Elmer Series 2400 CHNS analyzer maintained by the Analest

facility at the University of Toronto. Dynamic light scattering was

performed using a wide-angle laser light scattering photometer from
Brookhaven Instruments Corp. See ref 7b for details on sample

preparation and data analysis.
X-ray Structural Characterization. Crystallographic data and
the summary of data collection and refinement for structtres

and>5 are presented in Table 5. Diffraction data were collected on

a Nonius Kappa-CCD using graphite-monochromated Mo K

radiation ¢ = 0.71073 A). The data were integrated and scaled

using the Denzo-SMN packageThe structures were solved and
refined with the SHELXTL-PC V5.1 software packatjeRefine-
ment was by full-matrix least squares Bhusing all data (negative

intensities included). Molecular structures are presented with

thermal ellipsoids at a 30% probability level. In all structures,

hydrogen atoms bonded to carbon were included in calculated
positions and treated as riding atoms, while those attached to
nitrogen or boron were located and refined with isotropic thermal

parameters. CCDC-211991)( CCDC-211992 ), and CCDC-

211993 B) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.;

fax, (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
Synthesis of MePPh-BH3. To a solution of MePPh(13.616

g, 68.0 mmol) in THF (200 mL) cooled to30 °C was added BH

SMe, (6.7 mL, 5.367 g, 70.6 mmol) dropwise via syringe over 5

min. The mixture was slowly warmed to 2%C and stirred

(35) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307.
(36) Sheldrick, G. M.SHELXTL-PC V5.1 Bruker Analytical X-Ray
Systems Inc.: Madison, WI, 1997.

overnight. The volatiles were removed in vacuo to give MePPh
BH; as a colorless oil, which occasionally crystallized upon standing
at 25 °C. Yield: 13.146 g, 90%. Mp: 4850 °C. 'H NMR
(CDCly): 6 7.71-7.64 (m, Ph), 7.567.45 (m, Ph), 1.88 (dlxp =

10 Hz, Me), 1.02 (g, brdsy = 93 Hz, BH). *B{*H} NMR
(CDClg): ¢ —38.2 (d,Jgp = 56 Hz).13C{'H} NMR (75 MHz,
CDClg): 6 131.9 (d,Jcp = 10 Hz, Ar), 131.4 (dJcp = 2 Hz, Ar),
130.7 (d,Jcp = 56 Hz,ipso-C), 129.0 (dJcp = 10 Hz, Ar), 12.1
(d, Jep = 40 Hz, Me).31P{1H} NMR (CDCl): ¢ 11.2 (q,Jps =
56 Hz). EI-MS (70 eV): 211 (M — 3H, 17%), 200 (MePPh
100%), 185 (PPh 30%).

Synthesis of MeNH-BH,CI. To a solution of MeNH-BH;
(6.570 g, 111.5 mmol) in EO© (125 mL) cooled to 0C was added
a solution of HCI in E20 (113 mL, 113 mmol) dropwise over 30
min. The mixture was stirred fal h at 0°C, then warmed to 25
°C, and stirred for a further 1 h. The solvent was removed in vacuo
to give a pale yellow oil, which was transferred to the bottom of a
sublimation apparatus. The oil was distilled under dynamic vacuum
(ca. 10 mmHg) and condensed onto-d5 °C coldfinger, which
solidified to give MgNH-BH.Cl as a white solid. The purified
product was stored at30 °C in the glovebox to prevent melting.
Yield: 7.663 g, 74%'H NMR (CDCly): 6 4.52 (br, NH), 2.61 (d,
Jun = 5.8 Hz, Me), 2.56 (q, brJsy = 120 Hz, BH). 1B NMR
(CDCly): 6 —3.4 (t, gy = 120 Hz). BC{H} NMR (75 MHz,
CDCly) 6 40.7 (Me).

Synthesis of MeNH—BH,—PPh,—BH; (1). A solution of"BulLi
in hexanes (3.0 mL, 4.8 mmol) was added dropwise to a solution
of PhbPH-BH3 (0.967 g, 4.83 mmol) in THF (15 mL) cooled to 0
°C. The reaction mixture was stirred afQ for 30 min, followed
by warming to 25°C. After 2 h, the reaction mixture showed
complete conversion to Li[PR{BH3]. MB{'H} NMR (THF): ¢
—31.6 (d,Jgp = 45 Hz).31P{*H} NMR (THF): 6 —32.4 (q,Jps =
45 Hz). The mixture was recooled to @, and a solution of
Me,NH-BH,Cl (0.464 g, 4.97 mmol) in THF (10 mL) was added
dropwise over 5 min. The mixture was allowed to warm to°25
and stirred overnight. The solvent was removed in vacuo, and the
resulting solid was dissolved in toluene (50 mL) and filtered to
remove LiCl. The solvent was removed to givas a white powder.
X-ray quality crystals ofL were obtained from a toluene/hexanes
(10:1) solution cooled te-30°C. Yield: 0.591 g, 48%. Mp: 12%
123°C. H NMR (CDCly): 0 7.76-7.68 (m, Ph), 7.367.30 (m,
Ph), 4.76 (br, NH), 2.53 (dlsy = 5.1 Hz, Me), 2.3 (br, Bb), 0.93
(g, br,Jgy = 106 Hz, BH). 11B{*H} NMR (CDCl): ¢ —11.3 (d,
Jgp = 76 Hz, BH), —39.9 (d,Jgp = 59 Hz, BH). 13C{*H} NMR
(75 MHz, CDC}): 6 133.6 (d,Jcp = 48 Hz,ipso-C), 133.0 (dJcp
=8 Hz, Ar), 129.5 (dJcp = 2 Hz, Ar), 128.5 (dJcp = 9 Hz, Ar),
45.0 (d,Jdcp = 7 Hz, Me).3P{H} NMR (CDCL): ¢ —19.9 (br,
no resolvedlpg coupling). EI-MS (70 eV):m/z 243 (M™ — BH3,
99%), 186 (PkPH, 100%). Elemental anal. Calcd (%) fors8,:B-

NP (256.92): C 65.45, H 8.63, N 5.45. Found: C 65.81, H 8.86,
N 5.33.

Synthesis of MeNH—BH,—PPhH—BH; (2). 2was synthesized
by a procedure analogous to that used XoAfter filtration and
solvent removal, the residue was washed with hexanes (15 mL)
and extracted with EO (20 mL). Recrystallization from toluene/
hexanes (10:1) at30 °C afforded2 as a white solid.

For Li[PPhH -BH3]. 11B{*H} NMR (THF): 6 —34.6 (d,Jgp =
32 Hz).31P NMR (THF): 6 —93.8 (dq,Jps = 34 Hz,Jpyy = 202
Hz).

For 2. Yield: 0.922 g, 83%. Mp: 7671 °C.H NMR (CDCly):

0 7.74-7.64 (m, Ph), 7.467.34 (m, Ph), 4.67 (br, NH), 4.61 (d
(sextet),JHp = 344 Hz,Jqy = 6 Hz, PH), 2.61 (deHp = 35 Hz,
Jun = 5.8 Hz, Me), 2.0 (br, BH), 0.74 (g, brJsy = 98 Hz, BH).
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1B{'H} NMR (CDCly): 6 —12.8 (d,Jgp = 70 Hz, BH,), —41.5
(d, Jgp = 50 Hz, BH). 13C{*H} NMR (75 MHz, CDCE): ¢ 133.4
(d, Jcp= 7 Hz, Ar), 129.7 (dJcp = 2 Hz, Ar), 128.9 (dJcp = 50
Hz, ipso-C), 128.6 (dJcp = 9 Hz, Ar), 44.7 (dJcp = 8 Hz, Me).
31P NMR (CDCh): 6 —54.8 (d, br,Jpy = 344 Hz, no resolved
Jes coupling). EI-MS (70 eV): m/z 180 (M™ — H, 9%), 167
(M* — BHj3, 58%), 123 (PhPHBHS3;, 4%), 110 (PhPH 51%), 58
(Me;NH—BH,, 100%). Elemental anal. Calcd (%) fogtdigB,NP
(180.83): C53.14, H 10.03, N 7.75. Found: C 52.40, H 10.10, N
8.00.

Thermolysis of 1. A sample ofl (0.151 g, 0.588 mmol) was
heated at 130C under nitrogen for 20 h in the absence of solvent.

Jaska et al.

dropwise via syringe. The mixture was stirred for 30 min 400
then warmed to 28C, and stirred for a further 90 mi&lB and3'P
NMR of the reaction mixture indicated complete conversion to
Li[CH,—PPh-BH3]: 1B{'H} NMR (THF), 6 —36.1 (d,Jgp = 76

Hz); 31P{*H} NMR (THF), 0 19.2 (q,Jps = 76 Hz). The mixture
was recooled te-30 °C, and a solution of Mé&NH-BH,ClI (0.526

g, 5.63 mmol) in THF (5 mL) was added. The mixture was allowed
to warm slowly to 25°C and stirred overnight. The volatiles were
removed in vacuo, and the resulting oil was redissolved in toluene
(15 mL) and filtered to remove LiCl. The solution was concentrated
to ca. 5 mL, added to hexanes (20 mL), and filtered. Upon standing
at 25°C, colorless crystals of X-ray quality were formed over43

The reaction mixture showed the presence of the following products days. Yield: 0.294 g, 20%. Mp: 166108 °C. *H NMR (CDCly):

by NMR (CDCk): PhPH GP{*H} NMR 6 —40.3; trace), PiPH:
BH3; (B{!H} NMR ¢ —40.0; 31P{1H} NMR ¢ 1.5; ca. 35%),
PhPH-BH,—PPh—BH3 (*1B{*H} NMR 6 —33.3 (BH,), —37.4
(BHa); 3*P{H} NMR 6 —3.5 (PhPH), —18.6 (PPh); ca. 15%),
[MeaN—BH;], (1B NMR 6 4.9 (t); ca. 40%), MeNH-BH3 (*'B
NMR 6 —14.1 (g); ca. 10%), unreactetl and an unidentified
product #B{H} NMR ¢ —35.6;3P{1H} NMR 6 —26.8; ca. 5%).

Thermolysis of 2. A sample of2 (2.569 g, 14.21 mmol) was
heated at 130C under nitrogen o2 h in theabsence of solvent.
The B and3'P NMR spectra of the reaction mixture showed the
presence of only [M@N—BH;], and [PhPH-BH,],. The semisolid
was evacuated at 28C for 24 h to remove [MeN—BH;],. The
residue was then dissolved in CH@hd precipitated into hexanes,
giving [PhPH-BH;], as a white solid. Yield: 1.724 g, 99%
NMR (CDCl): 6 7.5-6.9 (br, Ph), 4.4 (br dJ4p = 309 Hz, PH),
2.1-1.1 (br, BH). B{1H} NMR (CDCl): 6 —33.6 (br).31P NMR
(CDClg): 6 —49.5 (br d,Jpy = 309 Hz). Dynamic light scattering
(THF): after 3 h,D, = 1.8 nm, 163 nm; after 4 days: 1.43 nm.
The peak aDn = 1.4—1.8 nm corresponds to an absolute value of
M,, of ca. 50007°

Attempted Catalytic Dehydrocoupling of 1.(a) To a solution
of 1 (0.319 g, 1.24 mmol) in toluene (2 mL) was added [Rh(1,5-
cod)-Cl)], (0.009 g, 0.02 mmol, 1.5 mol %). The mixture was
heated to 50C and monitored periodically b{*B and3!P NMR
spectroscopy. Complete conversiorildd form [MeN—BH,], (ca.
45%), MeNH-BHj; (ca. 5%), PBPH-BH; (ca. 50%), and PiPH

0 7.74-7.66 (m, Ph), 7.447.36 (m, Ph), 5.12 (br, NH), 2.53 (d,
Jun = 5.7 Hz, Me), 1.31 (m, br, C§J, 0.97 (m, br, BH and BH).
HB{1H} NMR (CDCl): 6 —11.7 (BH,), —40.2 (BH). 13C{*H}
NMR (100 MHz, CDC}): 6 132.9 (d,Jcp= 55 Hz,ipso-C), 132.1
(d, Jcp = 8 Hz, Ar), 130.5 (d,Jcp = 2 Hz, Ar), 128.6 (dJcp = 10
Hz, Ar), 42.4 (s, Me), 10.9 (s, br, G 3P{*H} NMR (CDClL):
0 16.6 (q,Jpg = 79 Hz). EI-MS (70 eV): m/z 257 (M" — BHs,
75%). Elemental anal. Calcd (%) fori£,4B,NP (270.94): C
66.49, H 8.93, N 5.17. Found: C 66.44, H 8.95, N 5.03.

Synthesis of MeNH—BH,—CH,—PMe,—BHj3; (4). A procedure
analogous to that 08 was used. After filtration to remove LiCl,
the oily residue was recrystallized ¢Ethexanes (5:1);-30 °C)
to afford a mixture of4 and MeP-BHs;. The solid mixture was
fractionally sublimed at 28C: Me;P-BH; was first removed under
static vacuum, followed by sublimation of the residue under
dynamic vacuum, which afforde#ias a white solid.

For Li[CH ,—PMeyBH3]. 11B{*H} NMR (THF): 6 —34.1 (d,
Jep = 85 Hz).3P{1H} NMR (THF): 6 1.7 (q,Jes = 85 Hz).

For 4. Yield: 0.506 g, 32%. Mp: 7373 °C.*H NMR (CgDg):
0 4.89 (br, NH), 2.16 (q, br, Bk, 1.88 (d,Jyy = 5.7 Hz, NMe),
1.14 (q, br, BH), 1.00 (d,Jup = 10.6 Hz, PMe), 0.54 (m, br, G
1B NMR (CgDg): 6 —9.9 (t, Jgn = 98 Hz, BH,), —40.2 (dq,Jep
= 70 Hz,Jgy = 94 Hz, BH). 13C{1H} NMR (100 MHz, GDg):
0 41.8 (s, NMe), 14.2 (m, br, C}j, 13.4 (d,Jcp = 38 Hz, PMe).
31P{1H} NMR (CeDe): 6 3.1 (0, Jps = 70 Hz). EI-MS (70 eV):
m/z 133 (M™ — BH;, 100%), 88 (CH—PMe—BH,, 24%).

(trace) was observed after 10 days. (b) Blank reaction: A sample Elemental anal. Calcd (%) fors8,0B,NP (146.82): C 40.90, H

of 1 heated at 50C in toluene in the absence of catalyst indicated

13.73, N 9.54. Found: C 41.14, H 13.49, N 9.68.

the presence of chain cleavage products (35%) after 10 days. The Thermolysis of 3; Synthesis of [BB—CH,—PPhy], (5). A
chain cleavage products were found to be the same as thosesample of3 (0.166 g, 0.613 mmol) was heated at 1’8Dfor 24 h

identified above, with the exception of [Me—BH,],, which was
not formed from MeNH-BH; in the absence of a transition-metal
catalysti!

Attempted Catalytic Dehydrocoupling of 2. (a) To a solution
of 2 (0.086 g, 0.48 mmol) in toluene (2 mL) was added [Rh(1,5-
cod)-Cl)], (0.003 g, 0.006 mmol, 1.3 mol %). The mixture was
heated to 50C and monitored periodically b*B and3'P NMR
spectroscopy. Complete conversior2db form [Me;N—BH,], (ca.
40%), MeNH-BH3 (ca. 10%), PhPHBH;3 (MB{H} NMR 6 —40.8
(br); 31P{*H} NMR 6 —49 (v br); ca. 50%), and PhRHEP{1H}
NMR 6 —123.8, trace) was observed after 10 days. (b) Blank
reaction: A sample o2 heated at 50C in toluene in the absence

in the absence of solvent. The mixture was cooled t86Q5iving
5 as a white solid. X-ray quality crystals were grown from an ether
solution at—20 °C. Yield: 0.127 g, 98%. Mp: 253C. 'H NMR
(CDCly): 6 7.71 (m, Ph), 7.38 (m, Ph), 1.62 (br, @H2.3-0.8
(br, BHy). 11B{'H} NMR (CDCly): ¢ —33.6 (br, BH). 13C{H}
NMR (75 MHz, CDC}): 6 132.0 (d,Jcp = 9 Hz, Ar), 131.4 (d,
Jcp = 54 Hz,ipso-C), 130.6 (s, Ar), 128.8 (dlcp = 9 Hz, Ar), 6.3
(br, CHy). 31P{1H} NMR (CDCly): o 7.7 (br, PPh). EI-MS (70
eV): m/z 424 (Mt, 10%), 346 (M — CgHg, 33%), 313 (M —
PPhH— H,, 36%), 237 (M — PPh — H,, 100%), 212 (M/2,
6%). Elemental anal. Calcd (%) for;1,,BP (212.02): C 73.64,
H 6.65. Found: C 73.23, H 6.57.

of catalyst indicated the presence of chain cleavage products (ca. Attempted Catalytic Dehydrocoupling of 3. (a) A sample of
10%) after 10 days. The chain cleavage products were found to be3 (0.035 g, 0.13 mmol) and [Rh(1,5-cod)CI)]. (0.003 g, 0.006

the same as those identified above, with the exception oflivte
BH;],, which was not formed from M&IH-BHj3 in the absence of
a transition-metal catalyt.

Synthesis of MegNH—BH,—CH,—PPh,—BH3 (3). To a solution
of MePPh-BH3 (1.168 g, 5.46 mmol) in THF (10 mL) cooled to
0 °C was added a solution 8BuLi in hexanes (3.6 mL, 5.8 mmol)
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mmol, 5 mol %) were dissolved in toluene @ 5 mm NMRtube
with a D,O insert. No reaction was observed 8 or 3P NMR
after 24 h at 25C, or after 24 h at 50C. Heating at 90C for 20
h resulted in chain cleavage, with the only identified product being
MePPh-BHsa. (b) Blank reaction: Heating & in toluene at 90C
in the absence of catalyst resulted in no reaction after 20 h.
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Thermolysis of 4. (a) A sample of4 (0.143 g, 0.974 mmol)
was heated at 9TC for 3 days in the absence of solvent. Colorless
crystals of4 were observed to sublime to the top of the reaction
vessel. Partial decomposition (ca. 50%) to give,Nid-BH3 (ca.
20%), MegP-BH3 (3B NMR ¢ —37.4 (qd);**P{'H} NMR 6 —1.89
(q); ca. 20%) and a product tentatively assigned as,{BEH,—
PMej], (6) was observed. Selected NMR characterization&or
yield (11% by NMR);H NMR (CgDg) 6 1.52 (d,Jup = 13 Hz,
Me); 1B NMR (CgDe) 0 —30.5 (dt,JBp =61 Hz,Jgy = ca. 91
Hz); 33C{*H} NMR (CgDs) 0 10.6 (d,Jcp = 37 Hz, Me);31P{1H}
NMR (C¢Dg) 6 6.0 (q, br). (b) A sample of (0.048 g, 0.33 mmol)
was heated at 130C in DMF-d,. After 5 h, the mixture contained
only [Me;N—BH;], and MeP-BHs.

Attempted Catalytic Dehydrocoupling of 4. (a) A sample of
4 (0.061 g, 0.42 mmol) and [Rh(1,5-cod)Cl)]. (0.003 g, 0.006
mmol, 1 mol %) were dissolved in THF and stirred at°@5for 2
days. No reaction was observed according to-t#Beand3!P spectra
obtained. Heating at 9€C in toluene for 20 h resulted in chain
cleavage, with the only identified product being #ReBH;. (b)

Blank reaction: Heating of in toluene at 90C in the absence of
catalyst resulted in no reaction after 20 h.
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