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ABSTRACT: Studies on the stoichiometric and catalytic reactivity of a geometrically constrained phosphorous triamide 1 with
pinacolborane (HBpin) are reported. The addition of HBpin to phosphorous triamide 1 results in cleavage of the B-H bond of pina-
colborane through addition across electrophilic phosphorus and nucleophilic N-methylanilide sites in a cooperative fashion. The
kinetics of this process of were investigated by NMR spectroscopy, with the determined overall second order empirical rate law
given by v = — k[1][HBpin] where k = 4.76 x 10° Ms at 25 °C. The B—H bond activation process produces a P-hydrido-1,3,2-
diazaphospholene intermediate 2, which exhibits hydridic reactivity capable of reacting with imines to give phosphorous triamide
intermediates, as confirmed by independent synthesis. These phosphorous triamide intermediates are typically short-lived, evolving
with elimination of the N-borylamine product of imine hydroboration with regeneration of the deformed phosphorous triamide 1.
The kinetics of this latter process are shown to be first-order, indicative of a unimolecular mechanism. Consequently, catalytic hy-
droboration of a variety of imine substrates can be realized with 1 as catalyst and HBpin as terminal reagent. A mechanistic pro-
posal implicating a P-N cooperative mechanism for catalysis that incorporates the various independently verified stoichiometric
steps is presented and a comparison to related phosphorus-based systems is offered.

1. INTRODUCTION biphilic reactivity as exemplified in the reversible oxidative

Bifunctional reactivity involving the cooperative action of
donor and acceptor functionality juxtaposed within close mo-
lecular proximity is a potent strategy for the modification of
chemical bonds. The power and breadth of this approach is
well-exemplified in the many cases of metal-ligand coopera-
tivity now evident in transition metal catalysis,12 where activa-
tion of a substrate covalent bond arises from the intimate par-
ticipation and mutual modification of both a reactive metal
center and supporting ligand. The documented scope of this
reactivity mode across diverse transition metals and ligand
structuress is indicative of its generality.

Though less commonly described as such, aspects of ligand
cooperativity are equally evident in chemistry of the main
group; recent stoichiometric examples from Groups 2,s 13,910
14,1112 and 1513 are representative. These observations regard-
ing main group element-ligand cooperativity contribute to
ongoing interest into the qualitative connections between reac-
tivity of the transition metals and main group.14 In a compel-
ling application of such stoichiometric reactivity to catalysis,
Berben has described the cooperative metal-ligand reactivity
of aluminum-bis(imino)pyridine compounds in catalytic
aminess and formic acidis dehydrogenation.

We have recently reported on the preparation and reactivity
of geometrically deformed phosphorous triamide 1 (Figure
2).17 By virtue of the geometric constraint imposed by the tri-
amide ligand, Cs-symmetric 1 exhibits an anomalously low
nucleophilic reactivity, but instead demonstrates potent

addition-reductive elimination of E-H bonds (E = -OR, -NHR)
to the phosphorus center. Mechanistically, we have shown that
the overall oxidative addition proceeds in stepwise phospho-
rus-ligand cooperative fashion, wherein the protic E-H sub-
strate adds initially across one P-N linkage to give a ¢®-P in-
termediate (A) in which a new P—E bond is formed and the

H

E | \E
@ . MeN—F"'\NWIe
N @ "@
A B

P—N cooperative addition
of E-H bonds

E = -B(OR),
Figure 1. Geometrically deformed phosphorous triamide 1 and its
reactivity. (Top) Phosphorus-ligand cooperative addition of protic
E—H substrates to 1, see ref. 17. (Bottom) Regioisomeric phospho-
rus-ligand cooperative addition of hydridic E-H to 1.
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resultant proton is accommodated on a methylanilide nitrogen
(Figure 1, top). Subsequent intramolecular 6*— ° ring-chain
tautomerism then affords the final oxidative addition product
B.

In view of this precedent, we considered the possible out-
come from an analogous phosphorus-ligand cooperative acti-
vation but with formally hydridic E-H substrates (Figure 1,
bottom). The difference in substrate polarization could be ex-
pected to invert the sense of E-H addition to 1, with hydride
translocating to the phosphorus center and the attendant E*
fragment migrating to ligand nitrogen. This mode of activation
would result in formation of a P-hydrido-1,3,2-
diazaphospholene (C), a class of compound that Gudatis has
shown to exhibit significant hydridic reactivity and that
Kinjozs and most recently Speedzo have capitalized on in catal-
ysis. We wished to ascertain whether interfacing these elemen-
tary reactivities with a subsequent group transfer from the
pendant N-methylanilide with regeneration of 1 would permit
an overall catalytic E-H transfer via a new P-N cooperative
scheme.

We report here the realization of the foregoing postulated
phosphorus-ligand cooperative scheme within the context of
borane B—H addition to phosphorous triamide 1. We further
show that this elementary mode of borane activation can be
advanced to a catalytic B-H transfer application (imine hy-
droboration). Through spectroscopic and kinetic analyses, we
validate the operation of the phosphorus-ligand cooperativity
in which the reversible addition and elimination across a reac-
tive P—N linkage drives catalysis. These results further expand
the scope of ligand cooperative catalytic reactivity in the main
group and portend a broader opportunity for the deliberate
design of bifunctional, ligand cooperative catalysts based on
inexpensive p-block elements.

2. RESULTS

2.1 Stoichiometric Reactivity.

2.1.1. Formation and Spectroscopic Characterization of
P-hydrido-1,3,2-diazaphospholene 2. To test the hypothesis
that 1 would exhibit bifunctional, phosphorus-ligand coopera-
tive activation of B—H bonds, a solution of 1 (0.13 M in CsDg¢)
was treated with one equivalent of pinacolborane (HBpin)
(Scheme 1). Over the course of 12 h at 50 °C, P NMR spec-
tra indicated the full consumption of 1 (8 159.9 ppm) and for-
mation of a major new phosphorus containing product (2) with
a chemical shift 3 84.2 ppm (d, J= 146 Hz). Both the 5P
chemical shift and multiplicity are suggestive of a tricoordi-
nate phosphorus species with a direct P-H linkage. The pres-
ence of a P-H moiety is further supported by *H NMR spectra
of species 2, which display a new doublet at 5 6.88 ppm with
complementary coupling (J = 146 Hz) to that observed in 5P
NMR spectra. Additionally, the *H NMR spectra show an ap-
parent decrease in molecular symmetry of 2 relative to 1; the
previously homotopic N-methyl groups from 1 are present in 2
as two distinct resonances (8 3.05, 2.55 ppm). Only one of the
N-methyl resonances (5 2.55 ppm) displays ®Jp 1 coupling (J =
15 Hz), suggesting release of one N-methylanilide substituent
from the phosphorus center of 1 upon reaction with HBpin.
The "B NMR signal of 2 was also identified at 24.2 ppm.

Additional information regarding the overall composition of

2 emerges from two-dimensional NOESY spectra (Figure 2).
Cross peaks indicate *H-*H NOE correlation signals between

H! (i.e. P-H) and both H® and H” (N-methyl C—Hs), confirm-
ing the open structure of the ligand framework. Also, the cor-
relation between H® (pinacol methyl C—Hs) with both H! and
H’ confirm the presence of the Bpin moiety on the pendant N-
methylanilide arm. Taken together, these spectral data are
consistent with the formulation of 2 as a P-hydrido-1,3,2-
diazaphospholene arising from P—N cooperative activation of
the B-H bond of HBpin. The atropisomeric diastereomers,
which were previously observed in the analogous compounds
A, are not resolved spectroscopically for 2 presumably as
function of the small size of the P-H moiety. Compound 2 is
solution stable (0.12 M, 95 % NMR yield), further evolving to
o°>-P hydridophosphoranes upon prolonged standing in the
presence of excess HBpin. We have not succeeded to date in
isolating single crystals of 2 for x-ray analysis despite repeated
attempts.

H5C, H

N—P'

H? ‘

MeN—FP N
| NMe  HBpin @ _
NN o N
CgDg, 1t ;N \
H'3C™ hs
,B\O

(o)
1 MCH%

2
Scheme 1. Activation of pinacolborane with 1 and resulting P-
hydrido-1,3,2-diazaphospholene 2.
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Figure 2. Annotated partial two-dimensional 'H-'H NOESY
spectrum of 2 showing correlations between protons that share
dipolar coupling (CeDs, 298 K, 500 MHz). Hydrogen atom labels
refer to numbering of 2 in Scheme 1. See Sl for unabridged spec-
trum.

2.1.2. Kinetic Study of the B-H Activation Reaction. Ki-
netic analyses were conducted to elucidate the reaction rate
and molecularity of the phosphorus-ligand cooperative B-H
activation. The reaction of 1 (78 mM in C¢Dg) with excess
HBpin (15 equiv) was monitored via *H NMR as a function of
time (25 °C, 1,3,5-(MeQ)s;CsHs internal standard), which dis-
played pseudo-first order dependence on 1 (Figure 3A). Plots
of kops Vs. [HBpin]o (Figure 3B) demonstrate a linear relation-
ship over the concentration range 0.78 M < [HBpin] <2.73 M,
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thus establishing an overall second order reaction rate law for
addition of HBpinto 1 (eq 1, k = 4.76 x 10° M1s? at 25 °C) in
accord with the notion of direct bimolecular phosphorus-
ligand cooperative activation of the B—H bond.

v = — kobs[HBpin] = — k[1][HBpin] 1)
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Figure 3. Kinetics experiments of the cooperative HBpin activa-
tion with 1. (A) Plot of [1] vs time monitored ([1]o = 78 mM,
[HBpin]o = 117 mM, CeDs, 297 K). (Inset) Plot of In [1] vs time
with linear least-squares fit. (B) Plot of kobs Vs [HBpin]o with line-
ar least-squares fit.

2.1.3. Hydridic Reactivity of 2 — Alkylhalide Reduction.
In line with the rationale from Gudat regarding the impact
of hyperconjugative effects on 1,3,2-diazaphospholene
reactivity,2. we wished to evaluate the hydridic behavior of
2. Indeed, NBO charge analysis implicates a hydridic nature
of the P-H moiety in 2 (atomic charge of —0.11). In agreement
with this analysis, the addition of chloroform to a solution of 2
(78 mM in CgDe) resulted in conversion over the course of 6 h
to a new compound (3P NMR & 146.4 ppm) consistent with
the assignment as P-chloro-1,3,2-diazaphospholene 3 (Scheme
2). In an alternative preparation, compound 3 may be accessed
directly from 1 by treatment with HBpin in chloroform solu-
tion. Surprisingly in this latter reaction, compound 2 is not

observed to accumulate in solution as a persistent intermediate.

This observation suggests that the reaction consuming 2 (with
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the halogenated substrate) is more rapid than the reaction gen-
erating 2 (from 1 by HBpin activation), consistent with the
potent hydricity of P-hydrido-1,3,2-diazaphospholenes, such
as 2.

wt

MeN*T CHCl,
N CeDe, 1t, 12 h l
_ - CH,Cl,
Bpin(Me)N=X\{ \ MeN—p" Cl

PinB(Me)N=X\{ \

MeN—~P 3
\\NMe
N HBpin
CHCIg, rt, 12 h
- CH,Cl,

Scheme 2. Hydrodechlorination of chloroform by 2 and fo-
mation of 3.

Figure 4. Molecular structure of 3 with 50% probability level
rendered thermal ellipsoid plot. Selected bond lengths [A] and
angles [°]: P(1)-CI(1) 2.276(1), P(1)-N(1) 1.681(2), P(1)-N(2)
1.665(2), N(3)-B(1) 1.418(4), O(1)-B(1) 1.377(4), O(2)-B(1)
1.371(3), N(1)-C(12) 1.401(4), N(2)-C(7) 1.400(7), N(1)-C(1)
1.428(3), N(2)-C(13) 1.459(4); N(1)-P(1)-CI(1) 103.20(8), N(2)-
P(1)-CI(1) 98.64(9), N(1)-P(1)-N(2) 90.40(1).

Crystalline samples of 3 suitable for x-ray diffraction were
prepared by crystallization from CH.Cl,/pentane solution. The
molecular structure (Figure 4) confirms the tricoordinate
phosphorus local environment with pendant N(Bpin) moiety,
supporting the analogous structural assignment for 2. Com-
pound 3 displays a small displacement (0.251 A) of phospho-
rus from the C;N; plane and a rather long P—CI bond length
(2.276(1) A, compare 2.180(4) A for (Me2N),PClz2), indicative
of hyperconjugative n(r)—oc™* overlap as has been noted in
related compounds by Gudat. It is reasonable to assume that
compound 2 experiences similar electronic interactions that
underpin its hydridic reactivity.

2.1.4. Hydridic Reactivity of 2 — Imine Reduction. To fur-
ther evaluate its hydricity with respect to organic substrates,
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compound 2 was treated with N-tosylbenzaldimine at rt in
benzene solution (Scheme 3) resulting in complete conversion
to 4 (C'P NMR § 92.6 ppm). X-ray crystallography confirms
the incorporation of the imine fragment through a formal hy-
drophosphination giving a triamide local environment about
tricoordinate phosphorus with the Bpin moiety on a pendant
N-methylanilide arm (Figure 5). As above, compound 4 may
also be accessed directly from 1 by treatment with PhnHC=NTs
and HBpin at ambient temperature, where 2 is a presumed but
unobservable intermediate. Compound 4 is a stable species in
both the solid state and solution; no decomposition is observed
after heating a benzene solution at 60 °C for 48 h.

WH
MeN—T“ PR XNTTS
N CeDe, 11, 6 h l
— Ts
Bpin(Me)N=A\\ «N__Ph
pin(Me) \ MeN—P" N~
2 |
N
Bpin(Me)N=X\J
MeN—P 4

HBpin, ph NS T

S

Scheme 3. Reductlon of N-tosyl-1-phenylmethanimine and
formation of the triazaphospholene 4.

CeDg, 1t, 12 h

\ “:Q&)\ 0(2

X U “(‘)\(3)5-‘ K& 1 N

R
@) N |
(

)@

oa)

Figure 5. Molecular structure of 4. The unit cell contains two
crystallographically independent molecules, only one is shown for
clarity. Thermal ellipsoid plot rendered at the 50% probability
level. Selected bond lengths [A] and angles [°]: P(1)-N(1)
1.712(4), P(1)-N(2) 1.681(4), P(1)-N(3) 1.770(4), N(3)-S(1)
1.652(5), N(1)-C(2) 1.388(7), N(2)-C(7) 1.390(7), N(2)-C(8)
1.439(6), N(1)-C(1) 1.469(6); N(1)-P(1)-N(3) 103.7(2), N(2)-
P(1)-N(3) 101.4(2), N(2)-P(1)-N(1) 88.2(2).

2.1.5. Evidence for Cooperative B-N Elimination. In con-

trast to the simple hydrophosphination of N-tosylbenzaldimine,

reaction of 2 with an N-alkyl benzaldimine results in a mark-
edly different outcome. Treatment of a benzene solution of 2
with N-benzyl p-methoxybenzaldimine (5) at ambient temper-

ature resulted in the consumption of 2 and, unexpectedly, the
formation of 1 (Scheme 4). *H NMR spectra confirm the con-
comitant formation of hydroboration product 7 under these
conditions.

Bn
MeN—P" N PUP PMP
QA @ X Ly
MeO CBDG Bpin(Me)N \ \\ e
5 7

Scheme 4. Reaction of 2 with imine 5 and the resulting regen-
eration of 1 via intermediate 6. PMP = p-methoxyphenyl.

(A) e

(8)

(€

180 170 160 150 140 130 120 110 100 90 80 70
5 (ppm)
Figure 6. Representative time-stacked 3'P NMR spectra (CsDe,
145.79 MHz, 25 °C) for the reaction of 2 (5 84.2 ppm) with imine
5 to give 1 (5 159.9 ppm) via 6 (5 105.1 ppm) at time points: (A)
10 min, (B) 30 min, (C) 12 h. Asterisk marks unidentified by-
product (8 140 ppm).

In situ 3P NMR monitoring of the above reaction progress
provides a window into this transformation (Figure 6). An
initial solution of 2, prepared in situ from reaction of 1 with
HBpin in CgsDs, 23 was treated with imine 5. As the reaction
progresses (Figure 6b,c), the concentration of 2 was observed
to decrease while the concentration of 1 was simultaneously
observed to increase. Also evident in these spectra is the ap-
pearance of a transient minor peak 8 105.1 ppm. In view of the
chemical shift of this signal, we considered that this species
might correspond to the phosphorous triamide 6 from hydro-
phosphination of 5 with 2. Indeed, independent synthesis of 6
from treatment of 3 with N-benzyl-N-(p-
methoxyphenyl)methanamine (Scheme 5) gives the same 3P
NMR signal 4 105.1 ppm. Consistent with the above observa-
tions, 6 is metastable in solution but not isolable. Instead, 6
decomposes cleanly to 1, proceeding to completion within 60
h at ambient temperature (P NMR spectra, Figure 7). Corre-
spondingly, *H NMR spectra confirm the formation of the N-
borylamine product 7 by B—N elimination from 6.

2 equiv. BnHN” “PMP Bpin. ~.
3 6 v NTTPMP
- 30°C, THF/ether RT Bn
filtration 7
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Scheme 5. The independent synthesis of 6 and subsequent elimi-
nation of the N-borylamine 7. PMP=p-methoxyphenyl.

(A) 3 J

(8) .

(@

(D)

(E)
l

T T T T T T T T T T T T

180 170 160 150 140 130 120 110 100 90 80 70
m

Figure 7. Time-stacked 3P NMR spectra (CsDs, 145.79 MHz, 25
°C) for the conversion of 6 to 1 at time points (A) 10 min, (B) 3 h,
(C)12h, (D) 36 h, (E) 60 h.

Although 6 is not isolable itself, a related phosphorous tri-
amide 8 (6 91.3 ppm) can be prepared by treatment of 3 with
benzylamine as depicted in Scheme 6. The composition of this
compound was unambiguous proven by X-ray diffraction
analysis of single crystalline samples (Figure 8). The similari-
ty in 3P NMR chemical shifts between isolable 8 and transient
6 supports the assignment of the latter as the phosphorous
triamide depicted in Scheme 4. In a further analogy to 6, com-
pound 8 can be directly converted to 1 upon heating (50 °C,

H
\‘N\
2 equiv BnNH, MeN—P" Bn Bpin\NH

3 — E—— + 1

CH,Cly; @N o
then filtration \
Bpin(Me)N=X\ \ 9

8
Scheme 6. Synthesis of 8 and its conversion to 1.

4 N 7

a ﬁs)
1 ]
\q([ 1 N& / \

o(1)
\

\/

Figure 8. Molecular structure of 8. Thermal ellipsoid plot ren-
dered at the 50% probability level. Selected bond lengths [A] and
angles [°]: P(1)-N(1) 1.664(2), P(1)-N(2) 1.732(2), P(1)-N(3)
1.716(2), N(2)-C(8) 1.408(2), N(2)-C(14) 1.417(2), N(3)-C(13)

Journal of the American Chemical Society

1.392(3), N(3)-C(20) 1.452(3); N(1)-P(1)-N(2) 105.36(9), N(1)-
P(1)-N(3) 105.25(9), N(2)-P(1)-N(3) 87.57(8).

48 h) with liberation of N-boryl benzylamine 9. Taken togeth-
er, the totality of these experiments demonstrates that the N-
boryl benzylamines are generated from the phosphorous tri-
amide intermediates via a ligand-phosphorus cooperative
pathway.

2.1.6. Kinetic Study of the B-N Elimination Reaction. The
rate of the conversion from 6 to 1 is suitable for NMR moni-
toring of kinetic reaction progress. Compound 6 was prepared
in solution as depicted in Scheme 5, with purification by rapid
filtration over celite to eliminate triethylammonium chloride.
The decay of 6 was then monitored at ambient temperature by
1H NMR spectroscopy to greater than 75% conversion (Figure
9). The linear relationship between In[6] and time (Figure 9,
inset) demonstrates first-order behavior, as would be expected
for a unimolecular decomposition of 6. The extracted rate con-
stant (k = 0.04 s?) is independent of absolute concentration
within the range 0.58 mM < [6] < 3.26 mM. These results are
fully consistent with a ligand cooperative intramolecular trans-
fer of the boryl unit from the N-methylanilide arm to the N-
benzyl-N-(p-methoxyphenyl)methanamine fragment, elimina-
tion of N-borylamine 7, and reconstitution of a P-N bond in
the conversion of 6 to 1.

3.5x10° 55
3
, 8
5|3 604 %
e : y=-0.04x-5.84
(18 R? = 0.9841
, z 65
2.5x10” " = i
) 7.0
S 20x10° o x
= 75 f
= 0 10 20 30 40 50
1.5x10° Time(h)
9.; }'
. i
1.0x10°
)
5.0x10* - 3 !
T T T T —/
0 10 20 30 40 50
Time (h)

Figure 9. Kinetics experiments of the cooperative B-N elimina-
tion from 6. (Main) Plot of [6] vs time monitored ([6]o = 3.3 mM,
CeDs, 297 K). (Inset) Plot of In [6] vs time with linear least-
squares fit.

2.2 Catalytic Reactivity.

In view of the foregoing stoichiometric reactivities, we pur-
sued investigations of hydroboration reactions catalyzed by 1.
In an initial reaction, a benzene solution of N-benzyl p-
anisaldimine 5 (1 equiv) and HBpin (1 equiv) was exposed to
10 mol% of 1 at 50 °C. Under these conditions, imine 5 was
completely converted to the hydroboration product 7 over the
course of 24 h (eq 2). Control reactions between 5 and HBpin
under otherwise identical conditions but omitting catalytic 1
show less than 15% conversion (eq 3), consistent with a trans-
formation that is indeed under catalyst control.
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inB.
NBn 10 mol% 1 P">NBn
1 equiv HBPin
H — > b H (2)
50 °C, CgDg
MeO 24 h MeO
5 7
99 %
inB.
NBn pin NBn
1 equiv HBPin
H —mM > b H (3)
50 °C, CgDg
MeO 24 h MeO
7

<15%

In situ spectral monitoring experiments of the catalytic reac-
tion was conducted to further substantiate the action of 1 dur-
ing catalysis. Following mixing of 5, HBpin, and 10 mol% 1
in CsDs at 50 °C in a thermostatted probe, a 3P NMR spec-
trum indicates the presence of small quantities of 2, formed at
the expense of the initial concentration of 1. At subsequent
intermediate time points (t = 0.5-12 h), the concentrations of 2
showed no significant change. As the transformation pro-
gressed over the next 24 h, continued production of the corre-
sponding hydroboration product 7 could be observed by 'H
NMR spectra. Catalyst 1, although diminished, was never
completely consumed. The existence of 1 during the entire
course of catalytic reaction as opposed to its total conversion
to 2 in stoichiometric reaction suggested again that the reduc-
tion of the imine by 2 leads to an ephemeral intermediate 5
(see Scheme 4) which decomposes to afford 1 and the hydrob-
oration product.

Under the aforementioned catalytic conditions, imines dis-
playing an array of structural variations are reduced catalyti-
cally and produce the corresponding hydroboration products
with good to excellent yields. As depicted in eq 4, a range of
aldimines are tolerated, including those with N-aryl (10) and
N-alkyl (11) substitution, and electronically diverse (14 — 18)
and sterically demanding (19) C-substituents. Ketimines are
similarly reduced under catalytic conditions (21 — 23). Lower
yields in the reduction of ketimines are probably caused by a
steric effect.

20 Ri=p-FCeHa4 R2=Ph Rs=H 91 %y
21 Ri=Ph R2=Ph R:=Me 48%y
22 Ri1=Bn R2=Ph Rs=Ph 64 %y
23 Ri=Bn R2=Ph Rs=Me 94 %y
24  Ri=Ph Ra=p-Ts Rs=H <5%y

10 mol% 1
NR; 1 equiv HBPin N(Bpin)R4

= “4)

R2 R3 50 OC, C6D6 R2 HR3
24 h
10-24 10a - 24a

10 R:=Ph R2=Ph Rs=H 9%y
11 Ri1=Bn R2=p-BrCsHa Rs=H 3%y
12 Ri=p-MeCsHa R2=p-MeCesH4 Rs=H 88%y
13 Ri=p-OMeCsH4 R2=Ph Rs=H 76 %Yy
14 R1=p-OMeCsH4 R2=p-FCsH4 Rs=H 94 %y
15 Ri=p-OMeCsH4 R2=1-naphthyl Rs=H 9%y

16 Ri=p-OMeCsH4
17 Ri=p-OMeCsH4
18 Ri1=p-CFsCeH4

19 Ri=p-OMeCsH4

R2=m-CF3CsH4 Rs=H 9% %y
R2=p-OMeCsH4 Rs=H 64 %y
R2=p-OMeCsH4 Rs=H 9%y
Ra2=mesityl Rs=H 7%y

Consistent with the observed thermal stability of N-
sulfonyl derivative 4 (Sect. 2.1.4), N-p-toluenesulfonyl al-
dimines (24) are not suitable substrates for catalytic reduction.
In this circumstance, presumably catalytic turnover is prohib-
ited by the failure of an intermediate 4 to undergo cooperative
elimination of N-borylated product with regeneration of cata-
lyst 1. This negative result supports the notion that the P-N
cooperativity reactivity demonstrated in stoichiometric trans-
formations (Sect. 2.1) is both necessary and operative in cata-
lytic reactions.

3. DiscussION

In line with ongoing investigations into the catalytic func-
tion of nontrigonal tricoordinate phosphorus compounds, we
find that compound 1 is a competent nonmetal reactant for the
activation of the B—H bond in HBpin, and for subsequent cata-
lytic hydroboration of imines. The sum of the experimentally
validated stoichiometric transformations establishes the basis
for the proposed P—N cooperative mechanism of catalytic hy-
droboration by 1, as depicted in Scheme 7: (1) addition of
HBpin to 1 generates intermediate 2 via a bimolecular cooper-
ative mechanism, (2) formal insertion of imine substrate to the
P—H of 2 giving a phosphorous triamide 25, and (3) intramo-
lecular boryl transfer to eliminate N-borylamine 26 with re-
generation of catalyst 1 and closure of the catalytic cycle.

Bpin._ R
pin. -Ri

Rz)J\R3
Scheme 7. Proposed phosphorus-ligand cooperative mecha-
nism for the catalytic imine hydroboration.

Borane B—H activation is, of course, well-known with tran-
sition metals both via oxidative addition24 and metal-ligand
cooperativityzs; a great many catalytic hydroboration applica-
tions are based on these fundamental bond activation reac-
tions.2s Main group B—H activation is also precedented, for
instance 1,1-oxidative addition by carbenes.z More common,
though, are formally heterolytic reactivity modes, either FLP-
type activationzs in the presence of Lewis bases or formally
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metathetical transformations across polarized ¢-bonds,2s where
catalytic applications are known.zo Also, although not rigor-
ously involving B-H activation, the Corey-Bakshi-Shibata
protocol warrants mention in conjunction with a discussion of
bifunctional main group catalyzed hydroboration.s1 Nikonovsz
and Kinjoss have recently reviewed various aspects of main
group catalyzed reduction chemistry.

A theme emerging from our study of 1 and related distorted
structures concerns the extent to which descent from local
threefold symmetry about tricoordinate phosphorus results in
increased electrophilic character at P. Enthalpic (strain) argu-
ments have been advanced in related systems that account for
this observation, 34 although electronic effects are also very
likely to play an equally decisive role. In the case of 1, this
mode of reactivity is accentuated as a function of the geomet-
ric constraint imposed by the triamide support framework.
Whereas we had previously probed the increased electrophilic
reactivity at phosphorus by reaction of 1 with protic E-H sub-
strates (E = OR, NHR),ss here we access a regioreversal by
reaction with a hydridic E-H (E = Bpin) compound. In this
event, the acceptance of a hydride at phosphorus results in
boryl transfer to the pendant N-methylanilide with P-N scis-
sion. Kinetics experiments demonstrate that the B—H reaction
occurs in a bimolecular fashion, effectively a net o-bond me-
tathesis. In view of the ubiquity of phosphine-borane dative
interactions, the regioselectivity of the B—H activation bears
special mention; presumably both the weak P-nucleophilicity
of 1 and weak B-electrophilicity of HBpin disfavor the com-
mon P—B interaction.

The P-hydrido-1,3,2-diazaphospholene intermediate 2 aris-
ing from P-N cooperative activation of the B-H bond in
HBpin serves as a point of intersection with previous studies
by Gudat, Kinjo, and Speed. Gudat has demonstrated the con-
trolling role of hyperconjugative effects and n-6* aromaticity
in the structure and reactivity of P-substituted diazaphos-
pholenes, phenomena that are manifest in a marked reactivity
of the P—H moiety toward formal imine insertion as in 2. Simi-
lar electronic effects presumably also underpin the subsequent
intramolecular boryl transfer reaction that leads to elimination
of N-borylamine products 26 and reforms 1. This latter step is
rapid under catalytic conditions as a function of the enforced
intramolecularity; consequently, throughput via intermediates
2 and 25 is fast and 1 represents the resting state of the catalyt-
ic cycle. By way of contrast, recently reported diazaphospho-
lene catalysts are devoid of possible ligand cooperativity, forc-
ing the formation of reactive  P-hydrido-1,3,2-
diazaphospholenes to be turnover limiting. The P-N coopera-
tive function of 1 is therefore a distinctive and essential aspect
of its catalytic performance. Overall, the proposed mechanistic
framework provides an entry point for next-generation optimi-
zation of P—N cooperative catalysis with 1 by deliberate tar-
geting of individual steps for acceleration through rational
modification and substituent effects.

4. CONCLUSIONS

Distorted phosphorous triamide 1 was shown to be a cata-
lyst for the hydroboration of imines, and the mechanistic de-
tails underpinning this observation have been eludicated. The
reactivity arises from the cooperative action of an electrophilic
tricoordinate phosphorus center with a proximal basic N-
methylanilide nitrogen within the distorted molecular envi-
ronment imposed by the triamide supporting structure. The
phosphorus-ligand cooperative bimolecular pathway is in-
volved in both the initial B—H activation and the restoration of
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distorted phosphabicyclic structure of 1 following substrate
reduction. The ability of distorted phosphorous triamide 1 to
catalyze B—H transfer through a P-N ligand cooperative mech-
anism suggests further opportunity for targeted design of novel
main group catalysts. On the basis of the described mechanis-
tic model, new bifunctional P-based catalysts are being devel-
oped with potential applications across a range of E—H transfer
chemistries and will be reported in due course.

5.  EXPERIMENTAL SECTION

A full description of the general experimental methods, in-
cluding preparation and purification of starting materials, can
be found in the Supporting Information.

Synthesis of 2. Under nitrogen atmosphere, pinacolborane
(15 mg, 0.12 mmol) was mixed with a CsDs solution (1 mL) of
compound 1 (30 mg, 0.12 mmol) in a sealable threaded NMR
tube. The mixture was stirred at 50 °C for 12 h to afford crude
2 (estimated purity 95 % by *H NMR). 'H NMR (CsDs, 500
MHz): & 7.29 (d, 1H, J = 7.8 Hz), 7.20 (d, 1H, J = 7.8 Hz),
7.07 (d, 1H, J = 7.7 Hz), 6.92-6.77 (m, 4H), 6.86 (d, 1H, 1 J p.4
= 146.3 Hz), 6.52 (d, H, J = 7.8 Hz), 3.05 (s, 3H), 2.85 (d,
3H, J = 12.8 Hz), 1.05 (s, 12H) ppm. 3P NMR (CeDs, 202
MHz): § 84.2 (d, J= 146 Hz) ppm. MS (ESI) CH2;BN3;O,P
(M*) calc’d: 383.1934; found: 383.1938.

Synthesis of 3. Under nitrogen atmosphere, pinacolborane
(50 mg, 0.39 mmol) was added into a CHCI; solution (2 mL)
of compound 1 (100 mg, 0.39 mmol) and the solution was
stirred under room temperature. After 12 h, all volatiles were
re-moved in vacuo and the remaining white solid was recrys-
tallized in pentane to afford 3 as a white crystals (80 mg, 70
%). 'H NMR (CDCls, 400 MHz): § 7.64 (d, 1H, J = 8.0 Hz),
7.37-7.26 (m, 3H), 7.08 (t, 1H, J = 8.0 Hz), 7.01-6.97 (m, 2H),
3.39 (d, 3H, J = 16.0 Hz), 2.85 (s, 3H), 0.94 (broad s, 12H)
ppm. BC NMR (CDCl;, 100 MHz): & 145.0 (d, 2 Jpc = 4.0
Hz), 136.9 (d, 2Jpc = 12.0 Hz), 132.0 (d, 2Jpc = 11.0 Hz),
129.5, 129.5, 128.8, 128.3, 125.7, 121.5, 121.1, 111.9, 110.0,
82.7, 37.2, 29.4 (d, 2Jpc = 18.0 Hz), 24.2 ppm. %P NMR
(CDC|3, 145 MHZ)Z o 146.4 ppm. MS (ES|) ConzeBN302P
(M*-Cl) calc’d: 382.1856; found: 382.1859.

Synthesis of 4. Under nitrogen atmosphere, a C¢Ds solution
of in situ generated 2 (1 ml, 0.24 M) was added N-tosyl-1-
phenylmethanimine (64 mg, 0.24 mmol). The mixture was
stirred at room temperature for 16 h, all volatiles were re-
moved in vacuo and the resulting white solid was washed with
pentane (60 mg, 63%). The solid was then recrystallized in a
10:1 pentane/CH.CI; solution to obtain the samples for X-ray
crystallography. *H NMR (C¢Ds, 400 MHz): § 7.80 (d, 2H, J =
7.9 Hz), 7.53-7.50 (m, 2H), 7.37 (d, 1H, J = 8.0 Hz), 7.20-7.07
(m, 5H), 6.93-6.69 (m, 5H), 6.65 (d, 1H, J = 7.4 Hz), 6.05 (d,
1H, J = 7.5 Hz), 451 (d, 1H, J = 15.9 Hz), 3.69 (d, 1H, J =
15.9 Hz), 2.93 (s, 3H), 2.38 (d, 3H, J = 11.8 Hz), 2.07 (s, 3H),
1.12 (s, 12H) ppm. C NMR (CsDs, 126 MHz): § 145.1,
141.6, 139.5, 137.9, 137.7, 137.7, 137.0 (d, 2Jpc = 10.1 Hz),
134.1 (d, 2Jpc = 12.6 Hz), 129.8, 129.3, 129.1, 128.1, 126.8,
126.8, 125.2, 124.2, 119.9, 118.5, 108.6, 107.8, 82.8, 47.9,
36.2, 36.2, 28.6, 28.4, 24.6, 24.4 ppm. 3P NMR (CsDs, 145
MHz): 6 92.6 ppm. MS (ESI) C3:H4:BN4O4PS (M*+H) calc’d:
643.2679; found: 643.2685.

Compound 6 and NMR monitoring of its decay. Under ni-
trogen atmosphere, a 1:1 THF/ether solution of 3 (30 mg, 70
mM) and an ether solution of  N-benzyl-1-(4-
methoxyphenyl)methanamine (33 mg, 140 mM) were both
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cooled to —-30 °C and then mixed together. The resulting
cloudy mixture was quickly filtered through Celite and all
volatiles were removed in vacuo to afford crude 5. (NMR
yield 70 %). The product was then dissolved in CsDs and the
solution was monitored by P and *H NMR!H NMR (C¢Ds,
500 MHz): § 7.56 (d, 1H, J = 11.0 Hz), 7.40 (d, 1H, J =11.0
Hz), 7.23-6.80 (m, 12H), 6.80 (d, 2H, J = 11.5 Hz), 6.67 (d,
1H, J = 10.5 Hz), 4.25 (broad s, 2H), 3.70 (broad s, 2H), 3.45
(s, 3H), 3.20 (s, 3H), 3.04 (d, 3H, 3Jpn = 13.8 Hz), 1.16 (broad
s, 12H) ppm. 3P NMR (C¢Ds, 145 MHz): § 105.2 ppm.

Synthesis of 8. Under nitrogen atmosphere, benzyl amine
(26 mg, 0.24 mmol) was added into a CH,ClI, solution of 3 (50
mg, 120 mM). The resulting cloudy solution was quickly fil-
tered through Celite and all volatiles were removed in vacuo to
afford crude 8. The crude product was recrystallized in a 1:5
dichloromethane:pentane solution to afford 8 as a white crys-
tals (40 mg, 71 %). 'H NMR (CD.Cl,, 360 MHz): § 7.40-7.21
(m, 3H), 7.08 (d, 1H, J = 7.0 Hz), 6.83 (t, 1H, J = 7.3 Hz),
6.68 (t, 1H, J = 7.6 Hz), 6.61 (d, 1H, J = 7.5 Hz), 6.56 (d, 1H,
J =75 Hz), 3.07 (d, 3H, J = 10.3 Hz), 2.75 (s, 3H) ppm, 1.17
(s, 12H). 3P NMR (CD.Cl,, 145 MHz): & 91.34 ppm. 1°C
NMR (CD.Cly, 125 MHz):  144.5, 143.9, 140.9, 129.3, 129.0,
128.3 (d, 2Jpc = 11.3 Hz), 127.4, 127.0, 126.8, 126.5, 126.2,
125.2, 118.7, 117.3, 106.0, 82.6, 46.4, 44.8, 35.9, 29.0 (d, 2Jpc
= 21.2 Hz), 24.3 ppm. MS (ESI) CzH3sBN4OP (M*+H)
calc’d: 489.2591; found 489.2595.
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